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ABSTRACT 

 

Introduction:  

The management of bony non-unions and large bone defects due to congenital deformities, 

trauma, degenerative disease, and oncological resection remains a complex challenge for 

orthopaedic surgeons. Currently, autologous bone grafting is the ‘gold standard’ treatment 

for non-unions and large bone defects because it is the only material that is osteoconductive, 

osteoinductive and osteogenic. Whilst effective, autologous bone grafting is limited by the 

finite amount of bone that can be safely harvested and by the unacceptably high 

complication rates. 

 

Aim:  

The aim of my research was to evaluate a number of growth factors and scaffolds that have 

the potential to be used as clinically applicable bone graft substitutes.  

 

Methods:  

A systematic method was adopted in the evaluation of bone graft substitutes. Novel 

materials were first tested using in vitro methods to assess cytocompatibility, proliferative 

effects and osteoinductive potential on osteoblasts. Bone graft substitutes demonstrating 

potential were then tested in vivo using our rat critical-sized calvarial defect model.   
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Findings:  

In total, we evaluated five bone graft substitutes, including bone dust (autologous material), 

lactoferrin (growth factor), MHC-Cal™ (xenograft), PHB-HV and Gellan 

gum/hydroxyapatite (scaffolds). Bone dust showed promise as a proliferative agent and 

osteoinductive material. Lactoferrin demonstrated potent bone regenerative effects in our 

rat critical-sized calvarial defect model. Whilst the scaffolds (MHC-Cal™, PHB-HV and 

Gellan gum/HA) demonstrated anabolic effects in vitro, their therapeutic potential failed to 

translate into our rat critical-sized calvarial defect model.  

 

Conclusion:  

Our research lends further insight on the therapeutic potential for a range of bone graft 

substitutes for bone regeneration. The two materials with the most potential from our 

research are bone dust and lactoferrin. Further studies are required to translate any 

significant findings into the clinical setting. It is hoped that with advances in tissue 

engineering and regenerative medicine techniques, once formidable clinical entities – large 

bony defects and bony non-unions can be overcome. 



 iv 

ACKNOWLEDGEMENTS 

 

I would like to express my deepest gratitude and thanks to my supervisor Professor Jillian 

Cornish, you have been a tremendous mentor for me. I would like to thank you for your 

tutelage and friendship throughout this journey. Your guidance on both my research as well 

as on my career development have been priceless.  

 

I would also like to thank Dr. David Musson, who acted as my co-supervisor, for his close 

guidance and constant encouragement and support to turn an orthopaedic resident into a 

surgeon scientist. Thank you to Dr. Dorit Naot, for sharing your wealth of knowledge and 

your patience in teaching and training me.  

 

Thank you to Mr. Jacob Munro, my mentor in orthopaedic surgery, and the one who inspired 

me to embark on this PhD. His encouragement and support throughout this PhD and my 

professional career have been immense.  

 

A special thanks to the ‘Dream In Vivo Team’ for expertly carrying out over 200 in vivo 

surgeries throughout my PhD period. The “Dream Team” of Karen (Anaesthetist), Donna 

(Charge Nurse) and I enjoyed countless hours of laughter in the Vernon Jansen Unit. We 

had an enormous amount of fun whilst carrying out the experiments in a proficient manner.  



 v 

The cohesive nature of everyone at The Auckland Bone and Joint Laboratory allowed me 

to complete my thesis in a supportive and enjoyable environment. Thank you to Greg 

Gamble who not only provided crucial statistical support but valuable and timely insight 

and encouragement throughout my PhD. His wisdom and guidance have been invaluable.  

 

Thank you to Dr. Satya Amirapu and Dr. Michael Dray for the expert guidance and teaching 

on all aspects of histology. Thank you to Maureen Watson for everything to do with micro-

CT and imaging. Thank you to Doreen Presnall for looking after me on all things 

administrative. 

 

I would like to extend a massive thank you to the members of the Bone and Joint Research 

Group and everyone in the office I have worked alongside during the past few years: 

Professor Nicola Dalbeth, Dr. Ashika Chhana, Dr. Sue McGlashan, Dr. Jian-Min Lin, Ally 

Choi, Bregina Pool, Mei Lin Tay and Young-Eun Park. 

 

I’m grateful to my family: Ana Hu, John Duan, Kylie Duan and David Gao for putting up 

with my dry jokes and long hours at work. Special thanks to my wife Joanne Duan, without 

your love, patience and sacrifice, I could not have completed this thesis. Thank you to 

Harrison for being the perfect ‘Chou Bao’. Finally, I would like to dedicate this thesis to my 

parents, Rosie Luo and Stephen Gao. Thank you for for your unconditional love. 

 
 
 



 vi

TABLE OF CONTENTS 
 

 

ABSTRACT ....................................................................................................................... II 

ACKNOWLEDGEMENTS ............................................................................................. IV 

TABLE OF CONTENTS ................................................................................................. VI 

LIST OF TABLES ......................................................................................................... XIV 

LIST OF FIGURES ........................................................................................................ XV 

ABBREVIATIONS ..................................................................................................... XVIII 

CO-AUTHORSHIP FORMS ....................................................................................... XXI 

CHAPTER 1:  INTRODUCTION ..................................................................................... 1 

PART A. THE PROPERTIES OF BONE ....................................................................... 1 

1.1 THE STRUCTURE OF BONE ................................................................................................................... 1 

1.2 BONE MASS ......................................................................................................................................... 4 

1.3 BONE COMPOSITION ............................................................................................................................ 4 

 Collagen .................................................................................................................................... 5 

 Non-collagenous proteins ......................................................................................................... 6 

1.3.2.1 Proteoglycans ................................................................................................................................. 6 

1.3.2.2 Glycoproteins ................................................................................................................................. 6 

1.3.2.3 Small integrin-binding ligand, N-glycosylated proteins ................................................................. 7 

1.3.2.4 Other non-collagenous proteins ...................................................................................................... 7 

 Bone mineral ............................................................................................................................ 8 

1.4 BONE CELLS ........................................................................................................................................ 8 

 Osteoclasts ................................................................................................................................ 8 

1.4.1.1 Osteoclast morphology and function .............................................................................................. 9 

1.4.1.2 Osteoclast differentiation ............................................................................................................. 10 

1.4.1.3 Osteoclast apoptosis ..................................................................................................................... 11 



 vii

 Osteoblasts .............................................................................................................................. 11 

1.4.2.1 Osteoblast morphology and function ............................................................................................ 12 

1.4.2.2 Osteoblast differentiation ............................................................................................................. 12 

1.4.2.3 Osteoblast apoptosis ..................................................................................................................... 13 

 Osteocytes............................................................................................................................... 13 

1.4.3.1 Osteocyte morphology and function ............................................................................................ 13 

1.4.3.2 Osteocyte maturation ................................................................................................................... 14 

1.4.3.3 Osteocyte apoptosis ...................................................................................................................... 14 

1.5 BONE FORMATION ............................................................................................................................. 15 

 Intramembranous ossification ................................................................................................. 15 

 Endochondral ossification ...................................................................................................... 16 

PART B. BONE REGENERATION .............................................................................. 18 

1.6 FRACTURE ........................................................................................................................................ 18 

1.7 FRACTURE HEALING .......................................................................................................................... 18 

 Direct fracture healing ............................................................................................................ 19 

1.7.1.1 Contact healing ............................................................................................................................ 19 

1.7.1.2 Gap healing .................................................................................................................................. 19 

 Indirect fracture healing .......................................................................................................... 20 

1.7.2.1 The acute inflammatory response ................................................................................................. 20 

1.7.2.2 Mesenchymal stem cell recruitment ............................................................................................. 21 

1.7.2.3 Soft callus formation .................................................................................................................... 21 

1.7.2.4 Revascularisation and neoangiogenesis ........................................................................................ 21 

1.7.2.5 Mineralisation .............................................................................................................................. 22 

1.7.2.6 Remodelling ................................................................................................................................. 22 

1.8 FRACTURE NON-UNION ..................................................................................................................... 23 

1.8.1.1 Atrophic non-union ...................................................................................................................... 23 

1.8.1.2 Hypertrophic non-union ............................................................................................................... 24 

1.9 SPINAL FUSION .................................................................................................................................. 25 

1.10 BONE LOSS ................................................................................................................................... 27 

PART C. CURRENT THERAPIES FOR BONE REGENERATION ........................ 29 



 viii

1.11 SURGERY ..................................................................................................................................... 29 

 Non-vascularised autologous bone graft ............................................................................ 29 

 Vascularised bone graft...................................................................................................... 30 

 Allograft ............................................................................................................................. 30 

 Masquelet technique (membrane inducing technique)....................................................... 31 

 Distraction osteogenesis..................................................................................................... 34 

 Xenograft ........................................................................................................................... 36 

1.12 MESENCHYMAL STEM CELLS ........................................................................................................ 36 

1.13 SCAFFOLDS .................................................................................................................................. 37 

1.14 GROWTH FACTORS ....................................................................................................................... 38 

 Transforming growth factor-β ............................................................................................ 39 

 Bone morphogenetic proteins ............................................................................................ 39 

 Parathyroid hormone .......................................................................................................... 40 

 Other growth factors for bone regeneration ....................................................................... 41 

1.15 PROMISING NOVEL BONE GRAFT SUBSTITUTES ............................................................................. 43 

CHAPTER 2:  MATERIALS AND METHODS ............................................................ 45 

PART A. IN VITRO METHODS ................................................................................... 45 

2.1 MATERIALS AND REAGENTS .............................................................................................................. 45 

2.2 ETHICS APPROVAL ............................................................................................................................ 46 

 Human ethics approval ........................................................................................................... 46 

 Animal ethics approval ........................................................................................................... 46 

2.3 PRIMARY HUMAN OSTEOBLASTS ....................................................................................................... 47 

2.4 CELL CULTURE .................................................................................................................................. 49 

 Proliferation assay .................................................................................................................. 49 

2.4.1.1 alamarBlue® ................................................................................................................................ 49 

2.4.1.2 3H-Thymidine ............................................................................................................................... 49 

2.4.1.3 Live/Dead® staining .................................................................................................................... 50 

 Mineralisation assay ............................................................................................................... 50 

2.4.2.1 ALP media release study .............................................................................................................. 50 



 ix

 Cultures of cells in three-dimensional scaffold ...................................................................... 51 

2.4.3.1 3D Collagen gel ........................................................................................................................... 51 

2.4.3.2 PHB-HV scaffolds ....................................................................................................................... 51 

2.4.3.3 Gellan gum/HA scaffolds ............................................................................................................. 52 

 Lactoferrin preparations ......................................................................................................... 52 

2.5 MOLECULAR BIOLOGY ...................................................................................................................... 53 

 Materials ................................................................................................................................. 53 

 RNA extraction ....................................................................................................................... 53 

 cDNA synthesis ...................................................................................................................... 54 

 Real-time PCR ........................................................................................................................ 54 

2.6 PROTEIN DETECTION ......................................................................................................................... 55 

 ELISA ..................................................................................................................................... 55 

PART B. IN VIVO METHODS ...................................................................................... 56 

2.7 ETHICS APPROVAL ............................................................................................................................ 56 

2.8 RAT CRITICAL-SIZED CALVARIAL DEFECT MODEL ............................................................................. 56 

 Experimental design ............................................................................................................... 57 

 Experimental manipulations ................................................................................................... 58 

2.9 MICRO-CT ........................................................................................................................................ 62 

2.10 HISTOLOGY .................................................................................................................................. 63 

PART C. STATISTICAL ANALYSIS AND GRAPHS ................................................ 64 

CHAPTER 3:  BONE DUST RESULTS ......................................................................... 65 

3.1 SYSTEMATIC REVIEW – SPINE DEFORMITY ....................................................................................... 65 

 Introduction ............................................................................................................................ 65 

 Material and methods ............................................................................................................. 67 

 In vitro studies ........................................................................................................................ 67 

 Preclinical in vivo studies ....................................................................................................... 70 

 Clinical studies ....................................................................................................................... 72 

 Discussion............................................................................................................................... 96 

3.2 BONE DUST IN VITRO RESULTS – SPINE (IN PRESS) ............................................................................ 99 



 x

 Material and methods ............................................................................................................. 99 

3.2.1.1 Reagents ....................................................................................................................................... 99 

3.2.1.2 Human osteoblast culture ............................................................................................................. 99 

3.2.1.3 Human posterior spinal bone dust sample collection and processing ......................................... 100 

3.2.1.4 Patient demographics and details ............................................................................................... 105 

3.2.1.5 Release of soluble growth factors and cytokines ........................................................................ 105 

3.2.1.6 Osteoblast proliferation .............................................................................................................. 106 

3.2.1.7 Osteoblast gene expression ........................................................................................................ 107 

 In vitro results ....................................................................................................................... 107 

3.2.2.1 Bone dust releases growth factors and cytokines ....................................................................... 107 

3.2.2.2 Bone dust promotes osteoblast proliferation .............................................................................. 110 

3.2.2.3 Bone dust increased osteoblastic gene expression ...................................................................... 111 

 Discussion............................................................................................................................. 113 

 Conclusion ............................................................................................................................ 118 

CHAPTER 4:  MCH-CAL™ RESULTS ...................................................................... 119 

4.1 INTRODUCTION ............................................................................................................................... 119 

4.2 MATERIAL AND METHODS ............................................................................................................... 119 

 Reagents ............................................................................................................................... 119 

 Human osteoblasts ................................................................................................................ 120 

 MCH-Cal™ .......................................................................................................................... 120 

 MCH-Cal™ protein extraction ............................................................................................. 120 

 Immunoassay ........................................................................................................................ 121 

 Culture of osteoblasts in 3D collagen scaffolds .................................................................... 122 

 Cell growth assay.................................................................................................................. 122 

 RNA extraction and real-time PCR ...................................................................................... 122 

 MCH-Cal™ processing for in vivo experiments .................................................................. 123 

 MCH-Cal™ gel preparation for in vivo experiments ...................................................... 124 

 Rat critical-sized calvarial defect surgery ........................................................................ 124 

 Histology.......................................................................................................................... 125 

 Statistical analysis ............................................................................................................ 126 



 xi

4.3 MCH-CAL™ IN VITRO RESULTS ..................................................................................................... 126 

 Analysis of growth factors present in MCH-Cal™ .............................................................. 126 

 MCH-Cal™ is cyto-compatible with human osteoblasts...................................................... 127 

 MCH-Cal™ does not affect the expression of bone gene markers ....................................... 128 

4.4 MCH-CAL™ IN VIVO RESULTS ....................................................................................................... 131 

4.4.1.1 Histology results......................................................................................................................... 131 

 Discussion............................................................................................................................. 132 

 Conclusion ............................................................................................................................ 137 

CHAPTER 5:  LACTOFERRIN RESULTS ................................................................ 138 

5.1 INTRODUCTION ............................................................................................................................... 138 

5.2 MATERIAL AND METHODS ............................................................................................................... 139 

 Collagen gel preparation ....................................................................................................... 139 

 Rat critical-sized calvarial defect surgery ............................................................................. 139 

 Tissue processing .................................................................................................................. 142 

 Micro-CT .............................................................................................................................. 142 

 Histology .............................................................................................................................. 143 

 Statistical analysis................................................................................................................. 143 

5.3 LACTOFERIN IN VIVO RESULTS ........................................................................................................ 143 

 Micro-CT results................................................................................................................... 144 

 Histology results ................................................................................................................... 146 

5.4 DISCUSSION .................................................................................................................................... 149 

5.5 CONCLUSION: ................................................................................................................................. 153 

CHAPTER 6:  PHB-HV RESULTS .............................................................................. 155 

6.1 INTRODUCTION ............................................................................................................................... 155 

6.2 MATERIAL AND METHODS ............................................................................................................... 155 

 Scaffold processing............................................................................................................... 155 

 Cell seeding .......................................................................................................................... 158 

 Cell growth assay.................................................................................................................. 158 

 Cell viability staining ............................................................................................................ 159 



 xii

 Immunogenicity assay .......................................................................................................... 159 

6.2.5.1 Suture and PHB-HV preparation ................................................................................................ 160 

6.2.5.2 THP-1 cell culture ...................................................................................................................... 160 

6.2.5.3 Gene expression analysis ........................................................................................................... 161 

6.2.5.4 Protein secretion analysis ........................................................................................................... 162 

 Statistical analysis................................................................................................................. 162 

 Rat critical-sized calvarial defect surgery ............................................................................. 163 

6.3 PHB-HV IN VITRO RESULTS............................................................................................................ 164 

 PHB-HV is cyto-compatible with human osteoblasts........................................................... 164 

 Cell viability staining results ................................................................................................ 165 

 Immunogenicity results ........................................................................................................ 167 

6.3.3.1 Gene expression results .............................................................................................................. 167 

6.3.3.2 Protein release results ................................................................................................................. 168 

6.4 PHB-HV IN VIVO RESULTS ............................................................................................................. 169 

 Micro-CT .............................................................................................................................. 169 

 Histology .............................................................................................................................. 171 

6.5 DISCUSSION .................................................................................................................................... 172 

6.6 CONCLUSION .................................................................................................................................. 173 

CHAPTER 7:  GELLAN GUM/HA RESULTS ........................................................... 175 

7.1 INTRODUCTION ............................................................................................................................... 175 

7.2 MATERIAL AND METHODS ............................................................................................................... 177 

 Scaffold processing............................................................................................................... 177 

 Cell seeding .......................................................................................................................... 178 

 Cell growth assay.................................................................................................................. 179 

 Cell viability staining ............................................................................................................ 179 

 Rat critical-sized calvarial defect surgery ............................................................................. 179 

7.3 GELLAN GUM/HA IN VITRO RESULTS .............................................................................................. 180 

 Gellan gum/HA is cyto-compatible with human osteoblasts ................................................ 180 

 Cell viability staining results ................................................................................................ 181 

7.4 GELLAN GUM/HA IN VIVO RESULTS ................................................................................................ 183 



 xiii

 Micro-CT results................................................................................................................... 183 

7.5 DISCUSSION .................................................................................................................................... 187 

7.6 CONCLUSION .................................................................................................................................. 188 

CHAPTER 8:  CONCLUDING DISCUSSION ............................................................ 189 

8.1 DISCUSSION AND FUTURE DIRECTIONS ............................................................................................ 189 

 Autologous bone: Human spinal bone dust .......................................................................... 191 

 Xenograft scaffold: MCH-Cal™ .......................................................................................... 192 

 Growth factor: Lactoferrin .................................................................................................... 193 

 Imported scaffolds: PHB-HV and Gellan gum/HA .............................................................. 194 

8.2 CONCLUSION .................................................................................................................................. 195 

APPENDIX A: HUMAN ETHICS APPROVAL ........................................................ 197 

APPENDIX B: ANIMAL ETHICS APPROVAL ....................................................... 198 

PUBLICATIONS ............................................................................................................ 199 

8.3 SPINE DEFORMITY .......................................................................................................................... 199 

8.4 SPINE .............................................................................................................................................. 206 

8.5 JOURNAL OF TISSUE ENGINEERING AND REGENERATIVE MEDICINE ............................................... 214 

REFERENCES ............................................................................................................... 221 

 
 

 

  



 xiv 

LIST OF TABLES 

Table 1-1: Common Growth Factors And Their Biological Actions On Bone. ................. 42 

Table 1-2: Novel Bone Graft Substitutes Evaluated In This PhD. ..................................... 44 

Table 3-1: In Vitro Studies Evaluating The Efficacy Of Bone Dust. ................................. 93 

Table 3-2: Preclinical In Vivo Studies Evaluating The Efficacy Of Bone Dust. ............... 94 

Table 3-3: Clinical Studies Evaluating The Efficacy Of Bone Dust. ................................. 95 

Table 3-4: Patient Demographics And Spinal Fusion Levels. ......................................... 105 

Table 4-1: Growth Factors Present In MCH-Cal™. ......................................................... 126 

Table 8-1: Novel Bone Graft Substitutes Evaluated And Their Therapeutic Potential.... 190 

 

  



 xv 

LIST OF FIGURES 

Figure 1-1: Human Femur Bone Anatomy. .......................................................................... 3 

Figure 1-2: Composition Of Bone. ....................................................................................... 5 

Figure 1-3: Primary Rat Osteoclast. ................................................................................... 10 

Figure 1-4: Endochondral Ossification............................................................................... 17 

Figure 1-5: Atrophic Non-union. ........................................................................................ 24 

Figure 1-6: Hypertrophic Non-union. ................................................................................. 25 

Figure 1-7: Posterior Lumbar Interbody Fusion With Bone Graft. .................................... 26 

Figure 1-8: Comminuted Forearm Fracture With Traumatic Bone Loss. .......................... 28 

Figure 1-9: Masquelet Technique For Treatment Of Tibial Segmental Defect. ................ 33 

Figure 1-10: Ilizarov Technique For Treatment Of Tibial Segmental Bone Defect. ......... 35 

Figure 2-1: Human Osteoblasts. ......................................................................................... 48 

Figure 2-2: Rat Critical-Sized Calvarial Defect Experimental Protocol. ........................... 58 

Figure 2-3: Rat Critical-Sized Calvarial Defect Intra-Operative Photographs................... 61 

Figure 2-4: Rat 5mm Critical-Sized Calvarial Defect. ....................................................... 62 

Figure 2-5: Rat Calvarial Defect Micro-CT Volume Of Interest. ...................................... 63 

Figure 3-1: In-Line Suction Trap For Bone Dust Collection. .......................................... 101 

Figure 3-2: Bone Dust. ..................................................................................................... 103 



 xvi 

Figure 3-3: Bone Dust In Vitro Methodology. ................................................................. 104 

Figure 3-4: Bone Dust Is A Source Of Growth Factors And Cytokines. ......................... 109 

Figure 3-5: Osteoblast Proliferation Increased In Response To Bone Dust. .................... 110 

Figure 3-6: Osteoblast Marker Expression In Response To Bone Dust. .......................... 112 

Figure 4-1: In Vivo Methods For MCH-Cal™. ............................................................... 125 

Figure 4-2: MCH-Cal™ Is Cyto-compatible With Human Osteoblasts. ......................... 128 

Figure 4-3: MCH-Cal™ Does Not Affect Osteoblastic Gene Expression. ...................... 130 

Figure 4-4: MCH-Cal™ In Vivo Histology Results. ....................................................... 132 

Figure 5-1: Lactoferrin In Vivo Study Design. ................................................................ 140 

Figure 5-2: Lactoferrin Micro-CT Results. ...................................................................... 145 

Figure 5-3: Lactoferrin In Vivo Histology Results (500μm). .......................................... 147 

Figure 5-4: Lactoferrin In Vivo Histology Results (100μm). .......................................... 148 

Figure 6-1: PHB-HV Scaffold. ......................................................................................... 156 

Figure 6-2: PHB-HV Scaffold Processing. ...................................................................... 157 

Figure 6-3: PHB-HV Tissue Culture Arrangement. ......................................................... 158 

Figure 6-4: Rat Critical-Sized Calvarial Defect With Scaffold In Situ. ........................... 163 

Figure 6-5: PHB-HV And Gellan gum/HA In Vivo Experiment Study Design. ............. 164 

Figure 6-6: PHB-HV Is Cyto-compatible With Human Osteoblasts. .............................. 165 

Figure 6-7: Calcein AM Staining For Osteoblasts On PHB-HV Scaffold. ...................... 166 



 xvii 

Figure 6-8: PHB-HV Immunogenicity Gene Expression Results. ................................... 168 

Figure 6-9: PHB-HV Protein Release Results. ................................................................. 169 

Figure 6-10: PHB-HV Micro-CT Results. ....................................................................... 170 

Figure 6-11: PHB-HV In Vivo Histology And Micro-CT Results. ................................. 171 

Figure 7-1: Gellan gum/HA Manufactured In Portugal. .................................................. 177 

Figure 7-2: Gellan gum/HA Tissue Culture Arrangement. .............................................. 178 

Figure 7-3: Gellan gum/HA Is Cyto-compatible With Human Osteoblasts. .................... 181 

Figure 7-4: Calcein AM Staining For Osteoblasts On Gellan-gum/HA Scaffold. ........... 182 

Figure 7-5: Gellan gum/HA Micro-CT Results. ............................................................... 185 

Figure 7-6: Variability Between Different Gellan gum/HA Scaffolds............................. 186 

  



 xviii 

ABBREVIATIONS 

AA2P   L-ascorbic acid 2-phosphate 

ALIF  Anterior lumbar interbody fusion 

αMEM  Minimum essential medium alpha 

ANOVA  Analysis of variance 

B cell   B lymphocyte 

FGF-basic Basic fibroblast growth factor 

BMP   Bone morphogenetic protein 

BSA   Bovine serum albumin 

cDNA   Complementary Deoxyribonucleic acid 

COX-2  Cyclooxygenase-2 

CT   Computed tomography 

DECT   Dual-energy computed tomography 

Dkk   Dickkopf 

DMEM  Dulbecco's modified Eagle's medium 

DMP-1 Dentin matrix acidic phosphoprotein-1 

ECM   Extracellular matrix 

FBS   Fetal bovine serum 

FDA  Food and drug administration (U.S.A) 

GAG   Glycosaminoglycan 

H&E   Haematoxylin and eosin 

hr   Hour 



 xix 

IL   Interleukin 

IL-1R   Interleukin-1 receptor 

MCP-1  Monocyte chemotactic protein-1 

M-CSF  Monocyte-colony stimulating factor 

μCt   micro-computed tomography 

MEM   Minimum essential medium 

min   Minute 

MMP   Matrix metalloprotease 

MRI   Magnetic resonance imaging 

mRNA  Messenger Ribonucleic acid 

MSC   Mesenchymal stem cell 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NLRP3  NACHT, LRR and PYD domains-containing protein 3 

NF-κΒ  Nuclear factor-kappa Β 

OA   Osteoarthritis 

OPG   Osteoprotegerin 

PBMC  Peripheral blood mononuclear cell 

PBS   Phosphate buffered saline 

PCR   Polymerase chain reaction 

PDGF  Platelet derived growth factor 

PGE2   Prostaglandin E2 

PI   Propidium iodide 

PMMA Polymethyl methacrylate 



 xx 

PTH  Parathyroid hormone 

PthrP   Parathyroid hormone-related peptide 

RANK  Receptor activator of nuclear factor-kappa Β 

RANKL  Receptor activator of nuclear factor-kappa Β ligand 

RNA   Ribonucleic acid 

RUNX2 Runt-related transcription factor-2  

SOX   Sex determining region Y(SRY)-box 

T cell   T lymphocyte 

TGF-β   Transforming growth factor-β 

TIMP   Tissue inhibitor of metalloproteinase 

TLR   Toll-like receptor 

TNF-α  Tumour necrosis factor-α 

TRAP   Tartrate-resistant acid phosphatase 

TREM-1 Triggering receptor expressed on myeloid cells 

USS   Ultrasonography 

VEGF  Vascular Endothelial Growth Factor 

Wnt   Wingless 



 xxi 

CO-AUTHORSHIP FORMS 

 



 xxii 

 

 

 



 xxiii 

 



 1 

CHAPTER 1: INTRODUCTION 

 

Part A. The properties of bone 

 

Bone functions in a variety of capacities that are vital to sustain life. Firstly, from a 

mechanical point of view, bone forms a rigid skeletal framework for locomotion and 

provides support and protection to vital organs. Secondly, bones play a crucial role in 

mineral homeostasis and haematopoiesis. Finally, bones have remarkable regenerative 

properties and are able to adapt through remodelling their structure in response to biological 

and mechanical stressors (Burr & Allen, 2014; Marsell & Einhorn, 2011). 

 

1.1 The structure of bone 

From a macroscopic point of view, the human skeletal system can be divided into two broad 

categories: (1) the axial skeleton (i.e. skull, vertebral column and ribs) and (2) the 

appendicular skeleton (i.e. the limbs) (Buckwalter et al., 2000; Marsell & Einhorn, 2011). 

The axial skeleton mainly serves to protect vital organs and it is mainly composed of flat 

bones, such as the skull and scapula. The appendicular skeleton mainly consists of long 

bones, such as the humerus, femur and tibia. Conceptually, long bones are made up of the 

diaphysis (a hollow tube) with flared ends on either side known as the epiphysis. A fibrous 

sheath (periosteum) covers the surface of all bones apart from the joints where articular 
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cartilage is present (Figure 1-1). The periosteum nourishes the bone through blood vessels 

and provides nervous supply to the bone. 

