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Abstract
At present there is an extraordinary need to overcome barriers in regards to
discovering novel and enhanced biomaterials for various tissue engineering
applications. The need for durable orthopaedic implants is on the rise to limit
issues such as revision surgery. A promising pathway to enhance fixation is to
accelerate the onset and rate of early cellular adhesion and bone growth
through nanoscale surface topography at the implant surface. The main aim of
this research project was to investigate cellular response to altered physical
and mechanical characteristics of materials suitable for orthopaedic
applications.
Four injection moulded polymeric substrates were produced, each with varied
compositional and topographical characteristics. The four materials fabricated
are Polyether-ether-ketone (PEEK), PEEK with 30% glass fibre (GL/PEEK)
composite, PEEK and GL/PEEK with grooved topography. SEM and AFM
analysis was used to investigate the groove dimensions and surface
roughness of all samples followed by mechanical testing using a nano indenter
to detect the Young’s modulus, stiffness and hardness of all four substrates.
These tests were performed to determine which material has similar
characteristics to cortical bone. These tests were followed by wettability and
surface energy testing. Cell-substrate adhesion was examined using a cell
viability assay to identify if there is a significant difference (p<0.05) between
the percentage of viable cells on all four PEEK based materials. Imaging of
MG-63 osteosarcoma cells using immunohistochemistry staining kits was
conducted to observe the relationship between cell length and surface
topography followed by a comparison between HaCaT (skin) cells and MG-63
(bone) cells.
IV

Following experimental testing mechanical variations between PEEK and
GL/PEEK were identified alongside physical characterization differences. The
grooved topography increased the surface roughness of PEEK and GL/PEEK
in comparison to the planar surface. After 72 hours a correlation between the
increased surface roughness and the percentage of viable MG-63 cells could
be identified. When assessing the effect surface topography has on the water
contact angles and surface energy, all four substrates showed no correlation.
However, the grooved topography did increase the water contact angle and
reduced the surface energy of PEEK in comparison to planar PEEK. Images
of the four substrates after cell culture observed the grooved topography to
affect the cellular orientation of both MG-63 and HaCaT cells.
Polycaprolactone (PCL) scaffolds with a concentration of 1, 3, and 5%
triclosan (an antimicrobial and antifungal agent) were fabricated using
electrospinning. In addition to PCL + Triclosan scaffolds PCL with a
concentration of 1% silver (an antimicrobial agent that can reduce the risk of
infection) and 1, 3, and 5% triclosan were also electrospun. The pore size and
fibre diameters of the scaffolds were investigated using SEM and Image J
software followed by wettability and surface energy testing. MG-63 cells were
cultured on all PCL scaffolds to study cellular viability percentage after 24 and
72 hours. The findings obtained showed the physical characteristics of PCL
scaffolds to affect cellular viability of MG-63 cells.
The output from these findings aim to provide data at a proof of concept level
in understanding the relationship between the mechanical and physical
characteristics of biomaterials and cellular behaviour.

V

Acknowledgements
In the name of Allah, the Most Gracious and the Most Merciful Alhamdulillah,
all praises to Allah for the strengths and His blessing in completing this thesis.

Special appreciation goes to my mum for her endless love, prayers, support
and encouragement. I would like to thank my sisters Fariha and Madiha for
listening to my constant rants and being an endless source of entertainment
and my brothers Zuhair and Suhaib for being the headaches that they are but
also supporting me through this journey, may they both also complete a PhD
someday.

I am grateful that I have met wonderful people during this PhD journey
(Ezdihar, Tuba, Emillia and Bana) and would like to thank Prof Kammy for
listening to my endless unnecessary ranting but would also like to highlight that
I beat him at pool not once but 4 times in one day. I am grateful to have support
from close friends (Nassima, Alima and Anisha) who have supported me
during this journey and especially Andrew and Zahraa for their constant
encouragement and coffee breaks.

My sincere thanks also goes to Dr. Mansour Youseffi, Dr. Farshid Sefat and
Dr. Maria Katsikogianni for their continuous support and guidance of my PhD
study at University of Bradford.

Lastly, I would like to quote Calvin Cordozar Broadus Jr (AKA Snoop Dogg)
when receiving his star on Hollywood Boulevard, “I want to thank me, I want to
thank me for believing in me, I want to thank me for doing all of this hard work,
I want to thank me for having no days off, I want to thank me for never quitting,
I want to thank me for always being a giver and trying to give more than I
receive, I want to thank me for trying to do more rights than wrongs, I want to
thank me for just being me at all times”. Drops Mic.

