An Optimized Surface Topography for
Calcium Phosphate Bone Tissue
Engineering Scaffolds

Jacob Sebastian Mealy, B.A., B.A.l., P.G. Dip.

A thesis submitted to the University of Dublin in
partial fulfilment of the requirements for the
degree of

Doctor in Philosophy

School of Engineering
Trinity College Dublin

Ireland

September, 2015

Supervisor

Prof. Kevin O’Kelly






Declaration

| declare that this thesis has not been submitted as an exercise for a degree at this or any
other university and it is entirely my own work. Except for the experiments on inflammation in

Chapter 5 which were performed by Clare Cunningham; specifically, Figures 5.8 and 5.9.

| agree to deposit this thesis in the University’s open access institutional repository or
allow the Library to do so on my behalf, subject to Irish Copyright Legislation and Trinity College

Library conditions of use and acknowledgement.

Jacob Mealy

February, 2016



Table of Contents

Declaration

Table of Contents
List of Figures

List of Tables

Symbols & Abbreviations
Symbols

Abbreviations
Acknowledgements
Publications and Presentations Arising from This Study

Abstract

Chapter One

1.1 Problem Outline

1.2 Scaffold Optimization
1.3 Scaffold Characterization
1.4 Project Aim

1.5 Project Outline

Chapter Two

2.1 Overview of the Implant Location
2.1.1 Introduction
2.1.2 Bone Anatomy and Physiology

ii

viii

Xiv

XV

XV

Xvi

XVii

XiX

10
10
10



2.1.3 Bone Remodelling

2.1.4 The Alveolar Ridge: Unique Challenges and Clinical Needs

2.2 Tissue Engineering Strategies and Their Limitations
2.2.1 Tissue Grafting
2.2.2 Scaffolds
2.2.3 Core Necrosis and Limited Bone Ingrowth
2.2.4 Perfusion-Based Tissue Culture

2.3 Improving Scaffold Viability — Surface Topography
2.3.1 Machined Surfaces
2.3.2 Sintering Temperature
2.3.3 Phase Addition
2.3.4 Surface Characterisation

2.4 Scaffold Properties and Their Manipulation
2.4.1 Porosity and Mechanical Strength
2.4.2 Permeability and Interconnectivity
2.4.3 Construct Vascularisation

2.5 Inflammation

2.6 Observational Methods
2.6.1 Introduction
2.6.2 Cell Proliferation Media Assay
2.6.3 Cell Types

2.7 Research Objectives

Chapter Three
3.1 Introduction

3.2 Materials and Methods
3.2.1 Scaffold Manufacture
3.2.1.1 Green Body Preparation
3.2.1.2 Wax Infiltration
3.2.1.3 Wax Removal and Sintering
3.2.2 Disk Manufacture
3.2.3 X-Ray Diffraction (XRD) Analysis
3.2.4 Scanning Electron and Helium-ion Microscopy
3.2.5 White-Light Interferometry
3.2.6 Cell Culture
3.2.6.1 MSCs on HA Disks
3.2.6.2 MSCs with HA disks — Non-Contact
3.2.6.3 THP1 Macrophages on HA Disks
3.2.7 Resazurin Media Assay

iii

11
12

14
14
14
16
18

19
19
24
28
29

32
32
33
34

38

40
40
40
42

43

44
45

46
46
46
47
48
48
49
49
50
50
50
51
52
53



3.2.8 Statistical Analysis

3.3 Results

3.3.1 Surface Morphology
3.3.1.1 Disk Morphology
3.3.1.2 Scaffold Morphology

3.3.2 Surface Quantification

3.3.3 Phase Stability

3.3.4 Cell Response
3.3.4.1 Contact MSC Response
3.3.4.2 Non-Contact MSC Response
3.3.4.3 THP-1 Response

3.4 Discussion

3.5 Conclusion

Chapter Four
4.1 Introduction

4.2 Materials and Methods
4.2.1 HA/Alumina Surface Preparation
4.2.2 Repeated Analysis
4.2.3 EDX Analysis
4.2.4 Calcium Assay
4.2.5 Disk Debris Analysis
4.2.6 Statistical Analysis

4.3 Results
4.3.1 Surface Morphology
4.3.2 Surface Quantification
4.3.3 EDX Analysis
4.3.4 XRD Analysis
4.3.5 Cell Response

4.3.5.1 Cell Response to Ball-Milled Substrates vs. Deposition Substrates

4.3.5.2 Contact MSC Response
4.3.5.3 Non-Contact MSC Response
4.3.6 Calcium Assay
4.3.7 Disk Debris Analysis

4.4 Discussion
4.4.1 Ball-Milling vs. Direct Deposition
4.4.2 Material Analysis
4.4.3 MSC Response

4.5 Conclusion

54

55
55
55
55
57
60
62
62
65
66

68

73

74
75

77
77
77
78
78
79
80

81
81
84
85
87
88
88
89
92
94
96

99
99
99
104

108



Chapter Five
5.1 Introduction

5.2 Materials and Methods
5.2.1 Scaffold Manufacture
5.2.2 In Vitro Scaffold Analysis
5.2.2.1 Cell Culture
5.2.2.2 Scaffold: Exposed Interior vs. Exterior Performance
5.2.2.3 Benchmark Testing
5.2.3 Resazurin Media Assay
5.2.4 Alkaline Phosphatase Activity (ALP) Assay
5.2.5 Inflammatory Response to Materials in Vitro
5.2.6 Helium-ion Microscopy
5.2.7 Statistical Analysis

5.3 Results
5.3.1 Surface Morphology
5.3.2 Cell Culture
5.3.2.1 HA/Alumina Scaffolds with MSCs
5.3.2.2 Exterior Surface vs. Exposed Interior Surface
5.3.3 Benchmark Testing
5.3.4 Alkaline Phosphatase Activity (ALP) Assay
5.3.5 Inflammatory Response to HA/Alumina Scaffolds in Vitro

5.4 Discussion

5.5 Conclusion

Chapter Six

6.1 Introduction

6.2 Sintering Temperature

6.3 Surface Quantification

6.4 Nanophase Addition

6.5 Phase Stability and Surface Chemistry

6.6 Surface Performance — Cellular Response

6.7 Comparisons with an Established Industry Competitor

6.8 Further Research
6.8.1 In Vivo Study
6.8.2 Further Material Analysis

110
111

112
112
112
112
113
113
114
114
115
115
116

117
117
118
118
120
121
122
123

127

132

133
134
135
136
137
138
140
145

146
146
147



6.8.3 Biochemical Study of Cell Death
6.8.4 Further Study of Inflammatory Response
6.8.5 Functionally Graded Constructs

6.9 Conclusion

Bibliography

Appendix | — Commercial Hydroxyapatite Sintering Stability

1.1 Introduction

1.2 Materials and Methods
1.2.1 2D Disks
1.2.2 Cell Culture
[.2.3 Resazurin Media Assay
I.2.4 X-Ray Diffraction (XRD) Analysis
1.2.5 Statistical Analysis

1.3 Results
1.3.1 Cell Culture
1.3.2 XRD Analysis

1.4 Discussion

1.5 Conclusion

Appendix Il — Resazurin Sodium Salt Assay
I1.1 Introduction

1.2 Materials and Methods

11.3 Results and Discussion

11.4 Conclusion

Appendix Il - Computational Model

111.1 Introduction
l11.1.1 Geometry Acquirement

Vi

148
148
149

150

134

162
163

164
164
164
165
165
165

166
166
168

170

171

172
173
173
173

174

175

176
176



111.1.2 Meshing Strategies

111.1.3 Computational Modelling of Tissue Scaffolds

111.1.4 Model Validation

111.2 Materials and Methods
111.2.1 Introduction

111.2.2 MicroCT Geometry Acquisition and Analysis

I11.2.3 Image Stack to STL File
I11.2.4 STL File to Fluent Mesh
I11.2.5 Model Implementation in Fluent

111.3 Results
I11.3.1 Introduction
I11.3.2 Image Stack to STL File
111.3.3 STL File to Fluent Mesh
111.3.4 Model Implementation in Fluent
I11.3.5 Model Verification

111.4 Discussion

111.5 Conclusion

Vii

177
178
180

182
182
183
183
184
184

186
186
186
187
187
188

189

191



List of Figures

FIGURE 1.1. RESORPTION OF THE ALVEOLAR RIDGE WITH A POTENTIAL GRAFT LOCATION SHOWN IN
YELLOW. ORIGINAL IMAGE COURTESY OF SPILLER [107]. 3
FIGURE 1.2. FLOWCHART SHOWING THE OVERALL PROJECT METHODOLOGY. 8
FIGURE 2.1. DIAGRAM SHOWING (A) THE MICROSTRUCTURAL AND (B) THE MACROSTRUCTURAL
ORGANISATION OF BONE [8]. 12
FIGURE 2.2. RESORPTION OF THE ALVEOLAR RIDGE WITH A POTENTIAL GRAFT LOCATION SHOWN IN
YELLOW. ORIGINAL IMAGE COURTESY OF SPILLER [107]. 13
FIGURE 2.3. MTT (TETRAZOLIUM DYE) STAINING OF SURFACE AND LONGITUDINAL CROSS-SECTIONS OF
HYDROXYAPATITE SCAFFOLD FOUR HOURS POST-SEEDING WITH MC3T3-E1 MOUSE CLONAL
OSTEOGENIC CELLS. THE BLUE STAIN INDICATES CELL VIABILITY, NOTE ITS LACK OF PENETRATION
THROUGH TO THE SCAFFOLD CORE [4]. SCALE BAR IS IMM. 16
FIGURE 2.4. OPN AND OCN STAINING OF MSC CELLS AFTER 21 DAYS AND PHASE-CONTRAST/BRIGHT-fiELD
IMAGES OF ALIZARIN-RED-STAINED CELLS AFTER 28 DAYS. THE TOP ROW SHOWS THE VARIOUS
SURFACE TOPOGRAPHIES INVESTIGATED [29]. 20
FIGURE 2.5. (A) SILICON MOULD CREATION USING POLYSTYRENE SOLVENT CASTING. POLYSTYRENE
REPLICAS VISUALISED WITH (B)(C) AFM AND (D) SEM. (E) POLYSTYRENE REPLICAS WERE FINALLY USED
FOR BIOLOGICAL ANALYSES [20]. 22
FIGURE 2.6. SEM IMAGES OF NANOTUBE, MICROPOROUS AND SMOOTH TITANIUM SURFACES FROM XIA ET
AL. [33]. 23
FIGURE 2.7. SEM IMAGES OF VARIOUS SURFACES DESCRIBED BY DULGAR-TULLOCH ET AL. (A) 1500NM
ALUMINA, (B) 200NM HA, (C) 50NM TITANIA, AND (D) 24NM ALUMINA [38]. 27
FIGURE 2.8. VARIOUS SURFACES DESCRIBED BY ITO ET AL., X AND Y AXES ARE 1puM, Z AXIS IS 0.05uM [53].
31
FIGURE 2.9. MTT STAINING OF CELL VIABILITY ON (A)(B) SCAFFOLD WITH MACROCHANNELS AND (C)(D)

SCAFFOLD WITHOUT [15]. 34

viii


file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410142
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410142
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410143
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410145
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410145
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410149
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410149
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410152
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410152

FIGURE 2.10. (B) FIBROUS AND (C) BIOGLASS® SCAFFOLDS SEEDED WITH HASCS AFTER INVESTIGATION IN
THE CAM ANGIOGENESIS ASSAY COMPARED WITH THEIR COUNTERPARTS SEEDED WITH (D AND E)
HUMAN FIBROBLASTS. SCALE BARS = 1MM [63]. 36

FIGURE 3.1. SCHEMATIC OF THE EXPERIMENTAL SET-UP FOR THE MSC NON-CONTACT STUDY. 52

FIGURE 3.2. SEM IMAGES OF HA DISKS SINTERED FROM (A) 1100°C — (F) 1350°C. SCALE BARS ARE 2MM. 56

FIGURE 3.3. SEM IMAGES OF HA SCAFFOLDS SINTERED FROM (A) 1100°C — (F) 1350°C. SCALE BARS ARE
2MM. 57

FIGURE 3.4. AVERAGE SURFACE WAVELENGTHS OF HA DISKS SINTERED FROM 1100-1350°C. BARS ARE ONE
STANDARD ERROR FROM THE MEAN OF FOUR MEASUREMENTS. AN INCREASING TREND IS APPARENT
FROM 1100-1350°C. 59

FIGURE 3.5. XRD PATTERNS OF (A) HA SINTERED AT 1100°C, (B) HA SINTERED AT 1250°C, (C) HA SINTERED
AT 1350°C AND (D) UNSINTERED HA. THE DATA SHOWS THAT PHASE STABILITY WAS MAINTAINED
ACROSS THE TEMPERATURE RANGE. 61

FIGURE 3.6. MSC RESPONSE TO HA DISKS SINTERED FROM 1100-1350°C, CULTURED FOR 19 DAYS, N = 6. NO
CELL LIFE WAS OBSERVED ON THE 1100-1200°C SURFACES. 1300°C AND 1350°C INDUCED THE
HIGHEST CELL RESPONSES. 63

FIGURE 3.7. MSC RESPONSE AT DAY 19 TO HA DISKS. BARS ARE ONE STANDARD ERROR FROM THE MEAN, N
= 6. NO SIGNIFICANT CELL LIFE IS APPARENT ON THE 1100-1200°C SURFACES WHILE 1300°C AND
1350°C OUTPERFORM THE CONTROL. 64

FIGURE 3.8. LINEAR REGRESSION OF SURFACE WAVELENGTH WITH MSC CONTACT RESPONSE TO THE
RESPECTIVE HA SUBSTRATES AT DAY FOUR, R? = 0.8944. A STRONG CORRELATION IS APPARENT
BETWEEN SURFACE WAVELENGTH AND CELL RESPONSE. 65

FIGURE 3.9. NON-CONTACT MSC RESPONSE TO HA DISKS SINTERED FROM 1100-1350°C, CULTURED FOR 24
DAYS, N = 6. 66

FIGURE 3.10. THP-1 RESPONSE TO HA DISKS SINTERED FROM 1100 TO 1350°C, CULTURED FOR 11 DAYS, N =

3. 67

ix



FIGURE 3.11. TARGET SURFACE DESIGNED TO PROMOTE BOTH CELL ADHESION AND PROLIFERATION,
INCORPORATING A SMOOTH, UNDERLYING BASAL LAYER AND RAISED NANOSCALE TOPOGRAPHICAL
FEATURES. NOT TO SCALE. 72

FIGURE 4.1. FLOWCHART DESCRIBING THE METHODOLOGY AND PROCESSES OF THE NANOPHASE ALUMINA
ADDITION. 76

FIGURE 4.2. HE-ION IMAGES OF THE SURFACES OF (A) PURE HA, (B AND C) HA+5WT% ALUMINA DISKS.
SCALE BARS ARE 5UM. NOTE THE INCREASE IN TOPOGRAPHICAL FEATURES APPARENT IN THE
ALUMINA SAMPLES. 81

FIGURE 4.3. SEM IMAGES OF (A) BALL-MILLED HA+5WT% ALUMINA AND (B) ALUMINA SUSPENSION
DEPOSITED ON HA SURFACE. SCALE BARS ARE 20uM. 83

FIGURE 4.4. SURFACE WAVELENGTHS OF PURE HA AND HA+2-14WT% ALUMINA. ERROR BARS REPRESENT
ONE STANDARD ERROR OF THE MEAN. 85

FIGURE 4.5. EDX ANALYSIS IMAGES. (A) RAW SEM IMAGE. (B) EDX MAP FOR ALUMINIUM. (C) EDX MAP FOR
PHOSPHORUS. (D) EDX MAP FOR CALCIUM. SCALE BARS ARE 5puM. ONE NANOPARTICLE HAS BEEN
TRACKED AND INDICATED BY WHITE ARROWS. 86

FIGURE 4.6. XRD PATTERNS FOR HA + 1-10WT% ALUMINA. FOR CLARITY ONLY DATA FROM 29.9-34° IS
SHOWN. THE PEAKS AT 30.2°, 30.8° AND 31.3° CORRESPOND TO A-TCP. THE PEAKS AT 31.9°, 32.2°
AND 30.0° CORRESPOND TO HA. 88

FIGURE 4.7. CELL RESPONSE TO BALL-MILLED HA+5% ALUMINA, HA + ALUMINA DEPOSITION, PURE HA AND
TISSUE CULTURE PLASTIC CONTROL. CULTURE PERIOD WAS 10 DAYS. 89

FIGURE 4.8. MSC RESPONSE TO CONTACT WITH PURE HA, HA+2-14WT% ALUMINA AND TISSUE CULTURE
PLASTIC CONTROL SURFACES ACROSS 32 DAYS OF CULTURE, N = 6. ERROR BARS HAVE BEEN OMITTED
FOR CLARITY. 91

FIGURE 4.9. MSC RESPONSE TO CONTACT WITH PURE HA, HA+2-14WT% ALUMINA AND TISSUE CULTURE
PLASTIC CONTROL SURFACES ACROSS DAY 25-32 OF CULTURE, N = 6. ERROR BARS REPRESENT
STANDARD ERROR OF THE MEAN. 92

FIGURE 4.10. NON-CONTACT MSC RESPONSE TO PURE HA AND HA+2-14WT% ALUMINA SURFACES ACROSS

15 DAYS OF CULTURE, N = 6. THERE WERE NO SIGNIFICANT DIFFERENCES BETWEEN SAMPLES. 93



FIGURE 4.11. CALCIUM RELEASED BY PURE HA, HA + 6WT% ALUMINA AND HA + 14WT% ALUMINA
EXPRESSED AS (A) NANOGRAMS PER WELL AND (B) NANOGRAMS PER MILLIGRAM OF SAMPLE. ERROR
BARS REPRESENT ONE STANDARD ERROR OF THE MEAN. 95

FIGURE 4.12. IMAGES OF DEBRIS FROM DISK SAMPLES AFTER ONE WEEK INCUBATION IN CELL CULTURE
MEDIA. (A) PURE HA, (B) HA+6WT% ALUMINA AND (C) HA+14WT% ALUMINA. SCALE BARS ARE 25uM.
WHITE ARROWS INDICATE EXAMPLES OF PARTICULATES. NOTE THE INCREASED DEBRIS
SURROUNDING THE HA+14WT% DISK. 97

FIGURE 4.13. (A) NUMBER OF DEBRIS PARTICLES PER MM?. (B) AVERAGE PARTICLE DIAMETER. DATA IS
BASED ON THE MEAN OF THREE IMAGES EACH. ERROR BARS REPRESENT ONE STANDARD ERROR OF
THE MEAN. 98

FIGURE 4.14. (A) REPRESENTATION OF TARGET SURFACE INCLUDING UNDERLYING BASAL LAYER AND
EMBEDDED TOPOGRAPHICAL FEATURES. (B) HE-ION IMAGE OF HA+5WT% ALUMINA SURFACE. SCALE
BAR IS 500NM. 100

FIGURE 4.15. XRD DATA FOR (A) HA+10WT% ALUMINA AND (B) CALCIUM ALUMINATES AS DESCRIBED BY
VISWANATH ET AL [51]. 103

FIGURE 5.1. EXTERIOR (LEFT) AND INTERIOR (RIGHT) SURFACES OF A SCAFFOLD GREEN BODY. 113

FIGURE 5.2. HE-ION MICROSCOPE IMAGE OF HA+5WT% ALUMINA SCAFFOLD PORE SURFACE. EXAMPLES OF
ALUMINA NANOPARTICLES INDICATED BY ARROWS. SCALE BAR IS 2pM. 118

FIGURE 5.3. DAY 14 CELL RESPONSE TO PURE HA, 5WT% AND 10WT% ALUMINA SCAFFOLDS. ERROR BARS
REPRESENT ONE STANDARD ERROR OF THE MEAN. 119

FIGURE 5.4. DAY 14 CELL RESPONSE TO BOTH THE INTERIOR (DENOTED BY "X") AND EXTERIOR SCAFFOLD
SURFACES. ERROR BARS REPRESENT ONE STANDARD ERROR OF THE MEAN. 120

FIGURE 5.5. CELL RESPONSE TO HA+5WT% ALUMINA SCAFFOLDS AND GEISTLICH BIO-OSS BLOCK
SCAFFOLDS ACROSS 18 DAYS OF CULTURE. 121

FIGURE 5.6. DAY 12 CELL RESPONSE TO BIO-OSS AND 5WT% ALUMINA SCAFFOLD GRANULES. ERROR BARS
REPRESENT ONE STANDARD ERROR OF THE MEAN. 122

FIGURE 5.7. ALP PRODUCTION IN MSCS INDUCED BY HA, 2-10WT% ALUMINA AND CONTROL SURFACES AT

DAYS SEVEN, 14 AND 21. ERROR BARS REPRESENT ONE STANDARD ERROR OF THE MEAN. 123

Xi



FIGURE 5.8. IL-1B EXPRESSION BY MURINE DENDRITIC CELLS IN RESPONSE TO BIO-0SS, PURE HA AND 2-
10WT% ALUMINA SCAFFOLDS AT (A) 24HRS AND (B) 72HRS. 125
FIGURE 5.9. IL-1B EXPRESSED BY MURINE MACROPHAGES IN RESPONSE TO BIO-0SS, PURE HA AND 2-
10WT% ALUMINA SCAFFOLDS AT 72HRS. 126
FIGURE 5.10. HE-ION MICROSCOPE IMAGE OF HA+5WT% ALUMINA SCAFFOLD PORE SURFACE. ALUMINA
PARTICLES INDICATED BY WHITE ARROWS. SCALE BAR IS 1uM. 127
FIGURE 5.11. SCAFFOLD SURFACES HA (LEFT) AND HAX (RIGHT). SCALE BARS ARE 50uM. NOTE THE MORE
OPEN POROUS STRUCTURE OF THE HAX SURFACE. 129
FIGURE 6.1. HE-ION IMAGE OF MSCS PROLIFERATING ON A HA+5WT% ALUMINA SUBSTRATE. SCALE BAR IS
50uM. 141
FIGURE 6.2. CLOSE-UP HE-ION IMAGE OF AN MSC ADHERING TO A HA+5WT% SURFACE. SCALE BAR IS
15uM. 142
FIGURE I.1. MSC RESPONSE TO TISSUE CULTURE PLASTIC CONTROL AND SIGMA-ALDRICH, PLASMA-BIOTAL
AND FLUKA HA SUBSTRATES ACROSS 11 DAYS OF CULTURE. 166
FIGURE 1.2. DAY SEVEN CELL RESPONSE TO THE THREE MANUFACTURERS' HAS AND THE TISSUE CULTURE
PLASTIC CONTROL. 167
FIGURE I.3. DAY 11 CELL RESPONSE TO THE THREE MANUFACTURERS' HAS AND THE TISSUE CULTURE
PLASTIC CONTROL. 168

FIGURE 1.4. XRD DATA FOR (A) FLUKA, (B) PLASMA-BIOTAL AND (C) SIGMA-ALDRICH HAS AFTER SINTERING

AT 1350°C. 169
FIGURE I1.1. LINEAR REGRESSION OF CELL NUMBER AGAINST RESAZURIN REDUCTION. R? = 0.9954. 174
FIGURE I11.1.MODEL OF MICROCT SCANNED SCAFFOLD FROM CIOFFI ET AL. [117] 178

FIGURE I1l.2.FLUID FLOW MODELLED THROUGH VARIOUS GEOMETRIES AS INVESTIGATED BY OLIVARES ET
AL. [115]. 179

FIGURE III.3. SCAFFOLDS BUILT IN WAX, USING SFF TECHNIQUES, 1MM, 1.4AMM AND 1.7MM UNIT CELL
SIZE (FROM THE LEFT TO THE RIGHT), ALL WITH 50% POROSITY [121]. 182

FIGURE II1.4.COMPUTATIONAL (LEFT) AND EXPERIMENTAL (RIGHT) PERMEABILITY DATA. GRAYSCALE

REPRESENTS POROSITY [121]. 181

Xii


file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410199
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410201
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410201

FIGURE III.5. PREPARED IMAGE FROM STACK ORIGINATING FROM SCAN OF A SCAFFOLD SINTERED 1350°C,
SCALE BAR IS 500uM. 188
FIGURE I11.6. STL SURFACE MESH OF SCAFFOLD SAMPLE INCLUDING INLET AND OUTLET REGIONS TAKEN
FROM IMAGEJ. SCALE IS IN uM. 188
FIGURE IlI.7. ANSYS TGRID DISPLAY OF THE VOLUME MESH SHOWING INLET AND OUTLET BOUNDARY
CONDITIONS IN RED AND BLUE RESPECTIVELY. 187
FIGURE I11.8. STREAMLINES SHOWING FLUID FLOW THROUGH THE PORE NETWORK IN RESPONSE TO AN

INLET VELOCITY OF 34pM/S. 188

Xiii


file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410203
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410203
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410204
file:///C:/Users/mealyj/Dropbox/Ph.D/Thesis/Thesis_FullDoc.docx%23_Toc429410204

List of Tables

TABLE 3.1. DETAIL OF THE SCAFFOLD FREEZE-DRYING CYCLE. 47

TABLE 3.2. COMMON SURFACE DESCRIPTORS FOR HA SUBSTRATES SINTERED FROM 1100-1350°C. NOTE

THE LACK OF ANY COHERENT TRENDS. 58

TABLE 4.1. ABBREVIATED RESULTS FROM DAY 32 OF THE CONTACT CELL CULTURE PERIOD. THE

PERFORMANCE OF HA+8WT% ALUMINA IS HIGHLIGHTED. 91

Xiv



Symbols & Abbreviations

Symbols

Signifier Definition Units

k Permeability m?

r Radius m

Ra Average surface roughness m

Rq Root-mean-square surface roughness m

S100% reduced Fluorescence signal generated by 100% reduced resazurin None
solution

Sa 3D average surface roughness m

Scontrol Fluorescence signal generated by 10%vol. resazurin media  None
solution

Sar Developed interfacial area ratio None

Sq 3D root-mean-square surface roughness m

Sx Fluorescence signal of sample at day x None

A Average absolute slope None

A Average surface wavelength m

T Tortuosity None

¢ Porosity None

XV



Abbreviations

Signifier Definition

ALP Alkaline phosphatase, a marker of osteogenic differentiation

FDA Food and Drug Administration

HA Hydroxyapatite

He-ion Helium-ion microscopy

IL1-a, B Interleukin-1 alpha, beta, inflammatory cytokines

IUPAC International Union of Pure and Applied Chemistry

LPS Lipopolysaccharide, an endotoxin that can cause strong immune
reactions in animals

MSC Mesenchymal stem cell

MTT 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, a
tetrazolium salt reduced to purple formazan in the mitochondria of
living cells

SE Standard error of the mean

SEM Scanning electron microscopy

TCP Tri-calcium phosphate

TNFa Tumour Necrosis Factor, an inflammatory cytokine

nCT Micro-computer tomography

Xvi



Acknowledgements

| would first like to thank my supervisor Prof. Kevin O’Kelly. This project was made
possible by the opportunities he gave me, along with his support, advice and our invaluable
academic discussions. Likewise, to all those in the Trinity Centre for Bioengineering and in the
wider Dept. of Mechanical and Manufacturing Engineering, thank you for the kindness you have

shown and the help you have offered me over the last four years.