 

Demands placed on bone from mechanical, biological and biochemical stressors differ 

according to the anatomical sites. Therefore, it comes as no surprise that the microstructure 

of bone varies throughout the skeleton (Buckwalter et al., 2000). Morphologically, bone can 

be divided into two categories; cortical and trabecular bone. Cortical bone represents the 

main component of the diaphyseal regions of long bones. In other regions of the body, 

cortical bone is found surrounding the cancellous bone of the vertebral body, pelvis and 

skull. The main function of cortical bone is to provide support and protection. On the other 

hand, trabecular bone, otherwise known as cancellous bone or spongy bone, is found mainly 

in the metaphyseal region of long bones (Figure 1-1). Other sites where trabecular bone is 

found include the vertebrae and ribs. From a mechanical point of view, the trabecular bone 

acts as a strut to disperse stress imposed on it to the stronger cortical bone.  
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Figure 1-1: Human Femur Bone Anatomy. 
Human femur bone demonstrating cortical and trabecular (spongy) bone within the 
medullary cavity. The long bone is covered by articular cartilage at either end and contains 
bone marrow (shown in yellow in this figure) in the marrow cavity. Figure adapted from 
Rice University © 1999-2017 under a Creative Commons Attribution 4.0 License. 
Openstax College (2013). Retrieved from the Connexions Web 
site: http://cnx.org/content/m44789/1.3. (Accessed on 27th June 2017). 
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1.2 Bone mass 

Bone mass changes dramatically during a person’s lifespan, increasing rapidly during 

childhood and particularly through puberty. Peak bone mass is reached during the third 

decade of life. With ageing and associated changes in hormone levels, bone mass gradually 

begins to decline with a disproportionally high rate of decline in women compared to men. 

Severe loss of bone mass results in the clinical entity of osteoporosis which leads to 

increased fracture risk. Studies have shown that up to 49% of women and 30% of men in 

New Zealand will suffer from at least one osteoporotic (low impact) fracture during their 

life time (New Zealand Orthopaedic Association, 2003).  

 

A multitude of factors contribute to the differences in peak bone mass throughout a person’s 

life and also between individuals. Although genetic factors play a pivotal role in determining 

the peak bone mass in humans, environmental factors including diet, exposure to sunlight 

and physical activity also play an important role.  

 

1.3 Bone composition 

Bone is made up of approximately 10% water, 65% minerals and 25% organic matrix. The 

organic matrix in turn is made up of 90% type I collagen. The remaining 10% consists of 

proteoglycans and glycosaminoglycans, glycoproteins, sibling family of glycoproteins and 

other non-collagenous proteins such as osteocalcin and osteonectin (Figure 1-2). 
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Figure 1-2: Composition Of Bone.  
Bone is composed of an organic matrix, mineral, and water. (NCP = non-collagenous 
proteins). 

 

 Collagen 

As mentioned previously, the most abundant component of the organic matrix in bone is 

type I collagen, which comprises up to 90% of bone protein. Individual type I collagen 

molecules are comprised of triple helixes made up of two α1 chains and an α2 chain. With 

appropriate post-translational modification, collagen fibrils form and assemble in a 

staggered orientation with inter-molecular cross links. The collagen fibres can be found 

interspersed with plates of mineral to provide both elasticity (collagen component) and 

strength (mineral component). From a clinical point of view, N-terminal and C-terminal 

propeptides of collagen can be used as serum markers of bone formation  (Burr & Allen, 

2014).  
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 Non-collagenous proteins 

A number of non-collagenous extracellular proteins exist to regulate and maintain the 

extracellular matrix. These proteins perform critical functions for bone homeostasis and can 

be divided into several categories as summarised below.   

 

1.3.2.1  Proteoglycans 

The main function of proteoglycans is regulation of bone mineralisation. Some examples of 

proteoglycans are heparin sulphate produced by osteoblasts and osteoclasts which regulates 

interactions between cells; small leucine-rich proteoglycans which provide structural 

organisation in bone and hyaluronan which plays a role in development. 

 

1.3.2.2  Glycoproteins 

A number of glycoproteins are present in bone. Whilst some of their functions are not 

completely understood, it is clear that they perform critical roles in bone mineralisation. 

One of the most clinically relevant glycoproteins is alkaline phosphatase (ALP). ALP is 

produced in large quantities during bone formation as it hydrolyses inhibitors of mineral 

deposition such as pyrophosphates. As such, their levels are used as indirect markers of 

bone formation (L. Chen et al., 2010).  

 

Other important glycoproteins include fibronectin which is produced during early stages of 

bone formation; thrombospondin which is thought to be anti-angiogenic; and vitronectin 

which is involved in cell attachment and spreading  (Burr & Allen, 2014).  
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1.3.2.3 Small integrin-binding ligand, N-glycosylated 

proteins 

The third generic group of non-collagenous proteins are mainly involved in mediating cell 

attachment to the matrix. These proteins are collectively known as small integrin-binding 

ligand, N-glycosylated proteins (SIBLING). Examples of SIBLINGs include bone 

sialoprotein which marks late stages of differentiation and early stages of mineralisation; 

dentin matrix acidic phosphoprotein 1 (DMP-1) which has affinity for hydroxyapatite and 

regulates mineralisation; osteopontin which is secreted in the early stages of osteogenesis 

and inhibits mineral formation and crystal growth (Burr & Allen, 2014).  

 

1.3.2.4  Other non-collagenous proteins 

The final group of non-collagenous proteins which play pivotal roles in bone formation 

include osteocalcin and osteonectin. Osteocalcin is expressed by osteoblasts and osteocytes 

and it enhances calcium binding and controls mineral deposition. Osteonectin is located at 

sites of mineral deposition and plays a role in osteoblasts proliferation (Ingram et al., 1994; 

Stein et al., 1996).  
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 Bone mineral 

The mineral component of bone accounts for approximately 65% of bone mass. 

Mineralisation occurs after organic matrix deposition. Bone mineral is composed of poorly 

crystalline carbonated apatite mineral. Mineralisation occurs in the region between the ends 

of collagen fibrils. In the early stages, the mineral consists of amorphous calcium phosphate 

and calcium carbonate. With bone maturation, calcium carbonate levels drop and the 

mineral crystals grow larger and more plate like. The formation and growth of bone mineral 

crystals is dependent on many factors including non-collagenous proteins and other ions 

such as magnesium (Buckwalter et al., 2000).  

 

1.4 Bone cells 

 

 Osteoclasts 

The major role of osteoclasts is bone resorption in order to facilitate bone modelling. To 

achieve bone modelling, osteoclast precursors are recruited and allowed to proliferate, 

differentiate and form mature, multinucleated mature osteoclasts. Osteoclasts are able to 

attach to bone and degrade the mineralised matrix whilst migrating along the bone surface. 

Apoptosis occurs upon completion of bone resorption.  
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1.4.1.1 Osteoclast morphology and function 

Mature osteoclasts are multinucleated cells derived from fusion of mononuclear precursors. 

In order to function as bone resorbing cells, osteoclasts possess several important structural 

and functional domains. Firstly, an apical membrane domain allows contact with the bone 

surface; secondly, a basolateral membrane domain which faces away from bone; finally, 

there is a sealing zone which is located at the bone and cell interface. The sealing zone 

circumscribes another membrane domain called the ruffled border (Figure 1-3). The ruffled 

border and the sealing zone allow the secretion of hydrolytic enzymes to facilitate 

degradation of bone matrix products  (Burr & Allen, 2014; Rosen & American Society for 

Bone and Mineral Research, 2008).  
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Figure 1-3: Primary Rat Osteoclast. 
Transmission electron microscopy of a multinucleated primary rat osteoclast on bone. 
Features noted here include the ruffled border, close apposition of the cell to bone, and 
the partially degraded matrix between the sealing zones. Figure adapted with permission 
from Wiley and Sons with the license number 4137270815443.  (Rosen & American 
Society for Bone and Mineral Research, 2008). 

 

 

1.4.1.2 Osteoclast differentiation 

Osteoclast precursors originate from the hematopoietic monocyte-macrophage lineage. 

Several factors regulate the recruitment process of osteoclast precursors to undergo 

osteoclastogenesis. These factors include cytokines, matrix metalloproteinases and calcium 

gradients. In response to various growth factors including interleukin-3 (IL-3) and colony-

stimulating factors, mononucleated preosteoclasts are formed. These mononucleated cells 

subsequently fuse to form multinucleated osteoclasts (Buckwalter et al., 2000).  
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It is worth noting two cytokines (RANKL and M-CSF) that play crucial roles for 

osteoclastogenesis. Receptor activator of nuclear factor kappa-B ligand (RANKL) is a 

member of the tumour necrosis factor (TNF) superfamily. Several aspects of osteoclast 

differentiation are mediated by RANKL, including fusion of mononucleated cells into 

multinucleated cells, acquisition of osteoclast-specific markers, attachment of osteoclasts to 

bone surfaces and promotion of osteoclast survival  (Boyce & Xing, 2008). On the other 

hand, macrophage colony-stimulating factor (M-CSF) controls osteoclast differentiation, 

migration and survival. RANKL deficient mice display severe osteopetrosis and completely 

lack osteoclasts (Kong et al., 1999). 

 

1.4.1.3 Osteoclast apoptosis 

Osteoclasts have a relatively short lifespan and they undergo programmed apoptosis once 

their activity is complete. Whilst the exact mechanism of osteoclast apoptosis is not 

completely understood, it is clear that high concentrations of extracellular calcium appear 

to induce osteoclast apoptosis in vitro. Both oestrogens and androgens inhibit osteoclast 

generation by regulating the production of pro-osteclastogenic cytokines (including IL-1 

and IL-6). Potential antiapoptotic factors include M-CSF and RANKL as mentioned earlier 

(Chapter 1.4.1.2). 

 

 Osteoblasts 

The major function of osteoblasts is bone formation through bone matrix protein secretion 

and mineralisation. Mesenchymal progenitors give rise to osteoblasts as well as muscle 

cells, adipocytes and chondrocytes. Ultimately, most osteoblasts become osteocytes and 
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remain entrapped in bone, the remaining osteoblasts form bone lining cells or die by 

apoptosis.  

 

1.4.2.1 Osteoblast morphology and function 

Osteoblasts are cuboidal cells with large nuclei and extensive endoplasmic reticulum with 

enlarged Golgi apparatus. High levels of alkaline phosphatase (ALP) and osteocalcin are 

expressed by maturing osteoprogenitor cells (Ingram et al., 1994). Once mature, the 

osteoblasts secrete high levels of type I collagen and transiently express bone sialoprotein. 

While the main function of osteoblasts is bone formation, they also play a pivotal role in the 

control of osteoclast differentiation. 

 

1.4.2.2 Osteoblast differentiation 

The process of osteoblast growth and differentiation can be categorised into five stages, 

namely osteoblast proliferation, matrix development, maturation, mineralisation and 

apoptosis. Many transcription factors are activated during specific stages of osteoblast 

growth, leading to a succession of osteoblast phenotypic markers. Two of the most 

important signalling pathways for osteoblast differentiation and survival are those activated 

by bone morphogenetic proteins (BMPs) and wingless-related integration site (Wnts) 

(Carragee et al., 2011; F. Yang et al., 2011). BMPs are growth factors that belong to the 

TGF-β superfamily of proteins. BMPs play critical roles in osteoblast differentiation and its 

role in bone healing and regeneration is summarised later (Chapter 1.14.2). Wnts are a 

family of secreted proteins that participate in the regulation of cellular processes from 

proliferation to differentiation and apoptosis. In osteoblastic homeostasis, Wnt stimulate 
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differentiation of MSCs toward the osteoblastic lineage. Furthermore, Wnt plays an 

important role in the coupling between osteoblasts and osteoclasts. Specifically, Wnt 

signalling increases expression of OPG, the decoy receptor for RANKL, resulting in 

inhibition of osteoclastogenesis  (Boyce & Xing, 2008).  

 

1.4.2.3 Osteoblast apoptosis 

Osteoblast apoptosis begin at the early stages and continue throughout all stages.  Overall, 

up to 80% of osteoblasts die by apoptosis.  

 

 Osteocytes 

The major role of osteocytes is believed to be co-ordinating the function of osteoblast and 

osteoclast in response to both mechanical and hormonal stimuli. Osteocytes are derived 

from osteoblasts and they form the most abundant cells in bone, making up more than 90% 

of cells within the matrix.  

 

1.4.3.1 Osteocyte morphology and function 

Osteocytes exhibit cytoplasmic dendritic processes and are individually encased in lacunae. 

Projections from neighbouring osteocytes communicate with each other via gap junctions 

within canaliculi. One unique feature of osteocytes (compared to osteoblasts and 

osteoclasts) is that they produce sclerostin, the product of the SOST gene. Sclerostin 

potently antagonises several members of the BMP family of proteins and prevents activation 

of Wnt signalling (F. Yang et al., 2011). It is widely accepted that osteocytes are responsible 
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for the mechanosensory aspect within bone due to their presence in the entire bone volume 

and are long lived compared to osteoblasts and osteoclasts. In turn, osteocytes are believed 

to play a critical role in the regulation of osteoblast and osteoclast function (Burr & Allen, 

2014).  

 

1.4.3.2 Osteocyte maturation 

As mentioned earlier (Chapter 1.4.2), osteocyte formation is one of three possible end 

pathways for mature osteoblasts. However, the exact mechanism of osteocytogenesis from 

osteoblast is not fully understood (Buckwalter et al., 2000).  

 

1.4.3.3 Osteocyte apoptosis 

Osteocytes die by apoptosis. Preservation of osteocyte viability has been the target of 

therapies to reduce fracture risks. An example of which is bisphosphonates. On the contrary, 

decreased osteocyte viability is identified in disease states such as mechanical disuse and 

prolonged corticosteroid use.  
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1.5 Bone formation 

Bone formation begins embryologically during the first trimester and continues into the 

teenage years. Two distinct processes govern bone development, intramembranous 

ossification and endochondral ossification. These modes of development differ in the 

environment in which ossification is initiated and in the matrix producing cells.   

 

 Intramembranous ossification 

Intramembranous ossification occurs in selected parts of the body including the calvarium, 

scapula and clavicle. Classically, intramembranous ossification is associated with 

embryonic development. However, during fracture healing and bone regeneration, 

intramembranous ossification can occur postnatally. The initial step in intramembranous 

ossification involves the consolidation of mesenchymal cells that later differentiate directly 

into osteoblasts, a process under direct control by the transcription factor Runt-related 

transcription factor-2 (RUNX2) (Kronenberg, 2004). The initial production of bone matrix 

by osteoblasts establishes a primary ossification centre. As the osteoblasts within the 

ossification centre produce more matrix, they become encapsulated and turn into osteocytes. 

The rapid production of bone matrix by the initial osteoblasts is known as ‘woven bone’, 

which is a disorganised collagen structure. With time, additional osteoblasts are recruited to 

produce more organised lamellar bone.  
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 Endochondral ossification 

In the majority of the skeleton, endochondral ossification occurs. Endochondral ossification 

involves synthesis of a transient hyaline cartilage template onto which bone formation 

occurs (Figure 1-4). Mesenchymal cells firstly differentiate into chondrocytes which 

subsequently turns into a cartilaginous structure, a process driven by the transcription factor 

SOX-9  (Burr & Allen, 2014). The chondrocytes gradually become hypertrophic and 

proceeds down an apoptotic route. As the cartilage start to mineralise, vascularisation 

occurs, allowing infiltration of cells which differentiate into osteoblasts. The newly formed 

osteoblasts then begin forming bone on the surface of the cartilage template. During 

endochondral ossification, bone formation is initially localised to the circumference of the 

diaphysis of long bones and results in a structure called the ‘bone collar’. Formation of the 

bone collar leads to calcification of the local matrix, and eventually chondrocyte apoptosis. 

Simultaneously, vasculogenesis occurs whereby newly formed blood vessels penetrate the 

bone collar and deliver nutrients to cells. The result of this vascular invasion is the formation 

of a marrow space and primary ossification centre. At the same time, secondary ossification 

centres starts to develop at the ends of the long bones (epiphysis) and supported by other 

blood vessels to supply the cells and nutrients necessary for further bone growth 

(Buckwalter et al., 2000).   

 



 17 

 

Figure 1-4: Endochondral Ossification. 
The process of endochondral ossification. (a) During endochondral ossification, 
mesenchymal cells differentiate into chondrocytes and lead to the formation of cartilage 
templates. Vascularisation occurs around these templates, and osteoblasts differentiate 
around the central area in the bone collar. Chondrocytes in this central area differentiate 
into hypertrophic chondrocytes and allow vascular invasion. After complete 
differentiation, they die and extracellular matrix (ECM) remodeling is carried out by 
osteoclasts and chondroclasts recruited together with the blood vessels. This remodeling 
is necessary for trabecular-bone synthesis by osteoblasts precursors and for the formation 
of the bone-marrow cavity. (b) A section of a two week old mouse metatarsal stained with 
Masson trichrome. Chondrocytes proliferate and differentiate into prehypertrophic and 
hypertrophic chondrocytes. Endochondral ossification first takes place at the primary site 
at the center of the diaphysis, which allows formation of the two growth plates. The 
growth plates are ultimately responsible for the elongation of the long bones. Later, 
endochondral ossification occurs at a secondary site, in the epiphysis of the long bones. 
Scale bar represents 200μm. Figure adapted with permission from Elsevier with license 
number 4136831047613. (Ortega et al., 2004). 
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Part B. Bone regeneration 

 

1.6  Fracture 

Bones are able to withstand some force and able to compensate by bending. However, if the 

extrinsic force is too great, the bones will break or fracture. The severity or degree of fracture 

is directly proportional to the force that leads to the break. If the force is small, the bone 

may simply crack rather than break all the way through. However, in high energy trauma, 

such as motor vehicle accident or gunshot wounds, the fracture may comminute (shatter). If 

the fracture occurs in a way that the bone edges stick out through the skin, or a wound 

penetrates down to the broken bone, the fracture is defined as an ‘open’ or ‘compound’ 

fracture. This type of fracture is difficult to treat due to higher risk of infection in both the 

bone and the surrounding soft tissue.  

 

1.7  Fracture healing 

Fracture healing is a complex, highly orchestrated, regenerative biological process that is 

yet to be fully understood. Nevertheless, the general pathway of fracture healing has been 

outlined. The unique nature of bone healing is that it occurs in the absence of scar tissue. In 

broad terms, fractures can heal through one of two pathways direct healing or indirect 

healing  (Marsell & Einhorn, 2011). 

 . 
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 Direct fracture healing 

Direct fracture healing only occurs when the fracture edges are anatomically reduced and 

the bone is rigidly fixed in a stable manner to eliminate micromotion. Clinically, direct 

fracture healing is considered to be the ‘gold standard’ in open reduction and internal 

fixation of simple fractures. Direct fracture healing can occur through two separate 

pathways depending on the degree of fracture reduction achieved during surgery. 

 

1.7.1.1 Contact healing 

Contact bone healing is difficult to achieve because it requires precise anatomical reduction 

and rigid fixation. Studies have shown that the requirement for contact healing include a 

fracture gap, after reduction of bony edges, of less than 10μm and interfragmentary strain, 

after internal fixation of less than 2% (Shapiro, 1988). During contact healing, cutting cones 

are formed within osteons which are able to cross the fracture site  (Marsell & Einhorn, 

2011). The cutting cones contain osteoclasts at the tips to enable the creation of cavities in 

line with the longitudinal axis of fractures. These cavities are later filled with bone produced 

by osteoblasts. Contact healing allows bony regeneration at the same time as restoration of 

Harversian systems. The Harversian systems provide the framework for re-vascularisation. 

Remodelling of the osteons across the fracture site results in bone healing in the absence of 

callus formation  (Marsell & Einhorn, 2011).  

 

1.7.1.2 Gap healing 

The critical difference between gap healing and contact healing is that in gap healing, bony 

union and Harversian remodelling do not occur simultaneously. Clinically, gap healing 
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occurs when near anatomical reduction occurs followed by rigid internal fixation. The gap 

between the two bony edges must be less than 800μm (Kaderly, 1991). Under these 

conditions, the fracture gap is initially filled with lamellar bone oriented perpendicular to 

the long axis of the fracture. A secondary remodelling phase, involving cutting cones, occurs 

weeks later resembling contact bone healing.  

 

 Indirect fracture healing 

Indirect fracture healing, otherwise known as secondary fracture healing, represents the 

commonest form of fracture healing. Indirect fracture healing typically occurs in settings 

where there is micro-motion between the fractured ends. However, excessive movement 

and premature load bearing is counterproductive to indirect fracture healing. Indirect 

fracture healing encompasses both intramembranous and osteochondral healing 

(Gerstenfeld et al., 2006). Clinically, non-operatively managed fracture healing and some 

operative fracture fixation techniques result in indirect fracture healing. Examples of 

fixation techniques that rely on indirect fracture healing include external fixation, bridge 

plating and intramedullary rodding (Perren, 2002). Indirect fracture healing proceeds down 

a well-recognised cascade of events. 

 

1.7.2.1 The acute inflammatory response 

Following a fracture, haematoma forms around the fracture site, initiating the acute 

inflammatory response. The haematoma consolidates and coagulates within and around the 

fracture edges forming a template for subsequent callus formation (Gerstenfeld et al., 2003). 

The acute inflammatory response is associated with secretion of a number of 
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proinflammatory molecules and cytokines including tumour necrosis factor-α (TNF-α), IL-

6 and IL-11. This inflammatory response peaks within the first 24 hours after injury and 

lasts for up to a week.  

 

1.7.2.2 Mesenchymal stem cell recruitment 

Bone regeneration is dependent on recruitment of mesenchymal stem cells (MSCs) to the 

site of fracture. These MSCs will then have to be able to proliferate and differentiate into 

osteogenic cells. The origin of the MSCs is not fully understood. However, studies have 

suggested that MSCs are likely recruited from surrounding soft tissues, bone marrow, 

periosteum, as well as systemically from remote hematopoietic sites (Granero-Molto et al., 

2009; Kitaori et al., 2009). 

 

1.7.2.3 Soft callus formation 

Following the acute inflammatory response, a cartilaginous callus is formed which 

undergoes mineralisation, resorption and is subsequently replaced with bone. The 

generation of the soft callus is mediated by and dependent on recruitment of MSCs. Once 

the MSCs are recruited, a molecular cascade of events occur involving members of the TGF-

β superfamily.  

1.7.2.4  Revascularisation and neoangiogenesis 

Following soft callus formation, revascularisation occurs. The revascularisation process is 

regulated by two pathways, namely an angiopoietin-dependent pathway and a vascular 

endothelial growth factor (VEGF) dependent pathway. The expression of vascular 
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morphogenetic proteins (angiopoietins-1 and 2) are induced in the early phase of the healing 

cascade. Therefore, the angiopoietin pathway is critical for promoting an initial vascular in-

growth from existing vessels in the soft tissue and periosteum (Lehmann et al., 2005). On 

the other hand, the VEGF pathway is a key regulator of vascular regeneration. Osteoblasts 

and hypertrophic chondrocytes have been shown to express high levels of VEGF, hence 

promoting the revascularisation process (Keramaris et al., 2008). VEGF has been shown to 

be closely associated with vasculogenesis (aggregation and proliferation of endothelial 

mesenchymal stem cells into a vascular plexus) and angiogenesis (growth of new vessels 

from already existing ones)  (Kanczler & Oreffo, 2008). 

 

1.7.2.5 Mineralisation 

Further down the bone regeneration cascade, soft cartilaginous callus is eventually resorbed 

and replaced by a hard bony callus. As the callus mineralise and becomes more rigid, a hard 

callus is formed and the calcified cartilage is gradually replaced with woven bone  (Barnes 

et al., 1999; Gerstenfeld et al., 2003; Marsell & Einhorn, 2011).  

 

1.7.2.6 Remodelling 

In order to restore the biomechanical properties of normal bone, the hard callus goes through 

a remodelling phase. This remodelling phase occurs in a highly orchestrated manner through 

a balance of resorption of hard callus and lamellar bone deposition. The process is tightly 

controlled by IL-1 and TNF-α and may occur over an extended period of time  (Ai-Aql et 

al., 2008; Mountziaris & Mikos, 2008).  
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1.8 Fracture non-union 

A fracture is considered as healed (united) when stability between the bone ends have been 

restored by new bone that bridges the fracture. On the other hand, non-union represents a 

total arrest in the fracture repair process. Clinically, non-union is defined as the absence of 

clinical and radiological evidence of bony union 6 months after treatment and without 

evidence of progression towards healing for 3 consecutive months (Bhattacharyya et al., 

2006; Hierholzer et al., 2014).  

 

Fracture healing is highly dependent on an adequate blood supply and gradual increase in 

mechanical stability. In cases where neither is achieved, atrophic fibrous non-union occurs. 

On the other hand, in cases where there is an adequate blood supply but sub-optimal fixation, 

hypertrophic non-union occurs (Green et al., 2005). 

 

1.8.1.1 Atrophic non-union 

Atrophic non-union is generally considered a failure of biology. Radiologically, atrophic 

non-union is associated with little callus formation around the fracture site as a result of 

substandard vascularisation (Figure 1-5). 
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Figure 1-5: Atrophic Non-union. 
This X-Ray was taken 8 months after the patient suffered a spiral diaphyseal humeral 
fracture. The lack of callus formation demonstrates atrophic fracture non-union. The 
fracture (#) is clearly visible as distinct sharp edges. 

 

1.8.1.2 Hypertrophic non-union 

Hypertrophic non-union typically occurs due to inadequate immobilisation or substandard 

surgical fixation of the fracture. In general, adequate blood supply and cartilage formation 

occurs in the setting of hypertrophic non-union, leading to formation of a false joint 

(pseudoarthros) with hypertrophy of surrounding bone due to abnormal motion at the 

fracture site (Figure 1-6). 
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Figure 1-6: Hypertrophic Non-union. 
This X-Ray was taken 9 months after a diaphyseal transverse humeral fracture. The false 
joint (pseudoarthrosis) formed in the midshaft of the humerus is pathognomonic for 
hypertrophic fracture non-union. 
 

 

1.9 Spinal fusion 

Spinal fusion is an orthopaedic surgical procedure employed to correct problems with the 

bones of the spine (vertebrae). The fundamental idea of this fusion procedure is to ‘weld’ 

together the painful vertebrae so that they heal into a single, solid unit of bone. The theory 

behind this procedure is that if the painful vertebrae do not move, they should not pain. 
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When performed successfully and fusion is achieved, the procedure eliminates motion 

between adjacent vertebrae and it prevents stretching of nerves (Figure 1-7). 

 

Figure 1-7: Posterior Lumbar Interbody Fusion With Bone Graft. 
Immediate post-operative antero-posterior (A) and lateral digital radiographs (B) of the 
lumbosacral spines with posterior lumbar interbody fusion showing L4 and L5 levels 
laminectomies with iliac bone graft at L4/5 disc level. Figure adapted from Baishideng 
Publishing Group Inc. under the Creative Commons Attribution Non Commercial (CC 
BY-NC 4.0) license. (Nouh, 2012). 

 

Despite advances in modern surgical techniques, up to 35% of spinal fusion procedures fail 

to adequately fuse, leading to non-union  (Maniadakis & Gray, 2000). Therefore, it is routine 

clinical practice for all spinal fusion procedures to employ some type of bone graft to 

optimise the chance of fusion. The bone graft is typically surgically implanted between the 

vertebrae to be fused to stimulate bone healing and support the surrounding vertebrae. 

Traditionally, the only option for fusing the vertebrae is to harvest bone from the patient’s 
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own pelvis. This type of graft is called autograft. However, autograft usage is associated 

with complication rates of up to 49% (Arrington et al., 1996; Banwart et al., 1995; Dhawan 

et al., 2006). Some of the complications such as injuries to major blood vessels, nerves and 

ureters can be associated with significant morbidity and even mortality. Another major 

complication with autologous bone grafting is the finite amount of bone that can be safely 

harvested from the patient’s pelvis without causing significant morbidity. Due to the 

intrinsic limitations with the use of autografts, a number of artificial bone graft material 

have been developed, including demineralised bone matrices and bone morphogenetic 

proteins. However, artificial bone graft material fails to perform as well as autografts and 

their usage can be expensive.   