VI

Conference publications
1. Rehman, R., Katsikogianni, M.G., Sefat, F., Youseffi, M. (2018) The Impact
of Surface Energy Characteristics on Cell Viability of Modified Polyetherether-ketone and Polyether-ether-ketone/Glass for Tissue Engineering.
Bioinspired Materials 2018, Manchester Metropolitan University (MMU),
Manchester, UK.
2. Katsikogianni, M., Rehman, R., Sefat, F., Youseffi, M. (2018)
Physiochemical cell-surface interactions and mechanisms. The 2nd Annual
Innovative Engineering Research Conference (AIERC 2018), Bradford,
UK.
3. Rehman,R.U., Katsikogianni, M.G., Grant, C., Whiteside, B., Sefat, F.,
Youseffi, M. (2017) The effect of surface topography of PEEK and PEEKGlass fibre on cellular behaviour. PPE'17 and UK-China AMRI International
Conference, 25-27 July, 2017, Bradford, UK.
4. Rehman, U.R., Katsikogiani, M., Whiteside, B., Sefat, F., Youseffi, M.
(2017) Effect of HaCaT cells on surface topography of flat and grooved
patterned PEEK and GL fibre composites. TCES 2017, Manchester,
European Cells and Materials Vol. NN. Suppl. N, 20xx. ISSN 1473-2262.
5. Rehman, R., Katsikogianni, M.G., Whiteside, B.R., Sefat, F., Youseffi, M.
(2017) The impact of stiffness on cell attachment to PEEK and Glass fibre
reinforced PEEK TransMed2017, Birmingham, UK.
6. Vas, N., Katsikogianni, M.G., Rehman, R., Youseffi, M., Sefat. F. (2017)
PCl and pcl/triclosan electrospun scaffolds for vascular tissue engineering.
TransMed2017, Birmingham, UK.
7. Khaghani, S.A., Sefat, F., Youseffi, M., Rehman,R., Soon, C.F., Akbarova,
G. (2016) Effect of transforming growth factor-β on up/down regulation of
integrin-β1 in primary chondrocyte culture. European Cells and Materials,
TCES, August 2016, UCL, London, UK (ISSN 1473-2262).

VII

Table of Contents
Copyright ...................................................................................................... II
Statement of originality .............................................................................. III
Abstract ....................................................................................................... IV
Acknowledgements .................................................................................... VI
Conference publications ........................................................................... VII
Table of Contents......................................................................................... 1
List of Figures .............................................................................................. 6
List of Tables ................................................................................................ 9
Chapter 7.0 ................................................................................................. 10
Abbreviations ............................................................................................. 11
Chapter 1 .................................................................................................... 12
1.1 Introduction......................................................................................... 12
1.2 Aims and Objective ............................................................................ 14
1.3 Thesis Outline .................................................................................... 15
Chapter 2 .................................................................................................... 17
2.0 Literature Review ............................................................................... 17
2.1 introduction ......................................................................................... 17
2.2 Introduction to bone anatomy and physiology .................................... 18
2.2.1 Bone composition ........................................................................ 19
2.2.2 Bone Structure ............................................................................. 20
2.2.3 Bone cells .................................................................................... 21
2.2.4 Bone damage and repair ............................................................. 24
2.2.5 The need for more suitable orthopaedic implant .......................... 25
2.3 Extracellular matrix (ECM).................................................................. 25
2.3.1 Five key ECM proteins ................................................................. 26
2.3.2 Cell receptors for ECM molecules ............................................... 27
2.3.3 Chemical and physical cues of the ECM...................................... 28
2.3.4 Cell-Substrate adhesion............................................................... 28
2.4 Introduction to Biomaterials ................................................................ 30
2.4.1 Metals .......................................................................................... 32
2.4.2 Ceramics...................................................................................... 33
2.4.2.1 Glass......................................................................................... 34
1

2.4.3 Polymers ...................................................................................... 36
2.4.4 PEEK ........................................................................................... 37
2.4.5 Polycaprolactone ......................................................................... 41
2.4.6 Composites .................................................................................. 42
2.5 Mechanical and Physical Properties ................................................... 43
2.5.1 Tensile strength and yield stress ................................................. 45
2.5.2 Hooke’s law and Young’s modulus .............................................. 45
2..5.3 Surface Stiffness ......................................................................... 47
2.5.4 Hardness ..................................................................................... 47
2.5.5 Surface Roughness ..................................................................... 47
2.5.6 Wettability .................................................................................... 49
2.5.7 Surface Energy ............................................................................ 50
2.5.8 Porosity ........................................................................................ 53
2.6 Introduction to Surface Topography ................................................... 53
2.6.1 Grooved Topography ................................................................... 58
2.6.2 fibres ............................................................................................ 60
2.7 Antimicrobial Agent ......................................................................... 60
2.8 Literature review conclusion ............................................................... 62
Chapter 3 .................................................................................................... 63
3.0 Methodology ....................................................................................... 63
3.1 Atomic Force Microscopy (AFM) ........................................................ 63
3.2 Nano-indentation testing of PEEK and GL/PEEK substrates ............. 65
3.3 Surface Wettability characterization ................................................... 67
3.4 Surface Energy Characterisation ........................................................ 69
3.5 Freezing of MG-63 Cells..................................................................... 73
3.6 Cell Culture......................................................................................... 73
3.7 Growth of HaCaT cells ....................................................................... 74
3.8 Substrate Imaging .............................................................................. 75
3.8.1 Fluorescence Microscopy ............................................................ 75
3.8.2 Confocal Laser Microscopy CLM ................................................. 76
3.8.3 Scanning Electron Microscopy ..................................................... 76
3.9 Cell Viability ........................................................................................ 76
3.10 Cellular orientation and cell length analysis...................................... 78
3.11 Poly-ε-caprolactone (PCL)................................................................ 79
3.12 Triclosan ........................................................................................... 80
3.13 Silver ................................................................................................ 80
3.14 Electrospinning ................................................................................. 80
2