Specific academic acknowledgment must go to the following people. Dr Grainne Cunniffe
for her patient instruction on aseptic cell culture techniques, Dr Clive Downing and Dr Alan Bell for
their training and technical help with SEM and He-ion microscopy respectively, Dr Robbie
Goodhue for his expertise in XRD and for the enlightening conversations about the ensuing data,

Dr Daithi De Faoite for further XRD and material analysis.

Clare Cunningham performed the experiments on inflammatory response to the various
scaffolds presented in Chapter 5. My sincere thanks to both her and Prof. Aisling Dunne for these
results and the fascinating education in immunology that they afforded me. | hope that this

project precedes further collaboration between our two departments.

To my family; Ken, Cliona, Sam and Anna, you have all supported me in so many different
ways, not just during my Ph.D., but my life as a whole. | truly appreciate everything you have done

for me.

Finally, to Alice. Your support of me over the last four years and more has been
overwhelming. For all of the meticulous advice, necessary cajolement, undeserved sympathy,

excessive patience and boundless good humour, thank you.

XVii



This work was funded by the Higher Education Authority of Ireland
under the Programme for Research in Third Level Institutions (PRTLI5)
and the Graduate Research Education Programme in Engineering

(GREPENg).

Xviii



Publications and Presentations Arising
from This Study

J. Mealy and K. O’Kelly, “Cell response to hydroxyapatite surface topography modulated by

sintering temperature,” J. Biomed. Mater. Res. Part A, 2015. (Journal Article)

J. Mealy and K. O’Kelly, “A novel calcium phosphate/alumina scaffold with optimized surface
topography for oro-maxillo-facial bone tissue engineering,” Bioengineering in Ireland —
Proceedings of the Twenty-First Annual Conference of the Section of Bioengineering of the Royal

Academy of Medecine in Ireland, 2015. (Oral Presentation)

J. Mealy and K. O’Kelly, “Ceramic scaffolds for bone healing”, Discover Research Dublin — EU

Researchers’ Open Night, 2014. (Poster Presentation)

J. Mealy and K. O’Kelly, “Cell response to nanoscale surface topography of hydroxyapatite tissue
engineering scaffolds,” Bioengineering in Ireland — Proceedings of the Twentieth Annual
Conference of the Section of Bioengineering of the Royal Academy of Medecine in Ireland, 2014.

(Oral Presentation)

Xix



J. Mealy and K. O’Kelly, “Cell response to nanoscale surface topography of hydroxyapatite tissue
engineering scaffolds,” European Society of Biomaterials — Proceedings of the Twenty-Fifth

European Conference on Biomaterials, Madrid, Spain, 2013. (Poster Presentation)

J. Mealy and K. O’Kelly, “From biomaterial to bone — the response of cells to scaffold surfaces,”

Discover Research Dublin — EU Researchers’ Open Night, 2013. (Poster Presentation)

J. Mealy and K. O’Kelly, “Cell response to surface topology in hydroxyapatite tissue engineering
scaffolds,” Bioengineering in Ireland — Proceedings of the Nineteenth Annual Conference of the

Section of Bioengineering of the Royal Academy of Medecine in Ireland, 2013. (Oral Presentation)

XX



Abstract

Improved scaffold/host integration and avoiding core necrosis are important and active
goals in tissue engineering. Alternatives to bone tissue grafting that are highly bioactive and
inexpensive to manufacture are clinical necessities, particularly in relation to today’s ageing
population profiles. There is also a need to develop such grafting alternatives for applications
where tissue-engineered solutions (i.e. based on tissue growth in perfusion bioreactors) are not
feasible from a clinical and cost perspective. Nanoscale surface topography has the potential to
influence many aspects of cellular behaviour on tissue engineering scaffolds including
proliferation. The aim of this project was to optimize the surface topography of a hydroxyapatite
(HA) bone tissue engineering scaffold in order to increase mesenchymal stem cell (MSC)
proliferation on the construct. The working hypothesis was that nanoscale features incorporated
into the scaffold pore surfaces would provide a stimulus to increase cellular activity and overall

proliferation.

Two methods of surface manipulation were investigated; sintering temperature and
nanophase addition. Cellular proliferation was indicated by MSC metabolic activity and was
measured using a resazurin sodium salt media assay. Scaffold pore surfaces were modelled using
lightly pressed, two-dimensional disks in order to remove confounding factors such as pore size

and shape.

Altering sintering temperature from 1100°C to 1350°C produced several surface
morphologies: from small, granular features ~500nm in size at low temperatures, to smooth,
glassy features ~10um in size at high temperatures. Cells proved incapable of adhering to the low
temperature surfaces (<1250°C) while the best proliferation rates were observed on the 1300°C

and 1350°C samples. The average surface wavelength, A, correlated strongly with cellular
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response to the surfaces. From this, a threshold wavelength of >2.4um was suggested as being

necessary for cellular adhesion. The best performing surfaces had wavelengths of ~2.65um.

The necessity for a relatively long surface wavelength to facilitate adhesion led to the
design of an idealised surface with an underlying basal layer of appropriate wavelength, into
which would be embedded nanoscale features to stimulate proliferation. This design was realised
through the addition of an alumina nanopowder to the HA precursor in concentrations of 1-
10wt%. The resulting topography closely matched the target design and proved capable of

increasing cellular proliferation by 261.5% over pure HA.

These results translated well to full, three-dimensional scaffolds, proving the applicability
of the technique in a relevant, tissue engineering context. The novel construct, consisting of
HA+5wt% alumina, was compared to a market leading commercial scaffold as a benchmark test.
Cellular proliferation was an order of magnitude higher on the novel formulation when compared
with the commercial scaffold. Furthermore, ELISA tests revealed that IL-1B expression in both
macrophages and dendritic cells in response to the scaffolds was six times less on the novel
formulation as on the commercial comparator. This shows that the novel scaffold induced a
significantly lower inflammatory response compared to an existing therapy. These results prove
the superior in vitro performance of the novel topography and allow for the optimized scaffold to

be taken forward to in vivo trials.

The overall project aim was achieved by adding an alumina nanophase to HA bone tissue
engineering scaffolds to produce an optimized surface topography that significantly increased
cellular proliferation on the scaffold pores. This will improve the overall scaffold performance in
vivo and help alleviate the effects of core necrosis. The novel construct has the advantage of using

inexpensive materials and a manufacturing methodology that is easily scalable to industry.
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1.1 Problem Outline

It is estimated that about half of the three million musculoskeletal procedures performed
annually in the United States involve auto or allografts [1]. This figure stretches to about 2.2
million worldwide which potentially results in an approximate market size of about $3.5 billion. A
recent and comprehensive review by Velasco et al [2] makes the point that estimating the
potential market size for a bone tissue engineering therapy depends on how such a therapy is
defined. Most definitions of bone graft substitutes include not only scaffolds and implants but
also cell-based therapies and growth factors. The Velasco review estimates that a global market of
$3.3 billion is forecast by 2017. It is clear that there is a large and growing commercial interest in

developing alternatives to bone tissue grafting.

Establishing commercial viability is necessary to fund a tissue grafting alternative.
However, it is also important to remember that there is a real clinical need for alternatives to
bone grafting, from both a patient and practitioner point of view. Although tissue grafts of all
three origins; autogenous, allogeneic and xenogeneic, are widely accepted as the current gold
standard for skeletal repair, they are subject to significant limitations. These include the expense
and associated patient pain of additional harvesting procedures for autografts, the risk of
transgenic disease associated with allo- and xenografts and the increased potential for infection
across the board. Thus, there is a clear clinical need for a synthetic bone graft substitute that is

safe, easy to use and cost effective.

The clinical need logically translates into the substantial market potential mentioned
above. The market is important to bear in mind when evaluating potential solutions to the
problem. The manufacturing process needs to be scalable to industry and as cheap as possible. A
bone grafting alternative that sufficiently meets these requirements could be applicable not just
to developed economies but also to Third World populations. Such a product would represent a

significant step forward in terms of a global response to musculoskeletal trauma and disease.
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Nowhere is the clinical relevance of a bone grafting alternative better represented than in
the twin disciplines of dental and oro-maxillo-facial surgery. Here, bone grafting is both
ubiquitous and technically challenging. The nature of the affected area requires grafts for small
repairs such as tooth socket preservation as well as larger, more complex procedures such as
facial reconstruction. As such, a solution that is favourable in this challenging clinical setting will

likely be transferable to other skeletal sites.

A representative problem in oro-maxillo-facial surgery, and the impetus behind this
investigation, is the reconstruction of the alveolar ridge. This is the bony process in the mandible
into which the teeth are housed. Reconstruction of the alveolar ridge is often necessary after

trauma or bone resorption to facilitate the implantation of teeth (Figure 1.1).

Stage |
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Figure 1.1. Resorption of the alveolar ridge with a potential graft location shown in

yellow. Original image courtesy of Spiller [126].

This procedure is challenging due to the fact that the graft may only come into contact
with the native bone on two sides. This results in a lack of structural support and is physiologically
limiting as there are only two contact surfaces to enable cell migration and overall tissue-graft
integration. Currently, the most expedient repair procedure in this situation is to rebuild the
structure with a paste made of demineralized bovine bone in granular form. The paste is

supported by a polymer membrane to hold it in place. The technique itself is difficult and rarely
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results in full bone recovery. The membrane can slip resulting in failure of the graft and is another
potential source of infection. An obvious and desirable alternative would be a self-supporting
structure. This could then be optimised to allow cell migration and diffusion of nutrients through

the limited contact areas in addition to promoting vascularisation.

The foundation for this work was the research performed by the Trinity Centre for
Bioengineering (TCBE) into scaffolds for bone tissue engineering [3], [4]. The outcome of that
research was a highly porous, multi-domain hydroxyapatite (HA) matrix that addresses many of
the problems that such structures face. Chief amongst these is core necrosis; the widespread
death of cells seeded into the centre of the scaffold due to poor nutrient transport to the site and
waste removal from it. The TCBE structure combated this by incorporating three distinct porosity
scales; these were defined by Buckley et al. as micropores (#1-2um), mesopores (@100-200um)
and macrochannels (@#300um)*. The micropores and macrochannels facilitated diffusion through

the matrix while the mesopores provided the environment for cell attachment and growth.

Despite these advances, the structure was still some way from being a commercially
viable product. Cell necrosis, although much reduced, was still present at the structure core. Little
in vitro cell analysis was carried out and no in vivo animal trials were performed. The next step
was to actively encourage cell adhesion and proliferation throughout the scaffold. A matrix that
rapidly integrates with the host tissue and vascularises is the key to improving the current crop of

grafting procedures.

Traditionally, cells have been aided and encouraged to proliferate by seeding them onto
scaffolds and culturing them in a bioreactor system prior to implantation. Bioreactors are varied

but they frequently involve exposing the cells to a dynamic, perfusion environment. Whilst this

L1t will be noted that these pore size definitions differ quite significantly from the International Union of
Pure and Applied Chemistry (IUPAC) definitions of micropores (@#<2nm) and mesopores (@2-50nm). This
work continued with the Buckley definitions.
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increases cellular proliferation, it is at odds with the predominantly diffusion based environment
the cells subsequently experience in vivo. Furthermore, the added expense of preculture both
from a financial and temporal point of view may make such cell-structure systems commercially
unviable. Certainly this is the case in a clinical environment such as the Dublin Dental Hospital,
where the most common grafting procedures are outpatient oriented and relatively quick (total
procedure time is usually less than three hours). As such, a versatile product that could
conceivably be used “wet” for preculture if desired; or “dry” for direct implantation into the host
without preculture, would be ideal. Such a scaffold would fulfil the various commercial niches,
including both small-scale procedures such as socket preservation and also larger, more complex

ones such as alveolar ridge augmentation.

1.2 Scaffold Optimization

In this work, the approach is to ensure that any alterations to the scaffold will remain
compatible with the original manufacturing parameters described by Buckley and O’Kelly [4]. This
freeze-drying and sintering technique is a cheap and expedient method of manufacture and it is
eminently scalable for industry. As a result, these parameters place some loose bounds around

the research and provide a point of focus.

Additionally, it must be remembered that any alterations to the scaffold recipe may have
knock-on effects not originally envisaged or intended. Many of the scaffold’s properties are
intrinsically linked, for example; porosity and mechanical strength: an increase in overall porosity
will likely result in a reduction in mechanical strength. Situations like this require cost-benefit
decisions that are best taken in consultation with clinicians, who, as the users of the end-product,
will have an informed idea of how they would like it to perform. This work was carried out in

consultation with practitioners from the Dublin Dental Hospital.



A key focus of this research is altering the surface topography of the scaffold to produce
an improved cellular response. The surface topography can be altered at both the micro- and the
nanoscale to provide a direct stimulation to the cells. Encouraging cell movement and, in
particular, cellular proliferation through topographical manipulation will go a long way towards a

more viable scaffold for oro-maxillo-facial applications.

1.3 Scaffold Characterization

There are numerous ways to improve the viability of a tissue engineering scaffold.
Ultimately however, most come down to encouraging and prolonging cell life inside the scaffold
matrix until vascularisation can take over. In vivo cellular proliferation is crucial to the integration
of the scaffold into the host tissue. Aside from actual in vivo implantation, in vitro assessments of
cellular performance provide the best metric for determining the potential capability of a scaffold.
As in vivo work is generally prohibitively expensive (and often ethically challenging) for the initial,
iterative stages of scaffold development, in vitro cell analysis is the current standard for tissue

engineering evaluation.

1.4 Project Aim

This project aim was to produce a commercially viable ceramic alternative to bone
grafting, predominantly for use in oro-maxillo-facial environments. Starting with an existing
hydroxyapatite (HA) scaffold design template, the manufacturing procedure was modified to
incorporate optimizations to the surface topography of the scaffold pores. Once formulated, the
new topographies were evaluated to assess their effect on cell adhesion and proliferation and,

thus, their role in influencing overall scaffold bioactivity.



1.5 Project Outline

In the early stages of the research, work continued on two aspects of scaffold
development in parallel; experimental work on manufacturing surface topographies and
computational modelling of 3D scaffolds. In the latter case, the aim was to develop a
computational model of diffusion through the scaffold matrix. Ideally, this would provide a cheap
tool to analyse the effects of parametric changes to the scaffold structure and thus inform design.
Ultimately, this avenue of enquiry was outweighed by the laboratory analysis and was halted.
Although unfinished, the model may prove useful in the future as a starting point for continued

research. As such, it is included in Appendix Il for reference.

The primary objective of the project was then to optimize the surface topography of the
TCBE HA scaffold to increase cell proliferation on the pore surfaces. The topography was
examined and evaluated through laboratory and in vitro analysis. A review of the literature,
detailed in Chapter 2, identified sintering temperature and phase addition as likely manufacturing
parameters for altering surface topography. Chapter 3 presents the topographies generated by
varying sintering temperature. It also identifies an appropriate surface descriptor for the
topographies and, using that, suggests the optimal sintering temperature to carry forward in the
research. Chapter 4 discusses the effects of phase addition on the surface topography. Surface
chemistry and bulk stability are also examined and an optimized scaffold formula produced. This
formula is applied in full in Chapter 5, where it is also benchmarked against a market leading
commercial scaffold. These benchmark tests cover both cellular proliferation and inflammatory

response. The project as a whole is discussed and final conclusions drawn in Chapter 6.
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2.1 Overview of the Implant Location

2.1.1 Introduction

The ideal outcome of any research into alternatives to bone grafting is a solution that is
applicable across the skeleton. However, specific anatomical sites have different mechanical
properties, for example bone is much less dense in the lumbar spine than it is in the femoral neck
[5]. Such differences will present various challenges to an implanted construct. This work focusses
on the alveolar ridge as an implant site. The unique trials of tooth implantation and mastication
provided by the alveolar ridge along with its limited potential for blood supply to an implanted
scaffold ensure the most rigorous examination possible. A brief overview of bone as a material
and a description of the implant site are given to put this in context and explain the challenges

further. Previous research into bone grafting alternatives is then examined.

2.1.2 Bone Anatomy and Physiology

The alveolar ridge is a specialised part of the maxilla and mandible bones that anchors
and supports the teeth. Broadly speaking there are two types of bone commonly found in the
human skeleton. The first and most commonly modelled is trabecular or cancellous bone. This is
the spongy porous bone found in the middle of long bones and accounts for most of their volume.
The cancellous bone is normally surrounded by cortical bone which is stronger and denser, and
acts to protect the weaker bone within [6]. The alveolar ridge roughly follows this template

consisting of mainly cancellous bone surrounded by a thin layer of cortical bone.

The major components of bone are carbonated hydroxyapatite crystals (plate-shaped,
approximately 50 x 25nm), type | collagen fibrils (approximately 80-100nm diameter) and water

[7]. The apatite serves to reinforce the fibrils which then combine to form bundles. Therefore,
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bone can be described as a composite material deriving structural benefits from both its mineral

and polymer components (Figure 2.1).

The exact arrangement of bone microstructure depends on the type of bone and can
change over time. For example, trabecular bone density tends to decrease with age while cortical
bone thickness is also reduced [5]. Bone also displays an adaptable microstructure in response to
injury. Woven bone, or bone that forms in response to a break or other trauma, is generally
disorganised with fibrils randomly orientated. This structure is then remodelled into cancellous or

cortical bone with a more organised, isotropic arrangement of fibrils.

2.1.3 Bone Remodelling

The ability of bone to remodel to repair and prevent damage is fundamental to its viability
as a tissue. Over time, fatigue cracks develop in the mineral structure due to the regular loading
and unloading of the skeleton. These would eventually reach a size capable of causing failure if
they were not removed in some way. Tight units of osteoclasts (bone resorbing cells) and
osteoblasts (bone forming cells) move through the bone; resorbing and replacing bone matrix
respectively [7]. In doing so, they remove any cracks in the tissue. This process gives rise to the
longitudinal features known as osteons and the interstitial spaces between the osteoclasts and

osteoblasts called Howship’s lacunae (Figure 2.1) [7].
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Figure 2.1. Diagram showing (a) the microstructural and (b) the macrostructural organisation of bone [8].

The remodelling process will thus impact on anything that is implanted into the bone
tissue. In ideal cases it is advantageous, as a bioresorbable scaffold will eventually be replaced by
naturally occurring tissue. This is far preferable to the scaffold remaining in situ indefinitely. In any
event, the remodelling process must be taken into account as bone that is shielded from stress by
an implant will eventually be resorbed and not replaced [9]. Nowhere is this more evident than in

the resorption of the alveolar ridge after tooth loss.

2.1.4 The Alveolar Ridge: Unique Challenges and Clinical Needs

The alveolar ridge poses many unique challenges as a bone tissue engineering implant
site. The ridge itself is the bony process into which the teeth are housed and consists of a dense
outer layer of cortical bone surrounding more porous cancellous bone [10]. It plays an important

role not only in support of the teeth but also in mastication and speech.

The remodelling process is particularly pertinent to the alveolar ridge as this structure

undergoes continuous and extensive remodelling in response to tooth growth and the mechanical

12



loads associated with mastication [11]. This manifests itself primarily as severe resorption

following tooth loss or removal (Figure 2.2, Figure 1.1 repeated here for clarity).

Stage |

Stage Il Stage lll Stage IV

Figure 2.2. Resorption of the alveolar ridge with a potential graft location shown in
yellow. Original image courtesy of Spiller [126].

The most basic procedure associated with the alveolar ridge is socket preservation. This
can only be performed when three or more walls of the socket remain and involves filling the
interstitial space with a granular bone graft [12]. The graft is sometimes held in place with a

collagen plug and a flap of periosteum.

If the bone is so resorbed or damaged as to preclude socket preservation, a more complex
reconstruction is required. This is made particularly challenging by the fact that any graft will have
only one or maybe two contact surfaces with the host bone (Figure 2.2). This presents structural
as well as nutritional constraints. A common approach is to build back up the required volume
with a granulated graft as before. This is then held in place with a membrane, usually made of
xenogeneic collagen [13]. This procedure is difficult however, and is subject to significant post-
operative resorption [13]. A bioactive self-supporting block graft would be preferable, as long as

cell viability is maintained through to the core.
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2.2 Tissue Engineering Strategies and Their Limitations

2.2.1 Tissue Grafting

The current gold-standard in large bone tissue defect repair is autologous grafting [1]. It is
difficult to characterise the success rate of autologous grafts in general as different authors tend
to provide different standards of “success”. However for dental implants, it is reasonable to
accept that the success rate lies between approximately 73-97% [14]. For these figures success
was defined as dental implants into autologous grafts which are still in place and suffering
minimal resorption after a year. In terms of bone addition in severely resorbed alveolar ridges;
about 12mm is a typical figure [15]. This gain is usually subject to some subsequent bone

resorption over time.

However, these successes come at a price. There is an associated cost to the patient in
terms of harvesting the required bone; the usual source of which is the iliac crest of the pelvis.
This requires an additional procedure and is associated with elevated risk and pain for the patient.
There is also an increased chance of infection and donor site morbidity associated with autografts.
Allogeneic and xenogeneic grafts do not incur the same cost to the patient but they come with
the added danger of immunogenic response [1]. For these reasons, a cost-effective, synthetic

alternative is desirable.

2.2.2 Scaffolds

A tissue engineering scaffold is an artificial structure that will support and, ideally,
encourage cell adhesion and proliferation®. The numerous cell types (macrophages, stem cells,

osteoblasts, etc.) required for full bone healing can be seeded onto the scaffold prior to

2 For the purposes of brevity, the use of decellularized extra-cellular matrix as a scaffold is here classified as
a graft.
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implantation or recruited from the surrounding host tissue. The design and analysis of tissue

engineering scaffolds has formed the bulk of the research into grafting alternatives and that is the

focus of this work.

A bone tissue engineering scaffold should have the following attributes [16];

1)
2)

3)

9)

Provide temporary mechanical support to the affected area.

Act as a substrate for osteoid deposition.

Contain a porous architecture to allow for vascularization and bone in-growth.
Encourage bone cell migration into the scaffold.

Support and promote osteogenic differentiation in the non-osseous, synthetic
scaffold (osteoinduction).

Enhance cellular activity towards scaffold-host tissue integration
(osseointegration).

Degrade in a controlled manner to facilitate load transfer to developing bone.
Produce non-toxic degradation products.

Not incite an active chronic inflammatory response.

10) Be capable of sterilization without loss of bioactivity.

11) Deliver bioactive molecules or drugs in a controlled manner to accelerate healing

and prevent pathology?.

As a result of its unique physiology, the alveolar ridge presents some additional specific

clinical needs for a tissue engineering graft. Such a graft would ideally be easy to use, available off

the shelf, self-supporting, roughly adaptable to specific defects and capable of nutrient transport

through limited bone surface contact.

3 This last is not a prerequisite but would be advantageous.
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Properties such as porosity, permeability, mechanical strength and surface topography
are all integral parts of scaffold design and contribute towards fulfilling the above requirements.
Although they are often intrinsically linked and it can be difficult to alter one without affecting
others, it is the manipulation of these properties that ultimately determines the viability of the

end-product.

2.2.3 Core Necrosis and Limited Bone Ingrowth

Core necrosis occurs when the cells in the centre of a scaffold construct start to die. They
rely on mass transport through the matrix for their oxygen and nutrients and, if this mass
transport is insufficient, a toxic and hypoxic environment is created [17]. This phenomenon is
exacerbated by the growth of cells on the exterior of the construct, occluding the pores and
further decreasing the mass transport and cell penetration to the construct centre. The lack of
penetration of seeded cells is well-illustrated by the Trinity Centre for Bioengineering (TCBE)

scaffold (Figure 2.3).

Figure 2.3. MTT (tetrazolium dye) staining of surface and longitudinal cross-sections of
hydroxyapatite scaffold four hours post-seeding with MC3T3-E1 mouse clonal osteogenic cells.
The blue stain indicates cell viability, note its lack of penetration through to the scaffold core [4].

Scale baris Imm.
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Core necrosis is a specific term given to the more general problem of limited bone
ingrowth into bone tissue engineering scaffolds. This issue provides the impetus for numerous
studies and it will need to be solved before further progress is made towards a viable bone tissue
engineering scaffold. There are numerous ways to do this including altering the pore size,
morphology and interconnectivity of a scaffold [18], [19]. A more porous and interconnected
scaffold will provide better mass transport to its core [19] but altering this attribute may have
structural consequences. The interplay between a scaffold’s characteristics is why it is so
important that care is taken when using a manufacturing technique to effect a change on the

scaffold structure.

Another important factor that negatively affects a scaffold’s mass transport capabilities is
pore occlusion. Specifically this occurs when cells proliferate to such a degree that they block the
outer pores of a structure thus inhibiting the conductance of fluid and nutrients [17], [19].
Although this is a natural result of a scaffold’s “success”, it actually contributes to the construct’s

ultimate failure. As such, a functionally graded surface that controls general proliferation rates or

cell motility through to the core may be more optimal.

Cell motility itself is an interesting topic here. Motility refers to an individual cell’s
movement. It is distinct from proliferation in that the cell itself moves as opposed to replicating;
although it is possible for both events to occur simultaneously. Cell motility is traditionally
associated with chemotactic gradients but there is little doubt that it also occurs in response to
surface topography [20]. What needs to be determined is its relevance to a commercially viable
bone tissue engineering scaffold. For example it may not be advantageous to encourage cells to
migrate straight to the centre of a scaffold as they risk isolation. However, as discussed, if cells
remain at the distal edges of the scaffold they occlude the pores and hinder fluid transport

through the matrix.
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It is possible to direct the migration of cells using nanoscale fibres [21] or grooves [22] so
it should be possible to encourage cell movement from one location to another in a construct if so
desired. This could mitigate any potential cell isolation while clearing cells from the edges of a

scaffold before they can occlude the pores.

2.2.4 Perfusion-Based Tissue Culture

One proposed method for overcoming the mass-transport difficulties associated with
three dimensional tissue cultures is to force or perfuse fluid through the matrix to ensure nutrient
delivery and waste product removal from the entirety of the structure. A common approach is to
culture cell-scaffold constructs in bioreactors that generate a perfusion environment prior to

implantation [23]-[25].

There can be little doubt that perfusion culture of scaffold-cell constructs improves
viability and bone ingrowth [23]—[25]. Increased fluid flow through the scaffold matrix results in
elevated nutrient and waste product transport and less hypoxic conditions. Although these are
clearly beneficial outcomes, they do not reflect the in vivo reality of the situation. In the body,
once oxygen and nutrients have passed through the capillaries, they rely on diffusion to ultimately
reach cells [26]. In fact, no cell in the body is further than between 100-200um from a capillary
[27]. Thus, it is illogical to develop a scaffold that will rely on an artificial culture environment to
remain viable. Any further work must focus on producing a product that can perform sufficiently

in a diffusive fluid regime.

The addition of a perfusion-based culture routine also has some obvious clinical
drawbacks. The increased time and associated costs with the culture may outweigh the benefits
of the scaffold pre-culture. Far better to design a scaffold to be used directly “off-the-shelf”; that

can also be pre-cultured if the clinician desires.
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2.3 Improving Scaffold Viability — Surface Topography

Cells respond in a multitude of ways to their topographical surroundings at both the
micro- and the nanoscale. These responses include changes in proliferation, differentiation,
motility, morphology and adhesion [28]—[31]. Although much work has been done to characterise
the effects of surface topography on cells, no serious attempt has yet been made to incorporate
this feature into tissue engineering scaffold design. Despite this, control of the surface
morphology of a scaffold shows great promise as a stimulus for guiding cells in a tissue

engineering context.