 

1.10  Bone loss 

Clinically, bone loss can occur through a number of mechanisms. Traumatic bone loss can 

occur in high-energy trauma such as motor vehicle accidents (Figure 1-8). In addition, 

significant bone defects can result from orthopaedic oncological surgery, revision joint 

replacements and following treatment for bone and joint infections (Figure 1-9). 
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Figure 1-8: Comminuted Forearm Fracture With Traumatic Bone Loss. 
X-Ray demonstrating severe comminuted open fractures in the distal radius and ulna 
regions with segmental bone loss (red dotted box) after a high speed motor vehicle 
accident. This degree of bone loss will present significant challenges in the clinical 
setting. Bone grafting will need to be employed during reconstructive, limb salvage 
procedures for this patient. 
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Part C. Current therapies for bone 

regeneration 

 

1.11  Surgery 

 

 Non-vascularised autologous bone graft 

Currently, when bone grafts are required in orthopaedic surgery, autologous bone grafting 

remains the ‘gold standard’ because it is the only material that possess all three components 

of an ideal bone graft. Specifically, autologous bone graft is osteogenic, osteoconductive 

and osteoinductive (McKee, 2006; Nandi et al., 2010). Furthermore, the autologous nature 

of this material means that it circumvents the potential problem with disease transmission 

and adverse immunological response associated with some allografts and synthetic 

materials. Classically, autologous bone graft can be harvested from the iliac crest, distal 

femur, proximal tibia, fibula, distal radius and olecranon. Despite its unrivalled clinical 

efficacy, autologous bone graft is associated with some major limitations (Arrington et al., 

1996). The main limitation is the requirement of additional surgery for harvesting and 

potential adverse events that can arise from the harvesting process, such as chronic pain, 

iatrogenic fracture and damage to neurological and vascular structures around the donor 

site. Furthermore, the additional surgical time with harvesting autologous bone places 

additional constraints on cost and increases the risk of infection. In addition, the amount of 

autologous bone that can be safely harvested is often insufficient to fill the defect site 

(Arrington et al., 1996; Banwart et al., 1995; Dhawan et al., 2006).  
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 Vascularised bone graft 

With the advent of microvascular surgery since the 1980s, free vascularised bone grafts 

have been used to treat bone defects too large for conventional autologous bone grafts  

(Ashman & Phillips, 2013). A number of options exist in terms of vascularised bone graft, 

including fibular, ribs and iliac crest. The main advantage for a free vascularised bone graft 

is that it brings its own blood supply in the form of a vascular pedicle which can be re-

anastomosed to the host blood vessel following skeletal fixation. The other clear advantage 

of vascularised bone graft compared to conventional autologous bone grafting is that it is 

capable of healing large bony defects. For example, up to 25cm of free fibular graft can be 

harvested (Wood, 2007). In addition, vascular bone grafting is associated with short union 

times (3-6 months) and high rates of union (90%)  (Ashman & Phillips, 2013). On the other 

hand, the techniques associated with harvesting and implantation of free vascularised bone 

graft can be difficult to master. Other disadvantages with the use of vascularised bone graft 

include donor site morbidity, limited graft availability and stress fracture.  

 

 Allograft 

Allografts are bone grafts obtained from human donors and are widely used in clinical 

practice as substitutes for autologous bone graft. The main advantage of allograft is that it 

avoids donor site morbidity and is available in larger quantities compared to autologous 

bone grafting. Allograft exists in a range of different forms including whole bone segments 

(such as femoral heads), cortical and cortico-cancellous grafts, morselised bone chips and 

demineralised bone matrix (DBM). In some cases, such as revision arthroplasty and 

orthopaedic oncology surgery, segmental allografts (e.g. fibular, tibia and femoral allograft) 
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can be used to treat bony defects. Typically, allografts serve as good osteoconductive agents 

but lack osteoinductive factors. Furthermore, allografts are not able to serve as a source of 

osteogenic cells due to the sterilisation process. Aside from limited supply and costs 

associated with allograft banking and usage, several potential safety concerns plague the 

use of allografts. Firstly, allografts carry the risk of a host immune response which can result 

in complete resorption of the graft. Secondly, allografts pose risks of bacterial and viral 

infection such as the human immunodeficiency virus and hepatitis.  

 

 Masquelet technique (membrane inducing 

technique) 

The Masquelet technique is a highly specialised membrane inducing technique for treating 

bony defects greater than 2cm in size (Figure 1-9). This surgical technique was first 

described in 1986 and consists of a two-stage procedure for reconstructing diaphyseal bone 

defects up to 25cm in length (Taylor et al., 2012). The first stage involves extensive soft 

tissue debridement and insertion of a polymethyl methacrylate (PMMA) cement spacer 

within the bone defect. The proximal and distal segment of the diaphyseal bone is then 

stabilised using an internal rod or an external fixator. The cement spacer functions as a 

scaffold to facilitate formation of a biological membrane that resembles periosteum and 

serve as a vascularised envelope surrounding the bone defect. Six weeks following the first 

stage, the induced biological membrane is carefully elevated to allow removal of the cement 

spacer. Bone graft is then introduced into the cavity and the biological membrane sutured 

closed. The advantage of the Masquelet technique is that the induced biological membrane 

contains a number of growth factors and blood vessels to facilitate bone healing. In addition, 
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the induced membrane serves as a pocket to prevent resorption of the bone graft within it. 

Clinically, the Masquelet technique has been used to successfully treat non-unions 

(particularly due to infection), trauma cases and bony defects as a result of oncological 

resection. The main limitation with the masquelet technique is that it is technically 

challenging to perform. Also, the two-stage procedure places additional resource constraints 

and introduces added risks associated with surgery.  



 33 

 
 
Figure 1-9: Masquelet Technique For Treatment Of Tibial Segmental Defect. 
X-Ray of right tibia and fibula demonstrating intra-medullary rod (R) stabalising the tibia 
(T). The sharp edges of the tibia were surgically created as treatment for an infected 
segment of the tibia which has been previously excised. The area of diaphyseal segmental 
bone loss is a result of the surgical excision and can be seen within the tibial diaphysis. 
The membrane which has been surgically ‘induced’ is represented by the red box. Bone 
graft (*) can be seen filling the defect. The bone graft can be seen to be contained within 
the membrane (red box).  There is also a plate and screw construct used to fix the fibula 
(F) fracture. 
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 Distraction osteogenesis 

Although the first successful limb lengthening was performed in the early 1900s, it was not 

until the 1950s that Professor Ilizarov pioneered and perfected the modern form of 

‘distraction osteogenesis’ for the treatment of bone defects  (Ashman & Phillips, 2013). 

Ilizarov’s technique involved the surgical application of a modular-ring external fixation 

with trans-osseous pins attached to the ring under tension (Figure 1-10). This construct 

functioned to stabilise the limb to be lengthened whilst bone regeneration occurred. This 

technique relies on the innate regenerative potential of bone to heal whilst undergoing 

controlled gradual distraction (Catagni et al., 2011). 

 

Conceptually, distraction osteogenesis treatment involves three phases, namely latency, 

distraction and consolidation. Following controlled osteotomy, a period of latency promotes 

bone regeneration and after a 5-7 day latent period, the distraction begins at approximately 

1mm per day (0.25mm four times a day). If the distraction is too slow, premature 

consolidation occurs. On the other hand, if the distraction is too fast, the regenerative 

process can cease due to inadequate vascular ingrowth. Finally, once the desired length has 

been achieved, the limb enters the consolidation phase, where the newly formed bone is 

allowed to mature and form function bone.  
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Figure 1-10: Ilizarov Technique For Treatment Of Tibial Segmental Bone 
Defect. 
Clinical photograph (a) and corresponding X-Ray image (b) demonstrating Ilizarov 
technique used to treat tibial segmental bone defect. Figure adapted with permission from 
Elsevier with the license number 4136860182815. (Catagni et al., 2011).  

 

The advantage of distraction osteogenesis is that is allows early weight bearing of the 

affected limb whilst producing quality bone that can heal defects up to 10cm in size. The 

main limitations with this technique involve the steep learning curve and the prolonged 

treatment period. Therefore, a good outcome depends on a highly motivated and compliant 

patient who is able to follow advice and adhere to treatment protocol. Finally the risk of pin-
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tract infection, joint contracture, soft tissue tethering and chronic pain has been described in 

relation to the use of this technique.  

 Xenograft 

Xenograft implies tissue from a species other than human. In the context of bone 

regeneration, porcine and bovine bone has been trialed as bone graft substitutes with 

variable success  (Laurencin & El-Amin, 2008). The advantage of using xenograft is that 

they represent a cheap and abundant source of bone graft material. Indeed, two xenografts 

have received FDA clearance for bone regeneration, Healos (DePuy Spine) and Bio-OSS 

(Geistlich Biomaterials). Healos bone graft replacement is an osteoconductive matrix 

composed of cross-linked bovine type 1 collagen fully coated with hydroxyapatite. The 

manufacturers advocate the application of Healos with bone marrow aspirate to provide an 

environment for osteoprogenitor cell attachment, proliferation and differentiation. 

Similarly, Bio-Oss is also an osteoconductive bone graft substitute derived from de-

proteinised bovine bone  (Laurencin & El-Amin, 2008). There are a number of obvious 

concerns with the use of xenografts, including the potential to transmit pathogens, viruses 

and inducing adverse immunological responses in hosts. Despite the potential risks, 

currently available xenografts used in orthopaedic surgery have demonstrated an excellent 

safety profile. Nevertheless, further research is required into the long-term safety of 

xenografts.  

 

1.12  Mesenchymal stem cells 

Research around cell based strategies for bone regeneration has mostly centred on 

mesenchymal stem cells (MSCs). MSCs are multipotent stem cells that normally reside in 
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the stroma of bone marrow and soft tissues including fat, muscle and tendon. For bone 

regeneration, the MSCs derived from bone marrow show high potential for osteogenic 

differentiation and can be isolated and expanded in vitro, preserving their plasticity and self-

renewal potential (Oryan et al., 2014). There has been emerging evidence on the therapeutic 

value of combining stem cells with osteoconductive scaffolds as a polytherapy for bone 

regeneration in pre-clinical in vivo models (Pang et al., 2013; Pourebrahim et al., 2013; C. 

Yang et al., 2014). Further research is required to fully understand the value of MSCs for 

bone regeneration in humans.  

 

1.13  Scaffolds 

The basic requirement for a clinically useful scaffold is for it to be osteoconductive. In other 

words, the scaffold must be able to facilitate cell infiltration, matrix deposition and cell 

attachment. In addition, ideal scaffolds should also be able to allow weight bearing and 

stimulate osteogenesis within the bone defect site. Finally, scaffolds should be 

biodegradable so that it provides the initial structure and stability for tissue formation and 

slowly degrades as newly formed bone matures into functional tissue. A number of 

biomaterials have been evaluated as potential scaffolds for bone regeneration. The main 

categories of scaffolds can be divided into inorganic ceramics (hydroxyapatite, tricalcium 

phosphate, calcium sulphates, glass ceramics, calcium phosphate-based cements and 

bioglass), metal alloys and synthetic biodegradable polymer composites. (Hsu et al., 2014; 

Kurien et al., 2013; Moore et al., 2001; Nandi et al., 2010).  
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Ceramics have been used as bone graft substitutes for more than three decades. From a 

clinical point of view, ceramic scaffolds can be divided into fast resorbing, slow resorbing 

and injectable forms. Tricalcium phosphate is a classic example of rapidly resorbing ceramic 

while hydroxyapatite resorbs more slowly. Ceramic scaffolds typically integrate with bone 

via creeping substitution but slowly resorbing ceramics can in fact impair union as they can 

obstruct the process of new bone formation.  

 

Polymers on the other hand are resorbable biomaterials that undergo controlled degradation 

via hydrolysis and enzymatic degradation as cells proliferate into the scaffold. Clinically, 

the most commonly used polymers for bone tissue regeneration are polylactic acid (PLA) 

and polyglycolic acid (PGA) and poly(lactic acid-co-glycolic acid) (PLGA) (Mikos, Bao et 

al., 1993; Mikos, Sarakinos et al., 1993; Mooney et al., 1996). 

 

1.14  Growth factors 

The role of growth factors in bone healing and regeneration is widely recognised, in 

particular for transforming growth factor-β (TFG-β), bone morphogenetic proteins (BMPs), 

parathyroid hormone (PTH), fibroblast growth factor (FGF), insulin-like growth factors 

(IGFs), platelet-derived growth factor (PDGF) and vascular endothelial growth factor 

(VEGF) (Beck et al., 1993; Bosch et al., 1996; Panagakos, 1993; Saran et al., 2014). Under 

normal physiological conditions, growth factors are stored in the extracellular matrix and 

released in response to injury.  
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Due to the critical role of growth factors in bone regeneration, significant research has 

centred around delivery systems, including carriers, cell therapy and gene therapy to deliver 

growth factors to sites of osseous defect. Currently, the mainstay source of delivery of 

growth factors for therapeutic use include collagen carriers, platelet gel and demineralised 

bone matrix. Nevertheless, the concentration of growth factors in the abovementioned 

sources is highly variable due to differences in preparation and variability among donors. 

Further research is required in identifying the optimal concentration and delivery 

mechanism for growth factors in the context of bone regeneration.  

 

 Transforming growth factor-β 

Transforming growth factor-β (TGF-β) is an immunoregulatory cytokine with a number of 

widely accepted roles in bone regeneration. For example, TGF-β enhances osteoblast 

proliferation and restricts osteoblast apoptosis. Furthermore, TGF-β acts as a chemokine to 

attract osteoblast precursors to sites of osseous injury. Finally, TGF-β promotes the 

production of extracellular bone matrix protein by stimulating osteoblast differentiation  

(Kasagi & Chen, 2013). 

 

 Bone morphogenetic proteins 

Bone morphogenetic proteins (BMPs) are multi-functional growth factors that belong to the 

transforming growth factor-β (TFG-β) superfamily. Over the past two decades there has 

been intense interest in the use of recombinant forms of this protein for spinal fusion as a 

substitute for autologous iliac crest bone graft. In 2002, the U.S. Food and Drug 

Administration (FDA) approved recombinant human bone morphogenetic protein-2 
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(rhBMP-2) as a bone graft substitute in conjunction with a synthetic implant (LT-Cage) for 

single level anterior lumbar interbody fusion (ALIF) (Fu et al., 2013). The following year, 

the FDA approved a similar product containing rhBMP-2 (INTER-FIX) for ALIF (Fu et al., 

2013). In clinical practice however, rhBMP-2 has been used extensively for a variety of 

spinal fusion procedures in an ‘off-label’ fashion (Ong et al., 2010).  

 

Despite the overwhelming interest in the use of rhBMP for spinal fusion, substantial 

evidence has emerged regarding serious adverse events related to the use of this product. 

Carragee et al. showed in a review article that there was gross under-reporting of serious 

adverse events in industry sponsored clinical trials involving rhBMP-2 (Carragee et al., 

2011). More recently in a systematic review and meta-analysis, Fu et al. also found 

substantial reporting bias and concluded that there was no evidence that rhBMP-2 is more 

effective compared with autologous iliac crest bone graft in spinal fusion. Therefore, based 

on currently available evidence, rhBMP-2 should be used with caution and patients 

undergoing spinal fusion surgeries must be fully consented on the potential adverse events 

of this agent.  

 

 Parathyroid hormone 

Parathyroid hormone (PTH) plays a significant role in calcium homeostasis and its 

application includes treatment of osteoporosis and reduction in the risk of fractures. 

Contrary to bone morphogenetic proteins, PTH is not a differentiating factor. The way PTH 

function in bone metabolism is to increase the longevity of osteoblasts. In the setting where 

there is an abundance of osteoblasts in the host tissue, for example in the context of fractures, 
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PTH may potentially accelerate fracture healing through its anabolic effects on osteoblasts. 

Unfortunately, despite robust animal studies demonstrating encouraging results for PTH for 

bone healing, limited clinical studies exist at this present time (Aspenberg, 2013). In a 

systematic review by Zhang et al. the authors identified only two randomised controlled 

trials and 13 case reports of recombinant PTH in the setting of fracture healing (Zhang et 

al., 2014). The results from human studies have been less robust compared to animal studies. 

Specifically, the randomised controlled trials demonstrated encouraging results for PTH in 

accelerating normal fracture healing. However, both studies had methodological 

shortcomings that preclude definitive conclusions. Presently, there is not enough evidence 

to support the use of PTH in the setting of bone regeneration and fracture repair (Zhang et 

al., 2014). Further studies involving more rigorously designed randomised controlled trials 

are required to fully elucidate the effect of PTH in the context of bone tissue regeneration 

and fracture healing. 

 

 Other growth factors for bone regeneration 

In addition to the growth factors mentioned above (TGF-β, PTH and BMP), a number of 

other growth factors are implicated in bone regeneration, including fibroblast growth factor 

(FGF), insulin-like growth factors (IGFs), platelet-derived growth factor (PDGF) and 

vascular endothelial growth factor (VEGF). The actions of these growth factors on bone 

regeneration is summarised in the following table (Table 1-1). 
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Table 1-1: Common Growth Factors And Their Biological Actions On Bone. 

 

GROWTH FACTOR BIOLOGICAL ACTIONS ON BONE 

TGF-β Recruitment and proliferation of osteoblast precursors  

Bone matrix production 

BMP Migration of osteoprogenitors 

Induction of matrix synthesis 

FGF Osteoblast proliferation and differentiation 

Inhibition of apoptosis of immature osteoblasts 

IGF Osteoblast proliferation and bone matrix synthesis 

PDGF Migration of osteoprogenitors 

VEGF Osteoblast proliferation and differentiation 
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1.15  Promising novel bone graft substitutes 

For my PhD research, we adopted a comprehensive in vitro and in vivo approach in 

evaluating novel materials that have the potential to enhance bone healing. The aim was to 

evaluate a number of different materials encompassing scaffolds, growth factors and 

autologous materials. 

 

In collaboration with our research partners within the skelGEN consortium, we identified 

and obtained several promising bone graft substitutes from within New Zealand 

(Microcrystalline hydroxyapatite calcium (MCH-Cal™) and Lactoferrin) and Europe (Poly 

(3-hydroxybutryrate-co-3-hyydroxyvalerate (PHB-HV)) and Gellan gum/Hydroxyapatite 

(Gellan gum/HA)). Furthermore, we evaluated an autologous bone graft (human posterior 

spinal bone dust) which has the potential to be used as an osteogenic and osteooinductive 

material. The bone graft substitutes that I evaluated as part of my PhD are summarised in 

the table below (Table 1-2). The individual properties of each scaffolds are discussed in 

more detail in their respective results chapters. 
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Table 1-2: Novel Bone Graft Substitutes Evaluated In This PhD. 
 

TYPE OF BONE GRAFT SUBSTITUTE MATERIALS EVALUATED 
Autologous bone Human posterior spinal bone dust 

Xenograft 
 
 
Scaffolds 

Microcrystalline hydroxyapatite 
calcium (MCH-Cal™) 
 
Poly (3-hydroxybutryrate-co-3-
hyydroxyvalerate) (PHB-HV) 
 
Gellan gum/Hydroxyapatite hybrid 
scaffold 
 

Growth Factor Lactoferrin 
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CHAPTER 2: MATERIALS AND 

METHODS 

 

Part A. In Vitro Methods 

 

2.1 Materials and reagents 

Cell culture media, fetal bovine serum (FBS), trypsin-EDTA and all antibiotics used in 

tissue culture were purchased from Invitrogen (Life Technologies Australia Pty Ltd., 

Mulgrave, Australia). Media were made from powder using ultrapure water and 

supplemented with 100units/mL penicillin, 100μg/mL streptomycin and 0.22% sodium 

bicarbonate (Sigma-Aldrich, St. Louis, MO). Phosphate buffered saline (PBS) was made up 

as follows: 137mM NaCl, 7.9mM Na2HPO4, 1.5mM KH2PO4, 2.7mM KCl, pH 7.4. Prior 

to use in tissue culture, all media and other solutions made from non-sterile ingredients were 

sterilised by passing through a 0.2μm filter (Sartorius AG, Goettingen, Germany). RPMI 

medium was purchased in liquid form from Invitrogen. Bovine serum albumin (BSA) was 

purchased from Immunochemical Products Ltd (Auckland, New Zealand). All other 

chemicals and drugs used for tissue culture were purchased from Sigma-Aldrich unless 

stated otherwise. 75cm2 tissue culture flasks and 48-well plates were purchased from 

Corning (Lowell, MA), and 6-, 24- and 96-well plates from Greiner Bio-One (Cellstar, 

Frickenhausen, Germany). All plasticware used for tissue culture had been pre-sterilised 

using gamma irradiation. All glassware and stainless steel dissection tools used in tissue 
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culture were soaked in 1.5% nitric acid or ViraClean (Whiteley Medical, North Sydney, 

Australia) respectively and sterilised by autoclaving. All sterile tissue culture work was 

carried out in a class II tissue culture cabinet. All cultures were grown in a hydrated 

incubator at 37°C with 5% carbon dioxide. Cells were maintained in 75cm2 flasks 

containing 30mL of the appropriate media. 

 

2.2 Ethics approval 

 

 Human ethics approval 

The New Zealand Health and Disability Ethics Committees (HDEC) approved collection of 

human tissue and all patients provided written informed consent to participate in our studies 

(Appendix A). Bone chips for culturing of human osteoblasts were obtained from patients 

undergoing elective hip or knee joint arthroplasty at Auckland District Health Board and 

Counties Manukau District Health Board in Auckland, New Zealand. Bone dust was 

collected from patients undergoing elective spinal fusion surgeries at MercyAscot hospital 

in Auckland, New Zealand.  

 

 Animal ethics approval 

The University of Auckland Animal Ethics Committee approved all the animal research 

protocols including culturing of rat osteoblasts and surgical experiments. All surgical 

procedures were performed in accordance to research protocols in the Vernon Jansen Unit 

at the University of Auckland, New Zealand (Appendix B).  
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2.3 Primary human osteoblasts 

Primary human osteoblasts were grown from trabecular bone explants obtained from 

patients undergoing elective knee arthroplasty for osteoarthritis. Informed consent was 

obtained from all patients and the New Zealand Health and Disability Ethics Committees 

(HDEC) approved the collection of samples. The trabecular bone was chopped into small 

bone chips using a scalpel blade and the bone marrow removed from the bone surfaces by 

repeated washes with Phosphate Buffered Saline (PBS). If bone marrow still remained on 

the bone surfaces an enzymatic treatment was performed using a modified method of Robey 

and Termine  (Robey & Termine, 1985). The bone chips were placed in T75 flasks (Corning 

Inc., Corning, New York, USA) with DMEM containing 10% FBS, 5ug/mL AA2P and 

antibiotics. When the first sign of osteoblast outgrowths was observed the medium was 

refreshed and the outgrowing osteoblasts, having twice weekly media changes, were grown 

to 90% confluence (Figure 2-1). The osteoblasts were then trypsinised, washed and 

cryogenically stored in liquid nitrogen until the cells were needed.  
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Figure 2-1: Human Osteoblasts. 
Human osteoblast outgrowth cultures from trabecular bone explants. Cell growth is 
shown after (a) 5 days culture, and (b) 14 days culture. The arrow indicates a single 
osteoblast. Figures courtesy of the Auckland Bone and Joint Research Group.  
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2.4 Cell culture 

 

 Proliferation assay 

 

2.4.1.1 alamarBlue®  

alamarBlue® was purchased from LifeTechnologies™ and the assays performed according 

to the manufacturer’s instructions. Briefly, 50μL of alamarBlue® was added to individual 

wells in 24-well plates containing human osteoblasts with 1000μL of media. The cells were 

incubated for 4 hours and the fluorescence (excitation 540nm; emission 630) was then read 

using a Synergy 2 multi-detection microplate reader. There were up to six wells in each 

treatment group. The amount of fluorescence is proportional to the number of living cells 

and corresponds to the cells’ metabolic activity. Damaged and nonviable cells have lower 

innate metabolic activity and thus generate a proportionally lower signal than healthy cells.  

 

2.4.1.2 3H-Thymidine 

Following trypsinisation, cells were seeded into 24-well plates in growth medium (rat 

osteoblasts, MEM + 5 μg/mL AA2P; human osteoblasts, DMEM + 10 μg/mL AA2P) 

supplemented with 5% FBS, at a density of 5 x 104 cells/mL, 0.5 mL/well and grown to 

semi-confluence overnight. The following day fresh serum-free medium and treatments 

were added. The cells were incubated with 3H-thymidine (0.5μCi/well) for the last 6 hours 

of drug treatment, with the exception of the primary human cells which were included for 
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24 hours. The experiment was terminated and thymidine incorporation assessed using the 

Wallac Microbeta Trilux 1450 (PerkinElmer Life & Analytical Sciences).  

 

2.4.1.3 Live/Dead® staining 

Live/Dead® Viability/Cytotoxicity Kit (Catalogue number: L3224) was purchased from 

ThermoFischer Scientific (Auckland, New Zealand). The Live/Dead® 

Viability/Cytotoxicity Assay Kit utilises calcein AM and ethidium homodimer as probes to 

measure parameters of cell viability (intracellular esterase activity and plasma membrane 

integrity). In our experiments, the Live/Dead® staining was performed according to 

manufacturer’s instructions. The scaffolds with osteoblasts cultured on the surface were first 

washed with PBS and incubated for 15 minutes. Subsequently, 500microlitres of PBS mixed 

with ethidium homodimer (0.5microlitre/mL) and calcein AM (1microlitre/mL) were added 

into each well and incubated for 15 minutes. The stains were then removed and the scaffolds 

were assessed using fluorescent microscopy.  

 

 Mineralisation assay 

 

2.4.2.1 ALP media release study 

Alkaline Phosphatase (ALP) is an enzyme important in bone tissue formation and is highly 

expressed in active bone cells. ALP level in conditioned media were measured according to 

manufacturer’s instructions. (abcam®, Alkaline Phosphatase Assay Kit (Colorimetric) 

ab83369). The abcam ALP Assay Kit is a highly sensitive and direct HTS-ready 
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colourimetric assay designed to measure ALP activity in serum and biological samples. The 

kit uses p-nitrophenyl phosphate (pNPP) as a phosphatase substrate, which turns yellow 

(max= 405 nm) when dephosphorylated by ALP. 

 

 Cultures of cells in three-dimensional scaffold 

 

2.4.3.1 3D Collagen gel 

Rat collagen type I (BD Biosciences) was neutralised with 1M NaOH (0.023x collagen 

volume) and diluted to a final concentration of 3 mg/mL. Osteoblasts suspended in culture 

medium were seeded in 50μL collagen gels at a density of 2x105 cells/mL (104cells per gel). 

Treatments were incorporated into the collagen gels at specific concentrations. Gels were 

allowed to set at 37°C for 1 hour before addition of DMEM + 10% FBS + 5μg/mL A2P 

culture medium.  

 

2.4.3.2 PHB-HV scaffolds 

The PHB-HV scaffolds were manufactured by our colleagues at The 3B’s Research Group 

based at the University of Minho, Portugal through an emulsion freezing/freeze-drying 

technique described by Sultana and Wang (Ribeiro-Samy et al., 2013). 7.5% (m/v) PHB-

HV (12% HV content) polymer powder with a molecular weight of approximately 425.692 

kDa (PHB Industrial, Brazil), chloroform (w.0.5) (VWR International–Laboratorial 

Material Ltd., Portugal) and acetic acid (w.0.5) (Panreac, Spain) were used for the emulsion 

preparation. Briefly, PHB-HV powder was dissolved in chloroform at 65℃, under constant 
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magnetic stirring. After obtaining a homogeneous polymer solution, acetic acid was added 

and the emulsion was stored overnight at -80°C. Subsequently, the frozen emulsion was 

lyophilized (Telstar, Spain) at -80°C for 94 h. By adding acetic acid (water phase), two 

immiscible phases are created, where the continuous phase contains the polymer-rich 

solvent and the dispersed phase is water. With this approach, it is possible to have a better 

control over porosity and pore size than just freeze-drying the polymer solution. The 

scaffolds produced were stored at room temperature to promote the evaporation of any 

residual solvent. Prior to any in vitro or in vivo experiments, the scaffolds were sterilised 

through the action of ethylene oxide and autoclaving. 