3.15 SEM imaging .................................................................................... 81
3.16 Pore Size .......................................................................................... 82
3.17 Wettability Characterization .............................................................. 85
3.18 Cell Culture....................................................................................... 85
3.19 Scanning Electron Microscopy ......................................................... 85
3.20 Cell Viability ...................................................................................... 86
3.21 Repetition of experiments ................................................................. 87
Chapter 4 .................................................................................................... 88
4.0 PEEK sample preparation and characterization ................................. 88
4.1 Introduction ......................................................................................... 88
4.2 Aims and Objectives ........................................................................... 90
4.3 Materials and Methods ....................................................................... 91
4.3.1 PEEK ........................................................................................... 91
4.3.2 GL/PEEK ..................................................................................... 91
4.3.3 Micro Injection Moulding .............................................................. 91
4.3.4 Sterilization .................................................................................. 91
4.3.5 Atomic Force Microscopy (AFM) .................................................. 92
4.3.7 Surface Wettability characterization ............................................. 92
4.3.8 Surface Energy Characterisation ................................................. 92
4.3.9 Statistical Analysis ....................................................................... 92
4.4 Results & Discussion .......................................................................... 93
4.4.1 Identification of the topographical features of PEEK .................... 93
4.4.2 Understanding how the topographical features affect the surface
roughness of PEEK .............................................................................. 96
4.4.3 Nano-indentation analysis of PEEK ............................................. 99
4.4.4 Surface Wettability ..................................................................... 105
4.4.5 Surface Energy Characterisation of PEEK based materials ...... 111
4.5 Conclusion........................................................................................ 115
Chapter 5 .................................................................................................. 116
5.0 Cellular response to the surface modifications of PEEK .................. 116
5.1 Introduction....................................................................................... 116
5.2 Aims and Objectives ......................................................................... 117
5.3 Materials and Methods ..................................................................... 118
5.4 Results and Discussion .................................................................... 119
5.4.1 Observation of cellular morphology and the variations between
MG-63 and HaCaT cells ..................................................................... 119
5.4.2 Cell Viability using MTT assay for MG-63 cells on all PEEK
substrates ........................................................................................... 127
3

5.5 Conclusion........................................................................................ 129
Chapter 6 .................................................................................................. 130
6.0 Cellular response to the Mechanical and Physical characteristics of
PEEK ...................................................................................................... 130
6.1 Introduction....................................................................................... 130
6.2 Aims and Objectives ......................................................................... 131
6.3 Methodology ..................................................................................... 132
6.3.1 Material Preparation................................................................... 132
6.3.2 Cell Culture ................................................................................ 132
6.3.3 Imaging Preparations ................................................................. 132
6.3.3.1 Immunohistochemistry using Rhodamine Phalloidin and DAPI132
6.3.3.2 Sample preparation for Scanning Electron Microscopy .......... 132
6.3.4 Substrate Imaging ...................................................................... 133
6.3.4.1 Confocal Laser Microscopy CLM ............................................ 133
6.3.5 Cell Viability ............................................................................... 133
6.3.6 Analysis ..................................................................................... 133
6.4 Results ............................................................................................. 134
6.4.1 The relationship between substrate stiffness and cell length ..... 134
6.4.2 The relationship between substrate roughness and cell viability and
morphology ......................................................................................... 137
6.4.3 The influence of contact angle on cellular viability of all PEEK
based materials .................................................................................. 139
6.4.4 The influence of surface energy on cellular viability of all PEEK
based materials .................................................................................. 141
6.5 Discussion ........................................................................................ 142
6.6 Conclusion........................................................................................ 146
Chapter 7 .................................................................................................. 147
7.0 Electrospun Poly Caprolactone (PCL) Scaffolds .............................. 147
7.1 Introduction....................................................................................... 147
7.2 Aims and objectives ......................................................................... 148
7.3 Materials and methods ..................................................................... 149
7.3.1 Poly-ε-caprolactone (PCL) ......................................................... 149
7.3.2 Triclosan .................................................................................... 149
7.3.3 Silver .......................................................................................... 150
7.3.4 Electrospinning .......................................................................... 150
7.3.5 SEM imaging ............................................................................. 150
7.3.6 Pore Size ................................................................................... 150
7.3.7 Wettability Characterization ....................................................... 150
4

7.3.8 Cell Culture ................................................................................ 151
7.3.9 Scanning Electron Microscopy ................................................... 151
7.3.10 Cell Viability ............................................................................. 151
7.3.11 Statistical analysis.................................................................... 152
7.4 Results and discussion ..................................................................... 152
7.4.1 Pore size .................................................................................... 152
7.4.2 Wettability .................................................................................. 156
7.4.3 Cellular viability .......................................................................... 158
7.5 Conclusion........................................................................................ 161
Chapter 8 .................................................................................................. 162
8.0 Final Discussion of thesis ................................................................. 162
8.1 Final Discussion ............................................................................... 162
8.1.1. Identification that the addition of glass fibres into the PEEK
polymer matrix maintained the mechanical properties at a level of
significance. ........................................................................................ 163
8.1.2 Understanding the alteration of surface topography and composite
results in a varied surface roughness thus affecting the surface
wettability and surface energy of all PEEK based substrates ............. 164
8.1.3 Alterations of the PEEK surface both in terms of topography and
addition of glass fibres increased the response of MG-63 cells. ......... 166
8.1.4 Nano-grooves affected the morphology of both MG-63 and HaCaT
cells regarding length and orientation. ................................................ 169
8.1.5 Triclosan laden PCL scaffolds accompanied with varied
concentration of silver alters the wettability characteristics of the scaffold
and cellular viability of MG-63 cells ..................................................... 171
8.16 Conclusion...................................................................................... 173
8.17 Future Directions ............................................................................ 178
References................................................................................................ 180
Appendix .................................................................................................. 197