In discussing the effect of surface topography on cell behaviour in isolation, care must be
taken to identify and, where possible, distinguish confounding factors. Alteration of the surface
morphology can often have a profound effect on other aspects of the scaffold which may be
equally influential to cell viability. A good example of this is variation in the surface chemistry of
the scaffold either as a method for changing the topography [32] or as a side-effect [33]. Results

from studies such as these are difficult to interpret from a purely topographical point of view.

It is possible to generate topographical changes through a variety of manufacturing
techniques. Here, these have been split into three areas; machining, sintering temperature and

phase addition.

2.3.1 Machined Surfaces

Machined surfaces refer to any topography that has been produced by a mechanical
action performed post manufacture. Examples include etching, polishing, particulate coating and

blasting.

In 2007, Dalby et al. [29] showed that the use of “nanoscale symmetry and disorder”

could be used to induce mesenchymal stem cells to produce bone mineral. In addition, they
19



showed that the cells cultured on the topographically modified surface displayed a more
osteoblastic differentiation profile than those cultured on flat surfaces. They investigated arrays
of nanopits 120nm in diameter and 100nm deep arranged in various configurations (Figure 2.4).
Sputter-coating and electroplating processes were used to produce dies which then generated the
topographies. Their results give a good indication of the possibilities that exist for this technique,
particularly in situations where stem cells are required to differentiate down a particular lineage
quickly. However, the manufacturing process appears complex and expensive and also difficult to

implement in a tissue engineering scaffold.

0000000000000 Q

21 days

28 days

Figure 2.4. OPN and OCN staining of MSC cells after 21 days and phase-contrast/bright-field images of alizarin-red-
stained cells after 28 days. The top row shows the various surface topographies investigated [29].

More recently, this work has been supported by gene expression studies by the same
group which further elucidated the cell-surface interaction [34]. Nanotopographically textured
surfaces induced highly osteogenic responses in human MSCs indicating that this method has

potential for bone tissue engineering with this particular cell-type. The authors also hypothesize
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that the basis for the osteogenic response is direct mechano-transduction through the
cytoskeleton i.e. that the cells “feel” their surroundings via displacements in their cytoskeleton.

Again, as a proof-of-concept this is promising but not readily applicable to a full 3D scaffold.

Lamers et al. [22] detail a study involving osteoblasts cultured on various nanoscale
surfaces incorporating isotropic and anisotropic features (Figure 2.5). The surfaces consisted of
ridges and grooves in size ratios of 1:3 and 3:1 in addition to a square topography. These surfaces
were produced using a silicon template patterned using electron beam lithography. Significant cell
responses were observed on pitches (i.e. the sum of ridge and groove width) ranging in size from
100-600nm. On the anisotropic surfaces, they found that cell morphology was affected much
more than on isotropic surfaces with the cells significantly elongated and aligned with the main
axis of the topography. Unlike morphology, cell motility was found to increase on both isotropic
and anisotropic surfaces with maximum motility achieved on surfaces with a pitch of 400nm. As
before, the manufacturing process used here is expensive. Moreover, it is difficult to see how it

could be applied to the pore surfaces of 3D scaffolds.
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Polystyrene solvent
casting

Figure 2.5. (a) Silicon mould creation using polystyrene solvent casting. Polystyrene replicas

visualised with (b)(c) AFM and (d) SEM. (e) Polystyrene replicas were finally used for biological

analyses [20].

Interestingly, a threshold depth of approximately 34nm was found for grooves to elicit a
cellular response. The authors hypothesize that this is due to a build-up of proteins that masks the
topography. This has implications for a lower boundary when considering novel nanoscale

topography to induce a cell response.
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Xia et al. [35] describe an investigation comparing
three titanium surfaces; one smooth, one with nanoscale
topographical features and one with microscale
topographical features (Figure 2.6). The nanoscale surface
consisted of nanotube arrays of diameter approximately
100nm achieved by anodisation in an aqueous solution of
hydrofluoric acid. The microscale surface was a porous
structure with various pores ranging in diameter from 1-
60um with the majority in the 10-20um bracket. This was
produced by immersion in an aqueous solution of HCL
and CaCl,. The smooth control was generated by
polishing, which left some shallow pits and grooves. Of
the three surfaces, the nanotube arrays induced the best
responses in human osteosarcoma-derived MG63 cells
with increased cell proliferation, alkaline phosphatase
activity and expression of osteogenic proteins. These
results were further verified in an in vivo study in rabbit

tibiae. In addition, increased bone-implant interfacial

Figure 2.6. SEM images of nanotube, strength was observed on the nanostructured samples.

microporous and smooth titanium surfaces )
The study clearly demonstrates the importance of

from Xia et al. [33].
length-scale when considering cell-surface interactions

and has positive implications not just for cell activity but also for construct-tissue integration.

In a recent study, topography effects were even found to have more of an effect than
specific, chemical bioactivation of the surface [36]. Altmann et al. investigated the response of

primary human alveolar bone osteoblasts (PHABOs) to three UV-treated titanium and zirconia

23



implant surfaces from commercial sources. While the UV treatment performed as intended, i.e.
reduced surface carbon and increased hydrophilicity, the authors found that it was the
differences in surface topography that had a greater effect on cell response. They concluded that
the two rougher surfaces improved initial cell adhesion, while the smooth surface appeared to aid
cell proliferation. In addition, gene expression was highest on the smoothest material. Surface
roughness was quantified by roughness height (S,) with the three values being; 1.094£0.1um for

TiUnite (titanium), 0.77+£0.2um for ZircaPore (zirconia) and 0.58+0.0um for Zit-Z (zirconia).

Altmann et al. also refer to another study which they claim agrees with them;
Vandrovcova et al. [37]. This was an investigation into the response of human osteoblast-like
MGB63 cells to titanium oxide coated glass with surface roughness values R, = 0, 40, 100 and
170nm. As in the Altmann study, cell proliferation was greatest on the smoothest surface.
Conversely however, improved initial cell adhesion was also observed on the smoother surfaces.
Despite the similarity, the studies cannot be said to be in total agreement as implied by Altmann

et al. This kind of discrepancy is discussed in more detail in Section 2.3.4.

The main conclusion from these studies in the context of the work presented here is that
while they provide a good indication of the potential of nanoscale surface topography to effect
changes in cell response, the machining manufacturing methods do not lend themselves to
application in a tissue engineering scaffold. The porous 3D nature of the scaffold precludes any
direct impingement on the pore surfaces making it difficult to generate a novel topography via a

mechanical method.

2.3.2 Sintering Temperature

If it is accepted that machining is not a viable way to alter the surface topography of

porous tissue engineering scaffolds then an alternative method of topographical manipulation
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must be proposed. An integral part of ceramic processing is the sintering stage where the
prepared construct or “green body” is subjected to a high temperature to fuse its constituent
particles together. Depending on the temperature applied, various degrees of particle fusion are
possible. Thus, it seems like a logical way of generating various surface topographies. At lower
temperatures for example, more of the original particle shapes would be preserved, perhaps
providing suitable topographical features to elicit a cell response. Conversely, at high
temperatures where lots of particle fusion occurs, smoother surfaces would be generated. This
method would clearly be very cheap and easy to implement as it is already a fundamental part of

the manufacturing process.

Despite these arguments, a Pubmed search using the terms “sintering temperature
surface topography” returned only five results®. Of these, none details a parametric study of
different sintering temperatures, temperature effects on surface morphology and/or the

subsequent cell response.

A search using the terms “sintering temperature cell response” was slightly more
productive®. The fact that the crystal structure of HA is controllable via sintering temperature is
established [38]. Although no biological work is shown, it is concluded that the HA is more stable
at higher temperatures (1000-1200°C as opposed to 600-800°C). Rouahi et al. describe an
interesting study utilising various HA powders from different sources, two of which were sintered
to 1200°C to form bioceramics to study cell attachment [39]. The authors concluded that protein
adsorption (analysed using powdered samples) is inversely related to the specific surface area
(SSA) of the HA. The cell attachment (human Saos-2 osteoblastic cells) is then inversely related to
the protein adsorption. The study is convoluted and fails to make any attempt to analyse different

sintering temperatures. However, it gives a hint of the potential for altering the manufacturing

4 Search performed on 13/2/2015.
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process of HA to effect changes in cell response. It is also worth noting that the high temperature

(1200°C) heat treatment of the powders acted to reduce the SSA of the samples.

Dulgar-Tulloch et al. [40] offer a more comprehensive study of effects of sintering
temperature on cell response. They describe three different materials; alumina, titania and HA;
sintered under a variety of regimes and temperatures to yield grain sizes of 24-50nm, 200nm and
1500nm (Figure 2.7). They found that human MSC adhesion and proliferation is reduced on
surfaces consisting of grain sizes less than 200nm. It is also interesting to note that they found no
correlation with surface roughness. Grain-size (a lateral as opposed to vertical dimension) was the
surface descriptor they chose to differentiate their topographies. Again this point will be dealt
with in more detail in Section 2.3.4. They also refer to similar work by Webster et al. [41], which
they claim supports their conclusions. However this study was performed using rat osteoblasts
and a critical grain size of 49-67nm for alumina was found for cell adhesion. The discrepancy in
the conclusions could be explained by differences in cell type and culture conditions but in any

event comparisons between the studies are difficult to draw.
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Figure 2.7. SEM images of various surfaces described by Dulgar-Tulloch et al. (a) 1500nm alumina, (b) 200nm HA, (c)

50nm titania, and (d) 24nm alumina [38].

Overall, there appears to be a scarcity of work done on this topic. This fact, combined
with the ease of implementation of a sintering temperature study, strongly suggest that varying
the sintering temperature of the HA as a potential surface manipulator is a worthwhile
endeavour. In addition it should be noted that, although grain-size is a somewhat subjective

measurement?®, its use in the Dulgar-Tulloch study gives a hint that perhaps basic surface

5 It often depends on the analysis of manually thresholded images which can lead to inconsistencies.
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roughness parameters (Ra, Rq, Sa, Sq, €tc.) are not the ideal descriptors for tissue engineering

surface topographies.

2.3.3 Phase Addition

The addition of further metallic or ceramic phases to calcium phosphates in order to
modify their material properties is an established technique. However, it is generally performed
with the express intention of increasing the mechanical strength of the main calcium phosphate
phase [42]-[48]. Although there is a general concern with maintaining biocompatibility, little
attention has been paid to how the addition of these phases affects surface topography. Some
interfacial reactions are likely inevitable, however in theory it should be possible to use a doping
phase that will remain proud from the surrounding HA matrix during sintering thus forming
relevant topographical features to stimulate a cell response. Alumina and zirconia seem ideal
candidates due to their stability and high melting temperatures (2072°C and 2715°C respectively)

compared to HA (~¥1100-1250°C).

An example of a detailed study on this topic, albeit with little analysis of actual surface
topography, is another from Webster’s group mentioned above; by Evis et al. [49]. The paper
details the addition of zirconia to HA in various doses (10, 25 and 40wt %) and sintered at various
temperatures (900-1300°C). A homogeneous mixture was achieved by ball-milling the powders
prior to sintering. Human osteoblasts were found to adhere most onto substrates with low
zirconia contents (10wt %) and low sintering temperatures (900°C); these parameters correspond
with the smallest grain-sizes achieved of approximately 160nm. Although pure HA appears to be
used as a material analysis control at all sintering temperatures, a major weakness apparent here
was that no indication was given of its performance in the cell adhesion assays. Thus it becomes
impossible to tell whether or not the addition of the zirconia was an improvement on the

biocompatibility of the HA. Furthermore, no mechanical testing has been performed so we cannot
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even confirm that the zirconia acted as intended to strengthen the HA matrix. Secondly, if we are
to accept that grain-size is an important topographical descriptor, then we must conclude that
this study showing the smallest grain-sizes of 160nm giving the greatest cell adhesion, disagrees
with Dulgar-Tulloch et al. [40] who conclude that grain-sizes above 200nm are best for cell
adhesion. However this difference is small and may be attributable to variations in methodology.
Finally, it is interesting to note that here Evis et al. have succeeded in correlating a surface
roughness (Rrms) with cell adhesion. Higher roughness values which are produced at the lower
sintering temperatures correspond to the best cell adhesion. If anything, this simply serves as
another confounding factor as it is impossible to tell what the dominant parameter is affecting the
differences in cell response; grain-size, surface roughness, or indeed material chemistry which is

not dealt with at all.

Despite the relative lack of concern with the topographical effects of phase addition to
hydroxyapatite, it is clear that the process, particularly when coupled with high sintering
temperatures, can result in phase changes [50], [51]. This effect would need to be monitored in

any study involving composite sintering of biomedical ceramics.

2.3.4 Surface Characterisation

Surface quantification in general is a non-trivial problem. Even amongst the tribology
research community, the standard height-based descriptors such as R, and Rrus are being labelled
as too simplistic to describe most real-world surfaces on their own. There is an argument that
provided the surfaces under examination all have a reasonably similar underlying waveform, all
that is required to differentiate them is a height-based parameter [52]. Even then, when peak
counts are important, e.g. as contact points in bearing surfaces, the standard parameters are
losing favour [53]. The simplicity of these descriptors means that, alone, they are limited in their

ability to ably describe a non-uniform surface. This is a particularly pertinent issue in tissue
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engineering where many surfaces will be pseudo-random or at least non-uniform in morphology.
Thus, some though should go into choosing a descriptor or descriptors for a particular surface and
this choice should be backed-up by some common sense analysis of high magnification

microscopy, e.g. SEM.

It is apparent from the literature that most tissue engineering research groups have not
considered the above issues. This manifests as a huge variation in results. This can, of course, be
attributed to a number of factors such as study scope, material choice, cell-type, surface
treatment etc. However a major point is the lack of a standardized referencing system, not just for
results comparison but also for characterization of the surface topography. Many authors avoid
the issue of surface quantification altogether and simply qualitatively describe the sizes and
shapes of their surface features; with the consensus being that features on an order of 30-400nm
are most effective [29]—[31], [54]. Others prefer the more traditional surface roughness
parameters of R, and Rq and their three-dimensional counterparts S, and Sq [55], [56]. Even more
variation is evident here. At the nanoscale, cell responses have been observed on surfaces with R,
from ~195-519nm [55], while at the microscale the range can be ~4-74um [56]. Clearly this
situation is not ideal and a standardized measurement for surface topography in a tissue

engineering context is required.

As an example of the lack of clarity on surface topography quantification, a study by Ito et
al. [57] is interesting. The work consisted of culturing mouse osteoblast-like MC3T3-E1 cells on
yttria stabilized tetragonal zirconia polycrystals with four different surface treatments; mirror
polishing, 50pum and 150um alumina blasting and acid etching. Their results showed no clear
difference in initial cell attachment between any of the surfaces. However, cell proliferation was
significantly higher on surfaces blasted with 150um alumina. Despite this, they report no
significant difference in the surface roughness height deviation (S.) of any of the surfaces (Figure

2.8). Moreover, very little distinction is made between nano- and microscale topography.
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Figure 2.8. Various surfaces described by Ito et al., X and Y axes are 1um, Z axis is 0.05um [53].

As a result of these issues, it is difficult to draw specific conclusions from the studies
available. What is clear is that surface topography has the ability to profoundly affect cell fate and
viability and the results can manifest themselves in numerous ways. Thus, while there is still some
way to go before an ideal implant surface is found, the technique itself merits further study. In
fact, it may be the case that no surface treatment exists that can satisfy the three demands of
biological compatibility, clinical relevance and commercial viability. If so, surface characteristics
will need to be developed on a case-by-case basis taking into account manufacturability, cost,

material limitations and implant requirements.
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2.4 Scaffold Properties and Their Manipulation

Although the main focus of this work is the use of surface topography to improve the
bioactivity of bone tissue engineering scaffolds, it is important to remember that often the
manipulation of one parameter can have unexpected knock-on effects. Thus, care must be taken
to ensure that while achieving the desired results in one area, other characteristics are not

compromised.

2.4.1 Porosity and Mechanical Strength

It is logical that an increase in overall scaffold porosity will result in a decrease of the
mechanical strength of the scaffold. For example, Jones et al. [58] describe a HA scaffold whose
Young’s Modulus decreases from 40GPa to 20GPa with an increase of porosity from 30% to 50%.
Alumina scaffolds in the same study display a similar behaviour. Thus, despite the need for highly
porous structures to facilitate the proliferation of cells and diffusion of nutrients, it is important
that a suitable balance is found between porosity and strength so that the scaffold can be used in

a load-bearing situation.

A confounding factor here is that the bulk material used to create the scaffold structure
may, itself, contain a certain level of porosity. This usually manifests itself as a microporous phase
as defined by Buckley et al. [4] in the range of 2 - 5um, although nomenclature varies across the
literature. Cordell et al. [59] analysed the effect of two sizes of microporosity, which they defined
as 5.96um and 16.2um, on the mechanical properties of bulk HA and on scaffolds manufactured
from the same material. They found that for bulk HA, strength in both bending and compression
decreased with increasing micropore size. The larger pore samples were less reliable (smaller
Weibull modulus) in bending but more reliable in compression. The group postulated that this

apparent contradiction stemmed from the greater distribution in pore sizes in bending and the
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decreased number of pores per unit volume in compression. The compressive strength of the HA
scaffolds was similar for both pore sizes, this makes sense as the scaffolds are more likely to fail
due to larger defects i.e. the mesopore phase. The average strength of the scaffolds of 8 MPa

compares favourably with that reported for trabecular bone (1-7 MPa).

A more isotropic architecture will exhibit varying mechanical properties depending on its
orientation. For example, lamellar-type scaffolds described by Fu et al. [60] displayed a
compressive strength of ~10 MPa (at a strain of ~7%) when loaded parallel to the lamellae but

only ~4 MPa (in a strain range of 2-10%) when loaded perpendicular to them.

Care must also be taken that the scaffold is not too strong as this can lead to stress
shielding and associated bone loss due to under-stimulation of the surrounding cells [9]. Such a
discrepancy is apparent in the Jones study [58] where they report values in the tens of gigapascals
for the Young’s Modulus of their scaffolds whereas their measured values for trabecular bone are

between 1 — 5GPa.

2.4.2 Permeability and Interconnectivity

A scaffold with high permeability is desirable as it facilitates the initial seeding of cells
through the structure as well as the transport of nutrients and waste products. In geology and
environmental science, permeability and porosity can sometimes be related, although no
fundamental law exists across all conditions. For example the Capillary Tube Model can be used to
relate the two via the equation;

pr?
K=o
Where k = permeability, ¢ = porosity, r = capillary radius and t = tortuosity. However, in a bone

tissue engineering scaffold, the situation is slightly more complex in that pores have varying
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degrees of connectivity which must be accounted for i.e. a highly porous structure in which none

of the pores are connected would be unable to allow cells to migrate through the matrix.

The general hypothesis is that pores need to have
an accessible pore radius, i.e. the radius of the smallest

sphere that can access the pore from outside, of >50um to

facilitate bone ingrowth [61], [62]. The Jones et al. study »
() (®)
mentioned earlier [58] corroborates this by showing a

strong correlation between accessible pore radius and bone

ingrowth. Although scaffolds with an accessible radius

>50um showed greater bone ingrowth after implantation, © (D)
the authors also found an upper cut-off of ~100um for Figure 2.9. MTT staining of cell viability on

bone ingrowth. Clearly the degree of interconnectivity of (A)(8) scaffold with macrochannels and (€)(D)

scaffold without [15].
the pore network is a sensitive parameter that should be

examined on a case-by-case basis.

As a way of increasing the permeability of the matrix post-manufacture, the addition of
the macrochannels to the TCBE scaffold proved effective [4]. The permeability for the matrix
without the channels was measured as 0.097 x 10° m?; the macrochannels increased this to 1.71
x 101°m?2, The effect this had on the penetration of viable cells through to centre of the scaffold is

clear (Figure 2.9).

2.4.3 Construct Vascularisation

It is estimated that in vivo no cell is ever further from a capillary than about 100-200um
[63]. This gives a fairly stark limit of what can be expected from diffusion of nutrients through a

matrix. Several studies have elucidated the behaviour of vessel forming endothelial cells and have
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described conditions that encourage their proliferation, motility and growth [64], [65]. However,
more efforts are necessary to integrate a vascularisation technique into other areas of tissue

engineering, as the necrotic core referred to by Buckley et al. demonstrates [4].

One such effort has been made by Trkov et al. [66]. They developed a micropatterned 3D
hydrogel construct to investigate the interaction of endothelial and mesenchymal stem cells.
Clearly, any such interaction will be highly pertinent to an attempt at a long-term bone tissue
engineering implant. They found that bone marrow derived MSCs migrated in response to the
proximity of endothelial cells. This was attributed to a chemotactic gradient created by secretion
of chemokines by the endothelial cells. In addition, the MSCs acted to support the endothelial
cells in the creation of a stable vascular network that consisted of long, highly-branched tubular

structures resembling capillaries.

Although this work shows great promise for the ability of MSCs to support vasculogenesis,
it is clear that an additional cell type, namely endothelial, is necessary. Thus, at some stage in any
development of a novel tissue engineering strategy, the addition of an auxiliary cell type may well

have to be considered and the potential repercussions associated with it.

In terms of seeding a scaffold with an angiogenic cell-line alone, avoiding co-culture,
Handel et al. [67] report favourable results. An osteogenic 45S5 Bioglass®-based scaffold was
seeded with human adipose tissue-derived stem cells (hASCs). The constructs were analysed using
two metrics; an in vitro human umbilical vein endothelial cell (HUVEC) formation assay and an in
vivo chorioallantoic membrane (CAM) angiogenesis assay. Improved angiogenesis was observed
by both techniques and this was attributed to increased vascular endothelial growth factor (VEGF)
provided by the hASCs. In fact, the improvement was noted on both Bioglass® scaffolds and
fibrous controls (Figure 2.10) provided they were seeded with hASCs. This implies independence

from any ionic dissolution from the Bioglass®.
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Figure 2.10. (B) Fibrous and (C) Bioglass® scaffolds seeded with hASCs after investigation in the

CAM angiogenesis assay compared with their counterparts seeded with (D and E) human

fibroblasts. Scale bars = Imm [63].

Another approach would be to supply progenitor cells with supplementary angiogenic
growth factor. This method was investigated by Helmrich et al. [68]. Here, VEGF was
overexpressed in genetically modified human bone marrow-derived MSCs. The over-expression
was found to significantly improve the vasculature of constructs both in vitro and in an in vivo
nude rat implant. However, the increased VEGF was also found to increase osteoclast recruitment
to the implant site which resulted in resorption and an overall decrease in bone mass. This is
another example of a novel method having an unexpected effect and highlights the need for

further investigation in this area.
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In the Helmrich study, the authors also highlight the importance of the quality of
vasculature, not just the quantity. It is not enough to simply increase the density of carrier vessels
through a construct if diffusion of nutrients cannot occur through the vessel walls. The VEGF over-
expression resulted in physiologically-relevant vascular networks with a high density of capillaries
whose thin walls facilitate the exchange of nutrients. Conversely, the control samples produced
networks consisting of predominantly conductance vessels. These are thick muscle cell coated
arteries and veins which allow very little diffusion through their exterior. This result adds another
caveat to the issue of angiogenesis in tissue engineering grafts and it is clear that more work is

required before a particular method to increase blood vessel formation is adopted.
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2.5 Inflammation

Inflammation is a term used to describe a whole suite of biological responses to a range of
potential stimuli which result in protein synthesis and cell activation. As with any physiological
system, bone exhibits an inflammatory response to trauma. While quite complex, the response is
essentially a cascade of events and signals that regulate the healing process. Progenitor cells are
recruited to the injury/infection site and their subsequent actions are regulated by an array of
proteins and cytokines which can have both local and systemic effects [69]. Logically, an
understanding of the effect of scaffold material and structure on this process is pertinent to the
design of any implantable product. However inflammatory potential often seems to be ignored
with most literature focussing on biocompatibility, manufacturability and the restoration of form
and function [70]—-[74]. Unfortunately, the value of these features could be overcome by implant-
induced inflammation. While some inflammation is necessary for healing, it can also induce a

range of responses that can compromise the health of both the host and the implant.

While there is evidence to suggest that calcium phosphates of various forms induce an
inflammatory response [75]—-[78], the specific mechanisms of the response are often poorly
elucidated. More importantly, the potential consequences for the implant are frequently ignored.
This is particularly relevant for implanted ceramic scaffolds as mesenchymal stem cells (MSCs) can
contribute to the degradation of ceramics [75], exacerbating any inflammatory effect. Thus the
inflammatory process is relevant from two points of view: the health of the recipient and the

“survivability” of the implant.

Recent studies have described calcium phosphate induced inflammation, both in vitro and
in animal models. Murine macrophages have shown increased production of pro-inflammatory
cytokines IL-6 and TNF-a [77] while also displaying significant decreases in proliferation and
phagocytosis when cultured in the presence of nanocrystalline hydroxyapatite. 1-50um -

tricalcium phosphate (B-TCP) particles also induced an inflammatory response in vivo in mice. This
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manifested as a significant migration of immune cells to the injection site. The inflammatory
infiltrate included neutrophils, lymphocytes, macrophages and fibroblasts. In the same study in
vitro, macrophages phagocytosed the B-TCP particles [76]. Sintering temperature of HA has also
been suggested to correlate with inflammation [79]. Here, HA particles sintered at 1180°C
induced higher levels of inflammatory cytokines TNF-a and IL-6 in human monocytes compared to
particles sintered at 600°C. However, this study is limited in that only two temperatures were

examined, both relatively low.

These studies all have in common a lack of clarity regarding the specific immune stimulus.
Particle-size, chemistry, crystallinity etc. could all effect an immune response. In fact it has been
suggested that grain shape may be a defining characteristic [78] with long, needle-like
nanostructures the most likely to induce inflammation. And of course, it may also be a
combination of any of the above. In addition, very little is known about the exact pathways that
this inflammation is acting through. Although there is evidence to suggest that the TLR (toll-like

receptor) pathway is involved [80].

In any case, it is clear that further study is required on what effect implanted calcium
phosphates have on the immune system. More generally, inflammation is a complex area and its

effects should be examined as part of any new implant design.
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2.6 Observational Methods

2.6.1 Introduction

The “observer effect” is usually explained as being the act of measuring, in itself, altering
the state of that which is measured. In all aspects of science it is important to remain aware of the
potential consequences of using a particular metric to draw conclusions. An example from tissue
culture would be using a media assay to analyse cell proliferation rather than counting the cells by
eye. Aside from the practical benefits of the assay, MSCs start to die when not attached to a
surface and generally they need to be removed to be counted. Thus, cell death might lead to
inaccuracies in the results. That is not to say that an assay has no effect on the cells, but it is to be

hoped that it would be much kinder than counting.

Of course there are also more mundane reasons for modifying or developing new analysis

techniques; cost, efficiency and practicality among others.