 

2.4.3.3 Gellan gum/HA scaffolds 

Gellan gum and HA (Gellan gum/HA) scaffolds were manufactured by our colleagues at 

The 3B’s Research Group based at the University of Minho, Portugal. The scaffolds were 

produced through a proprietary process by incorporating hydroxyapatite crystals into the 

gellan gum scaffold. The scaffolds were sterilised in Portugal and sent to our Auckland 

Bone and Joint Research Group for further evaluation. 

 

 Lactoferrin preparations 

Bovine lactoferrin was isolated from fresh skim milk by cation exchange chromatography 

and gel filtration. Briefly, the milk at native pH was passed through S Sepharose fast flow 

at 4°C and the bound proteins eluted in steps with 0.1, 0.35 and 1 m NaCl respectively. The 

1 m NaCl fraction containing lactoferrin was dialysed and freeze dried. The resulting 

material was then dissolved in 25 mm sodium phosphate buffer (pH 6.5) and reapplied to 
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the cation exchanger, which had been equilibrated in the above buffer. Lactoferrin was 

eluted by application of a salt gradient to 1 m NaCl in phosphate buffer and the recovered 

material dialysed and freeze-dried. Final purification of lactoferrin was achieved by gel 

filtration through Sephacryl S300 in phosphate buffer and the protein recovered as a 

dialysed freeze-dried powder. Purity of the final product was greater than 98% as assessed 

by resource reversed-phase HPLC and mono-S HPLC (Cornish et al., 2004). 

 

2.5  Molecular biology 

 

 Materials 

The RNeasy Mini Kit and RNase-free DNase Kit were from Qiagen (Valencia, CA). 

Random primers were from Roche (Indianapolis, IN) and chloroform was purchased from 

Sigma-Aldrich. TRIzol and all other reverse-transcriptase PCR reagents were from 

Invitrogen. Real-time PCR primer-probe sets, master mix and plates were all purchased 

from Applied Biosystems (Life Technologies Australia Pty Ltd., Mulgrave, Australia). 

 

 RNA extraction 

Total cellular RNA was extracted using the RNeasy Mini Kit according to the 

manufacturer’s instructions. Cells were lysed in RLT buffer containing β-mercaptoethanol 

(Sigma-Aldrich) by passing them through a 20g needle at least five times. Genomic DNA 

was removed by treating all samples with the RNase-free DNase kit. RNA was eluted in 

30μL RNase-free water and frozen at -20°C until use. For each sample, RNA quality was 
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tested by visualising 1-2μL RNA on a 1% agarose gel stained with ethidium bromide 

(Sigma-Aldrich) and RNA concentration was measured using a nanodrop 

spectrophotometer. 

 

 cDNA synthesis 

Reverse transcription was performed using an Eppendorf Mastercycler personal. 

Approximately 1μg of RNA from each sample was used to prepare cDNA. RNA was 

incubated at 65°C for 5 mins with 4μg random primers and nanopure water made up to a 

volume of 8μL. The reaction was then incubated on ice for at least 1 min, before 1 x First 

Strand buffer, 10mM DTT, 0.5mM dNTPs, 200 units Superscript III reverse transcriptase 

and 40 units RNase OUT were added to make the total reaction 20μL. Reactions were 

incubated at 25°C for 5 mins, 50°C for 50 mins, and finally 70°C for 15 mins. All cDNA 

was frozen at -20°C until used for real-time PCR. 

 

 Real-time PCR 

Real-time PCR was performed using an ABI Prism 7900 (Applied Biosystems). Reactions 

were performed in a 10μL volume in 384-well plates. Multiplex PCR was carried out using 

1x Taqman Universal PCR Master Mix, a FAM-labelled Taqman primer-probeset for the 

gene of interest, and the VIC-labelled 18S rRNA primer-probeset which was included in all 

reactions as an internal control. The ΔΔCt method was used to quantify mRNA gene 

expression. Target gene expression was normalised to the expression of the endogenous 

control, 18S rRNA. This corrected for differences in cell number and cDNA input between 
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samples. Target gene expression levels were then calculated relative to the zero time point 

or control sample for that experiment. 

 

2.6  Protein detection 

 

 ELISA 

Sandwich enzyme-linked immunosorbent assay (ELISA) kits were purchased from R&D 

Systems (Minnesota, USA). The specific ELISA kits used in this thesis (Chapter 3: Bone 

Dust) include (catalogue number in parenthesis): IL-1β (DY201), IL-6 (DY206), TGF-β 

(DY240), VEGF (DY293B), FGF-basic (DY233) and PDGF-BB (DBB00). Bone dust in 

tissue culture inserts was incubated in serum starvation media over a 7-day period (DMEM 

with 0.1% BSA and 10μg/mL AA2P). Conditioned media was collected at days 0, 1, 2 and 

7 after incubation, and stored at -20OC until used. Human IL-1β, IL-6, TGF-β, VEGF, FGF-

basic and PDGF-BB were measured in the supernatants using ELISA according to the 

protocols of the manufacturer (R&D Systems, Minnesota, USA).  
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Part B. In Vivo Methods 

 

2.7  Ethics approval 

All experimental protocols involving animals were approved by the University of Auckland 

Animal Ethics Committee (rat critical-sized calvarial defect surgery approval number: 

001274) (Appendix B). All surgical procedures were performed in the University of 

Auckland Vernon Jansen Unit and peri-operative care undertaken at the same site.  

 

2.8  Rat critical-sized calvarial defect model 

Novel bone graft substitutes with favourable in vitro findings were tested using our ethically 

approved critical-sized rat calvarial defect model. A critical-sized defect is regarded as a 

defect that will not fully heal in the life-time of the animal without pharmacological or 

surgical intervention. In rats, a critical-sized defect in the skull is considered to be at least 

5mm in diameter. For our experiments, a 5mm diameter defect was chosen to allow a single 

defect to be created over the right parietal bone in each animal. The advantages of having 

only one defect per animal include (1) having the contralateral parietal bone as an internal 

control and (2) eliminating the potential problem of cross contamination if multiple defects 

are created in the same animal.  
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 Experimental design 

Sixty-four sexually mature, male, similarly aged Sprague-Dawley rats weighing over 

250grams were checked for general health and randomly allocated into one of the following 

groups (Figure 2-2): 

 

Group 1: Empty defect (control) (n=20) 

A 5mm critical-sized calvarial defect was created over the right parietal bone and the defect 

was left empty 

Group 2: Scaffold A (n=20) 

A 5mm critical-sized calvarial defect was created over the right parietal bone and the defect 

was grafted with scaffold A 

Group 3: Scaffold B (n=20) 

A 5mm critical-sized calvarial defect was created over the right parietal bone and the defect 

was grafted with scaffold B 

Group 4: Sham operations (n=4) 

A midline incision was made through skin and the underlying periosteum down to parietal 

bone. No bony defects were created. The periosteum and skin were closed using 4-0 

Monocryl sutures 
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 Experimental manipulations 

Two hours prior to surgery, the rats were pre-medicated with a subcutaneous injection of a 

non-steroidal anti-inflammatory analgesic, Carprofen (10μL/g) (Norbrook, New Zealand). 

Anaesthetic induction was performed in a rat induction box with continuous isoflurane and 

anaesthesia was maintained through a specialised nose cone (5% isoflurane with 2L Oxygen 

for induction and 2.5% isoflurane with 2L Oxygen for maintenance). A 2.5mL subcutaneous 

injection of normal saline was administered immediately following induction to account for 

fluid losses during surgery. 

 

Figure 2-2: Rat Critical-Sized Calvarial Defect Experimental Protocol.  
The animals were randomised into one of four groups. Group 1: empty defect (control)
Group 2: Scaffold A; Group3: Scaffold B; Group 4: Sham (skin and periosteal incision
only). 
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Once the rats were appropriately anaesthetised, they were placed prone with the calvaria 

shaved and disinfected with 2% chlorhexidine and 70% ethanol (NZHealthe, New Zealand). 

The surgical area was draped using OpSite Incise Drape (Smith&Nephew, New Zealand). 

An incision centred over the sagittal suture was made down to the periosteum. The 

periosteum was divided in line with the skin incision and elevated as a single flap. A 5mm 

diameter, bicortical, extra-dural defect was created over the right parietal bone using a 

trephine burr (Komet Trephine, HenrySchein, New Zealand) attached to a hand held dental 

drill (Saeshin Thumb Set & Mini Contra Angle Hand Piece, HenrySchein, New Zealand). 

The dental drill was set at 10,000 revolutions per minute (RPM) and the trephine tip was 

cooled with normal saline flushes during the burring process. The periosteal flap was then 

reflected over the defects and sutured to the contralateral side using a 4/0 Monocryl suture 

(Amtech Medical, New Zealand) (Figure 2-3). The periosteal flap functioned as an envelope 

to contain the implants (Figure 2-4). The skin was then closed using continuous subcuticular 

4/0 Monocryl sutures (Amtech Medical, New Zealand). Following skin closure, 0.2mL of 

Marcain (1.25mg/mL solution) was infiltrated around the surgical site for post-operative 

analgesia (Amtech Medical, New Zealand). 

 

Post-operatively, the rats were housed singularly and transferred to a warming cabinet 

overnight for recovery. Carprofen (10μL/g) and normal saline (2mL) were administered 

subcutaneously twice daily for 48 hours post-operatively for analgesia and fluid 

replacement. The rats were weighed daily and monitored for signs of illness, infection, pain 

or distress twice daily for the first two post-operative days. Following this, they were 

weighed and checked daily until post-operative day 7. They were then weighed and 

monitored on a weekly basis.  



 60 

At the end of the experimental procedures, the rats were euthanised with CO2. The calvaria 

containing both the parietal lobes and parts of the frontal and occipital lobes were excised 

using Mayo Scissors. The calvaria were immediately fixed in 10% Neutral Buffered 

Formalin and stored in -4°C on a shaker for three days. After three days, the calvaria were 

transferred to 70% Ethanol for storage in -4°C until analysis by μCT.  
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Figure 2-3: Rat Critical-Sized Calvarial Defect Intra-Operative Photographs. 
Creation of calvarial defect. (A) Incision through skin over the sagittal suture. (B) A 5mm 
diameter trephine burr was used to create the bicortical defect. (C) A 5mm diameter 
bicortical right parietal bone calvarial defect shown with overlying periosteal envelope. 
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Figure 2-4: Rat 5mm Critical-Sized Calvarial Defect. 
Intra-operative picture demonstrating the 5mm diameter, bicortical, extradural defect 
over the right parietal bone. The periosteal sleeve can be seen reflected away as a distinct 
layer. This periosteal layer is critical to contain the implants (growth factor or scaffold) 
once implanted in situ. The blood vessels can be observed under the dura within the 
defect. 

 

2.9  Micro-CT 

All the specimens were scanned using a Skyscan 1172 micro-CT scanner (X-Ray voltage  

50kV, 1.0mm aluminium filter, isotropic voxel size 12μm). After standardised 

reconstruction using NRecon software, the datasets were analysed using CTAn software 

(Bruker micro-CT, Belgium). To quantitatively evaluate newly formed bone, a cylindrical 

volume of interest with a diameter of 5mm and a height of 2.196mm was concentrically 

positioned over the defect site in the axial plane. Outcome measures included the bone 
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volume fraction (BV/TV) and tissue mineral density (TMD) (Figure 2-5). The percentage 

healing was calculated with reference to the contralateral side (i.e. % healing = (BV/TV 

defect side) / (BV/TV contralateral side)). In addition, tissue mineral density (TMD) and 

porosity were calculated where appropriate. 

 

 

Figure 2-5: Rat Calvarial Defect Micro-CT Volume Of Interest. 
The volume of interest was created based on a 5mm diameter, circular base on which a 
cylindrical volume of interest was created.  

 

2.10  Histology 

Following micro-CT, the specimens were decalcified using 10% formic acid for one week. 

After decalcification, the specimens were paraffin embedded in a Leica APS 300S auto 

processor. Histological sections (10μm) were prepared from the equator of the defects in 

the coronal plane using a Leica Microtome RM 2145. Two sections per sample were placed 

on Leica ApexTM Superior adhesive slides and stained with haematoxylin and eosin 

(H&E). Digital images of the stained sections were obtained using the Olympus BX50F 

microscope with an Olympus DP72 digital colour camera (Olympus Corp, Japan). All the 

H&E stained sections were evaluated by a blinded musculoskeletal pathologist. 
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Part C. Statistical Analysis and Graphs 

All data were statistically analysed by analysis of variance (ANOVA) with post-hoc 

Tukey’s, Dunnett’s or Bonferroni’s tests, and expressed as mean ± standard error of the 

mean (SEM). Graph pad Prism 6 software (Graph pad software, USA) was used for 

statistical analysis. 
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CHAPTER 3:  BONE DUST RESULTS 

 

3.1 Systematic Review – Spine Deformity 

  

 Introduction 

The first bone graft material we evaluated was human posterior spinal bone dust. The reason 

for starting with bone dust was due to its autologous nature and the potential for it to 

demonstrate therapeutic potential. As part of this PhD, we conducted a systematic review to 

provide an up-to-date summary of in vitro, preclinical in vivo and clinical evidence on the 

efficacy of bone dust, created using high speed burrs, as a simple, safe and free local 

autologous bone graft. This systematic review has been published in the journal Spine 

Deformity (Chapter 8.3).  

 

The total cost of low back pain in the United States alone exceeds $100 billion per year 

(Katz, 2006). Treatment of low back pain includes analgesia, activity modification (e.g. 

avoiding heavy lifting and high impact sport) and physiotherapy. In patients who are 

unresponsive to non-operative management and in patients with sinister pathology, surgical 

treatment is indicated. Spinal fusion, is a common surgical procedure performed to alleviate 

low back pain in a significant proportion of patients.  
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Despite advances in modern medicine and surgical techniques, non-union remains a 

significant problem for spinal fusion surgery, with up to 50% non-union reported for 

cervical and lumbar fusion (Buchowski et al., 2008; Lee et al., 2004). Bone graft and 

synthetic grafts are used to encourage bony fusion through osteoconduction, osteoinduction 

and osteogenesis. Currently, autologous iliac crest bone grafting remains the gold standard, 

but has disadvantages of prolonged operating time, increased blood loss and graft site 

complications occurring in up to 49% of patients  (Arrington et al., 1996; Banwart et al., 

1995; Dhawan et al., 2006; Robertson & Wray, 2001). Biological augmentation is being 

thoroughly investigated, however, products such as bone morphogenetic proteins (BMPs) 

are expensive and can be associated with significant adverse effects (Carragee et al., 2011; 

Garrison et al., 2007). Therefore, there is a need to provide simple, safe and cost-effective 

alternatives. 

 

The use of locally harvested bone, such as morselised spinous processes, has been well 

described and is in clinical use (Betz et al., 2010). Bone dust generated via high speed burr 

is an alternate source of autologous bone graft that has received much less attention. Bone 

dust generated during the burring process is usually lost through suction along with blood. 

However, bone dust can be collected using simple suction traps and used to augment fusion  

(Ekanayake & Shad, 2010; Heidari et al., 2007; Malhotra et al., 2009; Nichter et al., 1988). 

 

In this section, an up-to-date summary of in vitro, preclinical in vivo and clinical evidence 

on the efficacy of posterior human spinal bone dust will be discussed.  
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 Material and methods 

A comprehensive review of the literature was performed with reference to the methods 

outlined in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) statement. Medline, PubMed, OVID, Scopus and Cochrane library were 

searched. Two independent reviewers performed separate searches and combined articles 

found. Once duplicates had been excluded, the remaining studies were then screened by title 

and abstract in order to determine relevance to the systematic review. Once the articles had 

been screened, a hand search of all remaining articles’ references was performed. 

Key words: bone dust, bone burring, bone pate, bone paste 

Inclusion criteria: All pre-clinical and clinical studies, published in any language, 

assessing the efficacy of bone dust, created using a high-speed burr, in osseous fusion. 

Exclusion criteria: Studies not assessing the use of bone dust created via high-speed burr. 

Assessing the quality of clinical studies: All clinical articles were assigned a level of 

evidence according to The Oxford Centre for Evidence-Based Medicine (OCEBM) Levels 

of Evidence Working Group. “The Oxford 2011 Levels of Evidence”. 

 

 In vitro studies 

In vitro studies are limited in number and have predominantly focused on the ability of bone 

dust to provide an alternate source of osteogenic cells, with one study determining the tissue 

composition of the collected bone dust  (Table 3-1) (Ichiyanagi et al., 2010; Ye et al., 2013). 

Histological analysis of bone dust created during a laminectomy demonstrated that it was 

not purely bone tissue. In their sample, the authors quantified the product of high speed 



 68 

burring as being 65% bone, combined with other tissue types including blood products, 

fibrous tissue, cartilage and marrow (Patel et al., 2009). Furthermore, the authors did not 

identify any evidence of microscopic damage to the cellular components of the bone dust 

harvested using high-speed burrs.  

 

There have been three studies that have cultured osteoblast-like cells from human bone dust 

and assessed their ability to proliferate and differentiate (Eder et al., 2011; Ichiyanagi et al., 

2010). One study identified a cell population with mesenchymal stem cell characteristics in 

bone dust harvested during a transforaminal lumbar interbody fusion (TLIF) procedure and 

collected using a suction trap. These cells were able to proliferate when seeded within an 

osteoconductive serum glue and were capable of differentiating towards an osteoblastic 

lineage (Ichiyanagi et al., 2010). 

 

When comparing the rate of proliferation and viability of osteoblasts cultured from bone 

dust versus bone chips collected from human laminae and spinous processes of patients 

undergoing lumbar fusion, osteoblast-like cells grew out of 57% of bone dust samples, 

compared to 100% of bone chips (Eder et al., 2011). Cell growth was also significantly 

slower, taking 14.8 days to reach confluence for bone dust compared to 5.6 days for bone 

chips. Furthermore, there were fewer cells in bone dust samples compared to bone chips 

(1.25x106 cells and 1.73x105 cells, respectively). Once grown, however, there was no 

difference in cell viability. The authors postulated that the lower osteoblast yield may be 

due to thermal or mechanical damage to cells caused by the high-speed burr, however, 

histological assessment suggested that this was not the case and may have been a reflection 

of the mixed tissue population present in bone dust (Eder et al., 2011).  
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A similar study compared the osteogenic potential of cells harvested from bone dust 

collected from human laminae and spinous processes versus cells harvested from iliac crest 

bone chips (Ye et al., 2013). Bone dust were collected using 3mm, 4mm and 5mm burrs 

from 10 patients (age 28-49 years) undergoing posterior spinal fusion for burst fracture or 

fracture dislocation. The authors concluded that while cells cultured from bone dust 

demonstrated osteogenic potential, it was inferior to iliac bone chips in terms of cell 

viability, alkaline phosphatase (ALP) activity and calcium deposition. It was interesting to 

note, however, that there were no differences between cells harvested from bone dust 

created from different size burrs. The authors also analysed similar samples in an animal 

model, which will be discussed in the preclinical in vivo section (Ye et al., 2013). 

 

In addition to studies utilising human cells, several in vitro studies have also used animal 

tissue to investigate the efficacy of bone dust. Gupta et al. collected samples of bone dust, 

bone fragments and periosteum from five New Zealand white rabbits and cultured cells from 

these tissues (Gupta et al., 2009). The cells obtained from each of these samples were 

cultured for five weeks then assessed for collagen, calcium and ALP release. Collagen 

production appeared to be the same in each cell population. However, calcium and ALP 

concentrations were significantly higher in cells cultured from bone dust and periosteum, 

compared to those from bone chips. Contrary to these findings, Hassanein et al. found 

particulate bone graft (harvested from New Zealand white rabbits via a hand-driven 16mm 

bit and brace) contained significantly more viable cells, and had higher ALP activity (0.13 

vs. 0.06 μU/μg), than bone dust (Hassanein et al., 2012). 
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 Preclinical in vivo studies 

Preclinical in vivo studies evaluating the efficacy of bone dust have been reliant on either 

subcutaneous implantation in nude mice or calvarial defect models in rats or rabbits (Table 

3-2). Ye et al. compared the osteogenic potential of bone dust and iliac crest bone chips by 

implanting equal amounts of each material subcutaneously in nude mice (Ye et al., 2013). 

The authors measured absorbable area and tissue density via weekly radiographs for 6 

weeks. The authors found that bone dust was absorbed more readily and had significantly 

lower tissue density than bone chips [79.87+/-25.55 Hounsfield units (large bone dust) vs. 

176.67+/-79.87 Hounsfield units (bone chips)]. Histological analysis at 6 weeks showed 

well-organized lamellar bone in the bone chip group, compared to “incomplete bony 

structures” for bone dust. In a similar model, Islamoglu et al. compared bone dust with diced 

cartilage. The bone dust was collected from the parietal bone using a surgical burr. In this 

study, no cooling measures were used during the bone dust collection process (Islamoglu et 

al., 2006). Equal volumes of each substance was implanted in the subcutaneous tissue of 12 

rabbits and analysed for volume remaining 12 weeks post-implantation. The authors found 

that there was significantly more diced cartilage remaining compared to bone dust (0.60+/-

0.12 vs. 0.23+/-0.08mL). 

 

Four studies evaluated the regenerative capability of bone dust using the calvarial defect 

model and the results have been inconsistent (M. J. Chen et al., 2008; Clune et al., 2010; 

Fukuta et al., 1992; Karamese et al., 2014). In 1992, Fukuta et al. compared autologous bone 

dust to an inorganic bovine bone mineral (Bio-Oss) and porous hydroxyapatite granules in 

a rabbit calvarial defect model (Fukuta et al., 1992). The authors assessed bone surface area 

and histology at 1, 2, 4 and 8 months and showed that the autologous bone dust material had 
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significantly greater area of bone ingrowth compared with the other two materials at all 

time-points [8 month time-point: 2.447+/-0.084 mm2 (bone dust) vs. 0.661+/-0.081 mm2 

(Bio-Oss) vs. 0.604+/-0.102mm2 (porous hydroxyapatite)]. Bone dust treatment resulted in 

complete bone healing 2 to 4 months after implantation. In another rabbit calvarial defect 

model, Chen et al. compared the osteogenic effect of bone dust compared with bone dust 

combined with a pyroxylin membrane (M. J. Chen et al., 2008). The authors found that there 

was evidence of new bone formation in both the intervention groups compared with control 

(empty defect).  

 

Despite the positive results from Kukuta et al. and Chen et al. two other pre-clinical in vivo 

studies failed to demonstrate any benefit of bone dust compared to particulate bone as an 

autologous graft material (Clune et al., 2010; Karamese et al., 2014). In the study by Clune 

et al. cranial bone dust was compared to particulate bone graft in a rabbit calvarial defect 

model (Clune et al., 2010). Ossification was assessed with computed tomography (CT) at 

4, 8 and 16 weeks post-operatively, and histological analysis was carried out at 16 weeks. 

At all time points, there was no difference between the bone dust group and the control 

group, in which no graft was placed. In comparison, the particulate graft group had almost 

complete ossification on CT and woven bone formation on histology at 16 weeks.  The 

authors hypothesised that the osteoinductive effect of bone dust may be limited by thermal 

or mechanical damage and that the therapeutic value of bone dust may be improved with a 

slower burr or exposed to less heat.  In an attempt to assess the effect of heat on bone dust, 

Karamese et al. evaluated the effect of bone dust in a rat calvarial defect model (Karamese 

et al., 2014). In this study, the authors harvested bone dust using a low speed drill (500rpm) 

and a mortar to minimize the risk of thermal injury. Bone dust was compared to bone 
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fragments and full thickness cranial bone grafts. Outcome measures included histological 

parameters as well as immunohistochemistry as a measure of osteoblast differentiation. 

Despite the lack of radiological outcome measures, the authors demonstrated inferior 

performance of bone dust compared to bone fragments and full thickness bone grafts.  

 

 Clinical studies 

Thus far, clinical studies assessing the effect of bone dust obtained from high-speed burrs 

have been scarce (Matsumoto et al., 1998; O'Broin et al., 1997; Shad et al., 2005). Of the 

three published clinical studies, one study assessed bone dust as a graft material for spinal 

fusion (Shad et al., 2005). In this study, the authors prospectively evaluated 22 consecutive 

patients who underwent anterior cervical decompression and fusion (ACDF), using a Solis 

cervical interbody cage (Stryker Spine, South Allendale, NJ) augmented with local 

autologous bone dust. Twelve months post-operatively, 85% of patients reported complete 

resolution of arm and neck pain. Furthermore, radiological assessment using plain film 

radiographs demonstrated new bone formation within and around the interbody cage in 77% 

of cases (17 out of 22). In the remaining five patients, three demonstrated bridging bone 

filling the interbody cage and two demonstrated partial filling of the interbody cage with 

new bone. 

 

The remaining two studies evaluated the efficacy of bone dust for the repair of cranial 

defects (Matsumoto et al., 1998; O'Broin et al., 1997). In a study of seven consecutive 

patients (aged 7 to 21) undergoing cranioplasties for calvarial defects greater than 15cm2, 

local autologous bone dust supported by a titanium mesh proved to be unsuccessful (O'Broin 
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et al., 1997). Twelve months post-operatively, clinical examination and high resolution CT 

showed no evidence of new bone formation. The authors theorised that either the defect size 

may have been too large for this grafting method or that the use of a high-speed burr, with 

associated thermal and mechanical injury to cells may have contributed to the poor results. 

 

The results were more positive in a larger study of 92 patients who received bone dust and 

fibrin glue for reconstruction of cranial burr holes or small bone gaps (Matsumoto et al., 

1998). One to five-year follow up was achieved for 95% of patients and satisfactory 

cosmetic results were gained for all patients, with no reported bony complications. A total 

of seven patients required re-opening of the craniotomy site due to non-bony complications 

(infection, post-operative bleeding, residual tumor and recurrence of tumor).  
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Table 3-1: In Vitro Studies Evaluating The Efficacy Of Bone Dust. 
STUDY GRAFT ASSESSED RESULTS 
Ye,  
2013 

Bone dust from human laminae and spinous 
processes compared with bone chips from human 
iliac crest. 

Cell viability, ALP activity and calcium deposition higher for 
bone chips than bone dust. No difference in bone dusts harvested 
by different burr sizes. 

Hassanein, 
2012 

Bone dust compared with particulate graft from 
rabbit calvaria. 

Particulate graft contained significantly more viable cells and 
had significantly higher ALP activity than bone dust. 

Eder,  
2011 

Bone dust compared with bone chips from human 
laminae and spinous processes. 

Osteoblast outgrowth more reliable and faster for bone chips 
compared to bone dust. 

Ichiyanagi, 
2010 

Human bone dust harvested from transforaminal 
lumbar interbody fusion procedures  

Bone dust was able to proliferate in an osteoconductive gel and 
yielded cells characteristic of mesenchymal stem cells.  

Patel,  
2009 

Bone dust from human laminae. Histological examination showed that bone dust contained 65% 
bone with no microscopic evidence of cell damage. 

Gupta,  
2009 

Bone dust compared with bone fragments and 
periosteum from rabbits. 

Cells cultured from bone dust produced higher ALP activity and 
calcium deposition than bone fragments. There was no 
difference in collagen production. 
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Table 3-2: Preclinical In Vivo Studies Evaluating The Efficacy Of Bone Dust. 
STUDY GRAFT ASSESSED RESULTS 

Karamese, 
2014 

Bone dust compared with bone fragments, full 
thickness cranial bone graft and empty defect in a 
rat critical-sized calvarial defect model. 

Calvarial defects treated with bone dust resulted in inferior bone 
regeneration compared to defects treated with bone fragments 
and full thickness cranial bone grafts as assessed with histology 
and immunohistochemistry.  

Ye,  
2013 

Bone dust compared with iliac crest bone chips 
implanted subcutaneously in nude mice. Assessed 
with X-Rays (week 1-6) and histology at 6 weeks. 
(In vitro analysis presented in separate table) 

X-Rays showed increased density with bone chips. 

Histology showed organized bone formation with bone chips, but 
not with bone dust. 

Clune,  
2010 

Bone dust compared with particulate bone graft in 
a rabbit calvarial defect model. Assessed with CT 
at 4, 8 and 16 weeks and histology at 16 weeks. 

Bone dust caused no ossification whereas particulate graft 
resulted in almost complete ossification on CT and histology. 

Chen,  
2008 

Bone dust compared with bone dust combined 
with pyroxylin membrane and no graft in rabbit 
calvarial defects.  