5

List of Figures
Chapter 2.0
Figure 2. 1 The typical structure of a long bone including cortical, cancellous
and fibrous tissue (Safadi et al. 2009, 1-50). ...................................................... 21
Figure 2. 2 Schematic drawing of mesenchymal stromal cells becoming
osteocytes through differentiation in a typical cell culture environment. The
drawing also shows a mature osteoblast differentiated into an osteocyte
(Feng 2009, 189-196). ............................................................................................ 22
Figure 2. 3 Bone remodelling cycle (Ralston 2017, 560-564). ........................ 24
Figure 2. 4 Schematic illustration of the ECM structure and content including
remodelling (Yue 2014, S20-S23). ....................................................................... 27
Figure 2. 5 Summary of the 3 stages of in-vitro cell adhesion (Khalili and
Ahmad 2015, 18149-18184). ................................................................................. 30
Figure 2. 6 Chemical Structure of PEEK (Kurtz and Devine 2007, 48454869). ........................................................................................................................ 37
Figure 2. 7 Diagram shows the factors that affect surface topography:
roughness, anisotropic pattern and isotropic pattern. ....................................... 57

Chapter 3.0
Figure 3. 1 Asylum research atomic force microscopy..................................... 65
Figure 3. 2 Experimental setup for tensile testing showing (a) the mechanical
testing machine and (b) a close-up of the sample gripping system ................ 67
Figure 3. 3 A wettability schematic drawing showing the tendency for
hydrophilic and hydrophobic surfaces.................................................................. 67
Figure 3. 4 AST Goniometer ................................................................................. 69
Figure 3. 5 A) Syringe control for the depositions of 2µl of liquid. B) 2µl
droplet of liquid before coming into contact with the material. ......................... 69
Figure 3. 6 Calculation for the percentage of viable cells using OD values
from the microplate absorbance spectrophotometer ......................................... 77
Figure 3. 7 The stages of measuring cell orientation and cell length using
ImageJ. Set scale (A), format to 8-bit (B), threshold applied (C), data
obtained (D). The green represents the actin filaments of the cell and the red
represents the nuclei; the individual cells can be identified by the nuclei. ..... 79
Figure 3. 8 A schematic drawing of the electrospinning process (Kiennorka
et al, 2015) ................................................................................................................ 81
Figure 3. 9 The conversion of the image to a 16-bit image to enable
threshold adjustment............................................................................................... 83
Figure 3. 10 Adjustment of the threshold to differentiate between the fibres
and pores. ................................................................................................................. 84
Figure 3. 11 Analysis of the scaffold Area, Shape descriptors, Area fraction
and feret’s diameter ................................................................................................ 84
Figure 3. 12 Equation to calculate cellular viability using OD values from the
microplate absorbance spectrometer ................................................................... 87

6

Chapter 4.0
Figure 4. 1 The topographical features and the surface roughness of (a)
PEEK, (b) PEEK patterned, (c) GL/PEEK and (d) GL/PEEK patterned taken
using the AFM .......................................................................................................... 95
Figure 4. 2 Graph observing the surface roughness of PEEK, PEEK
Patterned, GL/PEEK and GL/PEEK Patterned. **** represents a high
significant difference in the surface roughness between PEEK and PEEK
patterned and GL/PEEK and GL/PEEK patterned. ............................................ 97
Figure 4. 3 AFM observations of PEEK Patterned, and GL/PEEK patterned.
.................................................................................................................................... 98
Figure 4. 4 Scale information using sinusoid of PEEK grooved using a 20
line of data ................................................................................................................ 98
Figure 4. 5 Scale information using sinusoid of GL/PEEK grooved using a
20µm line of data ..................................................................................................... 99
Figure 4. 6 Young’s Modulus (GPa) of PEEK and GL/PEEK. In Figure A ****
represents a high significant difference in the Young’s Modulus between
PEEK and GL/PEEK. ............................................................................................ 101
Figure 4. 7 Contact Stiffness (µN/nm) of PEEK and GL/PEEK. In Figure A
**** represents a high significant difference of the Stiffness between PEEK
and GL/PEEK. ........................................................................................................ 102
Figure 4. 8 Hardness (GPa) of PEEK and GL/PEEK. In Figure A ****
represents a high significant difference of the Hardness between PEEK and
GL/PEEK. ............................................................................................................... 103
Figure 4. 9 A) Water contact angle side (A) and front (B) view. B) 2µl droplet
of liquid on PEEK patterned perpendicular and parallel. ................................ 106
Figure 4. 10 Contact angle data of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned using HPLC gradient grade water .................................. 108
Figure 4. 11 Contact angle data of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned using HPLC gradient grade water .................................. 108
Figure 4. 12 Contact angle images of PEEK and PEEK Glass composite . 110
Figure 4. 13 Contact angle images of PEEK patterned and GL/PEEK from a
front and side view ................................................................................................ 110
Figure 4. 14 Mean ± SD of ysd (Dispersive component of surface energy of
solid), ysp (polar component of surface energy of solid) & ysL (interfacial
tension between solid and liquid) of PEEK, PEEK Patterned, GL/PEEK and
GL/PEEK Patterned. ............................................................................................. 112
Figure 4. 15 Average Surface energy ± SD (mN/m) of surface energy of
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned ......................... 113