2.6.2 Cell Proliferation Media Assay

Assessing cell proliferation is the most logical way of determining a tissue engineering
scaffold or biomaterial’s viability. The most basic was of doing this is to simply count the cells
either unaided [33] or in conjunction with a stain [64]. However, this method is usually destructive
as it involves removing the cells from the surface of whatever material is under investigation. This
is adequate if only one timepoint is being considered but problems arise when regular,
continuous measurements are required. It is also time consuming and there is always a risk that

some cells may remain on the surface thus confusing the results.

In general a media assay is preferable as it allows the same samples to be used for each
timepoint due to the fact that the media is removed and analysed leaving the cells unharmed.

Assays generally involve adding a chemical to the media and measuring a colour change based on
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cell activity. There are numerous assay techniques available to measure the metabolic activity of
cells, some common ones being live/dead staining, DNA assays and MTT assays. There are pros
and cons to all, e.g. the MTT assay is very sensitive to the conditions under which it is performed.

And, in addition, most require a high level of expertise and finance.

One of the most popular activity assays is AlamarBlue®[81], [82]. The active ingredient in
AlamarBlue® is a compound called resazurin. Over time, cells metabolise the resazurin and reduce
it to resorufin which fluoresces [83]. By measuring the difference in fluorescence of each sample

the activity of the cells and, thus, their proliferation can be assessed.

The main drawback to AlamarBlue® is its expense. As a result, a cheaper alternative that
performs to a similar standard is highly desirable. One way of doing this is to obtain the
compound resazurin sodium salt in its powdered form and to mix up a solution “in-house”. This
has been done before on a rougher scale to detect the presence of bacteria [84], [85]. Such a
solution would also be useful as a more sensitive between-group comparator if employed using
an AlamarBlue® protocol as each experiment provides its own controls [83]. Magnani et al. [86]
used a similar protocol to detect changes in the metabolism of serum-starved PC-12 neural cells.

They concluded that the technique was cheap, easy to implement and readily automatable.

While the resazurin technique is simple, easily applied and very cheap it does have some
limitations that would not normally be associated with commercial assays. One, there is no
general standard; a new batch of resazurin is made up for each experiment, this allows only
comparisons of groups within individual experiments. Two, the assay relies heavily on the
accuracy of the performer for its repeatability; again due to the need for a new mixture for each
experiment. Despite these drawbacks, it was felt that the simplicity and volume provided by the
resazurin technique far outweighed them and this was the method of choice adopted for

proliferation measurement over the course of this work.
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2.6.3 Cell Types

It is standard practice when assessing the in vitro performance of scaffolds intended for
bone tissue engineering to use some form of mesenchymal stem cell. This makes sense as the
MSC is one of the key responders to injury of skeletal tissue and has the potential to differentiate
along the osteoblastic lineage. However there are potential problems when the aim is to measure
the metabolic rate of MSCs and these stem from their pluripotency. While they are proliferating,
the MSC metabolic rate is fairly steady [87]. However, when they differentiate their metabolism
can change. Thus it is important to verify that any changes in metabolic rate observed are due to
proliferation rates and not differentiation. Differentiation in itself is not necessarily undesirable
and, in fact, may be unavoidable given that the cells will be cultured on calcium phosphates [88].

But the primary purpose of this project is to increase proliferation.

With this in mind, other cell types may be used to verify any conclusions drawn from the
MSC results. A suitable example would be murine THP1 cells. These are derived from mouse bone
marrow and are non-adhesive macrophages. They have a number of positive attributes including
being another important cell involved in injury response. And their non-dependence on adhesion

means they provide a counterpoint to the purely adhesive MSCs.
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2.7 Research Objectives

Project Aim: Define, produce and evaluate an optimized ceramic scaffold for use in oro-maxillo-

facial bone tissue engineering.
To achieve this aim, the following objectives are intended:

1. Induce topographical changes in HA scaffolds by
a. Sintering temperature variation.
b. Nanophase addition.
2. Develop a method for quantifying surface topography in a manner relevant to cell
behaviour.
3. Monitor phase stability.
4. Assess surface performance using cell activity and thus determine the effectiveness of
surface topography as a method of enhancing cell proliferation on HA scaffolds.
5. Compare the optimized scaffold to an industry competitor using the metrics of cell

activity and inflammatory response.
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3.1 Introduction

The first method employed to alter the surface topography of the scaffolds and, thus,
attempt to increase cell activity, was modulation of the sintering temperature. Not only is this an
easy and inexpensive parameter to control but it fits with the general brief of keeping the whole
manufacturing process within the bounds of industrial scalability. In addition, as discussed in
Chapter 2, it is important that any manufacturing parameter used to affect the surface
topography be able to work throughout a three-dimensional pore structure. Sintering

temperature fulfils this criterion.
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3.2 Materials and Methods

3.2.1 Scaffold Manufacture

3.2.1.1 Green Body Preparation

Scaffolds were manufactured using a freeze-drying and sintering technique previously
described by Buckley [4]. The HA (puriss., 290%) (Sigma-Aldrich, catalogue number 04238)®
precursor powder was gradually added (final solid content of 38%w/v) to a conical flask
containing 2wt% (to 100wt% precursor powder) Darvan 811 dispersant (RT Vanderbilt Company
Inc., Norwalk, CT, USA) and the correct volume of deionised water. The suspension was mixed
manually before slowly adding Methocel 60HG binder (Sigma-Aldrich) to yield a final
concentration of 2.5%w/v. The suspension was further homogenised in a Turbula mixer (WAB

Ltd., Welwyn Garden City, UK) at 23rpm for 12 hours.

The suspension was cast into stainless steel rings (Stock, Dublin, Ireland) sealed on one
side with Parafilm and placed on the cooling shelf of a VirTis AdvantagePlus freeze-dryer (SP

Scientific, Suffolk, UK). Samples were then subjected to a freeze-drying cycle (Table 3.1).

5 No data was available on the particle size or size distribution of this batch of HA.
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Step Temp. (°C) Time (mins) Ramp/Hold Pressure (Torr)

1 (Start) 20 10 Hold 760
2 (Ramping) -40 65 Ramp 760
3 (Temp. Hold) -40 60 Hold 760
4 (Drying) -40 5 Hold 0.2
5 (Drying) 0 160 Ramp 0.2
6 (Drying) 0 1020 Hold 0.2
7 (Drying) 20 40 Ramp 0.2
8 (Drying) 20 30 Hold 0.2

Table 3.1. Detail of the scaffold freeze-drying cycle.

3.2.1.2 Wax Infiltration

To facilitate cutting and shaping, the green bodies were infiltrated with paraffin wax
(Fluka). The wax was melted in Pyrex dishes. The green bodies were placed gently on top of the
wax and allowed to submerge under their own weight. The dishes were then placed in a vacuum
oven (Binder, Tuttingen, Germany) and the vacuum applied and held for 15 minutes at 65°C. Once
removed from the oven, the green bodies were removed from the wax bath and allowed to cool

to room temperature.
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3.2.1.3 Wax Removal and Sintering

Scaffolds were cut to desired size and shape and placed in Pyrex dishes. The bulk of the
wax was removed by melting in an oven at 65°C for an hour. Scaffolds were placed in alumina

crucibles and sintered in a chamber furnace (Lenton, Hope, UK) under the following regime.

1. Ramp at 3°C/min up to 250°C.

2. Hold for one hour to facilitate burnout of organic components.

3. Ramp at 3°C/min up to maximum sintering temperature (1100-1350°C).
4. Hold for three hours.

5. Ramp at 3°C/min to room temperature.

3.2.2 Disk Manufacture

In order to investigate the effects of topography on cell behaviour, the scaffold pore
surfaces were modelled using two-dimensional disks. These were made from the same precursor
powders as the scaffolds and pressed as lightly as possible to maintain an accurate simulation of
the surface morphology created by the freeze-drying and sintering processes. This approach

removes any confounding factors such as pore-size and shape.

The 2D HA discs were made by lightly pressing 200mg of the precursor powder for two
minutes in a 13mm die (International Crystal Laboratories, Garfield, NJ, USA) followed by
sintering in a chamber furnace (Lenton, Hope, UK). The sintering regime was as described for the

scaffolds.

HA disks exhibiting a variety of surface topologies were produced by varying the
maximum sintering temperature. These were then sintered to final temperatures of 1100, 1150,

1200, 1250, 1300 and 1350°C.
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3.2.3 X-Ray Diffraction (XRD) Analysis

It was important to define the phases present in the samples as the sintering temperature
was increased from 1100-1350°C. High-temperature decomposition of HA into tri-calcium
phosphate (TCP) can be a problem and this would present a confounding factor in the ensuing
analysis. Hence, phase stability was monitored using XRD. Appendix | offers further discussion on

the varying stability of HA powders from different sources.

XRD was carried out on powder samples that had been mixed and sintered to the same
specifications as the scaffold precursors. The machine used was the Bruker D5000 in TCD
Geochemistry which has a 2.2 kW Cu long fine focus (0.4 x 12mm filament). The following optical
configuration was used: 2.5° primary soller, 2 mm aperture diaphragm, 2 mm scattered radiation
diaphragm, 2.5° secondary soller, 0.6 mm detector diaphragm and a secondary curved graphite
monochromator ahead of the scintillation counter. Sample measurements were made at 1 sec/

0.02° step from 10 to 65 °20 at 40 kV and 40 mA. Sample rotation was used.

3.2.4 Scanning Electron and Helium-ion Microscopy

The best way to get a qualitative expression of the surface topographies at cellular length
scales was electron microscopy. These versatile instruments allow high-resolution imaging at the
nanoscale. This technique was imperative for confirming that the surfaces of the 2D disks
matched the pore surfaces of the 3D scaffolds. In addition it allowed the cells to be observed

directly on the surfaces, providing confirmation of adhesion and morphology.

Initially, the temperature controlled samples were imaged using a Zeiss Ultra Scanning
Electron Microscope (Carl Zeiss Microscopy, Jena, Germany). All samples were carbon coated
using a sputter coater (Cressington Scientific Instruments, Watford, UK) prior to imaging. Cells

were fixed to the surfaces in 3% gluteraldehyde (Merck, Hohenbrunn, Germany) for two hours,
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followed by dehydration, in 10 minutes stages, through a series of ethanol concentrations (10%,

30%, 50%, 70%, 95%) followed by 30 minutes in 100% ethanol and atmospheric evaporation.

Where possible, samples were imaged using a Zeiss Orion Helium-ion microscope (Carl
Zeiss Microscopy, Jena, Germany) which eliminated the coating step. Cells were fixed in the same
way as before. The He-ion system gives greater depth of field than traditional SEM and the lack of
need for a coating makes the images more accurate. Images are labelled clearly depending on

what form of microscopy was used.

3.2.5 White-Light Interferometry

SEM and He-ion microscopy give excellent images of the substrates. However, they offer
no quantitative information on the surface topographies. A standardised quantitative descriptor
was highlighted in Chapter 2 as having a key role in bringing clarity to the literature on the topic of
tissue engineering scaffold topography. White-light interferometry was used to gather the raw

data from which such descriptors can be drawn.

White-light interferometry was performed in the TCD Centre for Microscopy Analysis. The
system used for image capture was an Omniscan MicroXAM interferometer running Mapvue AE

2.27.1 capture software. Scan sizes were 1Imm?. Images were analysed using Gwyddion v2.37 [89].

3.2.6 Cell Culture

3.2.6.1 MSCs on HA Disks

Surfaces were assessed based on their tendency to increase proliferation of MSCs. The

proliferation of the cells was measured using the expression of their metabolic activity. High
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activity corresponded with high levels of proliferation. The relationship between cellular activity

levels and cell numbers is discussed in Appendix Il.

Prior to culture all samples were sterilized by heating to 121°C for one hour in a vacuum
oven (Binder, Tuttingen, Germany). All samples were seeded with porcine bone-marrow-derived
MSCs at a density of 40,000 per well. Samples were incubated at 37°C for four hours before
adding 500ul of media consisting of Dulbecco’s Modified Eagle Medium (DMEM) Glutamax (Gibco,
Dublin, Ireland), 10vol% foetal bovine serum, 2vol% penicillin/streptomycin and 0.1ul/ml amp-B
(all Sigma-Aldrich) to each. Cells were cultured for various periods up to one month at 37°C and
assayed for metabolic activity every three or four days. Cells cultured directly on tissue-culture

plastic were used as a control.

3.2.6.2 MSCs with HA disks — Non-Contact

It was noted that, although culturing the MSCs directly on the HA substrates would show
any general differences in response, this experimental set-up would be unable to differentiate
between effects caused directly by the surface topography and those caused by any potential
ionic diffusion or particulate dissolution products. To account for this, MSCs were also cultured in

the presence of the substrates but not in direct contact with them (Figure 3.1).

The general culture conditions were the same as those described for the contact
experiment described above. After seeding on tissue culture plastic, the cells were allowed four
hours to adhere. The HA samples were then introduced; contained in Millicell culture plate inserts
(Merck Millipore Ltd., Cork, Ireland) with a polycarbonate membrane mesh of pore size 8um.
500ul of media was added and the culture and assays proceeded as before. This setup allowed

the cells and samples to occupy the same media with free association allowed through the insert
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membrane but without direct contact. Cells cultured in the absence of substrates both with and

without inserts were used as controls.

Culture Media Sample Disk

Cells Porous Membrane

Figure 3.1. Schematic of the experimental set-up for the MSC non-contact study.

3.2.6.3 THP1 Macrophages on HA Disks
As a further test of the non-surface effects of the HA substrates, samples were analysed
using non-adherent THP1 murine macrophages. This cell line has the additional characteristic of

being non-differentiating, allowing a further comparison with the MSCs. The THP1s were seeded

at a density of 100,000 per sample.

Due to the non-adherent nature of these cells, it was not possible to assay the same

samples across multiple timepoints. Instead, individual samples were cultured to specific
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timepoints. Media refreshment was achieved by removing half the old media and replacing with

new. This is possible due to the fact the cells tend to sink and aggregate at the bottom of the well.

3.2.7 Resazurin Media Assay

Proliferation and activity of both MSC and THP1 cells was assessed using a media assay
very similar to AlamarBlue® but non-proprietary. A 1mg/ml solution of resazurin sodium salt
(Sigma-Aldrich) in deionised water was prepared, sterile-filtered and stored at 4°C (for up to one

week).

At regular intervals, the samples were removed from the incubator, the old media
removed and new media consisting of 10vol% resazurin solution was added and the samples
returned to the incubator for four hours. This resazurin media was removed from the wells and
100ul from each sample was added to a Nunc black 96-well plate (Fisher Scientific) in triplicate.
After the assay the samples were gently washed with phosphate buffered saline (Sigma-Aldrich)

to remove any excess resazurin before being returned to the incubator.

During incubation the cells partially reduce the resazurin to resorufin which fluoresces.
This fluorescence (at excitation 530nm, emission 590nm) was then measured using a Synergy HT
microplate reader (BioTek, Winooski, VT, USA). The percentage reduction of resazurin was

calculated using the formula

Sx ) control

% reduction =
5100% reduced — Scontrol

Where Sy is the fluorescence signal of the sample at day X, Scontrol is the signal generated by a
10%vol resazurin media solution and S100% reduced is the signal of the 100% reduced resazurin

solution (generated by autoclaving a sample of the control at 121°C for 15 minutes).
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Due to the non-adherent nature of the THP1 cell type, it was not possible to culture each
of these samples longitudinally as before. Hence, at each timepoint three samples from each
group were selected and 50% of their media removed with care being taken not to disturb the
cells at the bottom of the well. A double concentrate resazurin solution was then added to these

wells and incubated for four hours as before. This solution was analysed as described above.

3.2.8 Statistical Analysis

All experiments were duplicated. Groups were evaluated using one-way analysis of
variance (ANOVA) and Tukey’s comparison test. A sample number, n, of six was used for all
studies apart from the THP1 cells on the HA substrates; in this case an n of three was used.
Results with a p £ 0.05 were considered significant. All analysis was performed in Minitab (Minitab
Ltd., Coventry, UK). Graphs were produced in GraphPad Prism 5 (GraphPad Software Inc., La Jolla,

CA, USA).
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3.3 Results

3.3.1 Surface Morphology

3.3.1.1 Disk Morphology

By varying the sintering temperature from 1100-1350°C, a range of surface morphologies
was achieved (Figure 3.2). The HA particles did not fully sinter together at the lowest
temperatures which resulted in a discrete, granular topography most pronounced at 1100°C and
1150°C. This contrasts with the higher temperatures where the individual HA particles fused into
large, glassy grains. Average feature sizes at 1100°C were approximately 500nm while at 1350°C

they were on the order of 10um.

3.3.1.2 Scaffold Morphology

The SEM images reveal some similarity between the morphologies of the disks and those
of the scaffolds sintered under the same conditions (Figure 3.3). The topography is a little harder
to identify in 3D due to the porosity of the scaffold matrices. However, small granular features are
clear at low temperatures, ranging up to smooth, glassy surfaces at high temperatures. This
resemblance was taken as support for the assumption that the disks are appropriate models for

the freeze-dried scaffolds.
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Figure 3.2. SEM images of HA disks sintered from (a) 1100°C — (f) 1350°C. Scale bars are 2um.
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Figure 3.3. SEM images of HA scaffolds sintered from (a) 1100°C — (f) 1350°C. Scale bars are 2um.

3.3.2 Surface Quantification

One of the major problems in using surface topography as a biological tool is finding a
way of quantifying it rigorously. This is explained in more detail in Chapter 2 but the salient point

is that there is no consensus in the literature on how to numerically describe a tissue engineering
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surface to best effect. Here, white light interferometry was used to gather quantitative data on

the various surfaces.

Despite the obvious variations in surface morphology apparent in the SEM images of the
HA substrates (Figures 3.2 and 3.3), the most commonly used surface descriptors were unable to
differentiate them. This data is summarised in Table 3.2. Here, R, and Rq were taken from the
average of four independent line profiles drawn across 10,000um? regions of interest of the full
1mm? scans. S,, Sq and Sqr, being three-dimensional parameters, were computed statistically by
Gwyddion directly from the regions of interest. As can be seen from Table 3.2 there are no

obvious trends in the data as sintering temperature is increased.

1100°C  1150°C 1200°C 1250°C 1300°C 1350°C
Ra(um) | 0.1138  0.1098 0.078 0.0836 0.16 0.124
Rq(mm) | 0.1526  0.1502 0.11 0.1112 0.216 0.168
Sa(um) | 0.475 0.404 0.41 0.332 0.76 0.6
Sq(um) | 0.599 0.514 0.51 0.419 0.93 0.79
Sr 1.2 1.19 1.12 1.12 1.31 1.21

Table 3.2. Common surface descriptors for HA substrates sintered from 1100-1350°C. Note the lack of any coherent

trends.

The number selected to describe the surfaces presented here was the average surface
wavelength. This is a hybrid parameter and so gives more information than a more basic number

such as R, alone. The average wavelength of a line profile is given by the formula;

A=2r-2
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Where R, is the average roughness of the profile and A, is the absolute average slope computed
from each consecutive data point in the profile. Hence, the surface wavelength describes a
combination of the amplitude of the topography and the spacing of the features. Both of which,

intuitively, might be relevant to cell response.

The raw data from the white light interferometer was imported into Gwyddion and four
line profiles drawn from each 1mm? scan; a centred vertical and horizontal profile; and the two

corner-to-corner diagonals. The average wavelength of each set was then plotted (Figure 3.4).

3.0+

2.8+

2.6

Average Wavelength (um)

1100 1150 1200 1250 1300 1350

Figure 3.4. Average surface wavelengths of HA disks sintered from 1100-1350°C. Bars are one standard error from

the mean of four measurements. An increasing trend is apparent from 1100-1350°C.
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A one-way ANOVA revealed that both the 1300°C and 1350°C groups have significantly
longer wavelengths than the 1100°C and 1150°C groups (P = 0.04). The overall trend of increasing

wavelength with temperature is also apparent.

It is also notable that, although significance was not captured by the ANOVA, when
isolated and analysed by t-tests, both the 1300°C and 1350°C groups are distinctly elevated from

the 1200°C group (P < 0.05).

3.3.3 Phase Stability

It is natural to assume that the act of high temperature sintering would affect the phase
composition of the HA in some way. The literature notes that in particular, HA has a tendency to
decompose into a-tricalcium phosphate at higher temperatures (See Appendix |). Before any
conclusions were drawn about the efficacy of the various topographies described above, it was
important to ensure that they remained chemically similar. XRD was employed to achieve that
aim. Figure 3.5 shows a comparison of the XRD patterns of unsintered HA; and HA sintered at

1100°C, 1250°C and 1350°C. The other temperatures were omitted for clarity.
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Figure 3.5. XRD patterns of (a) HA sintered at 1100°C, (b) HA sintered at 1250°C, (c) HA sintered at 1350°C

and (d) unsintered HA. The data shows that phase stability was maintained across the temperature range.

The XRD data clearly shows phase stability was maintained across the four samples. The
three large peaks at 26 values of 31.8°, 32.2° and 32.9° are indicative of the HA phase. If
decomposition had occurred to a-TCP, significant peaks at 30.7° and 34.2° would be expected

instead; these were not apparent here.

The increased crystallinity of the material achieved upon sintering is also apparent. This is
signified by the increased definition and height of the peaks of the sintered samples compared to

the unsintered.
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3.3.4 Cell Response

3.3.4.1 Contact MSC Response

The best in vitro test for the efficacy of a particular surface topography is to culture cells
on it and observe their responses. Here, porcine, bone marrow derived mesenchymal stem cells
were employed as they are cheap, readily available and are widely used in literature to analogue

bone cell behaviour.

HA disks sintered at 1300°C consistently induced higher cell responses than the other
groups and the tissue culture plastic control over 19 days of incubation (Figure 3.6). By day 19 the
1350°C samples also outperformed the control (P = 0.02) and were statistically indifferent from

the 1300°C (Figure 3.7).

The most striking result was the complete lack of cell life observable on the 1100-1200°C
surfaces. This was not just a lack of proliferation as it was evident from the very first timepoint at
24 hours. Clearly, the MSCs were unable to adhere to those surfaces sintered below 1250°C and,

as they cannot survive for more than a few hours in suspension, subsequently died.
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Figure 3.6. MISC response to HA disks sintered from 1100-1350°C, cultured for 19 days, n = 6. No cell life was observed

on the 1100-1200°C surfaces. 1300°C and 1350°C induced the highest cell responses.
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Figure 3.7. MSC response at day 19 to HA disks. Bars are one standard error from the mean, n = 6. No significant cell

life is apparent on the 1100-1200°C surfaces while 1300°C and 1350°C outperform the control.

As can be inferred from Figures 3.4 and 3.7, the increase in cell response appears to
coincide with increasing surface wavelength. A simple regression analysis revealed a strong
correlation between surface wavelength and cell response at day four of culture (R? = 0.8944)
(Figure 3.8). This was in direct contrast to the absence of any trends in the more conventional

roughness measurements detailed in Table 3.2.
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Figure 3.8. Linear regression of surface wavelength with MSC contact response to the respective HA substrates at day

four, R? = 0.8944. A strong correlation is apparent between surface wavelength and cell response.

3.3.4.2 Non-Contact MSC Response

MSCs were also cultured in the presence of the various samples but not in direct contact
with them (Figure 3.9). This was done in order to help differentiate topographical effects from
solution effects; be they ionic diffusion or particulate dissolution. From the ensuing data it is clear
that in the first week of culture the difference in sintering temperature had no discernible effect
on the cell responses. However, over time the low temperature samples (<1250°C) had an
apparent inhibitory effect on cell proliferation. Although the extreme cell death observed on

these samples when in contact with the MSCs (Figure 3.6) never became apparent.
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Figure 3.9. Non-contact MSC response to HA disks sintered from 1100-1350°C, cultured for 24 days, n = 6.

3.3.4.3 THP-1 Response

Due to the adherence issue experienced by the MSCs in the contact experiment, it was
decided to assess the performance of a non-adherent cell line on the same surfaces. Murine bone

marrow derived THP-1 macrophages were employed for this purpose.

Differences in cell response were also observable with this cell type (Figure 3.10). Being
macrophages and non-adherent meant they could survive and proliferate in suspension and were
not dependent on topography for adhesion and subsequent survival. Although cultured for a
shorter time period, a similar trend was observable to that displayed by the non-contact MSCs;
the materials sintered above 1150°C induced higher cell activity than those sintered at 1150°C

and below. Again, an important difference was apparent between the THP-1s and the MSCs
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cultured in contact with the HA surfaces; the THP-1s could survive and even proliferate on the

low-temperature (<1250°C) samples although in a delayed manner.
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Figure 3.10. THP-1 response to HA disks sintered from 1100 to 1350°C, cultured for 11 days, n = 3.
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3.4 Discussion

The key outcome from the SEM images of both disks and scaffolds sintered from 1100-
1350°C (Figures 3.2 and 3.3) is that they closely match at each temperature point. It was
imperative that the disks provided good analogues of the 3D pore surfaces so that useful
conclusions could be drawn from the rest of the data. Furthermore, it addresses the criterion of

the surface modulation technique being applicable to a porous 3D scaffold.

The morphologies illustrated in Figures 3.2 and 3.3 are so evidently varied that it is
surprising they were not easier to differentiate by one of the common surface descriptors e.g. R,
Sa, Sar, etc (Table 3.2). However, even if they were, it would not solve the more general problem of
the huge variation in the literature regarding this matter. It is important that some parameter is

chosen as a standard for surface comparison as repeatability will always be difficult otherwise.

When choosing a surface descriptor the first decision to be made is whether one uses a
full 3D parameter (i.e. one that incorporates x, y and z axes) or a 2D one (x and z axes) derived
from one or more line-profiles drawn across the surface. The limitations of 2D parameters are
immediately obvious; they may not be representative of the surface as a whole in that there will a
spatial distribution to any peaks as well as the peak deviations themselves. Additionally,
information will be lost with the necessary reduction in data. That said, line profiles are easier to
generate and analyse and most of the work done to date pertaining to surface description has
used profiles. In future, no doubt 3D analysis will be the standard but for now 2D quantifiers are

the norm.

Of these, R, seems to be the most common choice but it is extremely limited as a
descriptor of the kind of complex, pseudo-random surfaces often exhibited on tissue engineering
scaffolds. R, is defined as the integral of the absolute value of the roughness profile height over

the evaluation length. This method thus cannot distinguish between a surface with many narrow

68



peaks and one with many narrow valleys. Likewise it gives no indication of the uniformity or

otherwise of a surface.

With that in mind, surface wavelength is a good alternative as it contains more
information than many of the more common quantifiers. By combining both R, and A, the slope,
surface wavelength gives an indication of average amplitude changes contained in the topography
and the relative spacing of those changes. This allows for a more complete comparison between
different morphologies. The potential success of surface wavelength as a general standard has

been indicated here and it acted as an excellent predictor for cell response (Figure 3.8).

It may be argued that the surface wavelength is nothing more than a peak spacing
parameter as height information contained in the R, component is cancelled by the height
information provided in the slope. It must be remembered however that the slope is both
localised and dimensionless. Thus, the wavelength distinguishes a long, undulating surface, from a
sharp, spiky one, provided their features are on the same length scale. Having said that, use of the
average surface wavelength as a descriptor should always be supported by SEM data to

qualitatively validate the data.