Bone dust with or without pyroxylin membrane showed 
formation of cancellous bone. The effect was more pronounced 
in the Pyroxylin membrane group.  

Islamoglu, 
2006 

 

Permanence of bone dust, diced cartilage and 
bone dust/diced cartilage mixture when implanted 
subcutaneously in rabbits. Remaining volume 
assessed at 12 weeks. 

Significantly higher volume maintenance with diced cartilage 
compared to bone dust.  

 

Fukata,  
1992 

Bone dust compared with Bio-Oss particles and 
hydroxyapatite in a rabbit calvarial critical-sized 
defect model. Assessed bone surface area and 
histology at 1, 2, 4 and 8 months. 

Calvarial defects treated with bone dust showed significantly 
improved bone surface area compared with the other two groups. 
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Table 3-3: Clinical Studies Evaluating The Efficacy Of Bone Dust. 
STUDY LEVEL OF 

EVIDENCE* 
TRIAL RESULTS 

Shad, 
2005 

III 

 

Prospective cohort of 22 patients undergoing 
ACDF with Solis cage and autologous bone dust. 

All patients showed radiological evidence of new bone 
formation at 12 months. 

Matsumoto, 
1998 

IV 

 

Case series of 92 patients using bone dust and 
fibrin glue to fill cranial burr holes and bone gaps 
adjacent to cranial bone flaps. 

Satisfactory cosmetic results. Complete ossification on 
histological analysis at 2 years (2 patients). 

O’Broin, 
1997 

IV 

 

Case series of 7 consecutive patients undergoing 
cranioplasties with local autologous bone dust 
supported by a titanium mesh. 

No clinical or radiological evidence of ossification at 12 
months. 

*Oxford Centre for Evidence-Based Medicine (OCEBM) Levels of Evidence Working Group. “The Oxford 2011 Levels of Evidence”. 
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 Discussion 

Summarising currently available evidence, bone dust is a source of viable osteoblasts, with 

potential to improve osseous healing (Fukuta et al., 1992; Ichiyanagi et al., 2010; Patel et 

al., 2009). Human vertebral bone dust created using a high-speed burr and collected via a 

suction trap has a high proportion of bone with little cellular damage (Patel et al., 2009). 

Furthermore, bone dust created from the drilling of pedicles and vertebral bodies has been 

shown to yield cells characteristic of mesenchymal stem cells (Ichiyanagi et al., 2010). 

These studies indicate that human vertebral bone dust is a viable source of both mature 

osteoblasts and bone cell progenitors, which, unless resorbed or degraded in vivo, should 

encourage osseous union. 

 

When comparing bone dust to bone chips, unsurprisingly the bone chips are a better source 

of osteoblasts and lead to improved mineralisation (Eder et al., 2011; Ye et al., 2013). 

Although Patel et al. report that cells remain intact, many authors hypothesised that thermal 

or mechanical injury to cells occurs when using a high-speed burr (Patel et al., 2009). In 

support of this theory is the fact that particulate graft, collected from a hand driven bit and 

brace, thus exposed to less thermal or mechanical damage, demonstrated therapeutic 

potential (Hassanein et al., 2012). If this is the case, cooling the burr tip using saline 

irrigation and using the burr at a lower speed may potentially improve results. The only 

study that attempted to address the potential problem with thermal injury concluded that 

bone dust was inferior to bone fragments and full thickness bone grafts (Karamese et al., 

2014).  

 



 97 

Currently available in vitro studies have only investigated the osteogenic potential of bone 

dusts by evaluating the viability, proliferation and mineralisation of cells cultured from bone 

dusts compared to particulate bone (Eder et al., 2011; Ichiyanagi et al., 2010; Ye et al., 

2013). Another clinically relevant method would be to expose homogenous populations of 

human osteoblasts to the different graft samples and assess their response, thus also 

assessing their osteoinductive potential. This in vitro method mimics the clinical scenario 

where the bone graft is implanted into an area of bony defect in order to induce proliferation 

and differentiation of local osteoprogenitor cells. 

 

The preclinical in vivo evidence for bone dust is limited.  The only preclinical in vivo studies 

evaluating the effect of bone dust include subcutaneous implantation and calvarial defect 

models. In the subcutaneous implantation model, bone dust did not perform as well as larger 

bone chips or diced cartilage, although this model differs significantly from actual clinical 

application (Ye et al., 2013). Compared with subcutaneous models, the calvarial defect 

model is more clinically relevant because it assesses ossification in a vascularized bony 

defect with an abundance of local osteoprogenitor cells. There have been some promising 

results using this model, with bone dust shown to be more effective than inorganic 

osteoconductive materials (Fukuta et al., 1992), but inferior to larger particulate graft and 

full thickness cranial bone grafts (Clune et al., 2010; Karamese et al., 2014).  

 

Our systematic review identified three studies investigating the therapeutic potential of bone 

dust in the clinical setting. However, it is difficult to draw any clear conclusions from these 

level III and IV studies (Matsumoto et al., 1998; O'Broin et al., 1997; Shad et al., 2005). In 

neurosurgery, autologous, local bone dust treatment for cranial burr holes and bone gaps 
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showed mixed results in two separate level IV case series studies. In the first study, the 

authors showed that cranial burr holes filled with bone dust mixed with fibrin glue resulted 

in satisfactory cosmetic results (Matsumoto et al., 1998). The second level IV study 

involving seven consecutive patients undergoing cranioplasties with bone dust and a 

titanium mesh failed to identify any clinical or radiological evidence of ossification 12 

months post operatively (O'Broin et al., 1997).  

 

There was only one level III study in the literature evaluating the role of bone dust for spinal 

fusion (Shad et al., 2005). This study is small, including only 22 patients undergoing ACDF, 

but has promising results at 12 month follow up, with 17 patients having complete bone 

bridging, a significant improvement on the 50% non-union rate reported in the literature  

(Buchowski et al., 2008; Robertson & Wray, 2001). Further, prospective clinical studies are 

warranted to assess the efficacy of bone dust. From a spinal fusion perspective, one can 

envisage harvesting bone dust using simple, cheap and readily available suction traps and 

grafting the bone dust back into the surgical field as a stand alone graft or incorporated into 

osteoconductive scaffolds to facilitate osteointegration.  

 

In conclusion, bone dust has therapeutic potential as an autologous adjunct to aid osseous 

fusion by acting as a source of free autologous bone graft. However, there is no study in the 

literature regarding the osteoinductive potential of bone dust. Therefore, in order to further 

elucidate the clinical applicability of this autologous, free source of bone, we conducted an 

in vitro study to further characterise human spinal bone dust. The in vitro results have been 

accepted for publication and the manusctipt is currently in press in the journal Spine. 
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3.2 Bone dust in vitro results – Spine (in press) 

 

 Material and methods 

 

3.2.1.1  Reagents 

Dulbecco's Modified Eagle Medium (DMEM) and Penicillin/Streptomycin mixture 

(10,000U/mL) were purchased from Gibco (ThermoFisher Scientific Inc., Waltham, 

Massachusetts, USA). Fetal bovine serum (FBS) was purchased from HyClone Laboratories 

(GE Healthcare Life Sciences, Logan, Utah, USA) and Gibco (ThermoFisher Scientific, 

Inc.). Bovine serum albumin (BSA) was purchased from Immuno-Chemical Products Ltd. 

(Auckland, New Zealand). L-ascorbic acid-2-phosphate (A2P) was from Sigma-Aldrich (St. 

Louis, Missouri, USA). Tissue culture plates (24-well) and inserts were purchased from 

Greiner Bio-one (Kremsmünster, Upper Austria, Austria).  

 

3.2.1.2  Human osteoblast culture 

Human osteoblast culture method has been described previously in the methods section 

(Chapter 2.3). Specifically, primary human osteoblasts were grown from trabecular bone 

explants obtained from patients undergoing elective knee arthroplasty for osteoarthritis. 

Informed consent was obtained from all patients and the New Zealand Health and Disability 

Ethics Committee approved the collection of samples. The trabecular bone was chopped 

into small bone chips using a scalpel blade and the bone marrow removed from the bone 
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surfaces by repeated washes with Phosphate Buffered Saline (PBS). If bone marrow still 

remained on the bone surfaces an enzymatic treatment was performed using a modified 

method of Robey and Termine  (Robey & Termine, 1985). The bone chips were placed in 

T75 flasks (Corning Inc., Corning, New York, USA) with DMEM containing 10% FBS, 

5ug/mL AA2P and antibiotics. When the first sign of osteoblast outgrowths were observed 

the medium was refreshed and the outgrowing osteoblasts, having twice weekly media 

changes, were grown to 90% confluence. The osteoblasts were then trypsinized, washed and 

cryogenically stored in liquid nitrogen until the cells were needed.  

 

3.2.1.3  Human posterior spinal bone dust sample collection 

and processing 

Spinal bone dust samples were harvested from patients over 18 years of age undergoing 

elective posterior lumbar spinal fusion procedures. Following informed consent, the patients 

underwent the spinal surgery as per routine practice. During the surgical approach, a 3mm 

burr (6,000 rpm) was used to remove bone in preparation for spinal fusion (Midas Rex 

Legend burr, Medtronic, USA). The burr tip was cooled by normal saline lavage throughout 

the procedure to minimise the risk of thermal damage. The bone dust generated as part of 

the burring process was collected using an in-line suction trap (Figure 3-1). 
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Figure 3-1: In-Line Suction Trap For Bone Dust Collection. 
Suction trap used to collect bone dust intra-operatively. The bone dust was collected 
within the container. Excessive blood and fluids were removed from the suction tubing. 

 

Once full, the content within the suction trap was emptied onto gauze to soak up excess 

blood and fluid. The remaining product contains a mixture of bone dust and blood, 

resembling a pate (Figure 3-2). The bone dust was then transferred to the laboratory where 



 102 

it was washed with PBS and then loaded into tissue culture inserts with 1μm pore size at 

100mg/insert. The inserts with bone dust were then submerged into tissue culture media and 

suspended over primary human osteoblasts seeded in 24-well plastic tissue culture plates. 

This experimental design prevented direct contact of bone dust with primary human 

osteoblasts, however, the pores in the tissue culture inserts permitted growth factors and 

cytokines to be released from the bone dust into the surrounding media and exert their 

effects on the primary human osteoblasts (Figure 3-3). Each experiment contained between 

four and six wells of bone dust, and each experiment was repeated with four different patient 

samples. 
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Figure 3-2: Bone Dust. 
Bone dust ‘Pate’ at the end of the spinal fusion procedure. Pictured adjacent to a surgical 
burr used intra-operatively during the spinal fusion procedure. 
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Figure 3-3: Bone Dust In Vitro Methodology.  
Schematic diagramme demonstrating the in vitro culture set up for bone dust studies. 
Primary human osteoblasts were seeded in 24-well plastic plates, above which bone dust 
samples were placed in tissue culture inserts with a 1μm pore size. The tissue culture 
inserts suspend the bone dust samples above the primary human osteoblasts, thereby 
preventing direct contact between bone dust and the human osteoblasts cultured at the 
bottom of the wells. The pores in the tissue culture inserts allow factors released from the 
bone dust to dissolve into the surrounding media and exert their effects on the primary 
human osteoblasts at the bottom of the plastic wells.  
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3.2.1.4  Patient demographics and details 

A total of 14 consenting patients (12 males and 2 females) donated spinal bone dust samples 

for this bone dust in vitro study (Table 3-4). The age ranged between 33 and 68 years of 

age. The most proximal fusion level was T9/T10 and the lowest fusion level was L5/S1. 

 

Table 3-4: Patient Demographics And Spinal Fusion Levels.  
AGE  GENDER SPINAL FUSION LEVEL 

33 M L5/S1 

33 M L4/5, L5/S1 

34 M T9 - L3 

35 F T11 – L1 

54 M L2/3, L3/4 

54 M L2/3, L3/4 

56 M T10 - L4 

57 M L3/4 

60 M L5/S1 

60 M L5/S1 

64 M L5/S1 

65 M L2 – L4 

66 M L2/3, L3/4 

68 F L5/S1 

T = Thoracic spine; L = Lumbar spine; S = Sacral spine 

 

3.2.1.5  Release of soluble growth factors and cytokines 

Bone dust in tissue culture inserts was incubated in serum starvation media over a 7 day 

period (DMEM with 0.1% BSA and 10μg/mL AA2P). Conditioned media was collected at 
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days 0, 1, 2 and 7 after incubation, and stored at -20OC until used. Human TGF-β, FGF-

basic, PDGF-BB, VEGF, BMP-2, IL-1β and IL-6 levels were measured in the supernatants 

using sandwich enzyme-linked immunosorbent assay (ELISA) according to the protocols 

of the manufacturer (R&D Systems, Minneapolis, Minnesota, USA). Statistical analysis was 

performed using one-way ANOVA and post-hoc Dunnett’s test (*p<0.05).  

 

3.2.1.6  Osteoblast proliferation 

3H-thymidine incorporation assays measure proliferation via DNA replication. 3H-

thymidine was incorporated into newly formed chromosomal DNA during mitotic division. 

The DNA with incorporated 3H-thymidine was extracted from cells during processing and 

its radioactivity can be quantitatively measured using a scintillation beta-counter. 

 

Primary human osteoblast cultures were seeded in 24-well tissue culture plates (Greiner 

Bio-one), at a density of 5×104 cells/well in DMEM with 5% FBS and 10μg/mL A2P. After 

24 hours, media was changed to DMEM with 0.1% BSA and 10μg/mL A2P. After a further 

24 hours, tissue culture inserts with 100mg of bone dust per insert were added into each 

well. For control wells, empty tissue culture inserts were added. After an overnight 

incubation period, inserts were removed and cell mitogenesis was measured by determining 

cell incorporation of 3H-Thymidine using the Wallac Microbeta Trilux 1450 (PerkinElmer, 

Waltham, Massachusetts, USA) during a 6 hour window at the end of 24 hour of treatment. 

Statistical analysis was performed using an unpaired t-test (*p<0.05).  
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3.2.1.7  Osteoblast gene expression 

Primary human osteoblastic cultures were incubated with bone dust as described for cell 

mitogenesis. Cell pellets were collected at days 0, 1, 2 and 7 of incubation with bone dust. 

Total cellular RNA was extracted from cultured cells and purified using the RNeasy mini 

kit (Qiagen, Venlo, Netherlands). Genomic DNA was removed using RNase-free DNase set 

(Qiagen). The quantity and purity of the RNA were measured using a NanoDrop Lite 

spectrophotometer (Thermo Scientific, Victoria, Australia). Reverse transcription (500ng 

RNA used for each sample) was carried out using Superscript III (Life Technologies); 

cDNA was used for real-time PCR. Primer-probe sets were purchased as TaqMan® Gene 

Expression Assays from Applied Biosystems (ThermoFisher Scientific). Multiplex PCR 

was performed with FAM-labelled probes specific for the genes of interest, and VIC-

labelled 18S rRNA probes according to the company's instructions, using a QuantStudio 

12K Flex Real-Time PCR machine (Applied Biosystems, ThermoFisher Scientific). 

Samples were assayed in triplicates. The relative level of mRNA expression was determined 

using the ΔΔCt calculation method, normalised to values of the non-treated cells at day zero. 

Statistical analysis was performed using two-way ANOVA and post-hoc Dunnett’s test 

(*p<0.05). 

 

 In vitro results 

 

3.2.2.1 Bone dust releases growth factors and cytokines 

The concentration of growth factors and cytokines released by bone dust into the media was 

measured using ELISA on days 0, 1, 2 and 7. The four growth factors (TGF-β, FGF-basic, 
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PDGF-BB and VEGF) and two pro-inflammatory cytokines (IL-1β and IL-6) tested in our 

study were present in the media (Figure 3-4), whereas BMP-2 was undetectable. Whilst 

there was high variability between the four patients analysed in the amounts of factors 

released from bone dust, the overall profile was consistent, with increased concentrations 

of TGF-β, PDGF-BB, VEGF, IL-1β and IL-6 from day 0 to day 7. The concentration of 

FGF-basic present in the media peaked on day 2.   
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Figure 3-4: Bone Dust Is A Source Of Growth Factors And Cytokines.  
ELISA results demonstrating the presence of a number of anabolic factors released from human posterior spinal bone dust over a 7-
day period. Data presented are mean of four patient samples ± SEM. Statistical analysis was performed using one-way ANOVA and 
post-hoc Dunnett’s test *p<0.05 (n=4). 
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3.2.2.2  Bone dust promotes osteoblast proliferation 

 Proliferation of primary human osteoblasts with or without exposure to bone dust was 

determined by measuring 3H-thymidine incorporation into cells that were seeded and 

cultured in parallel. We found that exposure to bone dust enhanced osteoblast proliferation 

by approximately 7-fold compared to control (n=4) (p<0.05) (Figure 3-5). 

 

 

Figure 3-5: Osteoblast Proliferation Increased In Response To Bone Dust. 
3H-Thymidine incorporation in primary human osteoblasts cultured in the presence of 
bone dust for 24 hours. Data presented are mean of four patient samples ± SEM. 
Statistical analysis was performed using unpaired t-test. (n=4) *p<0.05. 
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3.2.2.3  Bone dust increased osteoblastic gene expression 

In order to characterise the response of osteoblasts to bone dust treatment at a molecular 

level, primary human osteoblasts cultured with or without bone dust were harvested on days 

0, 1, 2 and 7. A number of genes were upregulated in response to bone dust treatment, 

including Integrin-Binding Sialoprotein (IBSP), a gene important for osteoblast 

mineralisation and maturation; as well as genes integral to inflammation and macrophage 

chemotaxis: Interleukins (IL-6, IL-11) and Monocyte Chemoattractant Protein 1 (MCP-1).  

 

While there were no significant changes in the expression levels of the early osteoblast 

differentiation marker Runt-related transcription factor 2 (RUNX2), on days 2 and 7, the 

expression level of the late osteoblast marker IBSP was more than 8-fold higher in response 

to treatment with bone dust compared to control (p<0.05). With regards to genes that play 

an integral role in the coupling with osteoclasts, the relative expression of receptor activator 

of nuclear factor-kappa B ligand (RANKL) was higher on days 1 and 2 compared to control 

(p<0.05), whilst the expression of Osteoprotegerin (OPG) was higher on day 7 in the group 

treated with bone dust (p<0.05). Finally, the expression of VEGF, a gene critical for 

angiogenesis, was upregulated in the osteoblasts treated with bone dust compared to control 

on days 1 and 7 (p<0.05) (Figure 3-6). 
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Figure 3-6: Osteoblast Marker Expression In Response To Bone Dust. 
Relative expression levels of genes were determined by real-time PCR, with the target genes normalised to the endogenous control, 
18S ribosomal RNA. The results are presented relative to the expression of each gene on day one in the control group. The 
osteoblasts cultured without bone dust (control) is represented by black diamonds; open circles represent osteoblasts treated with 
bone dust. Data presented are mean ± SEM. Statistical analysis was performed using two-way ANOVA and post-hoc Dunnett’s 
test (* = p<0.05). Representative data shown, (n=4). 
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 Discussion 

Viewed in conjunction with our systematic review, the findings from this in vitro study 

provide further evidence to support the clinical application of human posterior spinal bone 

dust as an autologous bone graft for spinal fusion surgeries. The regenerative potential of 

spinal bone dust has previously been shown through its innate ability to function as a 

reservoir for viable osteoblasts and mesenchymal stem cells with osteogenic potential (Eder 

et al., 2011; Gupta et al., 2009; Hassanein et al., 2012; Ichiyanagi et al., 2010). Herein, we 

have demonstrated for the first time that bone dust is capable of releasing growth factors 

and cytokines with anabolic effects on primary human osteoblasts. We believe that the 

presence of osteogenic cells within bone dust, coupled with the anabolic factors 

demonstrated here acting on the local cell population, will enhance osseous fusion in spinal 

fusion surgeries. 

 

Osseous healing following spinal fusion surgeries is a highly complex and multifactorial 

process and it is clear that the biology of spinal fusion healing hinges on the interplay of a 

number of growth factors and cytokines acting locally on host cells to promote bone 

formation (Boden, 2002). We have showed that bone dust releases the growth factors FGF-

basic, PDGF, VEGF, TGF-β and the cytokines IL-6, IL-1β, all with known anabolic effects 

on bone healing and regeneration.  

 

In vitro, FGF-basic, PDGF and VEGF are all implicated in osteoblast proliferation and 

differentiation (Devescovi et al., 2008; Marie, 2012). In the context of bone regeneration, 

the application of FGF-basic in the form of hydrogels or scaffolds has been shown to 
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enhance bone healing in pre-clinical long bone and calvarial models (W. J. Chen et al., 2004; 

Kodama et al., 2009; Komaki et al., 2006; Kwan et al., 2011). In addition, FGF-basic is 

involved in angiogenesis, which is a critical step in bone regeneration following spinal 

fusion surgeries (Saran et al., 2014). Another growth factor that plays pivotal roles in 

angiogenesis is VEGF. In our study we detected increasing concentrations of VEGF from 

day 0 to day 7 (p<0.05), an effect that will likely be beneficial for bone regeneration in the 

clinical setting. In addition to promoting angiogenesis, VEGF has been shown to control 

bone formation and remodelling by directly inducing osteoblast and osteoclast 

differentiation (Devescovi et al., 2008).  Another important growth factor for bone 

remodelling and repair is TGF-β  (Bonewald & Mundy, 1989). TGF-β stimulates matrix 

protein synthesis and modulates bone formation. In vivo, TGF-β has been shown to be an 

important growth factor for bone healing in a myriad of animal models (Beck et al., 1993; 

Lind et al., 1993; Nielsen et al., 1994).  

 

In general, pro-inflammatory cytokines, including IL-6 and IL-1β, are active during the 

early phase of bone healing. In vitro, IL-1β has been shown to promote osteoblast 

proliferation and mineralisation (Lange et al., 2010). In vivo, IL-1β is active during the early 

fracture repair process and promotes osteoblastogenesis in a murine bone defect model 

(Lange et al., 2010; Olmedo et al., 1999). Similarly, IL-6 is involved in the regulation of 

osteoblast differentiation as well as mineralisation and maturation of fracture callus in 

murine models (Lange et al., 2010; Y. Li et al., 2008).  

 

The ability of spinal bone dust to release growth factors and cytokines is clearly a desirable 

feature, and one that has the potential to enhance osseous union in spinal fusion surgeries. 
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Clinically, the primary objective of spinal fusion surgeries is to achieve a mechanically solid 

fusion mass through proliferation and maturation of local host osteoblasts into functional 

bone, an effect that is likely to be augmented by the anabolic factors released from bone 

dust (Boden, 2002; Devescovi et al., 2008; Gupta et al., 2015). Using 3H-thymidine 

incorporation, we found that the growth factors and cytokines released from bone dust 

increased human osteoblast proliferation by approximately 7-fold compared to osteoblasts 

cultured in growth media alone. The profound increase in osteoblast proliferation 

highlighted the anabolic effect of the growth factors and cytokines released from spinal bone 

dust, and once again reiterated bone dust’s potential therapeutic role in spinal fusion 

surgeries. However, in order to form a mechanically solid fusion mass, the host osteoblasts 

must be able to differentiate and produce functional bone, a process that follows specific 

regenerative patterns and involves changes in the expression of a number of osteoblastic 

genes.   

 

Having demonstrated the potent proliferative effect of human posterior spinal bone dust on 

primary human osteoblasts, the final step of our study was to investigate the effect of the 

anabolic factors released from bone dust on human osteoblast gene expression. Bone healing 

in spinal fusion begins with an acute inflammatory phase involving hematoma formation 

and upregulation of a number of corresponding genes (Ai-Aql et al., 2008; Boden, 2002; 

Einhorn et al., 1995). In this study, a number of genes implicated in the early phase of bone 

healing (IL-6, IL-11, MCP-1) were significantly upregulated at the early time points (days 

1 and 2) in response to bone dust treatment compared with control (p<0.05)  (Dimitriou & 

Giannoudis, 2013; Kudo et al., 2003; Wallace et al., 2011; Wu et al., 2013). Studies have 

shown that both IL6 and IL11 are important regulatory genes in bone formation (Kudo et 
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al., 2003; Wallace et al., 2011); whereas MCP-1 expression has been implicated in the early 

phase of fracture repair by acting as an important chemokine that regulates the recruitment 

of bone forming cells (Wu et al., 2013).  

 

With regards to the osteoblastic genes integral to osteoblast development and maturation, 

factors released from bone dust triggered a significant upregulation of IBSP, a late 

osteoblast marker involved in osteoblast mineralisation (p<0.05) (Matthews et al., 2014). In 

bone regeneration and formation, coupling occurs between osteoblasts and osteoclasts. In 

our study, we demonstrated that bone dust treatment led to an increase in the expression of 

both OPG and RANKL. Under physiological conditions, the RANKL/RANK signalling 

pathway regulates the formation and survival of osteoclasts. OPG on the other hand, 

functions as a decoy receptor to RANKL; hence OPG protects the skeleton from excessive 

bone desorption  (Boyce & Xing, 2008; Kobayashi et al., 2009; Nakamichi & Udagawa, 

2006). Here, we found that there was an initial upregulation of RANKL expression over the 

early stages of our experiment, which was then followed by an increase in OPG expression, 

this suggests that the factors released from bone dust may potentially enhance and regulate 

bone remodelling at the site of spinal fusion through modulating the RANKL/RANK/OPG 

pathway. Finally, we observed an increase in the relative expression of VEGF. VEGF 

expression plays a pivotal role in angiogenesis and neovascularisation, which are both 

important factors in bone healing and regeneration. In the context of spinal fusion, VEGF 

expression also directly induces osteoblast and osteoclast differentiation and therefore bone 

and remodelling  (Dimitriou & Giannoudis, 2013). In summary, human osteoblastic genes 

integral in the early phase of bone healing (IL-6, IL-11 and MCP-1), as well as osteoblast 

mineralisation (IBSP), angiogenesis (VEGF) and bone remodelling (OPG, RANKL and 
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VEGF), are upregulated in response to bone dust treatment and may result in accelerated 

bone healing and union in spinal fusion surgeries.  

 

The multiple biological repeats in our study have found overall similar profiles of growth 

factors and cytokines released from bone dust samples, and similar changes in gene 

expression in the osteoblasts in response to these factors. However, the amount of released 

factors and the magnitude of changes in gene expression varied.  This variability among 

patients’ samples was not unexpected and is common in studies of this nature. 

 

An important point to note in our study is that we were using a non-autologous model system 

to draw conclusions about an autologous treatment. In our system, osteoblasts were cultured 

from bone biopsies of patients undergoing elective hip or knee arthroplasty, while bone dust 

samples were obtained from patients undergoing spinal fusion surgery. The primary 

osteoblasts were cultured for up to three weeks before they reached the cell density required 

for the experiment, while bone dust samples were used within 24 hrs of surgery. Therefore, 

the osteoblasts and bone dust in each experiment were not sourced from the same patient. 

Although we believe it is very unlikely, we cannot exclude the possibility that cells respond 

differently to factors released from the patient’s own bone dust to those released from a 

sample taken from a different patient.   

 

The strength of our study is the translational nature of our methodology. Here we have taken 

bone dust samples from multiple patients undergoing spinal fusion surgeries and used the 

novel approach of suspending the bone dust samples in media to prevent direct contact of 



 118

the spinal bone dust and the relevant target cell. This allowed anabolic factors from the bone 

dust to diffuse into the tissue culture media and exert their effect on the primary human 

osteoblasts, which in vivo, would be the cells driving new bone formation. Future studies 

could use this methodology to further understand the effect of bone dust on osteoblast matrix 

production and elucidate its effect on osteoclast formation and activity. 

 

 Conclusion 

This study is the first to demonstrate that human posterior spinal bone dust is a source of 

anabolic factors that potently enhance human osteoblast proliferation and gene expression 

in a favourable pattern for bone healing, regeneration and ultimately, bone union.  

 

Given that bone dust harvest is fast, simple, cheap and safe to perform, and bone dust 

releases anabolic factors and contains viable osteoblasts and mesenchymal stem cells with 

osteogenic potential, spinal surgeons should be encouraged to ‘recycle’ spinal bone dust and 

harness the regenerative potential of this free autologous bone graft. 
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CHAPTER 4: MCH-CAL™ RESULTS 

 

4.1 Introduction 

Microcrystalline hydroxyapatite calcium ™ (MCH-Cal™) is a bovine bone derived 

neutraceutical product developed in New Zealand by Waitaki Biosciences. The product is 

composed of 24% Calcium and 10% Phosphorous in a microcrystalline structure. The 

unique nature of MCH-Cal™ is that it is manufactured using proprietary low temperature 

processes to ensure maximum retention of the bioactive factors and type 1 collagen. MCH-

Cal™ has the potential to be used as an osteoconductive agent due to its microcrystalline 

structure. In addition, the retained bioactive factors may be osteoinductive.  