Chapter 5.0
Figure 5. 1 The immunofluorescence images of PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned of cell attachment after 24 hours of MG63 and HaCaT cell seeding to demonstrate the extension of the cells. The
white arrow indicates the alignment of the grooves ......................................... 121
Figure 5. 2 The SEM images of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned of cell attachment after 24 hours of MG-63 cell seeding
to demonstrate the extension of the cells on the samples.............................. 122

7

Figure 5. 3 Graphical representation of the orientation of HaCaT cells
cultured on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after
24 hours .................................................................................................................. 124
Figure 5. 4 Graphical representation of the orientation of MG-63 cells
cultured on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after
24 hours .................................................................................................................. 124
Figure 5. 5 Graphical representation of the Comparison of cell length (µm)
between MG-63 Cells and HaCaT cells after cell culture for 24 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned ......................... 126
Figure 5. 6 Cellular viability of MG-63 cells after 24 hours and 72 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned ......................... 128

Chapter 6.0
Figure 6. 1 The effects of matric mechanics on cellular behavior. Schematic
of the general changes of cellular behavior from soft matrices to stiff matrices
(Wells 2008, 1394-1400) ...................................................................................... 136
Figure 6. 2 Cellular morphology of MG-63 after 24 hours on PEEK and
GL/PEEK. The stiffer matrix of GL/PEEK observes an increase in cellular
spreading compared to PEEK. ............................................................................ 137

Chapter 7.0
Figure 7. 1 The fibre diameter (µm) of all PCL scaffolds ............................... 153
Figure 7. 2 The pore size (µm) of all PCL scaffolds........................................ 153
Figure 7. 3 Large SEM images of all PCL based substrate at x500
magnification, and the smaller image is of the same sample at a x2500
magnification .......................................................................................................... 154
Figure 7. 4 Contact angle of all PCL based materials .................................... 157
Figure 7. 5 Surface energy of all PCL based materials .................................. 158
Figure 7. 6 The percentage of viable MG-63 cells on all PCL based scaffolds
after 24- and 72-hour cell culture ........................................................................ 159

8

List of Tables
Chapter 2.0
Table 2. 1 Typical physical and mechanical properties of PEEK and CFRPEEK composite biomaterials (Kurtz and Devine 2007, 4845-4869). ............ 39
Table 2. 2 Summary of the effects of micro- and nano-structured surfaces on
cell proliferation and/or differentiation (Martínez et al. 2009, 126-135 ........... 55
Chapter 3.0
Table 3. 1 Summary of equations from Fowkes two component theory. ....... 71
Chapter 4.0
Table 4. 1 This table summarises the repeat experimentation that has been
performed within this thesis ................................................................................... 87
Table 4. 2 Nano-indentation results obtained for PEEK and GL/PEEK ....... 104
Table 4. 3 Average contact angle data obtained for PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned using HPLC gradient grade water ........ 106
Table 4. 4 Contact angle data obtained from side and front viewpoint on
PEEK patterned and GL/PEEK patterned topography using HPLC gradient
grade water............................................................................................................. 106
Table 4. 5 Mean ± SD (mN/m) of ysd (Dispersive component of surface
energy of solid), ysp (polar component of surface energy of solid) & ysL
(interfacial tension between solid and liquid) of PEEK, PEEK Patterned,
GL/PEEK and GL/PEEK Patterned .................................................................... 112
Table 4. 6 Average Surface energy ± SD (mN/m) of surface energy of PEEK,
PEEK patterned, GL/PEEK and GL/PEEK patterned ...................................... 113
Chapter 5.0
Figure 5. 1 The immunofluorescence images of PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned of cell attachment after 24 hours of MG63 and HaCaT cell seeding to demonstrate the extension of the cells. The
white arrow indicates the alignment of the grooves ......................................... 121
Figure 5. 2 The SEM images of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned of cell attachment after 24 hours of MG-63 cell seeding
to demonstrate the extension of the cells on the samples.............................. 122
Figure 5. 3 Graphical representation of the orientation of HaCaT cells
cultured on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after
24 hours .................................................................................................................. 124
Figure 5. 4 Graphical representation of the orientation of MG-63 cells
cultured on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after
24 hours .................................................................................................................. 124
Figure 5. 5 Graphical representation of the Comparison of cell length (µm)
between MG-63 Cells and HaCaT cells after cell culture for 24 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned ......................... 126
9

Figure 5. 6 Cellular viability of MG-63 cells after 24 hours and 72 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned ......................... 128
Chapter 6.0
Table 6. 1 Material stiffness (µN/nm) of PEEK and GL/PEEK, cell viability
(%) and cell length (µm) of MG-63 cells cultured and immunohistochemistry
stained using Rhodamine Phalloidin and DAPI after 24 hours ...................... 136
Table 6. 2 Surface roughness (nm) of all PEEK based materials in
comparison to the cellular viability (%) and cell length (µm). ......................... 138
Table 6. 3 Contact angle (º) data of all PEEK based materials in comparison
to the cellular viability (%). ................................................................................... 141
Table 6. 4 Surface energy (mN/m) data of all PEEK based materials in
comparison to the cellular viability (%) after 24 hours and 72 hours ............ 142
Chapter 7.0
Table 7. 1 Table of all fibre diameter (µm) and pore size (µm) data with the
standard deviation of all PCL based materials ................................................. 155
Chapter 8
Table 8. 1 Summary of results obtained through experimentation using PEEK
based samples ....................................................................................................... 177