The MSC responses when in contact with the sintered surfaces were interesting. It was
assumed that the introduction of nano-sized features into the topography would engender higher
cell proliferation rates indicated by higher metabolic responses. However, clearly this was not the
case (Figure 3.6). In fact, almost no cell life was observed on the lower temperature surfaces. This
indicates that the cells have a more complex relationship with their topographical surroundings
than merely sensing how rough or smooth they are. It may be that the cells could not adhere to
those surfaces sintered below 1250°C. This hypothesis would seem to be borne out by the fact
that there is no cell life evident from the very first timepoint; 24 hours (Figure 3.6). This indicates
that the cells died suddenly, not from a gradual cytotoxicity; it is well established that MSCs

cannot survive more than a few hours in suspension. In addition, non-adherent THP-1 cells were
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shown to proliferate on the lower temperature surfaces (Figure 3.10). This result, coupled with
the XRD confirmation of phase stability (Figure 3.5) indicates a lack of evidence for cytotoxicity

and supports the adhesion hypothesis.

The biggest discrepancy in cell life occurs between 1200°C and 1250°C (Figures 3.6 and
3.7). These groups have surface wavelengths of 2.325um and 2.475um respectively. The
difference is so great as to suggest a threshold wavelength, below which cell adhesion is
impossible. If it is assumed to be halfway between the two groups then this value would be
2.4um. Ideally, surfaces would be produced at exact wavelengths along this range and the
resulting responses of seeded cells measured in order to determine the exact threshold. However,

such accuracy of manufacture would be highly challenging.

The results of the non-contact experiment (Figure 3.9) add an intriguing twist to this
story. Over the first week of culture, the various samples have no apparent effect on cell adhesion
to the tissue culture plastic and their subsequent proliferation. However, over the next 10 days,
the low temperature samples begin to display an apparent inhibitory effect on cell proliferation.
This implies that dissolution products from those samples are affecting cell behaviour; these could
be ions or particulates smaller than the culture insert mesh size of 8um. It has been shown that
increasing the sintering temperature of calcium phosphate ceramics decreases their dissolution
rate [90]. It is difficult to tease out how precisely the dissolution products are inhibiting the cells’
proliferation. The XRD evidence of phase stability across the temperature range would suggest
that it is a particulate effect that is occurring. If, for some reason, HA becomes more prone to
ionic diffusion as its sintering temperature is lowered then it is possible that a significant increase
in calcium ions could trigger an apoptotic response in the cells [91]. However, complete cell death
is never reached so this would argue against a calcium-apoptosis link. In any event, this result

shows that even if the low temperature substrates had surface morphologies that were
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favourable for cell adhesion, they would still be inadequate due to their propensity for

dissolution.

Finally, as mentioned above, the THP-1 cells do slowly proliferate on the lower
temperature surfaces. If apoptotic signals were being generated because of ions diffusing from
the disks it would be reasonable to expect the opposite response. One possible reason for the
culture profiles shown by the THP-1s here is a particulate effect resulting from decomposition of
the low temperature surfaces i.e. debris particles dissociating from the bulk material during
incubation. The THP-1s are macrophages and would deal with particulates by phagocytosis
(engulfment of the particles). It is possible that during this process the cells either die or produce
signals that depress proliferation. In this case, only after most of the particles have been
subsumed would the remaining cells begin to proliferate. This might explain the initial poor

survival of the cells after seeding but subsequent proliferation (Figure 3.10).

The THP-1 data also covers another potential issue in relation to the MSC response to
direct contact with the HA surfaces. THP-1s are not known to be pluripotent (unless specifically
induced using chemical factors). Therefore, any changes in their metabolic activity can be
attributed to survival and proliferation actions. This fact provides a check on the MSC results and
helps support the assertion that the differences in MSC activity are also due to proliferation and

not differentiation events.

This chapter has shown the profound effect that a modified topography can have on
cellular activity. A relatively small variation in HA sintering temperature can produce surface
morphologies that are either conducive to cell life, or completely non-viable. These results
indicate that there is potential in this technique to further improve cellular performance on the
scaffold surfaces. While an increase in proliferation over the original scaffold was not achieved

here, key learnings have been gathered from the various experiments that can be taken forward
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through the project. These include the HA phase stability at 1350°C, the non-contact experimental

technique and, most particularly, the use of the surface wavelength to predict cell response.

The requirement for a surface to be conducive to cell adhesion, apparently indicated by a
long surface wavelength (>2.4um), leads to an interesting question; is it possible to provide both
an adhesive surface and topographical features to stimulate cell proliferation? And, if so, what
form would such a surface take? Figure 3.11 attempts to describe such a surface in relation to a
cell. It is not to scale and is merely intended as a representation of the concept. In terms of
implementing it, an additional phase would be the easiest and most scalable method. A
biocompatible material that had a significantly higher sintering temperature than HA would be
ideal. This would allow the HA particles to fuse and form the underlying basal layer while the new
phase stayed discrete to form the nanoscale features. The next chapter details the efforts to

realise such a surface.

Figure 3.11. Target surface designed to promote both cell adhesion and proliferation, incorporating a smooth,

underlying basal layer and raised nanoscale topographical features. Not to scale.
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3.5 Conclusion

This chapter describes how readily the surface topography of HA scaffolds can be altered
using sintering temperature. Contrary to the hypothesis that surface features in the nanoscale
range would enhance MSC proliferation on the HA surfaces, cells performed best on the
smoothest substrates sintered above 1200°C. It was shown that the surface descriptor that best
predicted this phenomenon was surface wavelength; wavelengths above 2.65um proved
optimum for cell adhesion and subsequent proliferation. Furthermore there is an apparent

threshold wavelength of ~2.4um, below which cell adhesion appeared impossible.
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4.1 Introduction

Based on the conclusions drawn from Chapter 3, the addition of a second phase to the HA
matrix was chosen as a likely method of producing the desired surface topography. This phase
needed to be biocompatible and stable at high temperatures; alumina was selected as it fulfils
these criteria and is already widely used as a strengthening agent in bone tissue engineering
implants [46], [92], [93]. It also has a much higher melting temperature (~2000°C) than
hydroxyapatite; so it was expected that the individual particles would remain discrete within the
sintered matrix of HA. A nanoscale powder was sourced with a nominal particle size of 135nm. It
was intended that these particles would form the nanoscale surface features that would provide

the relevant stimulation to the cells to increase proliferation.

The addition of the alumina nanopowder had the desired effect, in small quantities
(<10wt%) it induced up to 236% more cell activity than pure HA. However, in concentrations
greater than this, it proved detrimental to cell proliferation with quite a sudden change in
behaviour between 10wt% and 12wt%. The search for an explanation of this phenomenon forms

a large part of this chapter.
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Figure 4.1. Flowchart describing the methodology and processes of the nanophase alumina addition.
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4.2 Materials and Methods

4.2.1 HA/Alumina Surface Preparation

Precursor powders were prepared by adding alumina nanopowder (US Research
Nanomaterials Inc., Houston, TX, USA) with nominal particle size of 135nm to hydroxyapatite
(puriss, 290%, Sigma-Aldrich) and ball milling overnight at 23rpm in a Turbula mixer.

Concentrations of between 2% and 14wt% alumina were examined.

As in Chapter 3, the scaffold pore surfaces were represented by 2D disks. These were
made by lightly pressing 200mg of precursor powder and sintering under the same conditions as

those described before.

With such small quantities involved in the ball-milled samples, it was felt that there was a
possibility of much of the alumina being lost in the bulk of the disk. In order to maximise the
amount of alumina present at the surface, an additional substrate was produced by dropping a
suspension of alumina nanoparticles onto pre-sintered HA disks. Pure HA disks were sintered to
1350°C in order to close as much of the bulk porosity as possible and ensure the majority of the
alumina nanoparticles remained on the surface. A 100mg/ml suspension of nanopowder in
isopropanol (Vishay Measurements Group, Basingstoke, UK) was mixed overnight on a rotator
table at 50rpm. The suspension included the dispersant Darvan 811 (RT Vanderbilt Company Inc.,
Norwalk, CT, USA) at a concentration of 2wt% to 100% alumina. 100pl of this suspension was then
dropped onto the pure HA disks. These samples then underwent another sintering cycle to

1350°C.

4.2.2 Repeated Analysis

SEM, He-ion, XRD and white light interferometry were all employed to characterise the

surfaces as before in Chapter 3. In addition, the same mesenchymal stem cell culture techniques
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were used; both in contact with the surfaces and in a non-contact experimental set-up. Cell

response was measured by the resazurin media assay.

4.2.3 EDX Analysis

Energy-dispersive X-ray spectroscopy (EDX) was used to characterise the chemistry at the
surface of the HA/alumina samples. The EDX apparatus was mounted to the same Zeiss Ultra
machine used for SEM imaging and data was analysed using Oxford Instruments INCA system

(Oxford Instruments, High Wycombe, UK).

4.2.4 Calcium Assay

Results from the cell culture experiments showed a change in response from the MSCs
across the 10-12wt% alumina threshold. Furthermore, XRD revealed phase changes occurring in
the HA with increasing alumina content. It was hypothesised that the adverse reaction of the cells
to concentrations of alumina >10wt% could be due to excess calcium ions diffusing into the media

from the decomposing HA. Excess calcium has been linked with cellular apoptosis [91].

In order to determine whether various HA + alumina combinations produced different
amounts of calcium ions in solution, a standard calcium assay was performed on media containing

pure HA, HA+6wt% alumina and HA+14wt% alumina disks.

Disks were individually weighed and then incubated at 37°C for one week in cell culture
media. After removal from the incubator, supernatant media from each sample and from blank
control wells was diluted by 50% using 1M HCI. Groups were then analysed using a Sentinel

Calcium Kit, (Sentinel Diagnostics, Milan, Italy).
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The kit consists of a calcium standard and two reagents; reagent one: 2-aminoethanol
buffer 1.0 mol/L pH > 10.0 and reagent two: hydrochloric acid 0.12 mol/L pH < 2.5, cresophthalein
complexone 0.3mmol/L, 8-hydroxy-quinoline > 10mmol/L. These reagents were mixed in a ratio
of 5:2 to form the working solution. Samples were compared against a standard curve of seven
dilutions of the calcium standard from 0 — 800ng/well. 10ul of each standard and sample were
placed in a clear, round-bottomed microplate and 140ul of working solution added to each. The
plate was covered and allowed to incubate for 10 minutes at room temperature before reading in

a Synergy HT plate reader (BioTek, Winooski, VT, USA) at 570nm absorbance.

4.2.5 Disk Debris Analysis

During the manufacturing process it was noted that samples with higher alumina contents
(approximately >10wt%) appeared to be structurally less stable and more prone to formation of
particulate debris. Again, this was viewed in conjunction with the fact that cells responded
negatively to alumina concentrations in excess of 10wt%. Microscale particles have been shown
to have an adverse effect on cellular proliferation [94] and this was believed to offer an

explanation for the poor proliferation seen on those substrates with >10wt% alumina contents.

In order to verify and quantify any particulate dissolution from the samples, pure HA,
HA+6wt% alumina and HA+14wt% alumina disks were incubated in cell culture media for one
week. These alumina concentrations were chosen as they occur on either side of the apparent
threshold for positive cell response, ~10wt%. Samples were imaged using an Olympus BX 41
microscope system (Olympus, Tokyo, Japan) and QCapture-Pro software (Qlmaging, Surrey, BC,
Canada). The resulting images were then examined for debris using the “Analyse Particles”

function of Image) [95].
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This function works by scanning a thresholded, binary version of the image until it detects
the edge of a particle. It then outlines and measures the particle, fills it in to make it invisible and
repeats the process until no more particles remain. A table of descriptive statistics is produced

detailing, amongst other things, the number, size, shape and position of the various particles.

4.2.6 Statistical Analysis

The significant success of the low alumina concentrations coupled with the
sudden, unexpected decrease in performance at >10wt% alumina led to the contact cell culture
experiments being performed independently in triplicate. All other studies were verified through
duplication. In general, it was not possible to pool the data from the experiments due to varying
culture conditions and manufacturing batches. Hence, the data presented were taken from single
experiments and the conclusions verified across the repeated tests. A high sample number, n, of

six was used in each study unless otherwise stated to increase the power of the individual trials.

Groups were evaluated using one-way analysis of variance (ANOVA) and Tukey’s
comparison test. Results with a p < 0.05 were considered significant. All analysis was performed in
Minitab (Minitab Ltd., Coventry, UK). Graphs were produced in GraphPad Prism 5 (GraphPad

Software Inc., La Jolla, CA, USA).
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4.3 Results

4.3.1 Surface Morphology

He-ion microscopy (Figure 4.2) provided evidence that, when ball-milled together overnight, the
alumina nanoparticles combined with the HA matrix to provide the idealised surface suggested in
Chapter 3. The HA formed a smooth, underlying basal layer while the alumina nanoparticles were
embedded into the HA matrix forming features of approximately 200-500nm in diameter. These
are larger than might be expected from a nanopowder with a reported nominal particle size of
135nm. However, when allowances are made for particle size distribution and manufacturing

induced aggregation, 200-500nm is an acceptable final feature size.

Figure 4.2 also highlights the difference in topography on a pure HA surface (A) and that
achieved by adding alumina nanoparticles to the HA at a concentration of 5wt% (B and C). These

images indicate the significant increase in surface features produced by the alumina compared to

the smooth, undistinguished surface of the pure HA disk.

Figure 4.2. He-ion images of the surfaces of (A) pure HA, (B and C) HA+5wt% alumina disks. Scale bars are 5um. Note the

increase in topographical features apparent in the alumina samples.

There were also notable variations in morphology between the ball-milled HA/alumina
samples and the samples where alumina was deposited in suspension (Figure 4.3). On the

deposition surfaces, the alumina appeared to have aggregated into large areas in contrast to the
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even distribution of topographical features evident on the ball-milled surface. In addition, some
sintering of the alumina nanoparticles was apparent on the deposition surfaces. The combined
effect of these phenomena was a loss in fidelity of the features provided by the alumina, resulting
in a less distinct morphology. On this basis, it was determined that the ball-milled surface

provided the best analogue of the ideal topography proposed in Chapter 3.
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Figure 4.3. SEM images of (A) Ball-milled HA+5wt% alumina and (B) Alumina suspension deposited on HA surface. Scale

bars are 20um.
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4.3.2 Surface Quantification

One of the key conclusions drawn from the sintering temperature experiments in Chapter
3 was that there was a threshold surface wavelength (~2.4um) below which cell adhesion and
subsequent survival were greatly compromised. Hence, it was imperative that when the alumina
was included into the HA matrix it did not alter this parameter. Ideally, the new surfaces would be
comparable to the optimum value established by the same experiments (~2.65um) (Chapter 3). In
order to assess the surface wavelengths of the Ha/alumina substrates, white light interferometry

was again employed.

Figure 4.4 shows the surface wavelengths of pure HA and HA+2-14% alumina sintered at
1350°C. All of the surfaces displayed wavelengths above the required value of 2.4um.
Furthermore, there was no significant difference between any of the groups. Thus it is reasonable
to expect that the new HA/alumina surfaces will at least be as conducive to initial MSC adhesion
as the pure HA. Particularly the 2 and 6% alumina samples which were well above the 2.65um

optimum surface wavelength.
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Figure 4.4. Surface wavelengths of pure HA and HA+2-14wt% alumina. Error bars represent one standard error of

the mean.

4.3.3 EDX Analysis

In order to confirm that the nanoscale features observed in the He-ion images were
formed from the alumina as hypothesised, EDX analysis was carried out on the surface of a

HA+10wt% alumina sample (Figure 4.5).
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Figure 4.5. EDX analysis images. (A) Raw SEM image. (B) EDX map for aluminium. (C) EDX map for phosphorus. (D) EDX
map for calcium. Scale bars are 5um. One nanoparticle has been tracked and indicated by white arrows.

EDX is an elemental analysis and, as such, cannot yield information on the combinatorial
nature of the elements it detects. However, the data is still useful as it shows the extent to which
ionic diffusion may or may not have taken place between phases in a sample. These data show
that the locations of high concentrations of aluminium (Figure 4.5(B)) correspond to the positions
of the nanoscale features shown in the SEM image (Figure 4.5(A)). This demonstrates that the
alumina particles have had the desired effect and created nanoscale topographical features in the

HA matrix.

It is also interesting to note that the alumina particles are highlighted by negative spaces
in the EDX map of phosphorus (Figure 4.5(C)) but not in the map of calcium (Figure 4.5(D)). This

shows that the phosphate groups of the HA have remained in situ. Conversely, some of the
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calcium has diffused into the alumina particles, hinting at a potential reaction between the

alumina and the calcium ions.

4.3.4 XRD Analysis

X-Ray diffraction was employed to assess the phase stability of the HA/alumina
composites after sintering. The EDX data gave this analysis even greater importance as the

apparent diffusion of calcium ions implies a phase change is occurring.

Repeated XRD analyses revealed a certain amount of batch variability in the HA/alumina
samples. The variability was small and was attributed to the relatively small quantities of powders
being mixed to form the precursors. The key finding from the XRD analysis was that as alumina
content increased in the samples, the HA progressively decomposed to a-tricalcium phosphate (a-
TCP) (Figure 4.6). At low concentrations (1-2wt%) of alumina, the HA remained relatively pure
with only very faint peaks indicating the presence of the a-TCP phase. With increasing alumina
content however, the ratio of HA to a-TCP steadily increased to a point where the only major
detectable phase was a-TCP. The exact concentration of alumina at which pure a-TCP occurred
was difficult to establish due to the batch variability however it appeared to occur between 8-

10wt% alumina.
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Figure 4.6. XRD patterns for HA + 1-10wt% alumina. For clarity only data from 29.9-34° is shown. The peaks at 30.2°,

30.8° and 31.3° correspond to a-TCP. The peaks at 31.9°, 32.2° and 30.0° correspond to HA.

It is also interesting to note that there was no evidence in the XRD data of the alumina
phase. It is possible that it was present in too small a quantity to be apparent amongst the
stronger calcium phosphate peaks. However, coupled with the EDX analysis it increases the
evidence of a reaction taking place between calcium ions diffusing from the HA matrix and the
alumina nanoparticles. Conceivably this reaction could result in a new phase not identifiable from

the XRD data e.g. calcium aluminate.

4.3.5 Cell Response

4.3.5.1 Cell Response to Ball-Milled Substrates vs. Deposition Substrates

A preliminary cell culture experiment was performed to determine if either the ball-

milling or direct deposition methods of adding the alumina produced better responses in the
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MSCs. The cells were cultured for 10 days and proliferation was measured by resazurin assay. The
resulting data show that the balled-milled HA+5wt% alumina samples tend to induce significantly
higher MSC proliferation rates than the deposition samples (Figure 4.7). The superior
performance of the ball-milled surfaces in this experiment, coupled with the greater simplicity of
the ball-milling procedure, led to this method being selected as the protocol of choice for phase

addition. All subsequent analysis was done on ball-milled HA+alumina samples.
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Figure 4.7. Cell response to ball-milled HA+5% alumina, HA + alumina deposition, pure HA and tissue culture plastic

control. Culture period was 10 days.

4.3.5.2 Contact MSC Response

After determining the best method for adding the alumina into the surfaces, it was
required to assess what concentration of alumina produced topographical features that induced
the best cell proliferation. Cells cultured in contact with surfaces comprised of HA+2-10wt%
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alumina showed significantly higher proliferation profiles than those cultured on both pure HA
and the tissue culture plastic control (Figure 4.8). This manifested itself as an acceleration in
proliferation across the first 15 days of culture. Overall, HA+2% alumina was the best performer
although at no stage was there a significant difference between the 1-10wt% samples. At day 15,
HA+2wt% alumina exhibited 185% of the cell activity of pure HA and 430% of the activity on the
control. Thereafter, the high rate of proliferation was maintained across the HA+1-10wt% alumina
samples whereas both pure HA and control experienced a plateau effect. The highest cell activity
occurred at the end of the culture period, day 32. By then the best performer, HA+8wt% alumina,
was generating 261.5% of the activity of pure HA and 447% of the control. This represents a
remarkable increase on the proliferative capacity of the surfaces caused by the addition of the

alumina.

Strikingly, the beneficial effects on cell response apparent from the HA+1-10wt% samples
were completely absent in the HA+12wt% and HA+14wt% alumina groups. In Chapter 3 complete
cell death was observed on HA surfaces sintered below 1250°C. However here, even on the
lowest performing samples, there remained some cell activity. Thus, the problem is unlikely to be
a lack of cell adhesion as was hypothesised for the low-temperature substrates. Even so, on the
high alumina samples the cellular activity and thus proliferation were greatly compromised with a

general downward trend across the culture period.
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% Resazurin Reduction % of Control % of HA
Control | 17.035 100 58.5
HA 29.129 171 100
2% 68.643 403 236
8% 76.182 447 261.5
14% 4.172 245 14

Table 4.1. Abbreviated results from Day 32 of the contact cell culture

period. The performance of HA+8wt% alumina is highlighted.
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Figure 4.8. MSC response to contact with pure HA, HA+2-14wt% alumina and tissue culture plastic control surfaces

Day

across 32 days of culture, n = 6. Error bars have been omitted for clarity.
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To give a more statistical representation of the data presented in Figure 4.8, the last three
days of culture have been graphed separately and error bars representing standard error of the
mean included (Figure 4.9). This graph highlights the three distinct levels of cell response to the
various surfaces; low activity on the 12wt% and 14wt% substrates, relatively moderate activity on
the pure HA and control surfaces and the much higher activity on the 1-10wt% samples. In
addition it is interesting to note that the 1-10wt% groups are tightly bunched with overlapping

error bars indicating the lack of significant difference between them.
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Figure 4.9. MISC response to contact with pure HA, HA+2-14wt% alumina and tissue culture plastic control surfaces

across day 25-32 of culture, n = 6. Error bars represent standard error of the mean.

4.3.5.3 Non-Contact MSC Response

To separate topographical effects from dissolution effects, MSCs were again cultured in

the presence of HA+2-14wt% alumina substrates but not in direct contact with them (Figure 4.10).
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Cells were seeded onto the bottom of 24-well plates. The HA+alumina disks were then

introduced, separated from the cells by polycarbonate mesh cell-culture inserts.

There was little separating the different groups in this case, although the 12% and 14%
samples appeared to slightly depress proliferation again. Most importantly, the highly positive
effect of the HA+1-10wt% alumina surfaces on cell response (Figure 4.8) was lost with pure HA
now the highest performer. This indicates that the beneficial effect seen on these groups
previously was due primarily to the novel nanoscale topography provided by those substrates and

that cells must be in contact with the surfaces to benefit from it.
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Figure 4.10. Non-contact MSC response to pure HA and HA+2-14wt% alumina surfaces across 15 days of culture, n = 6.

There were no significant differences between samples.

Although there was no significant difference between groups in the non-contact MSC
experiment, the general trend of the 12 and 14wt% alumina groups was still lower than the other
groups. This appeared to mirror the results of the contact experiment. It was thought that this

could point to a difference in dissolution behaviour between the samples; either ionic or
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particulate. To investigate this, experiments were designed to test whether potential dissolution

products were having a detrimental effect on cell proliferation on the high alumina samples.

4.3.6 Calcium Assay

Excess calcium has been suggested as having a apoptotic effect on cells [91]. With this in
mind, a calcium assay was employed to determine whether there was any difference in the
amount of calcium ions diffusing from the bulk of samples both above and below the 10wt%
threshold. Pure HA, HA+6wt% alumina and HA+14wt% alumina disks were incubated for seven
days in acellular media. Calcium concentrations in the supernatants were then determined by

assay and compared to blank media controls (Figure 4.11).

Results are shown as both nanograms of calcium per well (Figure 4.11(A)) and nanograms
of calcium released per milligram of original sample (Figure 4.11(B)). This was to account for any
disk-to-disk variation and normalise the results by weight. In the first instance none of the groups
are significantly different from the cell culture media control (Figure 4.11(A)). This indicates that
none of the disks are releasing significantly more calcium ions into the supernatant than would
already be found in the media. When the results are normalised by weight (Figure 4.11(B)) there
is no significant difference in calcium released by pure HA and HA+14wt% alumina. Hence, the
difference in cell response to these two formulations cannot be attributed to excess calcium

dissolution.

Combined with the XRD and EDX analysis, the lack of free calcium ions in the supernatant
means that they must remain bound in the bulk material. Diffusion of calcium from the
hydroxyapatite into the alumina has already been shown. Hence, a reaction resulting in calcium

aluminate at that point now looks more likely.
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Figure 4.11. Calcium released by pure HA, HA + 6wt% alumina and HA + 14wt% alumina expressed as (A)
nanograms per well and (B) nanograms per milligram of sample. Error bars represent one standard error

of the mean.
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4.3.7 Disk Debris Analysis

Another potential explanation for the poor cell response to substrates with high alumina
content is particulate debris released from the samples during incubation. Such debris has been
shown to adversely affect cell proliferation and viability [94]. It was noted during the
manufacturing phase that higher alumina content samples appeared more prone to particulate
dissociation. This experiment was an attempt to both verify and quantify that dissociation using
microscopy and subsequent image analysis. Again, HA+6wt% and HA+14wt% alumina surfaces
were chosen to examine as they are below and above the cell viability threshold (10wt%)

respectively. Comparisons were drawn with respect to pure HA.

Examples of the images used to perform the analysis are shown in Figure 4.12. It is
immediately apparent that the pure HA disks produced the least amount of debris (Figure
4.12(A)). HA+14wt% alumina appears to produce the most (Figure 4.12(C)). This is confirmed by
the data (Figure 4.13(A)). HA+14wt% alumina produces twice the number of particulates than
either pure HA or HA+6% alumina. Interestingly, the HA+14wt% sample also produces larger
particles on average than either pure HA or HA+6wt% alumina (Figure 4.13(B)). Thus, it may be a
combination of both the size and number of particulates that has an adverse effect on cell

response.
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Figure 4.12. Images of debris from disk samples after one week incubation in cell culture media. (A) Pure HA, (B)

HA+6wt% alumina and (C) HA+14wt% alumina. Scale bars are 25um. White arrows indicate examples of particulates.

Note the increased debris surrounding the HA+14wt% disk.
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Figure 4.13. (A) Number of debris particles per mm?2. (B) Average particle diameter. Data is based on the

mean of three images each. Error bars represent one standard error of the mean.
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4.4 Discussion

4.4.1 Ball-Milling vs. Direct Deposition

The key objective arising from the sintering temperature experiments in Chapter 3 was to
develop a custom topography consisting of an underlying basal layer with a surface wavelength
parameter appropriate for MSC adhesion. Into this basal layer nanoscale topographical features
were to be incorporated to provide the stimulus for cell proliferation. Two methods were
attempted to achieve this end; ball-milling a mixture of HA and alumina and directly depositing an
alumina suspension onto the HA surface. The surface resulting from direct alumina deposition
was somewhat irregular and unpredictable as well as the topographical features being muted and
indistinct (Figure 4.3). Furthermore, it induced a depressed cell response in comparison to the
ball-milled surfaces (Figure 4.7). These factors, along with the greater simplicity of the ball-milling
protocol, led to ball-milling becoming the method of choice for phase addition. All subsequent
project work relates to topographies generated by ball-milling HA and alumina precursor

powders.