 

4.2 Material and methods 

 

 Reagents 

Culture media, fetal bovine serum (FBS) and rat collagen type I were purchased from Life 

Technologies (Gibco, Carlsbad, CA, USA). Bovine serum albumin was from Immuno-

Chemical Products Ltd (Auckland, New Zealand). L-ascorbic acid-2-phosphate (AA2P) 

was purchased from Sigma-Aldrich Co. (St Louis, MO, USA).  
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 Human osteoblasts 

Primary human osteoblasts were grown from trabecular bone explants obtained from 

patients undergoing knee arthroplasty. Informed consent was obtained from all patients and 

the New Zealand Health and Disability Ethics Committee approved the collection of 

samples. The trabecular bone was chopped into small bone chips using a scalpel blade and 

the bone marrow removed from the bone surfaces by repeated washes with PBS. If bone 

marrow still remained on the bone surfaces an enzymatic treatment was performed using a 

modified method of Robey and Termine  (Naot et al., 2011; Robey & Termine, 1985). The 

bone chips were placed in T75 flasks with DMEM containing 10% FBS, 5ug/mL AA2P and 

antibiotics. When the first sign of osteoblast outgrowths were observed the medium was 

refreshed and the outgrowing osteoblasts, having twice weekly media changes, were grown 

to 90% confluence. The osteoblasts were then trypsinised, washed and cryogenically stored 

in liquid nitrogen.  

 

 MCH-Cal™ 

The MCH-Cal™ was obtained in a particulate form from Waitaki Biosciences, 

Christchurch, New Zealand and sterilised by γ-irradiation at 15kgray (Schering-Plough, 

Wellington, New Zealand). The MCH-Cal™ particulate size was approximately 250μm. 

 

 MCH-Cal™ protein extraction 

Five grams of the MCH-Cal™ particulate was washed with 35mLs of 0.02M Tris HCl at 

pH 7.5 for 20 minutes then centrifuged at 4°C. The precipitate was resuspended in 35mLs 
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of 0.5M ammonium EDTA in 0.02M Tris HCl at pH 7.5 and stirred overnight then 

centrifuged at 4°C. The precipitate was resuspended with 11mLs of water and centrifuged. 

The supernatants were filtered through Whatman® #4 filter paper and dialysed in 

Spectra/Por tubing with a molecular weight cut-off of 3500 Da for four days against 8 

changes of distilled water, followed by two days against four changes of 0.02M ammonium 

carbonate.  

 

 Immunoassay 

Total TGF-β were assayed using Promega Emax® (Dade Behring) immunoassay kits as per 

manufacturer’s instructions. Intact osteocalcin was assayed using an immunoassay kit 

(Metra Osteocalcin, Quidel Corporation, Santa Clara, CA). IGF-1 and IGF-2 were assayed 

using an in-house radioimmunoassay produced for Waitaki Biosciences. Briefly, 

radiolabelled IGF-1 or IGF-2 and primary antibodies were incubated for 16 hours at 4°C. 

The primary antibodies for IGF-1 and IGF-2 are ProPep rabbit anti-human IGF-1 antiserum 

(Novozymes Biopharma AU Ltd) and mouse anti-rat IGF-2 (Amano Enzymes USA Co, 

Troy, VA) respectively. Separation of bound and free antigen was achieved using a solid 

phase second antibody coated cellulose suspension. The secondary antibodies for IGF-1 and 

IGF-2 were SacCel® anti rabbit IgG and SacCel® anti mouse/rat IgG respectively (IDS, 

Bolden, Tyne&Wear, UK). Following 30 minutes of incubation at 4°C, bound antigen was 

sedimented by centrifugation and the soluble free fraction removed by aspiration. 

Radioactivity in the pellet was counted in an LKB 1260 gamma counter (Wallac, Turkau, 

Finland). Calculations were performed using four parameter logistics curve-fitting software. 
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 Culture of osteoblasts in 3D collagen scaffolds 

Rat collagen type I (BD Biosciences) was neutralised with 1M NaOH (0.023x collagen 

volume) and diluted to a final concentration of 3 mg/mL. Human osteoblasts suspended in 

culture medium were seeded in 50μL collagen gels at a density of 2x105 cells/mL (104cells 

per gel). Gels were allowed to set at 37°C for 1h before addition of DMEM + 10% FBS + 

5μg/mL A2P culture medium. MCH-Cal™ particulates were incorporated into the collagen 

gels at a concentration of 25mg/mL. 

 

 Cell growth assay 

3D collagen gels were seeded with primary human osteoblasts (104cells per gel), as 

described above, for a period of 1, 3, 7 and 14 days. At each time point 5% alamarBlue® 

(Invitrogen) was added for 4 hours at 37°C.  At the end of this incubation, 200μL of the 

alamarBlue® conditioned medium was transferred from each well to a 96-well plate 

(Greiner Bio-One, Germany) and fluorescence (excitation 540nm; emission 630) read using 

a Synergy 2 multi-detection microplate reader (BioTek Instruments Inc., USA). 

 

 RNA extraction and real-time PCR 

Collagen gels were dissolved in RLT buffer (QIAGEN Pty Ltd) and incubated at 55°C with 

0.2mg/mL proteinase K (Life Technologies) for 15 minutes. Thereafter, 0.8 volumes of 80% 

ethanol were added and RNA extraction was performed with the RNeasy mini kit. Genomic 

DNA was removed from all RNA preparations with the RNase-free DNase set (QIAGEN 

Pty Ltd). Complementary DNA was synthesised with Superscript III (Life Technologies) 
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and used for multiplex real-time PCR in ABI PRISM 7900HT Sequence Detection Systems 

(Life Technologies). Primers and probe sets were purchased as TaqMan Gene Expression 

Assays (Life Technologies). All probes used to detect target genes were labelled with FAM 

(Life Technologies), and the 18S ribosomal RNA endogenous control probe was VIC (Life 

Technologies) labelled. The Ct method was used to calculate the relative levels of 

expression. Each experiment was performed three times and real-time PCR was repeated at 

least twice in duplicate for each experiment. 

 

 MCH-Cal™ processing for in vivo experiments 

As mentioned in previous sections (Chapter 4.2.3), the MCH-Cal™ was obtained in a 

particulate form from Waitaki Biosciences, Christchurch, New Zealand and sterilised by γ-

irradiation at 15kgray resulting in the active form of MCH-Cal™ (Schering-Plough, 

Wellington, New Zealand). In order to fully assess the effects of the bioactive growth factors 

and cytokines contained in MCH-Cal™, we created an ‘active’ and an ‘inert’ form of MCH-

Cal™. The ‘active’ form of MCH-Cal™ represents the product as it was manufactured. The 

‘inert’ form was created by denaturing the proteins in the MCH-Cal™ through autocloaving. 

The autoclaving process eliminated the active growth factors and cytokines, but preserved 

the structural properties of MCH-Cal™. 
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 MCH-Cal™ gel preparation for in vivo 

experiments 

Rat collagen type I (BD Biosciences) was neutralised with 1M NaOH (0.023x collagen 

volume) and diluted to a final concentration of 3 mg/mL. Human osteoblasts suspended in 

culture medium were seeded in 50μL collagen gels at a density of 2x105 cells/mL (104cells 

per gel). Gels were allowed to set at 37°C for 1 hour before addition of DMEM + 10% FBS 

+ 10μg/mL AA2P culture medium. MCH-Cal™ particulates were incorporated into the 

collagen gels at a concentration of 25mg/mL 

 

 Rat critical-sized calvarial defect surgery 

Calvarial defect experiment performed as described in the methods section (Chapter 2). 

Specifically, sixty-four sexually mature, similarly aged, male Sprague-Dawley rats 

weighing more than 250grams were bred for this study. Pre-operatively, the rats were 

checked for general health, weighed and randomized into four groups (Figure 4-1):  

 Empty defects (n=20): five-millimetre, bi-cortical, extra-dural defect created over 

the right parietal bone and left empty 

 Active MCH-Cal™ group (n=20): five-millimetre, bi-cortical, extra-dural defect 

created over the right parietal bone which was grafted with active MHC-Cal™ gels 

 Inert MCH-Cal™ group (n=20): five-millimetre, bi-cortical, extra-dural defect 

created over the right parietal bone which was grafted with inert MCH-Cal™ gels 

 Sham surgery (n=4): Midline incision through skin and periosteum down to parietal 

bone without creation of a bony defect 
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Figure 4-1: In Vivo Methods For MCH-Cal™. 
The rats were randomised into four groups. The first group consisted of rats with empty 
defects (control); The second group consisted of rats grafted with Active MCH-Cal™; 
The third group consisted of rats grafted with Inert MCH-Cal™; And finally, the fourth 
group consisted of rats having sham surgeries.  

 

 Histology 

The specimens were decalcified using 10% formic acid for one week. After decalcification, 

the specimens were paraffin embedded in a Leica APS 300S auto processor. Histological 

sections (10μm) were prepared from the mid-point of the defects in the coronal plane using 

a Leica Microtome RM 2145. Two sections per sample were placed on Leica ApexTM 

Superior adhesive slides and stained with haematoxylin and eosin (H&E). Digital images of 

the stained sections were obtained using the Olympus BX50F microscope with an Olympus 
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DP72 digital colour camera (Olympus Corp, Japan). All the H&E stained sections were 

independently evaluated by two blinded investigators and the results combined. 

 

 Statistical analysis 

All data were statistically analysed by analysis of variance (ANOVA) with post hoc 

Bonferroni’s test, and expressed as mean ± standard error of the mean (SEM). Graph pad 

prism 6 software (Graph pad software, USA) was used for statistical analysis. 

 

4.3  MCH-Cal™ in vitro results 

 

 Analysis of growth factors present in MCH-Cal™ 

In order to initially determine the levels of bioactive factors in MCH-Cal™, we measured 

the concentrations of a number of growth factors. The concentration of insulin-like growth 

factor-1 (IGF-1), IGF-2, total transforming growth factor-β (TGF-β) and osteocalcin was 

determined by radio-immunoassay (RIA) of proteins extracted from MCH-Cal™. The 

concentration of growth factors and the bone matrix protein osteocalcin present in MCH-

Cal™ is summarised in (Table 4-1). 

 

 

Table 4-1: Growth Factors Present In MCH-Cal™. 
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GROWTH FACTOR CONCENTRATIONS (μg/gram) 

IGF-1 0.61 

IGF-2 0.25 

TGF-β (total) 0.19 

Osteocalcin 595 

 

 MCH-Cal™ is cyto-compatible with human 

osteoblasts 

In order to determine the cyto-compatibilty of MCH-Cal™, we cultured primary human 

osteoblasts in 3D collagen gels, with and without MCH-Cal™, over a 14 day culture period. 

Assessment of cell viability using the alamarBlue® assay demonstrated significant 

increases in the number of viable cells over time (p<0.0001). However, there was no 

difference in the rate of osteoblast growth between the two groups (Figure 4-2). 
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Figure 4-2: MCH-Cal™ Is Cyto-compatible With Human Osteoblasts. 
Representative graph demonstrating human osteoblast growth over 14 days with and 
without the presence of MHC-Cal™, as assessed by the alamarBlue® assay. The group 
cultured in 3D collagen gels alone (control) is represented by black diamonds and open 
circles represent the group cultured in 3D collagen gels with MCH-Cal™. Data presented 
are mean values ± SEM. Statistical analysis was performed using two-way ANOVA and 
post-hoc Bonferroni’s test. The experiments were repeated three times.  
 

 

 MCH-Cal™ does not affect the expression of bone 

gene markers 

Real-time PCR analysis of osteoblast marker genes over 14 days of culture demonstrated 

minimal difference between cells grown in collagen gels with or without MCH-Cal™ 

(Figure 4-3). The expression of alkaline phosphatase (Alpl) significantly increased over the 

14 day culture period in both groups (p=0.0008), whilst collagen type 1 alpha 1 (Col1α1) 

(p<0.0001), osteocalcin (Bglap) (p=0.0153) and Tnfsf11 (RANKL) (p=0.0046) expression 

decreased over time. There was no significant difference between the two groups except a 
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significantly higher level of expression of Col1α1 at 24 hours in the control group compared 

with the group treated with MCH-Cal™ (p=0.0008). 
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Figure 4-3: MCH-Cal™ Does Not Affect Osteoblastic Gene Expression. 
Relative expression levels of genes were determined by real-time PCR, with the target 
genes normalised to the endogenous control, 18S ribosomal RNA. The results are 
presented relative to the expression of each gene on day one in the control group. The 
group cultured in 3D collagen gels alone (control) is represented by black diamonds and 
open circles represent the group cultured in 3D collagen gels with MCH-Cal™. Data 
presented are mean ± SEM. Statistical analysis was performed using two-way ANOVA 
and post-hoc Bonferroni’s test (* = p<0.05). The experiments were repeated three times. 
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4.4  MCH-Cal™ in vivo results 

 

4.4.1.1 Histology results 

Histological assessment was performed by three researchers blinded to the treatment groups. 

The results showed that there was no evidence of infection in any of the specimens. 

However, inflammatory cells were visible in some specimens treated with MCH-Cal™ in 

both the active and inert groups. Furthermore, the hydroxyapatite deposits were visible in 

some of the specimens at both the 4 and 12 weeks timepoints. From a bone regeneration 

point of view, there was no statistically significant differences in the groups treated with 

MCH-Cal™ (Inert and Active forms) compared with placebo (Figure 4-4).   
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Figure 4-4: MCH-Cal™ In Vivo Histology Results. 
Top: Bar graph showing histological scores obtained for each group. There was no 
statistically significant difference at 4 weeks and 12 weeks following treatment with inert 
or active forms of MCH-Cal™, compared with placebo.  
 
Bottom: Coronal sections through the midpoint of the defects were prepared from de-
calcified specimens and stained with haematoxylin and eosin (H&E). Representative 
coronal sections demonstrating the calvarial defects at 4 weeks (A) and 12 weeks (B). 
Scale bar represent 500μm. 

 

 Discussion 

MCH-Cal™ is a bovine bone biomaterial produced in New Zealand as an oral bone health 

supplement. In this study, we evaluated the therapeutic potential of MCH-Cal™ as a 

potential xeongenic bone graft substitute. For a biomaterial to be a suitable bone graft 
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substitute, it must possess certain features such as being osteoconductive and 

osteoinductive. Osteoconductive materials function as scaffolds on which cells can 

proliferate and differentiate. Osteoinduction represents the process of recruitment and 

stimulation of immature cells to undergo conversion to osteoprogenitor cells  (Albrektsson 

& Johansson, 2001). MCH-Cal™ has the potential to be both osteoconductive and 

osteoinductive due to the presence of hydroxyapatite and bioactive growth factors, 

respectively. 

 

To assess the osteoinductive potential of MCH-Cal™, we quantified a number of growth 

factors and bone matrix protein from this product. Using immunoassays, the growth factors, 

IGF-1, IGF-2 and total TGF-β were extracted from MCH-Cal™ and quantified. IGF-1 is a 

7.6-kDa polypeptide that is associated with induction of bone formation (Meinel et al., 

2003). In vitro, IGF-1 has been shown to have a role in regulating inflammation and 

stimulating osteoblast chemotaxis and activity  (Ernst & Froesch, 1988; Lind et al., 1995; 

Panagakos, 1993; Schmid et al., 1984). Pre-clinical in vivo studies have demonstrated the 

beneficial role of IGF-1 at inducing bone repair in rat critical-sized calvarial defect models 

and ovine long bone defect models (Meinel et al., 2003; Thaller, Dart et al., 1993; Thaller, 

Hoyt et al., 1993). The second polypeptide member of the IGF family quantified in our study 

was IGF-2 which has been shown to enhance BMP-9 induced endochondral ossification and 

augment BMP-9 induced ectopic bone formation (L. Chen et al., 2010). Exogenous 

expression of IGF-2 has been found to potentiate BMP-9 induced activity of osteogenic 

markers Alpl, Blgap and osteopontin on mesenchymal stem cells (L. Chen et al., 2010). The 

final growth factor quantified in our study was TGF-β. TGF-β is one of the most important 

growth factor families for bone remodelling and fracture repair. TGF-β modulates both bone 
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formation and resorption and stimulates matrix protein synthesis  (Bonewald & Mundy, 

1989). Pre-clinical in vivo studies have repeatedly demonstrated the positive effect of TGF-

β on bone healing in a myriad of animal models (Beck et al., 1993; Lind et al., 1993; Nielsen 

et al., 1994).  

 

In addition to the growth factors, we quantified the level of osteocalcin in MCH-Cal™. 

Osteocalcin is secreted by differentiated osteoblasts and represents the most abundant non-

collagenous bone matrix protein. In normal physiological conditions, the concentration of 

osteocalcin rises with increased hydroxyapatite deposition during skeletal growth and low 

concentrations of osteocalcin have been found to be associated with inhibition of 

mineralisation  (Gundberg et al., 2012; Hauschka & Reid, 1978). Furthermore, local 

reduction of osteocalcin has been linked with reduced cortical remodelling (Ingram et al., 

1994). 

 

The presence of factors important in bone growth and repair gives MCH-Cal™ the potential 

to be osteoinductive. In order to further evaluate the therapeutic potential of this product, 

human osteoblasts were cultured in 3D collagen gels with and without the presence of 

MCH-Cal™. A number of studies have demonstrated that the 3D environment in a collagen 

gel is favourable for the growth and activity of osteoblasts (Casser-Bette et al., 1990; Masi 

et al., 1992; Matthews et al., 2014). From a bone regeneration point of view, collagen has 

huge therapeutic potential as a scaffold material in the field of orthopaedic and maxillofacial 

surgery due to its bio-compatible and bio-degradable properties  (Amruthwar & Janorkar, 

2013). Clinically, collagen have been used as a carrier and delivery vehicle for bone 

anabolic factors such as BMP-2 (Epstein, 2013).  In this study, we have shown that MCH-
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Cal™ had no deleterious effects on human osteoblast growth over a 14 day cultured period 

in 3D collagen gels. The cyto-compatibility of MCH-Cal™ suggests that this material is a 

suitable osteoconductive material for supporting human osteoblast growth. 

 

In addition to being cyto-compatible, the ideal bone graft substitutes should also be able to 

support osteoblast differentiation and induce new bone formation. In this study, we 

performed real-time PCR to measure genes that are critical in the regulation of osteoblast 

and osteoclast formation and function.  In total, we evaluated four osteoblastic marker genes 

[runt-related transcription factor-2 (Runx2), Alpl, Col1α1 and Bglap] and two genes with 

opposing roles in osteoclastogenesis [Tnfsf11 (OPG) and RANKL]. Three of the osteoblast 

marker genes (Runx2, Alpl and Col1α1) are considered early-osteoblast markers and Bglap 

is considered a late-osteoblast marker.  

 

The gene expression results from this study suggested that MCH-Cal™ did not inhibit the 

increase in osteoblast marker genes in 3D collagen gels. There were no differences in the 

relative expression of osteoblast marker genes between the two groups at any time points 

apart from a higher level of expression of Col1α1 on day 1 in the control group relative to 

the treatment group (p<0.05). Overtime, there was a significant increase in the relative 

expression of Alpl in both the treatment and control groups, suggesting that the primary 

cells retained their osteoblastic characteristic in culture. On the other hand, there was 

significant decrease overtime in the relative expression of other osteoblast marker genes 

including Col1α1 (p<0.05) and Bglap (p=0.05) in both the treatment and control groups. In 

a previous study, Matthews et al. demonstrated accelerated osteoblast differentiation when 

the cells were seeded into 3D collagen gels and the expression of osteoblast marker genes, 
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including Col1α1, Alpl, dentin matrix acidic phosphoprotein 1 (Dmp1), Bglap and integrin-

binding sialoprotein (Ibsp) were markedly elevated in cells growing in 3D collagen gels 24 

hours after seeding (Matthews et al., 2014). The gene expression results from our study are 

in keeping with findings from Matthews et al., and is likely to result in similar increases in 

osteoblast differentiation (Matthews et al., 2014).  

 

With regards to osteoclastogenesis, there was a significant decrease over time in the relative 

expression of RANKL in both groups but no difference in the relative expression of OPG. 

The RANKL/RANK/OPG system is critical for the regulation of osteoclastogenesis and 

bone resorption  (Boyce & Xing, 2008). Osteoclast formation and differentiation is 

regulated by RANKL binding to RANK. On the other hand, OPG produced by osteoblasts 

inhibits osteoclast differentiation by functioning as a decoy receptor for RANKL  

(Kobayashi et al., 2009; Nakamichi & Udagawa, 2006). In our study, the decrease in the 

expression of RANKL but not OPG suggests that osteoclast formation may potentially be 

affected. 

 

Despite the presence of growth factors and the bone matrix protein osteocalcin, our study 

did not identify any additional benefit of incorporating MCH-Cal™ into 3D collagen gels 

with regards to osteoblast growth and differentiation. The lack of effect may be a reflection 

on the innate limitation of the in vitro assays employed in this study, which fails to replicate 

the complex in vivo environment required for growth factors to exert their effect. Many 

variables that control growth factor release and function cannot be replicated in vitro. For 

example, our in vitro assays were performed in physiological pH, however, the pH at 

fracture healing sites have been reported to be more acidic during the early stages of fracture 
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healing which could influence growth factor function (Newman et al., 1987). Furthermore, 

the growth factors and bone matrix proteins in MCH-Cal™ may only be released once the 

minerals are resorbed through osteoclast activity, as they are during active bone remodelling 

in vivo. 

 

In order to further unravel the therapeutic potential of MCH-Cal™, we tested this product 

in our rat critical-sized calvarial defect model. Unfortunately, as seen in the histological 

evaluations, we did not demonstrate any therapeutic potential of MCH-Cal™, in either its 

‘Active’ or ‘Inert’ forms. Reassuringly, none of the animals demonstrated any signs of 

rejection of this material.  

 

 Conclusion 

The in vitro findings from our study suggest that MCH-Cal™ has some therapeutic potential 

to be used as a cost effective and sustainable biomaterial for reconstructing bony defects as 

a result of trauma or elective orthopaedic and maxillofacial procedures. MCH-Cal™ is cyto-

compatible with human osteoblasts and its microcrystalline structure provides an 

osteoconductive surface for osteoblasts to grow and proliferate. Similar to currently 

available allografts, MCH-Cal™ can potentially be grafted into an area of bony defect in its 

microcrystalline form or incorporated in a carrier such as collagen. Our in vivo study suggest 

that MCH-Cal™ lacks osteoinductive properties and its therapeutic value may therefore be 

limited to being used as an osteoconductive structural graft. 
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CHAPTER 5: LACTOFERRIN RESULTS 

 

5.1 Introduction 

Lactoferrin, belonging to the transferrin family, is an iron-binding glycoprotein present in 

milk, as well as other bodily secretions. This multifunctional glycoprotein plays a pivotal 

role in a range of biological processes and has anti-microbial, anti-neoplastic, anti-

inflammatory, and immunomodulatory activities  (Amini & Nair, 2011; Gonzalez-Chavez 

et al., 2009; Vogel, 2012). Furthermore, lactoferrin has been found to be a potent anabolic 

factor for bone growth and regeneration. In vitro, lactoferrin dose dependently enhances the 

proliferation and differentiation of bone forming cells (osteoblasts) and potently inhibits the 

formation of bone resorbing cells (osteoclasts) (Cornish et al., 2004). While in vivo, local 

injection of lactoferrin over the calvarium of mice resulted in a profound increase in bone 

formation compared to vehicle controls (Cornish et al., 2004). However, the effect of local 

application of lactoferrin on bone healing remains unclear. To our knowledge, only three 

studies have investigated the effect of local application of lactoferrin on bone regeneration. 

All three studies utilised calvarial defect models, with varying degrees of success. In both 

rat and pig calvarial defects, lactoferrin increased bone regeneration (Gormez et al., 2015; 

Takaoka et al., 2011), yet in a rabbit calvarial defect model, augmentation of a bovine bone 

graft (Bio-Oss) with lactoferrin did not result in any significant improvement in bone 

regeneration (Paknejad et al., 2012). 

 

Given the limited and inconsistent evidence on the effect of local application of lactoferrin 

for bone regeneration, we designed an in vivo study to further evaluate the effect of local 
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application of lactoferrin on bone regeneration using a rat critical-sized calvarial defect 

model. We hypothesised that local application of lactoferrin leads to increased bone 

regeneration.  

 

5.2 Material and methods 

 

 Collagen gel preparation 

Collagen gels (100uL) were prepared by neutralising rat collagen type I (In Vitro 

Technology, Auckland, New Zealand) with 1M NaOH (0.023x collagen volume). The gels 

were diluted to a final concentration of 3mg/mL using Phosphate Buffered Saline (PBS). 

The gels were allowed to set at 37°C for at least an hour before surgical implantation into 

the calvarial defects. For preparation of lactoferrin impregnated collagen gels, bovine 

lactoferrin (Fonterra Co-operative Group Ltd, New Zealand) was incorporated into the 100μL 

collagen gels at a concentration of 100μg/mL. 

 

 Rat critical-sized calvarial defect surgery 

The rat critical-sized calvarial defect experiments were performed as described in the 

methods section (Chapter 2.8). Specifically, sixty-four sexually mature, similarly aged, 

male Sprague-Dawley rats weighing more than 250grams were bred for this study. Pre-

operatively, the rats were checked for general health, weighed and randomised into four 

groups (Figure 5-1):  
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 Empty defects (n=20): five-millimetre, bi-cortical, extra-dural defect created over 

the right parietal bone and left empty 

 Collagen carrier group (n=20): five-millimetre, bi-cortical, extra-dural defect 

created over the right parietal bone which was grafted with a collagen gel (3mg/mL) 

 Lactoferrin treated group (n=20): five-millimetre, bi-cortical, extra-dural defect 

created over the right parietal bone which was grafted with a collagen gel 

impregnated with bovine lactoferrin (10μg/gel) 

 Sham surgery (n=4): Midline incision through skin and periosteum down to parietal 

bone without creation of a bony defect 

 

Figure 5-1: Lactoferrin In Vivo Study Design. 
The rats were randomised into four groups. The first group consisted of rats with empty 
defects (control); The second group consisted of rats grafted with a collagen gel (carrier); 
The third group consisted of rats grafted with collagen gels impregnated with lactoferrin; 
And finally, the fourth group consisted of rats having sham surgeries. 
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Two hours prior to surgery, the rats were pre-medicated with a subcutaneous injection of a 

non-steroidal anti-inflammatory analgesic, Carprofen (10μL/g) (Norbrook, New Zealand). 

Anaesthetic induction was performed in a rat induction box with continuous isoflurane and 

anaesthesia was maintained through a specialised nose cone (5% isoflurane with 2L oxygen 

for induction and 2.5% isoflurane with 2L oxygen for maintenance). A 2.5mL subcutaneous 

injection of normal saline was administered immediately following induction to account for 

fluid losses during surgery. 

 

Once the rats were appropriately anaesthetised, they were placed prone with the calvaria 

shaved and disinfected with 2% chlorhexidine and 70% ethanol (NZHealthe, New Zealand). 

The surgical area was draped using OpSite Incise Drape (Smith&Nephew, New Zealand). 

An incision centred over the sagittal suture was made down to the periosteum. The 

periosteum was divided in line with the skin incision and elevated as a single flap. A 5mm 

diameter, bicortical, extra-dural defect was created over the right parietal bone using a 

trephine burr (Komet Trephine, HenrySchein, New Zealand) attached to a hand held dental 

drill (Saeshin Thumb Set & Mini Contra Angle Hand Piece, HenrySchein, New Zealand). 