10

Abbreviations
AFM – Atomic Force Microscope
ALP – Alkaline Phosphatase
CLM – Confocal Laser Microscope
DMSO – Dimethyl Sulfoxide
ECM – Extracellular Matrix
FAK – Focal Adhesion Kinase
FBS – Foetal Bovine Serum
GL – Glass
GL/PEEK – PEEK with 30wt% glass fibre composite
HA – Hydroxyapatite
HBSS – Hanks Balanced Salt Solution
HPLC – High Performance Liquid Chromatography
OD – Optical Density
PCL – Polycaprolactone
PEEK – Polyether-ether-ketone
SD – Standard Deviation
SEM – Scanning Electron Microscopy
UV – Ultraviolet
WT – Weight

11

Chapter 1
1.1 Introduction
Bone is an extremely complex tissue providing essential functions such as
structure and support to the human body. Tissue engineering holds great
promise in providing strategies to regenerate and restore damaged/diseased
bone tissue back to its original function using implants and scaffolds as defined
by the National Institute of Biomedical Imaging as the:
‘Practice of combining scaffolds, cells and biologically active molecules into
functional tissues. The goal of tissue engineering is to assemble functional
constructs that restore, maintain, or improve damaged tissues or whole
organs’ (O'Brien 2011, 88-95).

The key to the survival of an implant is active bone tissue at the implant
interface. Growth and differentiation factors from activated blood cells are
released at the interface and initiate a series of biological events, leading to
bone formation around the implant. When osseointegration of the implant
occurs the interface of the implant is filled with bone. Loosening at the surface
of an implant can result in low strength and failure of osseointegration. The
early formation of a robust bond between the implant surface and surrounding
bone can minimize potential loosening therefore resulting in an effective longterm implant (Apostu et al. 2017, 2104-2119).

One of the most promising pathways for improved fixation is to accelerate the
onset and rate of early cellular adhesion and bone growth at the implant
surface (Tande and Patel 2014, 302-345). This can be achieved by optimising
implants to enhance osseointegration by using scaffolds and surface
characterisation (Apostu et al. 2017, 2104-2119).
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It has been long recognised that mammalian cells are sensitive to
topographical structure whether it be other cells, the extracellular matrix or
implant surfaces (Hamilton et al. 2008, 2551-2561). Topographical
modification of an implant surface can exert mechano-transduction cues.
These cues alter cellular function by responding to intracellular signalling. By
understanding how cells interact with their physical environment provides
insight into how you can control cellular behaviour through fabrication of
substrates by using physical modifications such as grooves (Nikkhah et al.
2012, 5230-5246). Microfabrication technology has proven to be a key tool in
the development of topographical features in mimicking the architecture of the
extra cellular matrix (ECM). The extra cellular matrix is a non-cellular
component present within tissue and organs to provide physical scaffolding
but also initiate biochemical and biomechanical cues (Frantz, Stewart and
Weaver 2010, 4195-4200). Working with micro scaled grooved topography
enables precision when aiming to control cellular adhesion, morphology,
migration and differentiation (Nikkhah et al. 2012, 5230-5246).

Modification of surface topography can change the physical properties of a
material such as roughness and wettability, these changes can either be
beneficial or damaging. Various groove topographies have been investigated,
particularly to view how grooves alter the surface roughness of the proposed
material. A rough surface is advantageous as it is known to generally promote
cellular adhesion of cells such as osteoblasts (Hamilton et al. 2008, 25512561). However, to produce a replicable grooved surface in a cost-effective
manner is not an easy task.

It is understandable that grooves can alter mechanical cues of a material
however, for a material to be fully functional within the human body it must be
able to sustain a plausible amount of load and possess biocompatible
properties. Many biomaterials have been investigated, such as PEEK. PEEK
is a material commonly recognised for its non-toxic and mirrored mechanical
properties of bone, which is why it is feasible to utilise PEEK as a material for
orthopaedic applications (Kaczorowski et al. 2015, 92-98). However, PEEK
has limited bio-reactivity and for this reason we are going to investigate how
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the modifications of PEEK can affect cellular behaviour. Hopefully resulting in
a material suitable to use as an orthopaedic implant. In addition to alterations
of surface topography, adding another bioactive material can enhance the
mechanical and physical properties of PEEK and also amplify the bioactivity
of PEEK.
Glass is widely recognised for its enhanced bio-activity however glass isn’t an
appropriate material to use as a load bearing implant. Glass does not have the
ability to sustain the mechanical load required from an orthopaedic implant.
Therefore, the combination of both PEEK and glass creates the possibility of
producing a ‘designer’ implant for the application of hard tissue engineering
(Navarro et al. 2008, 1137-1158).

Besides the development of surface characterisation for orthopedic implants,
infection rate at the surface of an implant is also a crucial factor to consider.
The use of scaffolds at the site of injury has widely been investigated, as cell
seeded scaffolds can facilitate cellular growth at the site of injury. Prevention
of infection is just as important as the simulation of cellular growth. Therefore,
by developing a scaffold encompassed with antimicrobial agent to assist in
faster healing can minimise the chance of infection or cross contamination.

1.2 Aims and Objective
The aim of this thesis was to investigate cellular response to mechanical and
physical properties of micro-injection moulded composite polymers with
modified surface topographies. Another objective of this thesis was to identify
if antimicrobial agents can affect the structure, wettability and cellular viability
of polymer-based electro spun scaffolds with the aim to recognize a suitable
antimicrobial concentration for cellular viability.