4.4.2 Material Analysis

A comparison between the idealised design and the result of alumina nanophase addition

to the HA precursor is shown in Figure 4.14.
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Figure 4.14. (A) Representation of target surface including underlying basal layer and embedded topographical features.

(B) He-ion image of HA+5wt% alumina surface. Scale bar is 500nm.

It is clear that the alumina nanopowder has had the desired effect; forming surface
features 200-500nm in diameter. This is possible due to the much higher melting temperature of
alumina, allowing it to remain discrete while the HA matrix sinters and changes shape around it.
The alumina nanoparticles were confirmed to be in position post-sintering using EDX (Figure

4.5(B)).

White-light interferometry was used to produce quantified data on the surface
morphologies. It does not appear as though this technique is capable of discerning the alumina
nanoparticles from the surrounding HA matrix. This could be a resolution issue which, for white-
light interferometry, is not as accurate in the XY plane as it is in the Z direction. However, the
procedure proved capable once again of providing data on the underlying basal layer of the
topography; specifically, the average surface wavelength. It will be recalled from Chapter 3 that
this was the parameter that differentiated the surfaces modulated by sintering temperature.
Whilst the surface wavelength did not differentiate the surfaces here, it did confirm that all the
HA+alumina substrates exhibited surface wavelengths above the threshold value of 2.4um that

was deemed necessary for cell adhesion (Figure 4.4).
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The XRD data revealed an interesting trend in the phase stability of the samples. The
alumina acted to initiate the decomposition of the HA to a-TCP. This decomposition amplified
steadily with increased alumina weight percentage up to approximately 10wt% whereupon all of
the HA had been decomposed to a-TCP (Figure 4.6). It is hypothesised that the alumina
nanoparticles act as nucleation points for decomposition to occur, as the pure HA used
throughout this project has proved repeatedly to be phase stable at the sintering temperature
employed (1350°C, see Appendix ). The variable HA to a-TCP ratio may have a useful application.
It is generally understood that calcium phosphates display differing dissolution behaviour in vitro
and differing resorption behaviour in vivo with HA being far less soluble than o-TCP [96]—[98]. The
fact that the addition of the alumina nanophase allows control over the HA to a-TCP ratio means
that the ultimate rate of resorption of the finished scaffold in vivo should be controllable also. A
large-scale dissolution study would be required to verify this concept before animal trials but the

underlying principle is sound.

The EDX data shed further light on what is happening at the interface between the HA
matrix and the alumina nanoparticles. As mentioned above, the EDX map of aluminium (Figure
4.5(B)) shows that the alumina particles formed the nanoscale surface features as intended. In
addition, EDX maps were produced for both phosphorus and calcium (Figures 4.5(C) and 4.5(D)
respectively) which, together, should correspond to the location of the calcium phosphate. The
phosphorus remains in situ in the calcium phosphate matrix as indicated by the negative spaces in
that map being consistent with the locations of the alumina nanoparticles. Conversely, the
calcium map is almost uniform in appearance with no such negative spaces. This strongly suggests
that calcium ions have diffused across the HA/alumina interface and into the nanoparticles. This
transfer of calcium ions would explain the shift in HA to a-TCP. It is possible that the calcium
would then react with the alumina to form various calcium aluminates. This decomposition and

subsequent reaction has been suggested before for this system [44], [51]; although with the
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formation of an intermediate phase of calcium oxide. The reaction is given by Viswanath et a/ [51]

as follows:

Cai19(P0O,)¢(OH), + 6Al,05 — CaO - 6Al,05 + CaAl,0, + 3Ca3(P0O,), + H,0

It should be noted that no phase other than HA and a-TCP could be detected from the XRD data
presented here (Figure 4.6); be it calcium oxide, alumina or calcium aluminate. It may be that the
calcium phosphate peaks are simply too strong and are masking the new phase. Viswanath et al
[51] report this exact problem in determining the phases formed from the reaction of the calcium
and alumina. The phosphate peaks were simply too strong and obscured the relevant calcium
aluminate peaks. They resolved the issue by dissolving the composites in hydrochloric acid and
filtering the solutions. The calcium aluminates did not dissolve and could thus be examined by

XRD after drying. That method was not attempted here due to time constraints.

If the XRD data from Viswanath’s calcium aluminates is compared with that of the

HA+10wt% alumina material described here, the problem can be illustrated (Figure 4.15).
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Figure 4.15. XRD data for (A) HA+10wt% alumina and (B) calcium

aluminates as described by Viswanath et al [51].

Many of the distinctive peaks for calcium aluminate (Figure 4.15(B)) are located between 30 and
45°, This is also where many of the characteristic calcium phosphate peaks are located (Figure
4.15(A)). Even if this were not the case, the intensities of the two phases could be vastly different
(unfortunately no indication of the peak intensities of the calcium aluminate is given by Viswanath

et al), again serving to hide the calcium aluminate peaks.

The available XRD and EDX data combined with the consensus in the literature leaves one
or more calcium aluminates as the most likely candidate for the new chemical formulation of the

nanoparticles after sintering.
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4.4.3 MISC Response

The surface wavelength results implied that all of the HA+alumina topographies should be
conducive to cell adhesion. This proved to be the case, with cell activity significantly above zero
on all substrates at day one (Figure 4.8). However, over a longitudinal culture period, there
proved to be substantially differing behaviour from the cells across the various groups. The key
result here is the huge increase in cell proliferation observable on the 2-10wt% alumina disks. This
manifested itself as an acceleration in activity across the first two weeks of culture followed by a
high plateau level of activity for the subsequent two weeks. On the other hand, both pure HA and
the tissue culture plastic control both had slower initial rates of proliferation and overall lower
equilibrium levels of cellular activity during the latter stages of culture. In fact the proliferation
rates of both pure HA and the control actually decreased between days 11 and 18 before levelling

off.

The biggest differences between the various groups occurred at the halfway point of
culture, day 15, and at the end, day 32. By day 15, HA+2wt% alumina (overall the best performer)
exhibited 185% of the cell activity of pure HA and 430% of the activity on the control. At day 32,
HA+8wt% alumina generated the best response with 261.5% of the activity of pure HA and 447%
of the control. This represents a major increase on the proliferation rates attainable on either
tissue culture plastic or pure HA. As such, the addition of the alumina nanophase in quantities
from 2-10wt% in order to increase cell proliferation can be deemed highly successful. HA+2wt%
alumina was the best performer in general but 6%, 8% and 10wt% were statistically indistinct

from it (Figure 4.9).

The increased proliferation of the MSCs on the 2-10wt% alumina substrates over pure HA
can be directly attributed to the novel topography on the alumina surfaces. The non-contact
experiment results (Figure 4.10) show that once the cells have been removed from direct contact

with the substrates they lose the benefits provided by the alumina surfaces. In the non-contact
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set-up, pure HA was the highest performer overall. This was in spite of the fact that all the cells
were still in fluidic contact with the samples through the insert membrane. Thus it is unlikely that
the positive effect observed when the cells were in contact with the 2-10wt% alumina surfaces
was due to any chemical or dissolution effect as this would still be expected to appear in the non-

contact data.

It will be immediately noted of course that the success of the alumina nanophase addition
did not extend to the 12wt% and 14wt% alumina groups. In fact, these samples consistently
underperformed all others in quite a striking low-activity plateau in the contact results (Figure
4.8). Furthermore, they continued to underperform the other groups in the non-contact
experiment, although not as significantly. The fact that this phenomenon was apparent in both
contact and non-contact environments suggests that it is not a topographical effect but rather

some factor that manifests in solution or is at least fluid transportable.

The reason for the sudden collapse in cell viability between 10-12wt% alumina is not
immediately clear. One initial theory was that some unanticipated cytotoxic phase had been
created as a by-product of the HA decomposition to a-TCP in combination with the alumina.
However, no evidence of such a phase could be gleaned from the XRD data. In addition, the
literature suggests that the only chemical phases that arise from this system are calcium oxide, tri-
calcium phosphate and calcium aluminates [44], [51]; none of which are known to be cytotoxic. In
fact, calcium aluminates have previously been used in tissue engineering scaffolds and are widely
employed in dental cements [92], [99]. Hence it appears unlikely that a cytotoxic phase has been

created between the 10wt% and 12wt% alumina concentrations.

As alluded to briefly in Section 4.3.6, excess calcium ions have been linked with
programmed cell death or apoptosis [91]. From the EDX data here (Figure 4.5) it was shown that
calcium ions are diffusing out from the HA matrix into the alumina nanoparticles. Thus it is not

unreasonable to suggest that given enough nucleation points (i.e. a high enough concentration of
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alumina), an excess of calcium might diffuse into the surrounding media and have an adverse
effect on the MSCs. The purpose of the calcium assay was to determine if this was the case. The
results showed that it was not (Figure 4.11). Statistically, there is no more calcium released from
either pure HA, HA+6wt% alumina or HA+14wt% alumina disks then would be expected to be
found in the cell culture media anyway. Even when normalising that data to take account of the
weight of each individual sample it is noticeable that both the HA and 14wt % groups were
statistically indistinguishable. Therefore, an excess of calcium ions in solution cannot be blamed

for the poor performance of the cells on the high alumina surfaces.

Another potential cause for the inhibited cell activity on the 12wt% and 14wt% alumina
groups could be debris particles dissociating themselves from the bulk material during immersion
in the cell culture media. Research has been done on the effects of particulates on bone-related
cells due to the propensity of orthopaedic implants to produce wear debris over time [94], [100],
[101]. Much of this work has focussed on titanium alloys and medical grade plastics as they form
the common materials in orthopaedic prostheses. However, the results of these studies can still
be illuminating. For example, one study by Vermes et al. and described in a review by Goodman et
al. [94], showed that proliferation of MG-63 osteoblasts decreased in a dose-dependent manner
when exposed to <3um diameter particles of titanium alloys and chromium orthophosphate. They
also showed that the cells engulfed the particles by phagocytosis. Thus it is reasonable to suggest
that if one or more of the HA/alumina groups described here was undergoing greater particulate
dissociation than the others, this might trigger a corresponding drop in proliferation as the MSCs

phagocytosed the debris.

Samples with >10wt% alumina indeed proved to be producing more particulate debris
than either pure HA or those with 10wt% alumina or less after a week’s immersion in cell culture
media. The microscope images in Figure 4.12 give a good qualitative description of the additional

debris surrounding the main 14wt% disk. Using ImageJ to run a “Particle Analysis” on cleaned and
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thresholded regions of interest from each image, quantitative data was also be obtained. 14wt%
alumina produced over two and a half times the number of particles per mm? than pure HA and
over three and half times those produced by the 6wt% disks (Figure 4.13(A)). This is a striking
difference and one which strongly suggests that the cells find it difficult to deal with excess

particle debris and necessarily greatly reduce their proliferative capacity.

In addition to the 14wt% samples producing a higher number of particles, the particles
themselves were, on average, larger (Figure 4.13(B)). This implies a wholesale disintegration of
the outer surface of the disk. Such an unstable surface would naturally provide cells with an
extreme adhesion challenge. This is different to the instant cell death observed on low sintering
temperature samples in Chapter 3. In that case, even initial cell adhesion proved impossible. Here,
cell survival is possible but proliferation is non-existent and viability decreases over time. Thus, it
may be that in addition to a reduction in proliferation due to the phagocytosis of particulates,
cells are being lifted from the surface due to its dissociative nature. Cells left in suspension would

quickly die and further negate any potential proliferation.

From the data available, the particulate debris theory provides the best explanation for
the depressed performance of the 12wt% and 14wt% alumina groups. No additional cytotoxic
phase was evident from the data or predictable from the literature. lonic dissolution was
indifferent across the various groups. There has been some suggestion that alumina nanoparticles
in isolation can cause fibroblast and macrophage apoptosis after being phagocytosed [102].
However, the particles used in that study were 13nm in diameter, so at least 10 times smaller
than those employed here. The same study found no cytotoxic effect from nanowires 200-400nm
in length, so again this indicates a phagocytic effect and nuclear damage to the cell after
engulfment of the smaller nanoparticles. Taken together, these strands all point to the excess
debris from the 12wt% and 14wt% groups causing the reduced proliferative capacity. Further

biochemical study is required to examine how exactly the cells are behaving on the various
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surfaces and to ultimately determine the reason for the MSCs’ aversion to the 12wt% and 14wt%

alumina surfaces.

This chapter is the proof of concept for the optimized scaffold. A novel topography was
designed and implemented which served to radically increase cell proliferation on the surface. It
was felt that this result was good enough to take forward to full 3D benchmarking to assess the
new scaffold’s performance in as rigorous and in vitro environment as possible. The addition of
the alumina phase to the HA also raised some interesting questions; not all of which have been
fully addressed. The apparent cell viability threshold at 10wt% is the obvious one. While every
effort has been made to find a logical explanation for this, more work is certainly required. Having

said that, the disk debris hypothesis is a strong one and fits all the data currently available.

Ultimately, the salient result from this chapter is the vastly increased cell proliferation
achievable with the addition of between 2wt% and 10wt% alumina nanopowder to the HA
precursor. The next step in the project was to translate this formulation into full, three-
dimensional scaffolds and verify its efficacy. The following chapter details that work along with

extensive in vitro benchmark testing.

4.5 Conclusion

It was found that the addition of nanophase alumina to HA precursors and sintering at
1350°C produced a smooth, basal topography with raised features 200-500nm in diameter. This
topography, produced by formulations of HA+2-10wt% alumina, proved capable of improving cell
proliferation by up to 261.5% over pure HA alone. The addition of the alumina also had the effect
of accelerating decomposition of the HA to a-TCP resulting in a gradual shift in the ratio from pure
HA at 1wt% alumina to pure a-TCP at 10wt% alumina. Concentrations of alumina greater than

10wt% produced substrates that were not conducive to proliferation and long-term cell survival.
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It is hypothesised that this is due to the bulk instability of these materials producing excess

particulate debris and resulting in cell phagocytosis.
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5.1 Introduction

Despite the many positive results seen in the analysis of the disks in previous chapters,
the real proof of concept comes when those results are repeated in full 3D constructs.
Furthermore, it is in three dimensions that the novel scaffold must be assessed against its
potential industrial competitors. It has been stated repeatedly that much of the value of this work
relies on the fact that changes to the scaffold’s topography must be translatable from 2D to 3D.
This chapter aims to prove that that is the case with the formulas introduced in the previous
chapter. In addition, general evaluation and benchmark testing of the construct are described
along with a study on its inflammatory properties. All of this information is crucial for determining

the overall practicality, both commercially and clinically, of the scaffold.
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5.2 Materials and Methods

5.2.1 Scaffold Manufacture

Scaffolds were manufactured to the same specifications laid out in Chapter 3. HA/alumina

precursor powders were prepared as per the formula in Chapter 4.

5.2.2 In Vitro Scaffold Analysis

Based on the disk results described in Chapter 4, HA+5wt% alumina was deemed to be
the most appropriate scaffold formulation to take forward for full 3D investigation. Some
additional work was also performed on HA+10wt% alumina to ensure that trends seen with

increasing alumina percentage in 2D were repeated in 3D.

5.2.2.1 Cell Culture

As with the disks previously tested in Chapters 3 and 4, all samples were sterilized by
heating to 121°C for one hour in a vacuum oven (Binder, Tuttingen, Germany) prior to culture.
Samples were seeded with porcine bone-marrow-derived MSCs at a density of 50,000 per scaffold
in 50ul of media. Samples were incubated at 37°C for four hours before adding a further 700ul of
media consisting of Dulbecco’s Modified Eagle Medium (DMEM) Glutamax (Gibco, Dublin,
Ireland), 10vol% foetal bovine serum, 2vol% penicillin/streptomycin and 0.1ul/ml amp-B (all
Sigma-Aldrich) to each. Cells were cultured for varying periods up to one month at 37°C and

assayed every three to four days. Pure HA scaffolds were employed as controls.
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5.2.2.2 Scaffold: Exposed Interior vs. Exterior Performance

As part of the manufacturing process, a thin, relatively dense layer can form on the top
and bottom edges of the scaffold green body. In order to determine what effect this layer might
have on cell performance, the activity of cells seeded on the top surface of scaffolds was
compared with the activity of those seeded on scaffold surfaces from the interior of the green

body. Interior surfaces were exposed by cutting away the outer layers of the scaffold green body

before sintering.

Figure 5.1. Exterior (left) and interior (right) surfaces of a scaffold green body.

5.2.2.3 Benchmark Testing

An industry leading bone graft substitute Bio-Oss® (Geistlich Sons Ltd., Manchester, UK)
was used as a comparator to assess the construct’s overall performance. Bio-Oss is a
decellularized bovine bone product widely used in the field of oro-maxillo-facial and dental
surgery. It is available in both block and granular forms; blocks being used mainly for larger,
restructuring applications and granules for cavity filling. Both were employed here to inspect the

full range of capabilities of the novel HA+alumina scaffolds.
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The Bio-Oss block was cut down to 5x5x5mm cubes for ease of analysis using an Accutom-
50 diamond saw (Struers Ltd., Rotherham, UK). These cubes were compared to Ha+5wt% alumina

samples of a similar size.

Granular Bio-Oss was sourced in the 1-2mm nominal particle size range. HA+5wt%
alumina scaffold samples were lightly ground in a pestle and mortar to make granules of a similar

size for comparison.

5.2.3 Resazurin Media Assay

Cell proliferation and activity were assessed using the same resazurin method described

in Chapter 3.

5.2.4 Alkaline Phosphatase Activity (ALP) Assay

Alkaline phosphatase production is an early marker of osteogenesis in pluripotent cells.
The test was introduced here to assess how the scaffold formulations and matrices as a whole
affect the tendency of the MSCs to differentiate down the osteogenic line. 2-10wt% alumina
samples were tested along with pure HA and a tissue culture plastic control in order to examine

whether ALP production varied with alumina content.

The ALP activity induced in MSCs by scaffolds of various concentrations of alumina was
measured using a SensolLyte pNPP Alkaline Phosphatase Assay Kit (Colorimetric) (Eurogentec SA,
Seraing, Belgium). Cell culture proceeded as per the proliferation assay and samples were

analysed at days seven, 14 and 21.

ALP standards were prepared and at each timepoint 50l of each standard and sample
was transferred in triplicate to individual wells of a clear, round-bottomed microplate. Under

minimal lighting conditions, 50ul of colorimetric ALP substrate was then added to each well. The
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plate was covered and allowed to incubate for 40 minutes before being read in a Synergy HT

microplate reader (BioTek, Winooski, VT, USA) at 405nm absorbance.

5.2.5 Inflammatory Response to Materials in Vitro

As outlined in Chapter 2, the potential for any implanted material to cause an acute
inflammatory response should be fully understood. To this end, a relatively simple experiment
was performed to assess the difference in immune response to scaffolds of various alumina

concentrations and Bio-Oss.

Experiments were performed using bone marrow derived dendritic cells from C57 mice
and repeated using macrophages from the same source. These cells play a significant role in the
immune system and would be heavily involved in any potential reaction to an implanted scaffold.
Cellular supernatant was analysed for expressions of IL1-a, IL1-f and TNF-a with culture media

providing the control.

Cells were primed with lipopolysaccharide (LPS) (100ng/ml) and seeded directly onto the
construct surfaces (1x10° cells/ml). After 24 and 72hours the supernatants were harvested and
the concentrations of the various cytokines produced were quantified using DuoSet ELISA kits

(R&D Systems Inc., Minneapolis, MN, USA), according to the manufacturer’s instructions.

5.2.6 Helium-ion Microscopy

Prior to imaging, cells were fixed to the scaffolds in 3% gluteraldehyde (Merck,
Hohenbrunn, Germany) for two hours, followed by dehydration, in 10 minutes stages, through a
series of ethanol concentrations (10%, 30%, 50%, 70%, 95%) followed by 30 minutes in 100%

ethanol and atmospheric evaporation.
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In order to avoid the difficulty of sputter coating the porous constructs and to take
advantage of its greater resolution and depth of field, samples were imaged using a Zeiss Orion

Helium-ion microscope (Carl Zeiss Microscopy, Jena, Germany).

5.2.7 Statistical Analysis

All experiments were duplicated. Groups were evaluated using one-way analysis of
variance (ANOVA) and Tukey’s comparison test. Results with a p £ 0.05 were considered
significant. All analysis was performed in Minitab (Minitab Ltd., Coventry, UK). Graphs were

produced in GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, USA).
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5.3 Results

5.3.1 Surface Morphology

In Chapter 3 it was shown that the surface morphologies produced by varying sintering
temperature were comparable in both two- and three-dimensions. The same comparison can be
made with the surfaces generated by alumina nanophase addition. Figure 5.2 is a He-ion
microscope image showing the detail of a HA+5wt% alumina scaffold pore surface. The raised

alumina features can clearly be distinguished from the surrounding HA matrix.
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Figure 5.2. He-ion microscope image of HA+5wt% alumina scaffold pore surface. Examples of alumina nanoparticles

indicated by arrows. Scale bar is 2um.

5.3.2 Cell Culture

5.3.2.1 HA/Alumina Scaffolds with MSCs

It was imperative in the scale-up to three dimensions that the positive results described in

Chapters 3 and 4 translated to the full constructs. To verify this, MSCs were seeded onto pure HA,
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HA+5wt% and HA+10wt% scaffolds and cultured for two weeks with activity measured by

resazurin assay.

The positive effects of 5wt% alumina addition were again apparent with 5wt% alumina
significantly outperforming the pure HA and 10wt% alumina constructs. By day 14 the 5wt%
alumina scaffold induced 157% of the cell response caused by pure HA (Figure 5.3). As was
observed before on the 2D disks, 10wt% alumina gave a lower response than either 5wt% or HA

but still allowed cell survival.
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Figure 5.3. Day 14 cell response to pure HA, 5wt% and 10wt% alumina scaffolds. Error bars represent one standard

error of the mean.
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5.3.2.2 Exterior Surface vs. Exposed Interior Surface

It was suspected that the dense layer that forms on the outer surfaces of the scaffold
block during the manufacturing process would affect the MSCs behaviour. In order to investigate

this, cells were cultured on scaffolds either with the layer in place or with it removed.

Seeding cells onto scaffold surfaces exposed from the interior of the green body proved
significantly more conducive to proliferation than the alternative of seeding the cells directly onto
the outer surfaces. The increased cell activity was observed on all three samples; pure HA,
HA+5wt% and HA+10wt% alumina (Figure 5.4). 5wt% alumina remained by far the strongest

performer with 150% more cell activity apparent by day 14 than on the pure HA equivalent.
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Figure 5.4. Day 14 cell response to both the interior (denoted by "X") and exterior scaffold surfaces. Error bars

represent one standard error of the mean.
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5.3.3 Benchmark Testing

Aside from full in vivo trials, one of the most rigorous tests that can be applied to a new
biomaterial is direct comparison to a leading industrial competitor. Geistlich Bio-Oss was selected
for this purpose due to its widespread use in clinical practice. The indications of cellular
proliferation on HA+5wt% alumina were extremely favourable in comparison to the Bio-Oss block
(Figure 5.5). After 18 days of culture there was nearly ten times as much cell activity on the 5wt%

alumina scaffold as on Bio-Oss.

A similar result was observable when scaffold granules were used as the vehicle of cell
culture (Figure 5.6). By day 12 there was again ten times the cell activity on the 5% scaffold

granules an on Bio-Oss.
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Figure 5.5. Cell response to HA+5wt% alumina scaffolds and Geistlich Bio-Oss block scaffolds across 18 days of culture.
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Figure 5.6. Day 12 cell response to Bio-Oss and 5wt% alumina scaffold granules. Error bars represent one standard

error of the mean.

5.3.4 Alkaline Phosphatase Activity (ALP) Assay

ALP activity is considered an early indicator of osteogenic potential in progenitor cells.
The assay was employed here to ascertain if ALP production varied with alumina content in the
scaffolds. As this was the first occasion that an ALP assay was being introduced in this work, it was
decided to test a range of alumina contents (2-10wt%) along with pure HA and a tissue culture

plastic control.

No significant differences are observable in the ALP activity between any of the groups
until day 21 (Figure 5.7). At this point it became apparent that the HA induced the most ALP
production of any of the scaffolds. There was still no difference between 2-8wt% alumina and the

control whereas 10wt% alumina was markedly depressed. In addition 2wt% alumina yielded more

122



ALP production than any other scaffold at day 21 bar pure HA. This showed that while the
addition of the alumina to the HA apparently reduced its propensity to induce osteogenesis, it did

not eliminate it completely.
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Figure 5.7. ALP production in MSCs induced by HA, 2-10wt% alumina and control surfaces at days seven, 14 and 21.

Error bars represent one standard error of the mean.

5.3.5 Inflammatory Response to HA/Alumina Scaffolds in Vitro

As discussed in Chapter 2, the issue of inflammatory response to implanted biomaterials
is often overlooked. Despite this, it can have significant consequences for the healing outcomes of
the implant. Here, pure HA, HA+alumina and Bio-Oss scaffolds were tested to investigate their

inflammatory tendencies. For the same reasons outlined for the ALP assay, a range of alumina
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concentrations (2-10wt%) along with pure HA were tested. Two cell-types were employed in the
analysis, both murine; macrophages and dendritic cells. These particular cells were isolated from
bone marrow tissue and play a key role in inflammation. Thus, they provide a good model for the
potential immune response that might be encountered in vivo. Expressed levels of the common

inflammatory cytokines TNFa, IL-1a and IL-1B at 24 and 72 hours were examined.

No significant production of TNFa and IL-1a was observed at 24 or 72 hours by either cell
type, hence this data has been omitted for clarity. However, significantly more IL-1B was
produced by both dendritic cells (Figure 5.8) and macrophages (Figure 5.9) in response to Bio-Oss
compared to any of the novel scaffold formulations (P<0.01 at 72hrs). This is a clear indication
that the novel HA/alumina scaffolds induced a depressed inflammatory response in the cells

compared to Bio-Oss.
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Figure 5.8. IL-18 expression by murine dendritic cells in response to Bio-Oss, pure HA and 2-10wt% alumina scaffolds

at (A) 24hrs and (B) 72hrs.
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Figure 5.9. IL-18 expressed by murine macrophages in response to Bio-Oss, pure HA and 2-10wt% alumina scaffolds

at 72hrs.
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5.4 Discussion

In Chapter 4, it was shown clearly by SEM and EDX that the addition of alumina
nanoparticles into the HA matrix resulted in raised topographical features of a relevant size in 2D
disks. He-ion microscopy showed the same effect here (Figures 5.2 and 5.10) in 3D scaffolds. This

achieved the objective of developing a novel surface morphology that can be applied to the pore

surfaces of 3D scaffolds using a simple, inexpensive protocol.

Figure 5.10. He-ion microscope image of HA+5wt% alumina scaffold pore surface. Alumina particles indicated by white

arrows. Scale bar is 1um.

127



Furthermore, this novel topography yielded the same positive results that were apparent
in two dimensions. It was shown in Chapter 4 that anywhere between 2% and 8wt% alumina
addition resulted in significant increases in cell performance but that this effect was lost above
10wt%. This outcome was borne out here in the 3D scaffolds with 10wt% alumina scaffolds not
generating as much cell activity as pure HA. However, the 5wt% alumina constructs outperformed
their HA counterparts by 157% by day 14 (Figure 5.3) which is a clear indication of the

effectiveness of the new topography.