The dental drill was set at 10,000 revolutions per minute (RPM) and the trephine tip was 

cooled with normal saline flushes during the burring process. The periosteal flap was then 

reflected over the defects and sutured to the contralateral side using a 4/0 Monocryl suture 

(Amtech Medical, New Zealand). The periosteal flap functioned as an envelope to contain 

the implants. The skin was then closed using continuous subcuticular 4/0 Monocryl sutures 

(Amtech Medical, New Zealand). Following skin closure, 0.2mL of Marcain (1.25mg/mL 

solution) was infiltrated around the surgical site for post-operative analgesia (Amtech 

Medical, New Zealand). 
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Post-operatively, the rats were housed singularly and transferred to a warming cabinet 

overnight for recovery. Carprofen (10μL/g) and normal saline (2mL) were administered 

subcutaneously twice daily for 48 hours post-operatively for analgesia and fluid 

replacement. The rats were weighed daily and monitored for signs of illness, infection, pain 

or distress twice daily for the first two post-operative days. Following this, they were 

weighed and checked daily until post-operative day 7. They were then weighed and 

monitored on a weekly basis.  

 Tissue processing 

At the end of the experimental procedures, the rats were euthanised with CO2 inhalation. 

The calvaria containing both the parietal lobes and parts of the frontal and occipital lobes 

were excised. The calvaria were immediately fixed in 10% neutral buffered formalin and 

stored in 4°C. After three days, the calvaria were transferred to 70% ethanol for storage in 

4°C until analysis by micro-CT.  

 

 Micro-CT 

All the specimens were scanned using a Skyscan 1172 micro-CT scanner (X-Ray voltage  

50kV, 1.0mm aluminium filter, isotropic voxel size 12μm). After standardised 

reconstruction using NRecon software, the datasets were analysed using CTAn software 

(Bruker micro-CT, Belgium). To quantitatively evaluate newly formed bone, a cylindrical 

volume of interest with a diameter of 5mm and a height of 2.196mm was concentrically 

positioned over the defect site in the axial plane. Outcome measures included the bone 

volume fraction (BV/TV) and tissue mineral density (TMD). 



 143

 

 Histology 

Following micro-CT, the specimens were decalcified using 10% formic acid for one week. 

After decalcification, the specimens were paraffin embedded in a Leica APS 300S auto 

processor. Histological sections (10μm) were prepared from the mid-point of the defects in 

the coronal plane using a Leica Microtome RM 2145. Two sections per sample were placed 

on Leica ApexTM Superior adhesive slides and stained with haematoxylin and eosin 

(H&E). Digital images of the stained sections were obtained using the Olympus BX50F 

microscope with an Olympus DP72 digital colour camera (Olympus Corp, Japan). All the 

H&E stained sections were evaluated by a blinded musculoskeletal pathologist. 

 

 Statistical analysis 

All data were statistically analysed by analysis of variance (ANOVA) with post hoc Tukey’s 

test, and expressed as mean ± standard error of the mean (SEM). Graph pad Prism 6 software 

(Graph pad software, USA) was used for statistical analysis. 

 

5.3  Lactoferin in vivo results 

Two lactoferrin treated specimens from the four week cohort were excluded from analysis. 

One rat died on the third post-operative day due to bowel obstruction and the other specimen 

was excluded due to damage to the calvarial bone during tissue excision. All other animals 

tolerated the procedure well and made satisfactory progress post-operatively. We did not 
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encounter any problems with any local or systemic infection throughout the peri-operative 

period.  

 

 Micro-CT results 

At the 4 week timepoint, bone regeneration, as measured by the bone volume fraction 

(BV/TV) was significantly higher in the lactoferrin treated animals (16.5±0.6%) compared 

to group 1 (10.5±1.1%) and group 2 (8.6±1.4%) (p<0.05). By the 12 week post-operative 

mark, the bone volume fraction increased in all 4 experimental groups compared to the 4 

week timepoint. However, the increase was much more profound in the lactoferrin treated 

group (21.9±1.2%) compared with group 1 (12.2±1.3%) and group 2 (13.6±1.5%) (p<0.05). 

The animals in group 4 (sham surgeries) had the highest BV/TV compared to the other three 

groups at both 4 weeks (24.27±2.6%) and 12 weeks (29.3±0.8%) (Figure 5-2). There was 

no difference in tissue mineral density (TMD) between the groups at either the 4 or 12 week 

post-operative mark.  
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Figure 5-2: Lactoferrin Micro-CT Results.  
Top: Bone volume fraction at 4 weeks (left) and 12 weeks (right); Bottom: Representative 
3D images of calvarial defects at 4 weeks (A) and 12 weeks (B). Treatment groups include 
empty defects (left); defects treated with a 100μL collagen gel (3mg/mL) (middle) and 
defects treated with a 100μL collagen gel containing 10μg bovine lactoferrin (right). 
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 Histology results 

Histological assessment by a musculoskeletal pathologist blinded to the treatment groups 

revealed that there was no evidence of residual gels or infection in any of the specimens, 

nor was there excessive presence of inflammatory cells in any of the specimens at both 

timepoints.  

 

In keeping with the micro-CT findings, the lactoferrin treated group had greater amounts of 

regenerated bone at both 4 and 12 weeks (Figure 5-3). At higher magnification, large 

amounts of fibrous tissue was seen in the empty defect and collagen treated groups. A 

mixture of lamellar and woven bone was identified without any differences in the types of 

bone formed between the three groups at both timepoints (Figure 5-4).  



 147 

 

Figure 5-3: Lactoferrin In Vivo Histology Results (500μm). 
Histological evaluation of bone regeneration at 4 and 12 weeks post treatment. Coronal sections through the midpoint of the defects were 
prepared from de-calcified specimens and stained with haematoxylin and eosin. Coronal sections demonstrating the calvarial defects. Scale 
bars represent 500μm. 
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Figure 5-4: Lactoferrin In Vivo Histology Results (100μm). 
Histological evaluation of bone regeneration at 4 and 12 weeks post treatment. Coronal sections through the midpoint of the defects were 
prepared from de-calcified specimens and stained with haematoxylin and eosin. Coronal images taken from within the calvarial defects 
corresponding to the rectangular box from (Figure 5-3). # represents woven bone; * represents lamellar bone. Scale bars represent 100μm. 
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5.4 Discussion 

Here, we have shown that local application of lactoferrin significantly improved bone 

regeneration in a rat critical-sized calvarial defect model. This study represents the largest 

in vivo study evaluating the role of local application of lactoferrin as an anabolic growth 

factor in the context of bone regeneration.  

 

Using micro-CT, the bone volume fraction (BV/TV)  in all three groups were able to be 

quantified and the results demonstrated a profound increase in bone regeneration in response 

to targeted, local lactoferrin treatment at both the early (4 week) and late (12 week) 

timepoints. The increase in bone volume fraction in the lactoferrin group was not 

accompanied by any increase in tissue mineral density, suggesting that the degree of 

mineralisation of newly formed bone were similar between the three groups (Bouxsein et 

al., 2010). Microscopically, increased bone regeneration was observed in the group treated 

with lactoferrin compared with the other two groups. Evidence of remodelling was seen in 

the form of a mixture of lamellar and woven bone in all treatment groups at both timepoints. 

There was no difference between the groups in terms of the types of bone formed or the 

degree of inflammation, suggesting that the anabolic effect of lactoferrin was unlikely to be 

related to its well known immune modulatory properties  (Adlerova et al., 2008; Gonzalez-

Chavez et al., 2009; Malet et al., 2011; Vogel, 2012). 

 

The role of lactoferrin as an anabolic agent for bone health was first published over a decade 

ago (Cornish et al., 2004). In this study, the positive effect of lactoferrin on bone health was 

attributed, at least in part, to the synergistic ability of this molecule to enhance the survival 
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and differentiation of osteoblasts and inhibit osteoclastogenesis (Cornish et al., 2004). In 

the ensuing period, a number of studies have investigated the mechanism through which 

lactoferrin functions to improve bone healing and regeneration. At a molecular level, the 

anabolic effect of lactoferrin on bone regeneration has been attributed to its mitogenic effect 

on host osteoblasts, an effect mediated through the low-density lipoprotein receptor-related 

protein-1 (LRP1) and activation of p42/44 mitogen-activated protein kinase (MAPK) 

signalling and the PI3-kinase-dependent phosphorylation of Akt in osteoblasts (Cornish et 

al., 2006; Grey et al., 2004; Naot et al., 2011).   

 

From an osteoporosis point of view, a number of in vivo studies have reiterated the 

beneficial role of lactoferrin on systemic bone health in osteoporotic animal models. Malet 

et al. investigated the effect of oral bovine lactoferrin on bone health in ovariectomised 

mice. The authors showed that the improvement of bone status by oral lactoferrin is 

mediated through modulation of antigen presentation properties, T cell activation and other 

immunological functions (Malet et al., 2011). The result from this study is supported by 

three other studies demonstrating that systemic administration of bovine lactoferrin resulted 

in improved bone mass and bone microarchitecture in ovariectomised rats or mice (Blais et 

al., 2009; Guo et al., 2009; Hou et al., 2012).  

 

In the context of bone tissue engineering, evidence has emerged demonstrating therapeutic 

potential of systemic administration of lactoferrin for bone tissue regeneration. Oral 

administration of lactoferrin has been shown to increase bone regeneration in a rabbit 

distraction osteogenesis model (W. Li et al., 2015). In this study, the authors postulated that 

the beneficial role of systemic administration of lactoferrin on bone regeneration was due 
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to its ability to increase the expression of osteoprotegrin (OPG) and decrease the expression 

of receptor activator of nuclear factor-kappa-B ligand (RANKL) in the distraction gap (W. 

Li et al., 2015). In bone formation and remodelling, RANKL/RANK signalling regulates 

the formation and survival of osteoclasts. Osteoprotegrin on the other hand, functions as a 

decoy receptor to RANKL, hence OPG protects the skeleton from excessive bone 

resorption. Thus, by modulating the RANKL/RANK/OPG pathway in a favourable manner, 

Li et al. showed a plausible mechanism through which lactoferrin increases bone 

regeneration in a distraction osteogenesis model. Lactoferrin delivered locally to a site of 

bony defect have the potential to modulate the host osteoblastic gene expression and the 

RANKL/RANK/OPG pathway in a favourable pattern. Further studies are warranted to 

explore this potential mechanism of action.  

 

Despite the pre-clinical evidence demonstrating therapeutic potential of systemic 

administration of lactoferrin in improving bone health and bone tissue regeneration, 

concerns remain regarding the poor bioavailability of orally administered lactoferrin in 

humans (Kuwata et al., 2001; Mikogami et al., 1994; Yao et al., 2015). Evidence show that 

lactoferrin is prone to enzymatic degradation in human gastrointestinal tract, severely 

limiting the bioavailability of this molecule (Yao et al., 2015). In order to circumvent the 

potential problem with poor oral bioavailability, a more appropriate route of delivery of 

lactoferrin may be in the form of a local agent directly to the site of skeletal defect. 

Clinically, targeted delivery of growth factors directly to the site of a skeletal defect has 

several clear advantages over systemic administration, and may therefore be a preferred 

route of administration. Firstly, a desired therapeutic effect can often be achieved with a 

lower dosage when a growth factor is given locally compared with systemically. Reducing 
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the drug dosage not only lowers the manufacturing costs but also minimises the chance of 

causing adverse drug reactions. Secondly, locally active growth factors can be combined 

with orthopaedic implants or scaffolds to act synergistically to improve osteointegration and 

ultimately lead to better clinical outcomes. Despite the clear advantages of local delivery, 

the evidence on the therapeutic potential of lactoferrin as a local growth factor is sparse. 

Only three in vivo studies have evaluated the effect of lactoferrin as a local growth factor 

for bone regeneration. All three studies utilised calvarial defect models and their results 

have been inconsistent (Gormez et al., 2015; Paknejad et al., 2012; Takaoka et al., 2011). 

In one study, a combination of bovine lactoferrin loaded gelatin microspheres and bovine 

bone promoted bone regeneration around dental implants in a swine calvarial defect model 

(Gormez et al., 2015). However, this study did not include a delivery control group 

involving defects treated with gelatin microsphere alone, making it  difficult to attribute the 

improved bone regeneration to the effect of lactoferrin alone (Gormez et al., 2015). In 

another study utilising a rat calvarial defect model, the authors showed that local application 

of a lactoferrin gelatin hydrogel significantly improved bone regeneration (Takaoka et al., 

2011). However, the small number of animals in each treatment arm (n=3) limited the study 

conclusions. The final study investigating the effect of local application of lactoferrin on 

bone regeneration did not show any advantage of combining lactoferrin with bovine bone 

graft in a rabbit calvarial defect model (Paknejad et al., 2012). In this study, four defects 

were created in each animal which may lead to problems with cross contamination when 

different materials are grafted into each defect. It is conceivable that lactoferrin grafted into 

one defect may leak into surrounding defects and affect the outcome of the study.  
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Given the paucity of published data and the intrinsic limitations with existing evidence on 

the effect of lactoferrin on bone regeneration, our study was performed to further define the 

role of local application of lactoferrin on bone regeneration. The results from our study 

provide further support to show that lactoferrin is an effective local growth factor for bone 

tissue regeneration. The strengths of our study include the large sample size (n=64) and 

having both early (4 week) and late (12 week) timepoints to delineate any potential temporal 

effect of lactoferrin on bone healing. In addition, we created a single defect in each animal 

to eliminate potential problems with cross contamination if multiple defects were created in 

the same animal. One potential limitation to our study is the retained periosteum which may 

overestimate the osteogenic potential of lactoferrin. However, the authors believe that any 

confounding effect of the retained periosteum is likely to be small given the randomisation 

process and that a single surgeon performed the operations in all animals. The rationale for 

retaining the periosteum was so that it could function as a biological mechanical sleeve to 

prevent migration of the implants away from the calvarial defect. Another inherent 

limitation of our study is the calvarial defect model itself, which does not permit 

physiological biomechanical loading to occur. Nevertheless, our findings, viewed in the 

context of existing literature, should encourage future studies utilising more clinically 

relevant, load bearing models such as spinal fusion and long bone defect models. Future 

studies should focus on delineating the mechanisms by which lactoferrin functions to 

increase bone regeneration in vivo.  

 

5.5 Conclusion: 

In summary, this study demonstrated that local application of lactoferrin significantly 

increased bone regeneration in a rat critical-sized calvarial defect model. The profound 
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anabolic effect of lactoferrin was evident as early as 4 weeks and persisted until 12 weeks 

post implantation. Lactoferrin’s additional putative roles as an anti-microbial, anti-

inflammatory and immuno-modulatory agent makes this naturally occurring glycoprotein 

an attractive growth factor for bone regeneration.  
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CHAPTER 6: PHB-HV RESULTS 

 

6.1 Introduction 

Poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHB-HV) is a 3-dimensional, bio-

degradable, bio-compatible and thermoplastic scaffold with therapeutic potential for tissue 

engineering. This scaffold is produced by freeze drying and possesses an average pore size 

of 163.5±0.1μm and a porosity of 88.1±0.3%. Published in vitro and in vivo studies 

investigating PHB-HV for spinal cord regeneration showed that the PHB-HV scaffolds are 

well tolerated by host tissue and possess the ability to support the in vitro culture of distinct 

types of mesenchymal stem cells (MSCs) (Ribeiro-Samy et al., 2013). With regards to bone 

regeneration, the value of PHB-HV remains to be investigated. Given the scaffolds bio-

compatible and bio-degradable properties, it has the potential to be used as an 

osteoconductive agent. For this study, we evaluated the therapeutic potential of PHB-HV 

using both our in vitro and in vivo methods.  

 

6.2 Material and methods 

 

 Scaffold processing 

At 3B’s Research Group in Portugal, the scaffolds were produced through a proprietary 

process of freeze drying and sent to our laboratory for in vitro and in vivo evaluation. The 

scaffolds were packaged in sterile petri dishes and couriered to our laboratory in a disc form 
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(Figure 6-1). Upon receiving the scaffolds, they were autoclaved for sterilisation and then 

cut into sheets measuring approximately 3mms in height. For in vitro experiments, a punch 

was used to create 1.5cm diameter discs from the larger sheets, in order to fit into 24 well 

tissue culture plates (Figure 6-2). The PHB-HV scaffolds at the bottom of the wells were 

anchored using a metallic ring to prevent movement within the tissue culture media (Figure 

6-3).  

 

 

Figure 6-1: PHB-HV Scaffold. 
PHB-HV scaffold manufactured in Portugal and transported to our laboratory for 
evaluation. 
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Figure 6-2: PHB-HV Scaffold Processing. 
PHB-HV scaffold processed into 1.5cm diameter discs using a punch for in vitro 
evaluation. 
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Figure 6-3: PHB-HV Tissue Culture Arrangement. 
PHB-HV scaffolds were inserted into the bottom of the 24-well tissue culture plates. In 
order to stabilise the scaffold within the wells, the metallic ring was used to anchor the 
scaffold.  

 

 Cell seeding  

Human osteoblasts were harvested and processed as previously described (Chapter 2.3). For 

the PHB-HV in vitro experiments, 25,000 cells were seeded into each well. The control 

wells contained only human osteoblasts seeded onto plastic (n=6). In the experimental 

group, the human osteoblasts were seeded onto the scaffolds anchored at the bottom of the 

plastic wells with the steel rings (n=6). 

 

 Cell growth assay 

The scaffolds were seeded with human osteoblasts and cultured for a period of 1, 3, 7, 14 

and 21 days. At each time point 5% alamarBlue® (Invitrogen, New Zealand) was added for 

4 hours at 37°C.  At the end of this incubation, 200μL of the alamarBlue® conditioned 

medium was transferred from each well to a 96-well plate (Greiner Bio-One, Germany) and 
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fluorescence (excitation 540nm; emission 630) read using a Synergy 2 multi-detection 

microplate reader (BioTek Instruments Inc., USA). 

 

 Cell viability staining 

At each timepoint (days 1, 3, 7, 14 and 21), two scaffolds were retrieved and stained with 

calcein AM (Life Technologies), according to manufacturer’s protocol. The scaffolds were 

washed twice with PBS, then stained with PBS containing 2μM of calcein AM for 15 

minutes at 37°C. The scaffolds with the stained cells were viewed immediately on an 

inverted fluorescence microscope (Olympus BX50F) and photomicrographs were taken 

with an Olympus DP72 digital colour camera (Olympus Corp, Japan).   

 

 Immunogenicity assay 

As part of the evaluation of PHB-HV, we performed in vitro studies to ascertain whether 

this material is likely to induce an immune response. As part of this immunogenicity assay, 

human monocyte/macrophage THP-1 cells were exposed to PHB-HV for 1 and 3 days. The 

immune response was compared with a standard suture material used in routine orthopaedic 

surgery (VICRYL®, Ethicon Inc.®, New Jersey, USA). Gene expression of four pro-

inflammatory cytokines (TNF-α, IL-1β, IL-8 and IL-12) were assessed using qPCR. In 

addition, protein secretion of the pro-inflammatory cytokine IL-1β was measured using 

ELISA. 
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6.2.5.1 Suture and PHB-HV preparation 

VICRYL® (Ethicon Inc.®, New Jersey, USA) was sourced from our local hospital. The 

suture material was obtained pre-sterilised by gamma-irradiation and packaged for clinical 

use. The VICRYL® were cut into homogenous 5mm sections, placed into 24-well tissue 

culture plates, and pre-soaked in Roswell Park Memorial Institute (RPMI) cell media 

(Invitrogen™, ThermoFisher Scientific, Australia) for 24 hours. The PHB-HV scaffolds 

were cut into discs, autoclaved and pre-soaked in RPMI for 24 hours prior to the 

experiments. Sterile conditions were maintained in class II laminar flow hoods.  

 

6.2.5.2 THP-1 cell culture 

Monocytic THP-1 cells were obtained from the American Tissue Culture Collection (THP-

1, TIB-202™, ATCC®). Human monocyte/macrophage cell line THP-1 cells were cultured 

in 75cm2 tissue culture flasks with 30mL RPMI media supplemented with 10% fetal bovine 

serum (FBS) (HyClone Laboratories, Utah, USA), 10,000U/mL Penicillin/Streptomycin 

mixture (Gibco, ThermoFisher Scientific Inc. Massachusetts, USA) and 1mM Sodium 

Pyruvate. Cells were maintained at 37°C inside a humidified atmosphere of 5% CO2:95% 

air until the required number of cells were present. The cells were collected in 50mL falcon 

tubes and centrifuged at 12000rpm for two minutes. Cell pellets were then resuspended for 

a second time in fresh RPMI media. Finally, a haemocytometer was used to estimate cell 

number, and the cell suspension diluted in cell culture media to achieve a 1.5million 

cells/mL concentration. 1.5 million THP-1 cells (1mL cell suspension) were seeded onto 

each of the materials inside 24-well tissue culture plates (n=4). Additional wells in the plates 

were allocated for negative and positive controls (n=4). The negative control wells consisted 

of 1.5 million THP-1 cells cultured alone, whilst the positive control wells consisted of 1.5 
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million THP-1 cells treated with 5ng/mL lipopolysaccharide (LPS, Sigma-Aldrich NZ Ltd). 

Plates were incubated at 37°C inside a humidified atmosphere of 5% CO2:95% air. Culture 

time periods were 1 and 3 days post cell-seeding. 

 

6.2.5.3 Gene expression analysis 

RNA for real-time quantitative polymerase chain reaction (qPCR) was prepared and 

combined from both adherent and non-adherent THP-1 cells exposed to the suture materials 

for 1 and 3 days. Cells were lysed with β-mercaptoethanol in RLT buffer (QIAGEN Pty 

Ltd, VIC, Australia) and incubated at 55°C with 0.2mg/mL proteinase K (Invitrogen™, Life 

Technologies) for 15 minutes. 80% v/v ethanol was added and RNA extracted using the 

RNeasy mini kit (QIAGEN). Genomic DNA was removed from all RNA preparations with 

the RNase-free DNase set (QIAGEN). The quantity and purity of the RNA were measured 

using a Nanodrop™ Lite Spectrophotometer (Thermo-Scientific, Massachusetts, USA), with 

a 260/280 absorbance value of >1.8 being considered acceptable. 500ng RNA was used to 

make cDNA. cDNA was synthesised with Superscript III (Invitrogen™, Life Technologies) 

in the presence of an RNase inhibitor (RNaseOUT™, Invitrogen™, Life Technologies) and 

used for quantitative real-time polymerase chain reaction (qPCR), with a Quantstudio™ 12K 

Flex Real-Time PCR System (Applied Biosystems by Life Technologies). Primers and 

probe sets were purchased as fluorescently labelled TaqMan® Gene Expression Assays 

(Cat. # 4331182, Invitrogen™, Life Technologies). All probes used to detect target genes 

were labelled with FAM™ and the 18S rRNA endogenous control probe was labelled with 

VIC®. The ΔΔCt method was used to calculate the relative levels of expression compared 

to a control sample from day one. All probes used span exon-exon junctions thus do not 

detect genomic DNA, and negative control (no cDNA) reactions were also used for each of 
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the TaqMan® assays, without a positive signal. Gene expression of four inflammatory 

cytokines (TNF-α, IL-1β, IL-8 and IL-12) were assessed.  

 

6.2.5.4 Protein secretion analysis 

IL-1β protein concentrations from the conditioned cell media of THP-1 cells exposed to 

suture materials were analysed using an R&D systems human IL-1β/IL-1F Duoset Enzyme-

Linked Immunosorbent Assay (ELISA) kit (Pharmaco NZ Ltd.). THP-1 cell-free media was 

diluted out 1 in 2, and 1 in 4 per sample, using RPMI media to allow comparisons to neat 

cell-free media. 100μl of each neat sample and respective dilutions were used inside 96-

well plates. Standard antibody was diluted in 1% bovine serum albumin in phosphate 

buffered saline (reagent diluent). Pure reagent diluent was used as a negative control. Plates 

were read on a Synergy 2 Plate Reader (Biotek®, Vermont, USA) at 450nm absorbance. 

Final IL- 1β protein concentrations were determined in μg/mL. 

 

 
 Statistical analysis 

Both gene expression and protein secretion analyses were repeated twice to allow for 

technical variation, with three independent biological experiments performed per suture 

material. Data were analysed using two-way analysis of variance (ANOVA) with post-hoc 

Dunnett’s test, using GraphPad Prism Software (GraphPad Software, California, USA). 
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 Rat critical-sized calvarial defect surgery 

For in vivo experiments, the PHB-HV scaffolds were punched into 5mm diameter discs in 

order to be implanted in the rat calvarial defects (Figure 6-4). Once the scaffold had been 

implanted in situ, the periosteum was then reflected back over the scaffolds and sutured to 

the contralateral side in order to contain the scaffolds. 

 

Figure 6-4: Rat Critical-Sized Calvarial Defect With Scaffold In Situ. 
Intra-operative photograph demonstrating a PHB-HV scaffold implanted in situ. 
Following implantation, the reflected periosteum were sutured over the scaffold to contain 
the implant within the defect. 

 

The rats were randomised into one of four groups (Figure 6-5). In order to minimise the 

number of rats required for the control group, this in vivo experiment was conducted in 

conjunction with the gellan gum/HA experiment (Chapter 7.2.5). Micro-CT and histological 

analysis were performed according to methods previously described (Chapter 2.9). 
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Figure 6-5: PHB-HV And Gellan gum/HA In Vivo Experiment Study Design. 
The rats were randomised into four groups. The first group consisted of rats with empty 
defects (control); The second group consisted of rats grafted with gellan gum/HA; The 
third group consisted of rats grafted with PHB-HV; And finally, the fourth group consisted 
of rats having sham surgeries. 
 
 
 

6.3 PHB-HV in vitro results 

 

 PHB-HV is cyto-compatible with human 

osteoblasts 

Primary human osteoblasts were seeded on top of the scaffolds and cultured over a 21-day 

period. Assessment of cell viability using the alamarBlue® assay demonstrated significant 

increases in the number of viable cells over time (p<0.05) (Figure 6-6).  
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One-way ANOVA with Bonferroni’s post-hoc 

Figure 6-6: PHB-HV Is Cyto-compatible With Human Osteoblasts. 
Representative graph demonstrating human osteoblast growth over 21 days on PHB-HV 
scaffold, as assessed by the alamarBlue® assay. * Represents p<0.05 over time. 

 

 Cell viability staining results 

Using calcein AM staining, we were able to observe the increase in osteoblast growth over 

21 days on top of the scaffold (Figure 6-7). The increase in osteoblast growth correlated 

with the alamarBlue® results. Furthermore, we observed that the primary human osteoblasts 

were distributed throughout the porous network of the scaffolds. 
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Figure 6-7: Calcein AM Staining For Osteoblasts On PHB-HV Scaffold. 
Osteoblast growth on the PHB-HV scaffolds increased over a 21day culture period as observed with calcein AM stain. 
 

Day 1 Day 3 Day 7 Day 14 Day 21 

Day 1 Day 3 Day 7 Day 14 Day 21 

500μμm 

500μμm 
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 Immunogenicity results 

 

6.3.3.1 Gene expression results 

The representative results are shown in (Figure 6-8). Both the VICRYL® and the PHB-HV 

induced an upregulation of IL-1β on day 1. The increased expression became more profound 

on day 3 for PHB-HV. On the contrary, the relative expression of IL-1β decreased on day 3 

in response to VICRYL®. Despite an increase in the relative expression of TNF-α on day 

three for both the VICRYL® and the PHB-HV, the difference was not significant. Similarly, 

there was no difference in the relative expression of IL-12 between the groups. VICRYL® 

induced a 3.5 fold increase in the relative expression of IL-8 on day 1. There was no 

difference in the relative expression of IL-8 in response to PHB-HV at both timepoints.  
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6.3.3.2 Protein release results 

The concentration of IL-1β protein released by THP-1 cells into media, in response to 

culture with VICRYL® and PHB-HV, was measured using ELISA on days 1 and 3 (Figure 

6-9). Despite a trend towards increased IL-1β release from day 1 to day 3 in both the 

VICYRL® and PHB-HV treated groups, none of the results reached any statistical 

significance.   

 

 

Figure 6-8: PHB-HV Immunogenicity Gene Expression Results. 
There was no difference in the relative expression of TNF-α and IL-12 at both 1 and 3 
days. PHB-HV induced a higher relative expression of IL-1β on both days 1 and 3 
compared with control. The increase in the relative expression of IL-1β on day 3 is 
comparable to VICRYL®. * represent p<0.05 compared to untreated control. # represent 
p<0.05 compared to VICRYL® control.  
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Figure 6-9: PHB-HV Protein Release Results. 
There was no statistically significant differences in IL-1β secretion at both days 1 and 

3.  