To achieve the aims of the research the following objectives were set:
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•

To investigate the effect of various surface modifications of the polymer
substrates and what impact these modifications have on the mechanical
and physical properties.

•

To study the cellular response to the surface modifications, mechanical
and physical properties.

•

To examine how the addition of antimicrobial agents affects scaffold
structure.

•

To understand how the wettability of a scaffold can influence cellular
response.

1.3 Thesis Outline
The following summarises the content of this thesis:

Chapter 1

Thesis Introduction
This chapter introduces the thesis and outlines the chapters
within this thesis.

Chapter 2:

Literature review
This chapter presents a review of the literature regarding bone
composition, biomaterials, mechanical properties, surface
modifications and how these factors affect cellular behaviour.
The aim of this chapter is to provide an understanding into the
literature background and establish the gaps in knowledge about
surface modifications of PEEK.

Chapter 3:

Methodology
This chapter explains the experimentation methods that have
been carried out to obtain the results within this thesis. This
chapter also explains the repetitions of each experiment.

Chapter 4: Mechanical and Physical Characterisation of PEEK
This chapter presents the topographical dimensions and surface
analysis of all PEEK based substrates. Along with identification
of the mechanical and physical properties of the PEEK based
materials.
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Chapter 5:

Investigation

of

cellular

response

to

the

surface

modifications of PEEK
This chapter observes the comparison of cellular viability
between all substrates and how the surface modifications can
alter cell response and morphology.
Chapter 6:

Cellular response to the mechanical and physical properties
of PEEK
This chapter compares how the cells have responded to the
variations of mechanical and physical properties of PEEK.

Chapter 7:

Investigation

of

cellular

response

to

the

scaffold

composition and surface wettability of PCL
This chapter reports how the addition of antimicrobial agent has
impacted the scaffold structure and in turn affected the wettability
and surface energy characteristics of each PCL based scaffold.
Cellular viability analysis is also identified to observe if the
addition of triclosan and silver has impacted the viability of MG63 cells.
Chapter 8:

Final discussion
This chapter reports the results from each investigation and main
research findings.

Chapter 9:

Conclusion and further study
This chapter summarises the findings along with future work to
be undertaken based on the obtained results and observations.
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Chapter 2
2.0 Literature Review
2.1 introduction
The proposed doctoral research aims to investigate the implications
mechanical and physical properties have upon cellular behaviour. This has
been investigated using in-house produced microinjection moulded PEEK
based substrates with and without surface modifications.

The presented literature review is an overview of the structure of bone and
how mechanical and physical stimuli can affect cellular response in-vitro and
in-vivo. We discuss currently used biomaterials and how different methods are
used to modify substrata surface. Followed by a discussion on how to prevent
the rate of infection at the site of an implant. By understanding these factors, it
can help to develop a suitable implant care package that minimises the
potential risks to patients and maximises osseointegration of the implant into
the host.

As the aging population increases, the need for orthopaedic implants will be
on the rise. A key issue with current orthopaedic implants is revision surgery,
which is technically demanding, endures a high complication rate, very
expensive, and has a low satisfaction rate for patients. Alterations of the
implant surface are of great importance in today’s world as they can limit the
chances of aseptic loosening through enhanced osseointegration of the
implant. Aseptic loosening is a result of micro-motion between the implant and
bone. Micro-motion prevents the growth and mineralisation of bone at the
surface of the implant eventually leading to instability and the need for revision
surgery (Apostu et al. 2017, 2104-2119).

Aseptic loosening is the most common cause for the failure of implants (76%),
the weakened fixation causes failure, impairment, pain and instability. In 2017,
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6,289 revision surgeries for implant bearings that reduce friction between
moving parts were entered into the registry, over 80% of these cases were
single stage procedures, with the most common indication for surgery
recorded as aseptic loosening (Porter et al., 2018).
There is a virtual ‘race to the surface’ between microorganisms and cells. If
microorganisms arrive at the surface first, the biofilm that they create can
prevent cellular adhesion resulting in the removal of the implant. Therefore,
survival of an implant is determined by the formation of surrounding bone
tissue. This can be achieved by growth and differentiation factors from
activated blood cells being released at the interface and initiating a series of
biological events. The process in which the interface of an implant is filled with
bone can be referred to as osseointegration. The failure of osseointegration
can result in low strength and loosening at the surface of the implant and
impact the long-term success of an implant (Apostu et al. 2017, 2104-2119;
Tande and Patel 2014, 302-345).

Bone tissue engineering is an upcoming procedure to optimize implants and
enhance

osseointegration

using

stem

cells,

scaffolds

and

surface

characterization. One of the most promising pathways for improved fixation is
to accelerate the onset and rate of early cellular adhesion and bone growth at
the implant surface. To accomplish this, a more complete understanding of
how material surface properties affect protein adsorption and cell response is
required (Tande and Patel 2014, 302-345).

2.2 Introduction to bone anatomy and physiology
“Bone is a dynamic tissue that undergoes renewal and repair throughout life
through the process of bone remodelling” (Ralston 2017, 560-564). Bone is a
composite tissue made up of an organic matrix, inorganic minerals, cells, water
and has its own blood supply. Mechanically, bone is recognized for its superior
strength and rigidity as well as ductility. Such ductility is associated with the
presence of the organic matrix, which comprises with over 30 proteins,
primarily of type I collagen. The inorganic portion is composed primarily of
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crystalline calcium phosphate salts, present in the form of hydroxyapatite. The
strength and toughness of bone is an attribute of this. A limited level of water
represents the third component of bone (Ralston 2017, 560-564).