It was noted during the manufacturing phase of the various scaffolds that during freeze-
drying, a dense layer of compacted precursor tended to form on the top surface of the green
body. It was hypothesized that this layer would block access to the general pore structure of the
matrix and thus hinder the ability of cells to engage with the pore surface topography. This
proved to be the case, as when the green bodies were opened up prior to sintering and the cells
seeded onto the inner pores of the scaffold, they tended to perform much better (Figure 5.4). This
improvement was seen across the three different samples with the 10wt% the biggest improver;
undergoing a 155% increase in cell performance. Both pure HA and 5wt% displayed cell activity
increases of about 50% when cells were seeded onto the open pores. It is suggested that the
reason for these improvements is the greater access to open porosity afforded cells seeded onto
the exposed interiors of the scaffolds. The difference in microstructure is apparent from He-ion
microscope images, illustrated here by the HA and HAX surfaces (Figure 5.11). Clearly, the

exposed interior surface is more porous and offers increased ingress into the scaffold matrix.
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50 pm

Figure 5.11. Scaffold surfaces HA (left) and HAX (right). Scale bars are 50um. Note the more open porous structure of the

HAX surface.

Overall, this result simply demonstrates the importance of continuing to think critically
through all the manufacturing stages of a novel scaffold. The dense layer at the scaffold periphery
could have seriously hindered the construct’s osteoinductive properties, making it less effective as
a bone graft substitute. It may be possible to alter the freeze-drying cycle or slurry formulation so
that no such layer is formed; although that avenue was not investigated here. A simpler solution

however, is simply to remove it either by cutting the green body or polishing the sintered block.

The key performance indicator for the novel scaffold was its comparison with the industry
standard Bio-Oss. As described before, Bio-Oss is a decellularized bovine bone product produced
in both block and granular forms. It was chosen due to its widespread clinical use in Ireland and
abroad. There is some indication in the literature that Bio-Oss may not support cell proliferation
to the same degree as some of its competitors [103], [104]. This would seem to be borne out by
the data presented here. Certainly the HA+5wt% alumina scaffold strongly outperformed block
Bio-Oss across nearly three weeks of culture with a consistently higher cell activity expression. By

the end of the culture period, at day 18, nearly 10 times the cell activity was recorded on the
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5wt% scaffold as on Bio-Oss. This result was confirmed in the granular forms of both scaffolds

with a similar ten-fold increase of cell activity on 5wt% as on Bio-Oss.

The results of the Bio-Oss comparisons offer arguably the greatest indication of the
potential for success of these novel scaffolds. The data is unequivocal; cell activity is an order of
magnitude higher on the new topography presented here than it is on one of the industry’s
leading products. This alone is justification of the research as a whole and provides ample reason

to continue study of this scaffold formula.

Further evidence in favour of the novel scaffold comes in the form of the inflammatory
response of the various construct formulations, compared to the clinical standard Bio-Oss. The
apparent lack of attention of much of the literature to the potential for an immune response to
implanted biomaterials is discussed in detail in Chapter 2. It is clear that more collaborative work
needs to take place between bioengineers and immunologists/biochemists to address some of
the problems that will be encountered as the field of implantable technology accelerates. This is
emphasised by the outperformance of the novel scaffold over Bio-Oss in the immunological trials
described here. IL-18 is a cytokine typically indicative of inflammation [69]. While not directly
cytotoxic, it has been shown to induce connective tissues to resorb their surrounding extra-
cellular matrix [105]; this has obvious negative consequences for bone. With this in mind, the

tendency of the novel scaffold to induce such low IL-1B production is a positive outcome.

It is possible that many of the osteoinductive advantages of current bone graft substitutes
are being nullified by the biochemical signals occurring in response to their implantation. From
this perspective it is encouraging that the inflammatory cytokine expression is so much more
depressed in response to the novel HA and alumina formulas described here, in contrast to
BioOss. This result is reinforced through confirmation by two independent cell lines (macrophages
and dendritic cells), both of which would play a key role in the host’s immune response to the

implantation of the scaffold in vivo. It is also interesting to note that addition of the alumina
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nanoparticles resulted in no discernible increase in cytokine production over the pure HA. This

shows that the immune cells do not adversely react to the novel surface topography.

The one drawback to the novel scaffold formulation appears to be its reduced
osteogenicity compared to pure HA, as indicated by the results of the ALP assay. ALP is a well-
established early marker of osteogenic differentiation in MSCs [25], [81], [106] and its high
production by cells cultured on the pure HA substrates is not surprising [88]. The fact that there
was such a high rate of cellular proliferation on the low percentage alumina scaffolds means that
some trade-off as regards differentiation was always possible. It is likely that it is merely a delayed
onset effect and that cells would eventually differentiate down the osteogenic route in response
to their chemical and mechanical surroundings; ALP production was shown to be increasing with
time on the HA/alumina scaffolds (Figure 5.7). The differing behaviour of the HA and HA+alumina
scaffolds throws up the interesting potential for a composite; for example an outer layer of pure
HA to kick-start the differentiation process and bone integration, combined with an inner core of

5wt% alumina to increase MSC proliferation and combat core necrosis.

The culmination of this work was the comparison of the novel scaffold with Bio-Oss. The
project aim can be said to have been achieved; cell proliferation on the original TCBE scaffold was
greatly increased through the use of the novel, tailored surface topography. Furthermore, both
proliferation and inflammatory response compare favourably with Bio-Oss. This proves the
importance of testing implantable products for their immune response and is something that

should become standard practice in the wider tissue engineering community.

The results are favourable enough to warrant further investigation into the scaffold as a
commercially viable product. The in vitro due diligence has been done so the clear next step in the
process is an animal model. This was not attempted here for both financial and ethical reasons. It
is important to ensure that as much work as possible is done at the lab bench to save both the

cost and any unnecessary suffering of the animal subjects.
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5.5 Conclusion

This chapter builds on the work presented in the previous sections. The positive MSC
proliferation shown previously in two dimensions were replicated in the 3D environment. This
addresses one of the key objectives of this thesis; whatever topography is used to increase cell
proliferation, it must be able to be incorporated into the manufacturing process of the full

scaffold. This was shown to be the case with the novel formulations used here.

Furthermore, these data present strong justification for the novel HA+5wt% alumina
scaffold to be taken forward to an in vivo trial. The scaffold outperformed the industry standard
Bio-Oss in every test implemented. MSC activity was an order of magnitude higher on the
HA+5wt% matrix and it displayed a significant reduction in the immune response in both

macrophages and dendritic cells.

This project’s main objective was to increase cell proliferation on the pore surfaces of a
HA scaffold by optimizing its topography. This has been achieved by successful translation of the

topography designed and tested in the previous chapters into a 3D environment.
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6.1 Introduction

The overall project aim was as follows:

Specifically, to achieve this aim, the following objectives were intended:

1. Induce topographical changes in HA scaffolds by
a. Sintering temperature variation.
b. Nanophase addition.
2. Develop a method for quantifying surface topography in a manner relevant to cell
behaviour.
3. Monitor phase stability.
4. Assess surface performance using cell activity and thus determine the effectiveness of
surface topography as a method of enhancing cell proliferation on HA scaffolds.
5. Compare the optimized scaffold to an industry competitor using the metrics of cell

activity and inflammatory response.

The chief scaffold feature undergoing optimization was the surface topography of the
porous structure. The working hypothesis was that if nanoscale surface features (~100nm-
~500nm) could be introduced onto the pore surfaces, they would stimulate cells to proliferate
and increase overall bioactivity. This would in turn accelerate the integration of the implant with

the host tissue and improve the final healing outcome.

The optimization described above of the original TCBE scaffold was initiated in response
to the largely unmet need for alternatives to bone grafting in oro-maxillo-facial procedures. The

results of this project were critically examined at regular intervals in conjunction with clinicians
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from the Dublin Dental Hospital. This focussed the laboratory efforts on the key features and
outcomes of the scaffold relevant to the oro-maxillo-facial clinical experience. The ensuing
scaffold is one that meets the requirements of a ready-to-use, malleable, self-supporting and

bioactive construct. It Is believed to be of direct commercial applicability.

This chapter focusses on the how the various studies undertaken in this work fit together
to address the proposed aim. In doing so, various research objectives were under scrutiny. To
clarify this, the particular research objective under discussion is included as a subheading in each

section here.

6.2 Sintering Temperature
Aim: Inducing Topographical Changes in HA Scaffolds

Sintering temperature was the first method of altering the scaffolds’ surface topography
examined in this work. In terms of being a controllable engineering parameter it has several
advantages. Altering it adds nothing to the cost, complexity or manufacturing time of a scaffold.
Sintering was already an integral part of the TCBE scaffold manufacturing process [4] and so

changing it required no additional steps in the protocol.

The morphologies resulting from varying the sintering temperature of the surfaces from
1100-1350°C were diverse (Figure 3.2). The low temperature substrates initially appeared very
promising as they seemed to provide a topography to which cells would be responsive; feature
sizes were on average 500nm. This fit with what the literature reported as being an appropriate
feature size to stimulate cellular response. However, apparently contradictory results were
observed here. Cells seeded on the smoother, high temperature surfaces (>1200°C) adhered and
proliferated well; statistically the cell responses to these surfaces were indistinct from the

response to the tissue culture plastic control (Figure 3.6). Conversely, wholesale cell death
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occurred on the low temperature surfaces (<=1200°C). It was noted that this death occurred from
the very outset of the culture period. Thus it was concluded that it was not a negative effect on

proliferation that was being observed but a negative effect on adherence.

6.3 Surface Quantification

Aim: Developing a Method for Quantifying Surface Topography in a Manner

Relevant to Cell Behaviour

The MSC aversion to the nanotopographically featured surfaces produced by low sintering
temperatures led to another problem. How to quantitatively define those surfaces. This was
necessary to allow the design of further surfaces that avoided the same adhesion problems.

Furthermore, it related to the wider issue of the ambiguity in the literature on the same subject.

The most common surface topography descriptors, Ra, Rq, Sa, Sq and Sqr, revealed no trend
when applied to the sintered morphologies (Table 3.2). This was despite the very obvious and
continuous change of morphologies, apparent from the SEM images, as sintering temperature
increased. This in itself calls into question the widespread use of these basic factors to describe

tissue engineering topography in the literature.

It will be noted that all of the surface descriptors mentioned above rely on deviations in
the Z-direction of an XYZ Cartesian system. Even the three dimensional parameters, S, Sq and Sqr,
are merely aggregates of the height deviations of profiles taken across the surface. This leads to a
very simplistic view of a surface; one where the primary factor is changes in height of the
topography. However, it would be reasonable to assume that the rate at which the height of the
topography changed would also be important.It was this line of thought that lead to the

implementation of the surface wavelength parameter, A, in this work. It combines both the height
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deviations and the average slope of a line profile of the surface into a single parameter. This

allows an indication of the spatial distribution of peaks across the profile.

This parameter revealed a significant trend in the surfaces; surfaces with shorter
wavelengths were produced at lower sintering temperatures while longer wavelength surfaces
occurred at higher temperatures. Furthermore, there proved to be a strong correlation between
cellular response to a sample and the surface wavelength of that sample (Figure 3.8). This proves
that surface wavelength is an excellent predictor of cell survival after seeding on the sintered

substrates.

This result, combined with the rapid cell death apparent on the low temperature surfaces,
led to the conclusion that there exists a threshold surface wavelength (~2.4um), below which cells
cannot adhere. Therefore, when designing a novel topography, the first feature to be included
must be a basal layer of sufficient wavelength to allow for cellular adhesion and further
proliferation. In the context of this work, 1300°C and 1350°C produced the highest surface
wavelengths (~2.65um) and the best cell responses. It was decided to retain the sintering
temperature of 1350°C for further optimization as this was the temperature originally proposed

by Buckley et al. [4] and it appeared to be the most mechanically stable.

6.4 Nanophase Addition

Aim: Inducing Topographical Changes in HA Scaffolds

The correlation of surface wavelength with cell response observed in Chapter 3 resulted
in a target design for a surface optimized for both cellular adhesion and proliferation. It would
consist of an underlying basal layer made up of the original HA matrix that proved so conducive to
cellular adhesion. Nanoscale topographical features embedded into this layer could then provide

a stimulus for cellular proliferation. The general approach to achieving this design was phase
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addition. Specifically, a nanopowder of a material with a higher sintering temperature than HA
was added to the HA surface, forming distinct topographical features. Alumina was chosen due to

its high sintering temperature and proven biocompatibility.

The addition of the nanophase alumina to the HA precursor proved extremely effective.
Regular, distinct and nanoscale topographical features arising from the alumina nanoparticles
were clearly apparent on the HA surface (Figures 4.2 and 4.3(A)). This morphology closely
matched the target surface design. Furthermore, quantified topographical data from white-light
interferometry measurements showed that the underlying basal layer of the surface, formed from
the sintered HA, had surface wavelengths in the range of 2.4-2.65um, i.e. optimal for cellular

adhesion.

6.5 Phase Stability and Surface Chemistry
Aim: Monitor Phase Stability

The literature tends to agree that decomposition of HA to a-TCP starts to occur at
sintering temperatures of ~1250°C. However, it has been shown here that the Sigma-Aldrich
brand of HA used throughout this project is phase stable to 1350°C. This is not the case for all
commercial HA products (see Appendix 1). The XRD data presented in Chapter 3 showed almost no
phase decomposition as the temperature was increased from 1100-1350°C (Figure 3.5). Only very
faint evidence of a-TCP was observed at the higher temperatures. Thus, it was concluded that any
difference in cell behaviour observed on the surfaces was attributable to their differing

topographies.

The situation became a little more complex once alumina was added to the system
(Chapter 4). Although the pure HA was phase stable to 1350°C, increasing quantities of alumina

added to it caused a corresponding increase in decomposition to a-TCP (Figure 4.6). The rise was
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steady from pure HA at 1wt% alumina to pure a-TCP at 10wt% alumina. It is believed that the

alumina nanoparticles act as nucleation sites for phase change of the HA to a-TCP.

This idea of the alumina nanoparticles being nucleation points is given further credence
by the EDX analysis in Chapter 4 (Figure 4.5). This analysis proved that the alumina particles were
the source of the nanoscale topographical features by revealing high concentrations of aluminium
in locations corresponding to the nanoparticles. It also showed that diffusion of calcium ions was
occurring into the particles from the surrounding calcium phosphate. It is believed that these free

calcium ions originated from the decomposition of the HA to a-TCP.

The diffusion of calcium from the decomposing HA into the alumina also suggests a
reaction taking place between the two species. No evidence of alumina can be found in the XRD
data. Additionally, no evidence of any other phase is apparent either; apart from the well-
documented HA and a-TCP phases. Reactions in the calcium phosphate — alumina system have
been described before and the products tend to be various calcium aluminates [51]. Finding
empirical evidence of these is difficult. However, it was done by the Viswanath group [51] by
dissolving the calcium phosphate/alumina composite in HCL, filtering the solution and running
XRD analysis on the filtrate. The calcium aluminates, being insoluble in HCL, then become
apparent in the resulting diffractogram. This shows that it is the calcium phosphate peaks that are
hiding the relatively weak signals of the calcium aluminates in the composite diffractograms as
was suggested in Chapter 4. Hence, the conclusion drawn here is that the same reaction has
occurred between the calcium and alumina with various calcium aluminates being the products. It
is worth bearing in mind that calcium aluminates are biocompatible and have widespread clinical

use in dental cements.
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6.6 Surface Performance — Cellular Response

Aim: Assess Surface Performance Using Cell Activity and Thus Determine the
Effectiveness of Surface Topography as a Method of Enhancing Cell Proliferation on

HA Scaffolds

The addition of the alumina nanoparticles allowed the novel topography that was the aim
of this work to be realised. The cell response to this morphology was exceptional (Figure 4.8).
Additions of between 2-10wt% alumina proved capable of increasing MSC proliferation on the
surfaces by up to 261.5% over pure HA and 447% over the tissue culture plastic control.
Longitudinally, these increases manifested themselves as an accelerated initial proliferation stage
over the first two weeks of culture. This was followed by a sustained plateau of high metabolic
activity right to the end of the culture period (day 32) completely unmatched by either pure HA or
control. This result is the cornerstone of this project. It proves that tailored surface topography
can positively and significantly affect cellular proliferation rates on tissue engineering scaffolds.
Moreover, these improvements can be provided by inexpensive, biocompatible materials
combined in a way that is simple and scalable to industry. Figures 6.1 and 6.2 are He-ion images

giving visual confirmation of MSCs adhering and proliferating on HA+5wt% alumina surfaces.
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Figure 6.1. He-ion image of MSCs proliferating on a HA+5wt% alumina substrate. Scale bar is 50um.

One of the more puzzling results observed in this project was the cell response to surfaces
with higher alumina contents (>10wt%). A sudden drop in cell activity was observed as the
alumina concentration crossed the 10-12wt% threshold. These surfaces induced the lowest
metabolic response of all those tested including pure HA. This was unexpected as no difference in
surface topography could be discerned across this threshold, yet the positive effects of the

alumina nanoscale features were suddenly no longer apparent.
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Figure 6.2. Close-up He-ion image of an MSC adhering to a HA+5wt% surface. Scale bar is 15um.

It is important to note that the low cell response to the high alumina samples manifested
differently to that observed on the low-temperature sintered surfaces. In the latter case, no cell
life at all was apparent (Figure 3.6). This led to the conclusion about cellular adhesion and the
necessity for a long surface wavelength (>2.4um) to allow this. With the high alumina surfaces,
cell viability was still observable but it was extremely depressed and exhibited a general

downward trend across the 32 days of culture.
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The XRD and EDX results showed no sign of a third phase i.e. an unintended cytotoxic
compound that would account for the poor performance of the >10wt% alumina surfaces. The
literature is also clear that all of the phases that are present in this HA+alumina system are
biocompatible; namely hydroxyapatite, a-tri-calcium phosphate, calcium oxide, alumina and

calcium aluminate.

It was next hypothesized that ionic dissolution from the high alumina substrates was
causing the negative cell responses. There is an interest in the biochemical literature in the link
between calcium and apoptosis or programmed cell death. Essentially, it has been shown that
calcium concentrations above a certain threshold can cause apoptotic signals to be produced in
otherwise healthy cells [91]. The EDX data presented in Chapter 4 showed that calcium was
diffusing from the calcium phosphate regions into the alumina regions. Therefore, the question
was if, in the high alumina samples, it was also diffusing into the media and becoming available to

the MSCs. The calcium assay data (Figure 4.11) proved that this was not the case.

The next hypothesis to be tested was particulate dissolution. It was noted during
manufacturing that the high alumina samples tended to be less mechanically stable than their low
alumina counterparts. It was thought that this might lead to particulate dissociation from the bulk
during culture. The effect of particulate debris on bone-type cells has been the focus of a lot of
research due to the tendency of bone prostheses to produce wear particles over time. There is a
lot of variation in the data due to the myriad of contributing factors including particle chemistry,
size, shape and crystallinity. However, it is clear that in certain cases particulate debris can have a
negative effect on proliferating cells [94]. Principally when being phagocytosed or engulfed by
cells. Image analysis was employed here to deduce if high alumina samples produced more debris

than others.

It was shown that the HA+14wt% alumina disks produced twice as many particles as

either HA+6wt% alumina or pure HA (Figure 4.13(A)) and this was seen as a probable cause of the
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negative cell response. Having ruled out any other chemical phase or ion dissolution as
explanations for the poor cell response to the high alumina samples, a high number of debris
particulates remains the most likely reason. It is suggested that cells are phagocytosing particles
dissociating from the bulk material. The subsequent effects would then be two-fold; first the cells
would naturally stop proliferating to perform the phagocytosis, and second many of the cells
would die if unable to break down the particle internally. This would account for both the lack of
proliferation apparent in the data and also for the downward trend in cell activity. Similar effects
have been observed in human MSCs in response to titanium wear particles [107]. Here the
authors suggest that the inhibition of cellular functions is caused by disruption of the cytoskeleton

by the particulates.

The same image analysis also revealed another interesting trend. The particles produced
by the HA+14wt% alumina samples tended to be nearly twice as large as those dissociating from
the HA+6wt% alumina and pure HA disks (Figure 4.13(B)). This suggests a significant disintegration
of the surfaces of the 14wt% disks. As a result, although initial adhesion is not affected, in the
long-term cells may find it difficult to adhere to the surface. Once removed by the dissociative
tendency of the substrate, these MSCs would die in suspension. This dissociative behaviour might
also be exacerbated by the mechanical action of the cells on the surface. It may be that the low
and decreasing cell response to the high alumina surfaces is a combination of the two
phenomena; phagocytosis of particulate debris and surface instability leading to long-term

adhesion challenges.
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6.7 Comparisons with an Established Industry Competitor

Aim: Compare the Optimized Scaffold to an Industry Competitor Using the Metrics

of Cell Activity and Inflammatory Response

The novel HA+alumina topography translated well to the full 3D scaffold constructs. This
was aided primarily by the simplicity of the phase addition protocol. The addition of the
nanopowder occurs before any of the major scaffold manufacturing procedures. It thus effects
only the surface topography of the porous structure and requires no additional post-processing

steps. This was highlighted as being a key requirement in Chapter 2.

The results seen on the 2D disks were also replicated on the 3D scaffolds. HA+5wt%
alumina constructs induced up to 157% of the cell activity of pure HA scaffolds. However, in this
project, the key performance indicators of the novel, optimised scaffold (HA+5wt% alumina) were
comparisons made with an industry standard bone grafting product; Geistlich Bio-Oss®. Bio-Oss is
a decellularized bovine bone scaffold and was suggested as the comparator for this project by
dental surgeons in the Dublin Dental Hospital due to its widespread clinical use and positive

results.

The results of the comparison were outstanding (Figures 5.5 and 5.6). In both block and
granule form, HA+5% alumina scaffolds induced nearly ten times as much proliferative activity in
the MSCs as on Bio-Oss samples. This was the first indicator that the novel topography improved
the outcomes of cells over not just the original 100% HA TCBE scaffold but also a market leading,

FDA approved commercial product.

As highlighted in Chapter 2, inflammation is a physiological process that can have
significant ramifications for any implanted biomaterial but is often overlooked by researchers.
Here, experiments were run to test the inflammatory response of both Bio-Oss and various

HA+alumina scaffold formulations (Figures 5.8 and 5.9). It was found that the novel scaffold
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formulations induced significantly less production of the inflammatory cytokine IL-1B in immune
cells than Bio-Oss. This was true for pure HA and HA+1-10wt% alumina. An implanted scaffold
that is capable of inducing minimal inflammation could prove to be of great benefit to the clinical
community, offering quicker integration times and fewer post-operative complications. This is
especially exciting when coupled with the accelerated MSC proliferation provided by the novel

topography.

6.8 Further Research

6.8.1 In Vivo Study

It is imperative, both from an ethical and cost-benefit point of view, that before any
animal trial of a novel scaffold can take place, all possible in vitro analysis is done. These in vitro
studies were the focus of this project and what resulted is a scaffold that has a novel surface
topography fully optimized to increase cellular proliferation. The next stage of evaluation in the
design cycle of the scaffold must be a set of in vivo animal trials. Only then can the construct be
finally deemed commercially viable. It is also an essential intermediate step before subsequent
human trials can be approached. Human trials are necessary for FDA and EU approval, before a

new therapy can be commercially realised.

The form that the in vivo trials take is open to debate but from an oro-makxillo-facial
perspective, the best model for the human jaw appears to be canine. This model is expensive
however, and a pilot trial in rabbits would probably need to precede it. Depending on the success
of these trials, three outcomes are possible. One, the scaffold does not live up to its laboratory
promise, this would require a failure analysis and possible redesign. Two, the trials are

inconclusive, this could either result in further animal study or in vitro work. Three, the trials are a
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success, proving the novel scaffold superior to the available commercial products. In this case,

further funding may then be sought to pursue a human trial.

In any event, there are large ethical and financial issues surrounding animal work and
rightly so. To avoid unnecessary pain to any animal and also wasted research funding, it is
absolutely necessary that every possible avenue of enquiry is pursued in the laboratory first. This

was achieved by this project.

6.8.2 Further Material Analysis

Every effort was made to fully characterise the materials used in this project with the
tools and expertise available. However some questions still remain, primarily concerning the
potential reaction between calcium and alumina in the HA+alumina system. The literature
indicates that calcium aluminates are the only likely products of any such reaction. But empirical

verification of this fact is still desirable.

A first pass might be attempted by following the protocol laid out by Viswanath et al. [51].
Dissolving the materials in hydrochloric acid and filtering the solutions, leaving behind the
insoluble calcium aluminates which can then be defined. This approach was not attempted as part
of this work due to time constraints and it also comes with the obvious weakness of not being
able to analyse any unknown soluble components. Still, it is worth considering before going

further afield in search of an answer.

The phases known to be present in the system also present some interesting avenues for
exploration. As has been shown, increasing the alumina content in the HA+alumina system, in
turn accelerates the decomposition of HA to a-TCP. It is accepted that a-TCP dissolves and resorbs
faster than HA. This phenomenon is worth investigating in vitro, particularly if the alumina

content is to be used as a control for the HA to a-TCP ratio and, thus, the resorption rate of the
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implanted scaffold. Carefully maintained, longitudinal dissolution tests in simulated body fluid

may fully characterise this effect.

6.8.3 Biochemical Study of Cell Death

Some of the most interesting results presented in this work were the poor cell responses
to high alumina content surfaces. The relatively sudden change from positive responses to

negative was unexpected as dose-dependent reactions are more common in cell biology.

The theory that particulate debris is having an adverse effect on cell viability is a good
one, and well supported by the literature [94], [107]. However, to fully understand what is
occurring on an intra-cellular level in response to the high alumina surfaces, a full biochemical
analysis of the signals and cytokines being expressed by the cells is probably necessary. Such
research goes beyond both the scope and expertise of this project but it would be interesting to
learn the exact mechanism by which the cells are dying; be it apoptosis, programmed cell death;
necrosis, self-digestion or some other, as yet undetermined route. To this end, collaboration with

a biochemical laboratory would be a good approach.

6.8.4 Further Study of Inflammatory Response

Another potentially fruitful source of collaboration would be with an immunology group
to further investigate the positive effect that the novel scaffolds have on inflammation. The
discrepancy between the responses produced by the novel formulations and Bio-Oss further
strengthen the case that this is something that should be looked at in more detail by researchers

in implantable biomaterials.

The inflammation results presented in this work are really only a metric of comparison

between the novel HA+alumina scaffold and the commercial product Bio-Oss. Many questions
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remain such as why the difference exists between the novel scaffolds and Bio-Oss, what effect
would such inflammation levels have on surrounding bone and what cellular pathways are being
activated by these materials. This last question ties in with the cell death question mentioned
above. In vivo, inflammation and cellular apoptosis are often intrinsically linked, and so it is

important that these questions are not viewed in isolation.