 

6.4  PHB-HV in vivo results 

 

 Micro-CT 

At the 4 week timepoint, the animals treated with PHB-HV had significantly lower amount 

of bone regeneration, as measured by BV/TV compared with the control group (p<0.05). 

By 12 weeks post treatment, there was no statistically significant differences between the 

PHB-HV treated animals compared with the placebo group (empty defect) (Figure 6-10). 

At either timepoint, there was no difference between the groups in terms of tissue mineral 

density. 
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Figure 6-10: PHB-HV Micro-CT Results. 
Top: Micro-CT results demonstrating decreased bone regeneration at four weeks in the 
group treated with PHB-HV, compared with placebo. At 12 weeks post treatment, there 
was no difference in bone regeneration between the PHB-HV treated animals and the 
placebo group. 
 
Bottom: Representative 3D images of calvarial defects at 4 weeks (A) and 12 weeks (B). 
Treatment groups include empty defects (left) and defects treated with PHB-HV (right). 
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 Histology 

Histological analysis revealed that in all animals, the PHB-HV scaffold remained in situ, 

acting as a space occupying mass. The scaffold failed to resorb by 12 weeks, hence 

precluding novel bone formation (Figure 6-11). Furthermore, the edges of the scaffold was 

encapsulated by a thick fibrous layer, preventing bony ingrowth and infiltration of the 

scaffold with bone forming cells. 

Figure 6-11: PHB-HV In Vivo Histology And Micro-CT Results. 
The histological analysis revealed that the majority of the PHB-HV scaffolds failed to 
degrade, even by 12 weeks post implantation.  
 
(A & B): Haematoxylin and eosin stained images demonstrating a thick layer of fibrous 
tissue (#) encapsulating the scaffold (yellow line). New bone (*) can be seen in (B) to 
form deep to the scaffold.  
 
(C & D): Corresponding micro-CT recostructions demonstrating novel bone formation 
(*) within the defect. The yellow line represents the scaffold. In (D), the space occupying 
effect of the scaffold can be observed. New bone formed deep to the scaffold, rather than 
infiltrating the scaffold.  
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6.5 Discussion 

This study is the first to evaluate PHB-HV as a potential bone graft substitute. In vitro, PHB-

HV demonstrated cytocompatibility. Over a 21 day culture period, primary human 

osteoblasts were able to proliferate. In vivo however, the therapeutic value of this scaffold 

did not translate as the results of our rat critical-sized calvarial defect model were not 

encouraging. The immunogenicity results from this study demonstrated that the PHB-HV 

scaffold possesses similar immunogenicity profiles as a commonly used suture material in 

clinical practice (VICRYL®) with regards to gene expression and release of IL-1β. The 

findings from the in vitro studies suggest that PHB-HV causes upregulation of pro-

inflammatory cytokines (TNF-α, IL-1β, IL-8 and IL-12) and release of IL-1β, indicative of 

early foreign body reaction. Reassuringly the immune response profile is similar to that of 

VICRYL® and the in vivo studies confirmed that the scaffolds are well tolerated upon 

implantation into animals.  

 

Despite demonstrating cytocompatibility and a favourable immunogenicity profile, the 

promising in vitro findings did not translate into the in vivo environment. Potential reasons 

for the lack of in vivo response include the apparent lack of biodegradability of this scaffold. 

As can be observed in the micro-CT cross sectional images (Figure 6-10), the scaffold 

appeared to remain as a space occupying mass within the defect, even at 12 weeks post 

treatment. Also, examining the cross sectional images, it is apparent that bone formation 

occurs deep to the scaffold on the coronal plane. The lack of resorption of this scaffold may 

prevent adequate bone formation. Further studies should focus on modifying the 

biodegradability of this scaffold so that it can occur in synchrony with bone formation.  
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Another potential reason for the lack of in vivo response may be due to the lack of 

osteoinductive material within this scaffold. Despite possessing the ideal macro and micro 

structures to facilitate bone formation as an osteoconductive material, PHB-HV does not 

possess any intrinsic ability to stimulate bone formation or recruit osteoprogenitor cells to 

migrate into this scaffold. It is widely accepted that the ideal bone graft should possess 

osteoinductive, osteoconductive and osteogenic properties  (Albrektsson & Johansson, 

2001). Therefore, in order for osteoconductive materials such as PHB-HV to become a 

clinically useful bone graft substitute, it may well need to be incorporated with 

osteoinductive materials. Future studies should aim to incorporate PHB-HV with growth 

factors or osteoprogenitor cells to fully unravel its therapeutic potential.  

 

Finally, the rat critical-sized calvarial defect model may not have been the most clinical 

relevant in vivo model for this scaffold due to the lack of biomechanical load. It is well 

known that mechanical factors play an important role in bone formation and regeneration 

(Boerckel et al., 2012). The major drawback for the rat calvarial defect model is the inability 

to fully test the effect of biomechanical stress on the scaffold due to the anatomical location. 

If future studies are planned for this scaffold, more clinically relevant models should be 

considered, such as long bone segmental defect models or spine fusion models.  

 

6.6 Conclusion 

PHB-HV in its current form does not demonstrate any therapeutic potential as a bone graft 

substitute based on our rat critical-sized calvarial defect model. However, given it is a bio-

compatible material, it has potential to be used as an osteoconductive material. Further 
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studies are required to optimise its biodegradability and its application may be warranted as 

a scaffold used in conjunction with growth factors or osteogenic cells to improve it’s 

osteoinductiveness.  
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CHAPTER 7: GELLAN GUM/HA 

RESULTS 

 

7.1  Introduction 

Gellan gum is a polysaccharide, made up of a combination of glucose, rhamnose and 

glucuronic acid, secreted from Sphigomonas pancimobilis. This natural, non-cytotoxic and 

bio-degradable material has been suggested to be an attractive material for bone tissue 

engineering applications (Gantar et al., 2014). Modifying the basic structure through freeze-

drying and re-hydration, gellan gum can be made into a spongy-like hydrogel, processed in 

water, with potential to be osteoconductive. Furthermore, gellan gum possesses low risk of 

disease transmission when compared to other commercially available animal-extracted, 

natural polymers such as hyaluronic acid extracted from rooster combs (Gantar et al., 2014). 

The major downside of gellan gum hydrogel is its poor mechanical properties, but this has 

been addressed in some novel materials by incorporating bioactive glass and calcium-

phosphate derivatives into the hydrogels (Gantar et al., 2014). 

 

Further exploring the theme of composite materials, our collaborators in Portugal 

successfully incorporated hydroxyapatite microparticles into gellan gum based hydrogels, 

resulting in a novel Gellan gum/hydroxyapatite (HA) hybrid hydrogel. It was hoped that 

this composite material could improve the mechanical profile of the matrices, as well as 

improving cell substrate interaction to promote cell recruitment and growth. The Gellan 

gum/HA hybrid gel was characterised by the manufacturers using Scanning Electron 
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Microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS), Fourier 

Transformed Infrared Spectroscopy (FTIR), X-Ray Diffraction Analysis (XRD), Micro-CT 

and Thermogravimetric Analysis (TGA). In vitro degradation and swelling studies were 

conducted in PBS solution, while the Gellan gum/HA composites were subjected to 

Dynamic Mechanical Analysis (DMA). The efficacy of the Gellan gum/HA matrices to 

precipitate apatite in Simulated Body Fluid (SBF) was evaluated, while the cell-matrix 

interactions were studied by seeding the composites with human osteoblast-like cells. The 

cell viability was assayed by staining the cell-loaded composites with calcein AM, 

TexasRed-Phalloidin and DAPI blue and observing by confocal microscope.  

 

The image (SEM, l-CT) assisted microstructural characterisation of the Gellan gum/HA 

composites reveals hydrogels with high porosity (>80%) and average pore size of 260μm. 

Gellan gum/HA composites demonstrate high water retention ability during swelling 

studies, while the weight loss did not exceed 8% during the degradation studies. The 

presence of a mineral component was confirmed as FTIR and XRD detected peaks typical 

of hydroxyapatite. Gellan gum/HA composites develop bioactivity in the form of multiple 

agglomerates of apatite crystals since the 3rd post-immersion day in SBF. Viability assays 

indicated that the human osteoblast-like cells seeded on the Gellan gum/HA composites 

were metabolically active. The results from these experiments suggested that the 

modification of Gellan gum-based hydrogels by HA appears to result in composites that 

meet several scaffold design criteria and to allow the tailoring of their mechanical 

performance. Given the promising in vitro findings, we acquired the Gellan gum/HA 

scaffolds from our skelGEN collaborators for further evaluation using our in vitro evaluation 

package and in vivo model. 
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7.2  Material and methods 

 

 Scaffold processing 

In Portugal, the Gellan gum/HA scaffolds were cut into circular discs approximately 3mm 

in height and 5mm in diameter. These scaffolds were packaged in sterile 48 well tissue 

culture plates and couriered to our laboratory for further analysis (Figure 7-1).  

 

Figure 7-1: Gellan gum/HA Manufactured In Portugal. 
The Gellan gum/HA scaffolds were manufactured in 3B’s Research Group, Portugal. The 
scaffolds were processed into discs that fit within the 48-well tissue culture plates.  

 

For in vitro experiments, the Gellan gum/HA scaffolds were soaked in seeding media 

DMEM/5%FBS + 10μg/mL AA2P for one hour prior to placement into the 24 well plastic 

tissue culture plates. Three scaffolds were placed in each well in a 24 well tissue culture 
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plate in a clover leaf arrangement and anchored to the bottom of the wells using a metallic 

ring (Figure 7-2). By having three scaffolds per well, we were able to increase the surface 

area of the scaffolds exposed to primary human osteoblasts.  

 

Figure 7-2: Gellan gum/HA Tissue Culture Arrangement. 
The Gellan gum/HA scaffolds were placed into the bottom of the 24 well tissue culture 
plates. These scaffolds were anchored to the bottom of the wells using a metallic ring.  

 

 Cell seeding 

Human osteoblasts were harvested and processed as previously described (Chapter 2.3). For 

the Gellan gum/HA in vitro experiments, 25,000 cells were seeded into each well. The 

control wells contained only human osteoblasts seeded onto plastic (n=6). In the 

experimental group, the human osteoblasts were seeded onto the scaffolds anchored at the 

bottom of the plastic wells with the steel rings (n=6). 
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 Cell growth assay 

The scaffolds were seeded with human osteoblasts and cultured for a period of 1, 3, 7, 14 

and 21 days. At each time point 5% alamarBlue® (Invitrogen, New Zealand) was added for 

4 hours at 37°C.  At the end of this incubation, 200μL of the alamarBlue® conditioned 

medium was transferred from each well to a 96-well plate (Greiner Bio-One, Germany) and 

fluorescence (excitation 540nm; emission 630) read using a Synergy 2 multi-detection 

microplate reader (BioTek Instruments Inc., USA). 

 

 Cell viability staining 

At each timepoint (days 1, 3, 7, 14 and 21), two scaffolds were retrieved and stained with 

calcein AM (Life Technologies, according to manufacturer’s protocol. The scaffolds were 

washed twice with PBS, then stained with PBS containing 2μM of calcein AM for 

15minutes at 37°C. The scaffolds with the stained cells were viewed immediately on an 

inverted fluorescence microscope (Olympus BX50F) and photomicrographs were taken 

with an Olympus DP72 digital colour camera (Olympus Corp, Japan).  

 

 Rat critical-sized calvarial defect surgery 

The in vivo experiment was performed using our rat critical-sized calvarial defect model. 

Firstly, the Gellan gum/HA scaffolds were autoclaved for sterilisation and subsequently 

implanted in the rat calvarial defects. Once the scaffold had been implanted in situ, the 

periosteum was then reflected back over the scaffolds and sutured to the contralateral side 

in order to contain the scaffolds.  
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Evaluation of Gellan gum/HA scaffold was conducted in the same experiment as for PHB-

HV to minimise the number of animals required for the control group (Figure 6-5). In total, 

20 rats were randomised to receive the Gellan gum/HA scaffolds (10 rats each for the 4 

week and 12 week cohorts).  

 

7.3  Gellan gum/HA in vitro results 

 

 Gellan gum/HA is cyto-compatible with human 

osteoblasts 

As mentioned in the previous section (Chapter 7.1), the Gellan gum/HA scaffold had already 

been tested in Portugal with regards to its cyto-compatibility with human osteoblast-like 

cells. However, no information was available on the cell cytocompatibility with primary 

human osteoblasts. Therefore, we began the evaluation process with an in vitro human 

osteoblast proliferation experiment. For this part of the experiment, primary human 

osteoblasts were seeded on top of the scaffolds and cultured over a 21-day period. 

Assessment of cell viability using the alamarBlue® assay demonstrated significant 

increases in the number of viable cells over time (p<0.05) (Figure 7-3). 

.  
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One-way ANOVA: Bonferroni’s post-hoc 

Figure 7-3: Gellan gum/HA Is Cyto-compatible With Human Osteoblasts. 
Representative graph demonstrating human osteoblast growth over 21 days on gellan 
gum/HA scaffold, as assessed by the alamarBlue® assay. * Represents p<0.05 over time. 

 

 

 Cell viability staining results 

Using calcein AM staining, we were able to observe the increase in osteoblast growth over 

21 days on top of the scaffold (Figure 7-4).  There was a steady growth in the number of 

cells populating the scaffolds, which correlated with the alamarBlue® results.
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Figure 7-4: Calcein AM Staining For Osteoblasts On Gellan-gum/HA Scaffold. 
Osteoblast growth on the Gellan gum/HA scaffolds increased over a 21 day culture period as observed with calcein AM stain. The edge of the 
Gellan gum/HA gel can be seen as the demarcation between the black background and the green fluorescence. This demarcation is most 
pronouced on the sample taken on Day 21.  
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7.4  Gellan gum/HA in vivo results 

 

 Micro-CT results 

The micro-CT results were extremely variable and we were unbale to directly compare 

between the treatment groups due to the high variability observed in the samples treated 

with Gellan gum/HA (Figure 7-5). Unlike the results obtained with other materials, the 

micro-CT analysis of Gellan gum/HA showed marked variation in healing at both 4 and 12 

weeks. It was also noticeable that the hydroxyapatite deposits were present in some, but not 

all of the samples. The heterogeneity precluded any meaningful analysis to be made. The 

micro-CT 3D reconstructions for all the samples are demonstrated in (Figure 7-5). The 3D 

reconstructions demonstrate the heterogeneity of the samples and the variable nature of the 

results. 
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Figure 7-5: Gellan gum/HA Micro-CT Results. 
3D reconstruction images demonstrate high heterogeneity between the animals treated 
with Gellan gum/HA at both 4 (A) and 12 (B) weeks. The hydroxyapatite (HA) particles 
are visible within, and around the vicinity of a number of the calvarial defect specimens. 
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During the experimental process, we noticed macroscopic differences in the consistency of 

the scaffolds. Some Gellan gum/HA scaffolds had smooth surfaces where as other scaffolds 

had much rougher consistencies. We believe this difference was due to the differing 

amounts of hydroxyapatite (HA) particles within each scaffold and the heterogeneous nature 

in which the HA particles are distributed within the scaffolds. In order to further characterise 

the scaffold consistency and heterogeneity, we scanned several scaffolds using micro-CT 

and confirmed that the scaffolds were heterogeneous and contained variable amounts of 

hydroxyapatite (HA) particles within each scaffold (Figure 7-6).  

 

Figure 7-6: Variability Between Different Gellan gum/HA Scaffolds. 
These micro-CT 3D reconstructed images demonstrate the high variability between the 
different gellan gum/HA scaffolds. The materials have different densities and contains 
different amounts of HA crystals. This variability will undoubtedly affect clinical results 
and the high variability between the different animals treated with the Gellan gum/HA 
scaffold is a direct sequelae of this heterogeneity.  
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7.5 Discussion 

From our experimental findings, Gellan gum/HA, in its current form, possesses limited 

clinical therapeutic potential in the context of bone regeneration. Our experiments highlight 

the importance to evaluate novel products in a step-wise and systematic fashion. For Gellan 

gum/HA scaffold, initial in vitro studies demonstrated promising results. Using 

alamarBlue® assay, Gellan gum/HA demonstrated excellent cyto-compatibility with 

primary human osteoblasts over a 21 day culture period. In addition, using calcein AM stain, 

we visualised the increase in osteoblast proliferation over the corresponding tissue culture 

period. The positive cyto-compatiblity suggests that Gellan gum/HA may be employed as a 

useful osteoconductive agent.  

 

To further investigate the therapeutic value of Gellan gum/HA scaffold, we conducted an in 

vivo study using our rat critical-sized calvarial defect model. Unfortunately, due to the high 

heterogeneity between the scaffolds, we were unable to make any direct conclusions using 

our in vivo results obtained in this experiment. Nevertheless, viewed in the context of its 

promising in vitro results, we believe further studies are warranted to explore the therapeutic 

potential of this scaffold. It would be paramount for the scaffolds to be manufactured to the 

same standard and to minimise heterogeneity in order to produce meaningful results. 
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7.6 Conclusion 

Based on our in vitro and in vivo findings, we cannot recommend Gellan gum/HA as a bone 

graft substitute in its current form. Its high heterogeneity precluded us from making any 

meaningful comparisons in vivo, however, the results suggest it to be both cyto-compatible 

and bio-compatible. Therefore, we believe that if the material is produced in a more 

homogeneous manner, further studies are warranted to unravel this scaffold’s therapeutic 

potential.  
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CHAPTER 8: CONCLUDING 

DISCUSSION 

 

8.1 Discussion and future directions 

The management of fracture non-unions and large bone defects due to congenital 

deformities, trauma, degenerative diseases, and oncological resection remains a complex 

challenge for orthopaedic surgeons  (Ashman & Phillips, 2013; Garrison et al., 2007; Goff 

et al., 2013; Green et al., 2005; Kanakaris et al., 2008; Lee et al., 2004). Currently, 

autologous bone grafting remains the ‘gold standard’ treatment for non-unions and large 

bone defects because autologous bone is the only material that is osteoconductive, 

osteoinductive and osteogenic (Nandi et al., 2010). Whilst effective, autologous bone 

grafting is limited by the finite amount of bone that can be safely harvested and by the 

unacceptably high complication rates. Complications such as chronic pain, iatrogenic 

fracture and damage to neurological and vascular structures around the donor site can be 

more problematic than the initial indication for sugery. Furthermore, the additional surgical 

time associated with harvesting autologous bone places additional constraints on healthcare 

resources. Finally, the amount of bone that can be safely harvested is often insufficient to 

fill the defect site (Arrington et al., 1996; Banwart et al., 1995; Dhawan et al., 2006).  

 

As part of this PhD, a range of novel bone graft substitutes were systematically evaluated 

with the aim of identifying ideal bone graft substitutes for clinical application. Novel 

materials were first tested using a comprehensive in vitro “package” to assess their cyto-
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compatibility, proliferative effects and osteoinductive potential on primary human 

osteoblasts. Bone graft substitutes demonstrating potential were then evaluated in vivo using 

our rat critical-sized calvarial defect model. In total, five novel bone graft substitutes were 

systematically evaluated, including bone dust (autologous material); Lactoferrin (growth 

factor); MHC-Cal™ (xenograft scaffold); PHB-HV and Gellan gum/HA (scaffolds). The in 

vitro and in vivo therapeutic values of the novel scaffolds evaluated in this PhD are 

summarised below (Table 8-1). 

 

Table 8-1: Novel Bone Graft Substitutes Evaluated And Their Therapeutic 
Potential. 
 

MATERIAL CYTO-
COMPATIBLE 

OSTEOCONDUCTIVE OSTEOINDUCTIVE IN VIVO 
POTENTIAL 

Bone Dust 

   

Not Evaluated 

MCH-Cal™ 

    

Lactoferrin 

    

PHB-HV 

    

Gellan gum 

/HA     
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 Autologous bone: Human spinal bone dust 

The first novel bone graft substitute we evaluated was human spinal bone dust because we 

hypothesised that the autologous nature of bone dust meant that its therapeutic value is 

predictably higher than the novel synthetic materials. From our research, we published two 

papers relating to the therapeutic value of bone dust. The first publication is a systematic 

review of currently available, in vitro, in vivo and clinical evidence on bone dust in the 

journal Spine Deformity (Chapter 8.3). Our systematic review showed that bone dust is a 

viable source of both mature osteoblasts and bone cell progenitors, which, unless resorbed 

or degraded in vivo, should encourage osseous union (Clune et al., 2010; Karamese et al., 

2014; O'Broin et al., 1997; Shad et al., 2005). The positive findings from our systematic 

review was both encouraging and hypothesis generating which directly led onto the in vitro 

phase of our study. The hypothesis of our in vitro study on bone dust is that bone dust is 

osteoinductive, releasing anabolic factors which act on host osteoblasts. Using our novel in 

vitro culture methods (suspended tissue culture inserts), we demonstrated, for the first time, 

that bone dust is capable of releasing growth factors and cytokines capable of inducing 

osteoblast proliferation and favourable gene expression profiles for bone healing. The 

findings from this study has been presented in a number of meetings (The Scoliosis 

Research Society Annual Meeting in Minneapolis, USA, 2015 and The New Zealand 

Orthopaedic Association Annual Scientific Meeting in Wellington, New Zealand, 2016); 

and has been accepted for publication in the journal Spine (Chapter 8.4). The feedback from 

local and international orthopaedic surgeons in response to the bone dust results have been 

positive and several spinal surgeons and trauma orthopaedic surgeons have expressed 

interest in employing autologous bone dust in their clinical practice. Potential applications 

include spinal fusions, revision bony non-union as well as other fusion type orthopaedic 

procedures. 
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In summary, we believe that the presence of osteogenic cells within bone dust, coupled with 

the anabolic factors acting on the local cell population, will enhance osseous fusion in spinal 

fusion surgeries. We believe that this autologous material provides a simple, free source of 

osteogenic cells and osteoinductive materials in the clinical setting, at little additional cost 

to the health care system and minimal risk to the patient. Future in vivo and clinical studies 

are required to further elucidate the true therapeutic potential of bone dust in the clinical 

setting. 

 

 Xenograft scaffold: MCH-Cal™ 

Following evaluation of bone dust (an autologous bone graft), we proceeded to evaluate 

MCH-Cal™ which is a xenograft sourced locally from New Zealand. The reason for 

evaluating a MCH-Cal™ is twofold. Firstly, MCH-Cal™ it is a naturally occurring bone 

derived nutraceutical product which is available commercially as an oral bone supplement. 

Therefore, the production of MCH-Cal™ is already regulated and the potential route to 

clinic, if the product was effective, would be much more streamlined. Secondly, MCH-

Cal™ is sourced from bovine bone, which is a readily available material at a fraction of the 

cost compared to human sources of allografts (Oryan et al., 2014). From a mechanical point 

of view, the MCH-Cal™ have the potential to be osteoconductive due to its micro-

crystalline structure. In addition, through its proprietary low temperature manufacturing 

process, MCH-Cal™ retained a number of bioactive factors and type 1 collagen which have 

potential to give MCH-Cal™ osteoinductive properties  (Ernst & Froesch, 1988; Meinel et 

al., 2003; Panagakos, 1993; Schmid et al., 1984).  
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Through our in vitro evaluation, we determined that MCH-Cal™, mixed in a 3D collagen 

gel structure, is cyto-compatible with primary human osteoblasts, yet it does not have any 

effect on osteoblastic gene expression. With this knowledge, we proceeded with in vivo 

evaluation using our rat critical-sized calvarial defect model. The findings from our in vivo 

studies demonstrated that there was no difference in treating calvarial bony defects with 

MCH-Cal™. The results from our in vivo study are valuable because it demonstrated that 

the proposed in vitro osteoinductive property of MCH-Cal™ did not translate into the in 

vivo setting. Therefore, MCH-Cal™ does not offer any advantage above other 

commercially available osteoconductive and osteoinductive materials currently on the 

market, limiting its therapeutic value. 

 

 Growth factor: Lactoferrin 

Having evaluated an autologous material (bone dust) and xenograft scaffold (MCH-Cal™), 

we next evaluated a bone-active growth factor, Lactoferrin. Lactoferrin has previously been 

shown to demonstrate potent bone active properties through its anabolic effects on 

osteoblasts and inhibitory effect on osteoclasts  (Adlerova et al., 2008; Cornish & Naot, 

2010). With this knowledge, we evaluated lactoferrin, as a locally delivered growth factor, 

using our rat critical-sized calvarial defect model. The findings from our in vivo study have 

been published in the Journal of Tissue Engineering and Regenerative Medicine (Chapter 

8.5).  

In summary, we demonstrated potent bone regenerative effects of local application of 

lactoferrin in vivo. Using our rat critical-sized calvarial defect model, we demonstrated that 

the profound anabolic effect of lactoferrin on bone regeneration was evident as early as 4 

weeks and persisted until 12 weeks post implantation. We believe that lactoferrin’s 
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additional putative roles as an anti-microbial, anti-inflammatory and immuno-modulatory 

agent makes this naturally occurring glycoprotein an attractive growth factor for bone 

regeneration  (Adlerova et al., 2008; Malet et al., 2011; Vogel, 2012). Future studies are 

required to identify the optimal carrier for this molecule. Additionally, further studies 

utilising more clinically relevant in vivo models are necessary to fully unravel the 

therapeutic potential of this molecule. 

 

 Imported scaffolds: PHB-HV and Gellan gum/HA 

The final two results chapters pertains to work related to two novel scaffolds obtained from 

our partners in Portugal. Whilst both the scaffolds (PHB-HV and Gellan gum/HA) 

demonstrated cyto-compatibility with primary human osteoblasts in vitro, their therapeutic 

potential failed to translate in our rat critical-sized calvarial defect model.  

 

In vivo, both the PHB-HV and Gellan gum/HA scaffolds demonstrated excellent bio-

compatability. There was no evidence of infection or severe immune reaction with any of 

the animals treated with either of the scaffolds. However, the limited bone regeneration 

observed in both the PHB-HV and Gellan gum/HA treated animals reflects the lack of 

osteoinductive and osteogenic properties of these scaffolds.  

 

With regards to PHB-HV, an important observation in the histological analysis showed that 

the scaffold remained in situ even at the 12 week post implantation mark. The residual 

scaffold acted as a space occupying mass precluding novel bone formation. Furthermore, 
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there was a thick fibrous layer around the scaffold which prevented bony ingrowth into the 

substance of the scaffold. The thick fibrous layer may reflect an excessive host immune 

reaction to the scaffold, which may potentially be a limiting factor for bone regeneration.  

 

From a manufacturing point of view, there was significant heterogeneity in the way in which 

the Gellan gum/HA scaffolds were manufactured. There was varying amounts of 

hydroxyapatite deposits within each scaffold. This was evident in the micro-CT results 

which showed varying amounts of hydroxyapatite crystals between the Gellan/gum/HA 

treated specimens. This large degree of heterogeneity prevented any meaningful analysis or 

conclusion to be gained from this material.   

 

Our in vitro and in vivo studies suggest that both PHB-HV and Gellan Gum/HA have some 

potential to be employed as osteoconductive scaffolds. However, further research is 

required to optimise and standardise the way in which both scaffolds are manufactured. 

Namely, PHB-HV must be bio-degradable in order to allow novel bone ingrowth. On the 

other hand, Gellan gum/HA must be manufactured to the same standard so reproducible and 

comparable results can be obtained in the experiments.  

 

8.2 Conclusion 

The findings from this PhD shed further insight on the therapeutic potential for a range of 

bone graft substitutes for bone regeneration. The two materials with the most potential from 

our research are autologous human spinal bone dust and lactoferrin. In the clinical setting, 
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the findings from our studies have already changed the way some orthopaedic surgeons 

practice. The orthopaedic trauma and spinal surgeons we collaborate with have been 

‘recycling’ the free, autologous, bone dust in the treatment of fracture non-unions as well 

as spinal fusions. Further studies are required to further unravel the clinical therapeutic 

potential of lactoferrin. 

 

To conclude, the search for the ideal bone graft substitue continues. Nevertheless, it is hoped 

that with advances in tissue engineering and regenerative medicine techniques, once 

formidable clinical entities – large bony defects and bony non-unions can be overcome. 

However, it must be re-iterated that the current ‘gold standard’ treatment for large bony 

defects and fracture non-union remain autologous bone grafting. 
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APPENDIX B: Animal Ethics Approval 
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