6.8.5 Functionally Graded Constructs

The reduction/elimination of core necrosis was one of the key drivers behind the project
aim of increasing cellular proliferation on the surfaces of tissue engineering scaffolds. The fact
that topography can now be tailored to deliver the sorts of benefits shown in this work will go a
long way towards alleviating the core necrosis problem. However, it is possible that this is not the
end of the story. It was mentioned in Chapter 2 that pore occlusion by proliferating cells in the
outer regions of a scaffold can reduce the fluid transport capabilities of the matrix and, thus,
exacerbate the necrotic core. It is conceivable that this problem might be made worse by a

surface topography that actively encouraged cellular proliferation at the scaffold edges.

An interesting avenue of exploration may therefore be a scaffold whose topography is
functionally graded from the outer edges to the core. An example might be a scaffold with a
HA+5wt% alumina core to stimulate proliferation and a pure HA outer region to facilitate cell
adhesion and movement into the inner regions of the construct. The ALP assay results presented
in Chapter 5 also show that an outer, pure HA layer would accelerate osteogenesis in those
regions. This would accelerate the integration of the scaffold with the host tissue. It is likely that
in vivo trials would be required to accurately compare this theoretical bilayer design with the

formulations described by this project.

It is also possible that increased cellular proliferation at the outer edges of the scaffold

would not be a negative characteristic. Necrotic cores are often associated with constructs that
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have had cells seeded directly into their interiors, followed by culture in a bioreactor system. A
more natural therapeutic progression might be implantation of a dry construct of the type
described in this work. Recruitment of progenitor cells from the surrounding tissue would
naturally follow and the tailored topography would increase their proliferation. It is envisioned
that the outer edges of the scaffold would then integrate with the host bone quicker than was
previously possible, before the cells move further into the interior. This would make any potential
necrotic core irrelevant as cells would only reach the scaffold interior when they could be

supported by the surrounding tissue.

6.9 Conclusion

The overall project aim of defining, producing and optimizing a ceramic scaffold for use in
oro-maxillo-facial bone tissue engineering has been achieved. In so doing, an improved standard
for quantification of tissue engineering surfaces is suggested; the surface wavelength, A. This was
found to correlate strongly with cellular adhesion and provided a threshold value, below which
adhesion proved impossible. Using this parameter, a novel topography was designed with two
distinct features. The first, a basal layer of hydroxyapatite with surface wavelength ~2.65um
which was deemed optimum for providing adhesion sites for cells. The second, nanoscale
topographical features formed by adding alumina to the hydroxyapatite precursor powder. These
provided the additional stimulus to increase mesenchymal stem cell proliferation by up to 261.5%

over pure HA alone in two-dimensional disks.

This result translated to full three dimensional scaffolds which displayed ten times the
mesenchymal stem cell proliferation of an industry leading scaffold Bio-Oss. Furthermore, the

novel scaffold produced significantly less inflammatory response in both macrophages and
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dendritic cells than Bio-Oss. This demonstrates a proven in vitro viability for the new construct

and paves the way for full scale in vivo trials.
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|.1 Introduction

Hydroxyapatite can be produced in the lab through a relatively simple sol-gel method. The
literature abounds with variations on this method producing differing phase purities of
hydroxyapatite [109]-[111]. A sol-gel method was trialled during the course of this project
however the decision was ultimately made to source commercially manufactured hydroxyapatite.

This was done primarily to improve repeatability but also for financial and temporal practicalities.

It will be noted from the XRD data presented in Chapter 3 that the Sigma-Aldrich HA used
throughout the project was found to be phase stable up to the maximum sintering temperature
of 1350°C. The literature is ambiguous on how stable HA is at high temperatures; a common
maximum quoted sintering temperature is 1200-1250°C [112], however it has also been
demonstrated to be as high or higher than 1350°C [113], [114]. Furthermore it can be highly

dependent on atmospheric composition during the sintering process [115].

Despite the reasonably unequivocal XRD data presented in Chapter 3 showing phase
stability in the Sigma HA at 1350°C, it was felt prudent to compare that data to some other
manufacturers’ HAs. The comparison would encompass both phase stability and cell response and

hence shed some light on the relative performance of commercial HA.
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|.2 Materials and Methods

The three HA variants compared were the Sigma-Aldrich brand used throughout this
project (abbreviated SA), CAPTAI-R sintering grade hydroxyapatite by Plasma-Biotal Ltd. (Buxton,
UK) (abbreviated PB), and a purum p.a. grade hydroxyapatite from Fluka (sourced from Sigma-
Aldrich) (abbreviated F). The methods of analysis are similar to those employed in Chapters 3 and

4 but are repeated here briefly.

[.2.1 2D Disks

Cells were cultured on 2D substrates to simplify the process. They were made by lightly
pressing 200mg of the precursor powder for two minutes in a g¢13mm die (International Crystal
Laboratories, Garfield, NJ, USA) followed by sintering in a chamber furnace (Lenton, Hope, UK)

under the following regime.

1. Ramp at 3°C/min up to 250°C.

2. Hold for one hour to facilitate burnout of organic components.

3. Ramp at 3°C/min up to maximum sintering temperature (1350°C).
4. Hold for three hours.

5. Ramp at 3°C/min to room temperature.

[.2.2 Cell Culture

Prior to culture all samples were sterilized by heating to 121°C for one hour in a vacuum
oven (Binder, Tuttingen, Germany). Samples were seeded with porcine bone-marrow-derived
MSCs at a density of 40,000 per well. Samples were incubated at 37°C for four hours before
adding 500ul of media consisting of Dulbecco’s Modified Eagle Medium (DMEM) Glutamax (Gibco,

Dublin, Ireland), 10vol% foetal bovine serum, 2vol% penicillin/streptomycin and 0.1pl/ml amp-B
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(all Sigma-Aldrich) to each. Cells were cultured for 11 days at 37°C and assayed at regular

intervals. Cells cultured directly on tissue-culture plastic were used as a positive control.

|.2.3 Resazurin Media Assay

Cell proliferation and activity was assessed using the same resazurin assay described in

Chapter 3.

|.2.4 X-Ray Diffraction (XRD) Analysis

XRD, as per Chapter 3, was carried out on powder samples of the HA variants that had

been sintered to the same specifications as the disks.

|.2.5 Statistical Analysis

All experiments were duplicated. Groups were evaluated using one-way analysis of
variance (ANOVA) and Tukey’s comparison test. All analysis was performed in Minitab (Minitab

Ltd., Coventry, UK).
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[.3 Results

[.3.1 Cell Culture

Overall there is no significant difference in the cell response to the different substrates,
Figure I.1. They generally all underperform the control and by day seven, this difference is
significant, Figure I.2. However by day 11 the control has dropped down again and the four groups

are statistically indistinguishable, Figure 1.3.
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Figure 1.1. MSC response to tissue culture plastic control and Sigma-Aldrich, Plasma-Biotal and Fluka HA substrates

across 11 days of culture.
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Figure 1.2. Day seven cell response to the three manufacturers' HAs and the tissue culture plastic control.
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Figure 1.3. Day 11 cell response to the three manufacturers' HAs and the tissue culture plastic control.

1.3.2 XRD Analysis

In contrast to the cell responses to the surfaces, there is marked variation in the
respective XRD patterns of their sintered powders, Figure 1.4. PB and SA are indistinguishable and
show all the classic peaks of pure hydroxyapatite. There is some indication in each of trace
amounts of B-tricalcium phosphate but those peaks are very faint. The Fluka sample meanwhile

has completely decomposed to a-TCP.

168



B
C
10 20 30 40 50 60

26

Figure 1.4. XRD data for (A) Fluka, (B) Plasma-Biotal and (C) Sigma-Aldrich HAs after sintering at 1350°C.
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|.4 Discussion

The purpose of this study was essentially to see whether the brand of hydroxyapatite
used in the project could affect the results. Because sintering was taking place at high
temperatures (>1250°C), the phase stability of the HA was in doubt. The data presented here
clearly prove that from a phase stability perspective, the brand of HA does matter. The XRD data
shows that Fluka HA completely decomposes to a-TCP upon sintering at 1350°C whereas both

Plasma-Biotal and Sigma-Aldrich remain stable in the hydroxyapatite phase.

Interestingly, the phase differences in the materials did not appear to affect the cell
response. No significant differences in cell activity on the various substrates were apparent across

the culture period. This implies that a-TCP is as biocompatible as HA, at least in vitro.

Because of the similarity in cells behaviour, it could be argued that the choice of HA
manufacturer makes no difference. However, it is not clear how, say, the Fluka HA would act
when combined with alumina. It has already been shown in Chapter Four that the addition of the
alumina catalyses the decomposition of Sigma-Aldrich HA to a-TCP. The sintering of alumina with
a material that had already decomposed to a-TCP might well produce unexpected chemical

outcomes. More work would be required to assess this.

In addition, it was noted in passing that the Fluka and Plasma-Biotal samples were more
difficult to handle both pre- and post-sintering. This implies a variation in mechanical properties;
with Sigma-Aldrich being the strongest. No data is available to confirm this however. In future,
mechanical testing would have to be included in the analysis of HA brands if a change was being

considered.

In any event, it would appear that the Sigma-Aldrich HA is a good choice for the kind of
work described in this project. It is cheap, phase stable to 1350°C and produces cell responses no

different to those of the other manufacturers tested.
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|.5 Conclusion

This study highlights the variability in sintering behaviour between various brands of HA.
Fluka was found to decompose to a-TCP upon sintering to 1350°C whereas both Plasma-Biotal
and Sigma-Aldrich remained stable. Despite the differences in phase, no significant variance could
be observed in the cell response to the respective substrates. This implies that, everything else
being equivalent, both HA and a-TCP are equally good surface materials for the proliferation of

mesenchymal stem cells. However, if a stable HA is required, Sigma-Aldrich is the best choice.
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II.1 Introduction

As explained in Chapter 2, the resazurin assay has been used in the literature as a cheap
alternative to AlamarBlue® to assess the proliferation of various cell types [84]-[86]. However, it
was decided to confirm that increased resazurin reduction coincided with increased mesenchymal

stem cell number in order to verify the application of the assay in this work.

[I.2 Materials and Methods

MSCs were cultured as detailed in Chapter 3. Cells were seeded in triplicate at densities of
20,000, 40,000, 60,000, 80,000, 100,000 and 200,000 per well in a standard 24 well plate. Blank

wells were used as a control.

The cells were allowed four hours to adhere and then analysed using the resazurin assay

as described in Chapter 3.

[I.3 Results and Discussion

A regression plot of cell number against resazurin reduction gives an R? value of 0.9954
(Figure 11.1). Clearly, as expected, there is a strong correlation between cell number and resazurin
reduction. It is therefore reasonable to use the assay to assess proliferation where any increase in

cell number will be represented by an increase in the resorufin fluorescence.
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Figure Il.1. Linear regression of cell number against resazurin reduction. R? = 0.9954.

[I.4 Conclusion

The resazurin assay has been shown to accurately reflect increases in the numbers of
viable MSCs. As such it is an appropriate metric to employ to differentiate scaffold surfaces based

on cell activity.
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[11.1 Introduction

A computational model is an excellent way of extending empirical studies. Once verified,
it provides a cheap and efficient alternative to lab work. Initially, an in silico model of the diffusion
scaffold environment was attempted as part of this project to assist in scaffold design. However,
due to several factors including time and resource constraints, it was sidelined in favour of a
purely in vitro mode of enquiry. Having said that, some important steps were made in the
computational modelling process which may be of benefit in the future. As such, it is included

here for reference.

[11.1.1 Geometry Acquirement

The first step in any computational study is the selection of the geometry which will
represent the problem in silico. Depending on the requirements of the simulation, the raw data

for the geometry can come from one of two places.

The first is a bespoke design created using a
modelling package such as Gambit or Rhino 3D [116],
[117]. This method has the advantage of being
adaptable and as simple as desired. It is generally

600 um . used to represent an idealized version of the problem

Figure Ill.1.Model of microCT scanned scaffold and, thus, is subject to a high degree of assumption.

from Cioffi et al. [119]. The alternative is to obtain the 3D geometry of an
actual scaffold using a microCT scanner or similar [118], [119]. Here, 2D images of the structure
are combined to form a 3D representation. The outcome of this second approach is a
biomedically relevant structure whose accuracy is only limited by the resolution of the microCT

scanner. However, it can present problems in the meshing phase as irregular geometries often
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give rise to highly skewed elements in the mesh which can affect the accuracy of the resulting
simulation. Such geometry will also be invariably complex and, as a result, will have an additional
associated cost.

If the geometry is to come from raw data such as a microCT scan, it represents a serious
rate-limiting step in the modelling process. This is due to the fact that it is not a trivial problem to
convert that raw data into a mesh that can be readily understood by a program such as ANSYS
Fluent. Although commercial software packages to do just this exist, they are invariably highly

expensive.

[11.1.2 Meshing Strategies

Once the geometry has been selected, the next stage is to use it to develop a robust and
accurate mesh on which to perform analysis. The quality of the mesh refers to the shape and
regularity of the individual elements and high quality is essential if one is to achieve an accurate

result.

By far the most popular method for obtaining a workable mesh from any geometry, be it
idealized or derived from microCT, is to use a commercial software package such as Mimics [117],
[118], [120]. The advantage here is that very little work is required; a geometry is input and a
mesh of specified format is output. However, as with any “black box” approach, a certain amount
of control is relinquished to the program and the result must generally be taken at face value. The
really prohibitive factor when using these types of program is their financial cost which can often
put them out of reach of all but the best funded laboratories. As such, the development of a

method to bypass that step in the process is highly desirable.

Some research groups have approached this problem by developing in-house software

algorithms, for example Maes et al. [121] meshed their scaffold models using their own
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Democells which they based on the CGAL C++ library’. However, this approach still requires

additional resources which may not be readily available.

[11.1.3 Computational Modelling of Tissue Scaffolds

Once a mesh has been created it can be analysed in a variety of software packages e.g.
ANSYS Fluent, ABAQUS, OpenFOAM etc. As with any experimental set-up there are as many
ways of approaching a problem as there problems themselves. Some of the more relevant are

detailed here.

Cioffi et al. [119] described macro/micro-scale models to analyse the oxygen
concentration and shear stress distributions on chondrocytes seeded in a perfusion cultured
porous scaffold. The macro-scale model represented the entire geometry of the bioreactor and
was used to determine the initial and boundary conditions for a micro-scale region of interest
constructed from pCT images of a poly(ethylene glycol terephthalate)/poly(butylene
terephthalate) (PEGT/PBT) scaffold. Their results for oxygen concentration were corroborated by
empirical observations at the inlet and outlet of the culture system using micro-oxygen sensors.
The models were meshed using Gambit and solved in ANSYS Fluent. They found that, while the
micro-scale model displayed small variations in oxygen concentration within the matrix, overall
the two models agreed on that parameter at various depths. Additionally they established that a
flow-rate of 0.3ml min™ was sufficient to supply 99.5% of the scaffold with an oxygen
concentration of between 2-8% (above anoxic levels of 1%) and subject 95% of the cells to a shear
stress of less than 6.3mPa. They further postulated that a flow-rate of less than 0.03 ml min
would have likely result in severe depletion of cell viability in significant portions of the scaffold.

Again, this highlights the issues surrounding implantation into the in vivo diffusion environment.

7 Computational Geometry Algorithms Library. http://www.cgal.org
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Olivares et al. [117] analysed the effect of mechanical loading and fluid shear stress on
cell differentiation in two types of regular scaffold architecture. The architectures were selected
for ease of CAD design and repeatability in rapid prototyping manufacture. They consisted of
hexagonal and gyroid-based platforms with porosities of 55 and 70%. The designs were created
using Rhino3D and K3DSurf and meshed with Mimics Remesh. Using ABAQUS software the
simulated matrices were subjected to mechanical deformation and using ANSYS Fluent they were
exposed to stresses caused by a perfused fluid. The group adapted a mechanoregulation theory
from Prendergast et al. [122] which combines the above mechanical stimuli to yield an indicator
for the cell phenotype that will be expressed. The analysis found that cell differentiation was
much more sensitive to inlet fluid flow than deformation of the scaffold matrix. However, as no

empirical observations were made to validate these results, their accuracy could be debated.
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Figure Ill.2.Fluid flow modelled through various geometries as investigated by Olivares et al. [117].

The numerical cost issue has been looked at by Maes et al. [121]. Due to the limited
computer resources of most labs, a smaller region or submodel is usually selected on which to
perform analysis. It is then assumed that these results can be applied to the overall model as a
whole. Maes et al. tested this hypothesis by comparing the results of wall shear stress through an
entire scaffold model with those from a smaller subregion. They concluded that for
heterogeneous geometries the region of interest should be selected to be between eight and ten
times greater than the average pore size to yield effective results. This provides a useful guideline

for any further simulations in this are when limited computing power is available.
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[11.1.4 Model Validation
The validation of computational models with physical experimentation is of the utmost
importance. It is all too easy to be swept away by the ease of use and colourful imagery provided

by software analysis.

Dias et al. [123] implemented a
study to directly compare the

permeability of scaffolds both

computationally and empirically. The

design consisted of repeating cell blocks
to make up the porous structure. As

Figure 111.3. Scaffolds built in wax, using SFF techniques, 1Imm,
mentioned, this approach greatly

1.4mm and 1.7mm unit cell size (from the left to the right), all
with 50% porosity [123]. simplifies the numerical problem, which
was solved in MATLAB. It also allows the scaffold to be manufactured using Solid Freeform
Fabrication (SFF) as was the case here (Figure II.3). They printed the scaffolds in wax as they
claim that the material itself was unimportant to the outcome of the experiment although this is
debatable. Results showed good comparability between the computational and experimental
values for permeability with both sets exhibiting the same trend (Figure 111.4). However the

experimental results are lower than their computational counterparts. The authors attribute this

to the laminar flow assumptions they made particularly the fact that they made no allowance for
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roughness or wettability.
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Figure I1.4.Computational (left) and experimental (right) permeability data. Grayscale represents porosity [123].

The issue of validation becomes even more difficult when layers of complexity are added
to the model without sufficient substantiation in the early stages. For example, Lesman et al.
[124] attempted to model flow-induced shear stresses in 3D cellular scaffolds. The added
complexity lay in their attempt to simulate cell growth on the pore surfaces by a stepwise
decrease in the pore radius. They used permeability as an indication of the reliability of their
model in each case as it is easily obtained both experimentally and in silico. Their predicted to
experimental ratios varied from 31% to 2,602%. While there could be any number of reasons for
these discrepancies, some of which such as initial assumptions and experimental difficulty are

alluded to in the paper itself, it is clear that some refinement is required.
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[11.2 Materials and Methods

[11.2.1 Introduction

The CFD model of fluid flow through the scaffold represents an attempt to develop a tool
to verify and inform the design of future constructs. The ultimate objective is a model of oxygen
diffusion through the scaffold pores. By necessity this will be the result of iterative models based

on progressively more complex physics. The basic stages are as follows;

1. Conversion of a microCT image stack of the scaffold to an STL model which can be read by
a meshing program.

2. Creation of a mesh from this geometry that can be recognised by ANSYS Fluent.

3. Model of basic fluid flow through the pores using Fluent.

4. Model of fluid flow with dissolved oxygen through the pores.

5. Model of oxygen diffusion through the pores.

6. Possible model of oxygen diffusion with added cell consumption.

This work comes with an important caveat which relates to steps one and two. Normally both of
these can be taken care of by a commercial software package such as Mimics. However, such
software is expensive so an effort has been made here to develop an alternative methodology
using ImagelJ [95] which is freely available as already stated. This approach has an obvious cost
benefit however it is far less powerful. Coupled with limited computing resources this represents
a bottleneck in the procedure which manifests itself as a maximum allowable size of the geometry

that can be modelled in this work; approximately 1.2x1.2x1.2mm.
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[11.2.2 MicroCT Geometry Acquisition and Analysis

Scaffolds sintered at 1100-1350°C were scanned using a SCANCO puCT40 MicroCT Scanner
(SCANCO, Medical AG, Briittisellen, Switzerland). The scans were performed at the highest

available resolution of 6um.

[1.2.3 Image Stack to STL File

The microCT images were imported into Imagel as a stack of .tiff files. They were first
cropped to an appropriate size (as discussed above) and cleaned (noise reduced) via the standard
Despeckler and Gaussian filter. They were then converted to binary® via a visual thresholding
technique. As each stack of images is different, this is the most expedient way of determining
which parts of the image are the scaffold and which are just background. The technique simply
involves sliding the threshold bar until an appropriate amount of the scaffold is highlighted. The
software then converts these highlighted pixels to a value of 255 (white) and the rest are set to

zero (black).

Inlet and outlet regions were required to facilitate the application of boundary conditions
and to allow the flow to develop before entering the scaffold matrix. These regions, simple
square-sectioned channels, were implemented via the addition of two more stacks; one above
and one below the scaffold proper. These consisted of the same number of images as in the

scaffold stack and their pixels were set to 255 so that ImagelJ included them in the final mesh.

Imagel) was then commanded to produce an STL from the amalgamated stack of inlet,
scaffold and outlet. The software essentially finds the boundary between the black and white
pixels for each image in the stack and adds this boundary to the overall surface mesh. Once

generated, the mesh was smoothed to remove any granulation that may have been left over from

8 The STL file is essentially a surface mesh and, as such, requires a binary image as input.
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the pixels of the image stack. Care must be taken here not to smooth so much that the overall

pore shapes are lost.

[11.2.4 STL File to Fluent Mesh

The STL mesh (at this stage referred to as the boundary mesh) was imported into ANSYS
TGrid 3D 14.0.0 (ANSYS Inc., Canonsberg, PA, USA) and displayed to provide a quick visual check.
Two plane surfaces were created at either end of the mesh and designated a velocity-inlet and
pressure-outlet. These were then projected onto the mesh surface at both ends. A faceted stitch
was performed on the apposed inlet-wall and outlet-wall surfaces followed by a remesh of the
overall boundary using the text command Boundary/Remesh/Remesh-Overlapping-Zones. The
boundary mesh was improved and refined using the default settings before the Auto-Mesh
command was implemented to convert it to a volume mesh of tetrahedral elements. This mesh

was then also improved in TGRID with default settings before export as a .msh file.

[11.2.5 Model Implementation in Fluent
The finished mesh was imported into ANSYS Fluent (ANSYS Inc., Canonsberg, PA, USA),

checked and scaled to the appropriate size. A laminar flow regime was deemed appropriate via a

Reynold’s Number calculation.

Where p = density, U = velocity, L = characteristic length and p = kinematic viscosity. A rough rule
of thumb is that if the Reynold’s Number is less than 2000, the flow can be said to be laminar. Due
to the small length and velocity scales being dealt with here, Reynold’s numbers would be

typically very small and certainly far less than 2000.
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Water was assigned as the interior fluid and the outlet pressure was set to zero pascals.
The inlet velocity was initially set to 34um s, this value was taken from the literature to provide a
rough estimation of whether or not the model was stable and realistic [125]. Later, this inlet

condition was varied in an attempt to model the scaffold in a diffusion environment.

The model was initialised and set to solve for 200 iterations. Convergence was normally
achieved before that point however. Results were analysed using the ANSYS CFX Post viewer

which can be used to visualize streamlines, wall shear stresses, planes of interest, etc.
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[11.3 Results

[11.3.1 Introduction

Although no in-depth analysis has yet been performed using the CFD model, several

milestones have been achieved along the way to its implementation. These are detailed below.

[11.3.2 Image Stack to STL File

Figure 111.5 shows a sample image from a microCT produced stack after cropping, filtering,
smoothing and thresholding. Specifically the filters used were ImagelJ’s built in Despeckling and
Gaussian Smoothing plugins. The stack was then combined with an inlet and outlet region and

exported as an STL surface mesh (Figure II1.6).

Figure Ill.5. Prepared image from stack Figure I11.6. STL surface mesh of scaffold sample

originating from scan of a scaffold sintered including inlet and outlet regions taken from
1350°C, scale bar is 500um. Imagel. Scale is in um.
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[11.3.3 STL File to Fluent Mesh

After the STL file had been imported into ANSYS TGrid, inlet and outlet boundary

conditions were added and stitched. The volume mesh could then be generated and refined

(Figure 111.7). This mesh can then be read by Fluent as a .msh file.

Figure 11l.7. ANSYS TGrid display of the volume mesh showing inlet and outlet boundary conditions in red and blue

respectively.

[11.3.4 Model Implementation in Fluent

Figure I11.8 gives an indication of the possibilities presented by the model. It shows
streamlines travelling through the pore network in response to a set velocity of 34um/s at the
inlet. The assumption of laminar flow was taken after computation of the Reynold’s number of
the flow as detailed in Section 111.2.5. The value computed was ~0.046 which, being far less than

2000, indicated laminar flow.
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Figure I11.8. Streamlines showing fluid flow through the pore network in response to an inlet velocity of 34um/s.

[11.3.5 Model Verification

A brief analysis was carried out using the model and a permeability value calculated based
on the mass flow at the outlet and computed using Darcy’s Law. The value of 2.56x10*m? that
was obtained is four orders of magnitude smaller than that obtained by empirical observation;

1.41x102m.
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I11.4 Discussion

Despite being some way from fully functional, several milestones have been achieved with the
computational model’s methodology. Chief amongst these is the use of Imagel to produce an STL
surface mesh from microCT scans of the scaffolds. This represents the removal of the most
immediate rate-limiting step on the way to a usefully operating model. The fact that this was
achieved without the use of an expensive software package such as Mimics will hopefully go some
way towards curbing the cost of such models in future research. This is already high due to the

need for modelling engines such as Fluent.

However, the process is not without its limitations. There is a certain lack of power
associated with ImagelJ and, coupled with the fact that all the analysis was being run on a
standard desktop PC, this resulted in an apparent upper limit for the volume of sample that could
be processed. So far this has appeared to be a cube measuring 1.2mm on a side. This is probably
too small a size to draw many conclusions from, although there may be ways around it such as
increasing N numbers or altering the shape of the sample. If this limit is deemed to be

insurmountable and no alternative is found then the method may have to be abandoned.

A small amount of analysis was also done on the mesh in Fluent. Basic laminar flows were
been set up and run through the pore network at an inlet speed of 34um/s. This is relatively slow
but is still some way from the diffusion regime that the scaffold will experience in vivo. Even so,
this environment sufficed for basic analysis and model verification. The permeability value
obtained using Darcy’s equation and the mass flow rate at the outlet was 2.56x10°m?. This was
very much smaller than that obtained for the same scaffold type via empirical observation;
1.41x102m?2. Even given the caveat that the analyses were rough proofs of concept and were not

repeated this was still a large discrepancy.

There are numerous potential causes of inaccuracy in the model. As mentioned, the small
volume tested may not contain enough information for a good result. If this is the case then a way
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must be found to increase the mesh size. More mesh refinement may also be needed as the
number of highly skewed elements caused by the geometry will have a profound effect on the

model’s capabilities.
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[11.5 Conclusion

The main achievements associated with the computational model were the protocol steps
developed to get a stack of microCT images into a recognisable 3D format, accurately mesh them
and subsequently import them into ANSYS Fluent for analysis. The advantage of the method
presented here over a proprietary program such as Mimics is primarily cost. It eliminates the need
for an additional, expensive software package. As such, it may prove useful for labs with limited

budgets who nonetheless wish to pursue an in silico modelling project.
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