Over 200 bones compose the skeletal system which consist of nutrients,
minerals and bone cells to provide a supportive framework, the human body.
The application of bone causes it to sustain external loads, provide motion and
act as protection from external and internal forces which are capable of
irreparable damage. When investigating materials for orthopaedic purposes
the application of bone needs to be accounted for to ensure that the material
used is effective as well as capable for its intended use (Feng 2009, 189-196,
Ralston 2017, 560-564).
2.2.1 Bone composition
The mineralised matrix of bone tissue has an organic component that is
predominantly collagen and an inorganic component composed of numerous
salts. Bone tissue is a mineralized tissue of two sorts; cortical bone and
cancellous bone.

a) Inorganic minerals
By weight the inorganic constituent of bone accounts for up to 60% of the total
mass. The inorganic component is primarily crystalline hydroxyapatite which
is

a

calcium

phosphate

crystal

with

the

molecular

formula

of

Ca3(PO4)2]3Ca(OH)2 (Feng 2009, 189-196). Calcium phosphate is vital for the
human body as it plays a key role in blood clot formation, nerve impulse
transmission and muscle contraction. The remaining constitute of the inorganic
component is calcium carbonate (CaCO3) and magnesium phosphate
(Mg(PO4)2). The presence of such salts compliments the hardness and rigidity
of bone (Feng 2009, 189-196).

b) Organic Component
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The remaining composition of bone mass is approximately 10% water and
30% organic matrix. The organic matrix consists of collagen, cells and various
proteins. Collagen fibres are easily recognized by their three stranded
polypeptide helical molecule structure, wrapped into a fibril. This structure
contributes to the flexibility of bone. In addition to collagen, a mixture of
proteins and polysaccharides are present within the organic matrix. These
proteins consist of extracellular matrix (ECM) proteins, growth factors and
cytokines which are all believed to have a role within the mineralization of the
bone matrix and the regulation of osteoclast and osteoblast function
(Feng 2009, 189-196).

2.2.2 Bone Structure
Bone is a multifaceted organ playing a key role in movement, protection,
support, mineral storage, and formation of blood cells within the human body.
Bone tissue can be categorized into two types of bone structures: cortical and
cancellous. The categorization is dependent on the density and porosity range.
The porosity of bone is the volume fraction of bone which is not occupied by
bone tissue. Cortical bone is a high-density bone structure with a porosity
range between 5 – 30%, unlike cancellous bone which is composed of a lowdensity bone structure with a porosity value between 30-90% (Saravanan et
al. 2011, 188-193; Pal 2014). Up to 80% of bone in the human body is in the
form of a cortical structure, however the distribution of cortical and cancellous
bone is dependent on the region (Ralston 2017, 560-564).

a) Cortical bone
Cortical bone is composed primarily of osteons that have a cylindrical structure
containing a mineral matrix and living osteocytes connected by canaliculi (a
microscopic canal), which transports blood. These canals allow blood vessels
to penetrate through cortical bone, providing the nutrients required to
regenerate and eliminate waste material. Cortical bone appears to be stiffer
and contributes substantially more to the tissue’s mechanical strength.
Dependent on age, orientation, disease process and other factors, the Young’s
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modulus of wet cortical bone is between 7-25 GPa (Feng 2009, 189-196; Pal
2014).

b) Cancellous bone
The basic structural unit of cancellous bone is referred to as the trabecula.
Trabecular bone has a mosaic arrangement of angular segments from parallel
layers of lamellae. Lamellae is a thin plate of bone matrix which is the basic
structural unit of mature bone. Orientation and alignment are varied for
trabeculae as when stress is applied the trabeculae will orientate themselves
to counteract and resist mechanical forces. These actions are possible due to
the limited density and increased porosity of cancellous bone, which is a direct
attribute of the Young’s modulus that varies between 0.6-2.0 GPa (Feng 2009,
189-196).

Figure 2. 1 The typical structure of a long bone including cortical, cancellous
and fibrous tissue (Safadi et al. 2009, 1-50).

2.2.3 Bone cells

A healthy skeletal system is maintained through constant bone remodelling
occurring via the functions of bone cells; osteoclast, osteoblast and
osteocytes. Osteoclasts are cells that remove old bone through bone
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resorption to form new bone with osteoblast. Whereas osteocytes are
responsible for detecting possible damage at the surface of bone (Feng 2009,
189-196). The constant remodelling of bone is essential as bones are nonstatic and constantly reshaped to meet the needs of the human body.

a) Osteoblasts
Osteoblasts are cuboidal mono-nuclei cells located along the bone lining
surface. They encompass 4-6 % of total resident bone cells and are largely
recognised for their bone forming function and production of type 1 collagen.
Bone lining cells are quiescent flat shaped osteoblasts that cover up to 95 %
of the bone surface area where neither bone resorption, nor bone formation
occurs (Florencio-Silva et al. 2015, 1-17).

Figure 2. 2 Schematic drawing of mesenchymal stromal cells becoming
osteocytes through differentiation in a typical cell culture environment. The
drawing also shows a mature osteoblast differentiated into an osteocyte
(Feng 2009, 189-196).

b) Osteocytes
Osteocytes are located within the lacunae, surrounded by mineralized bone
matrix, with a dendritic morphology that is dependent on the bone type. The
spidery-like extensions enable osteocytes to communicate with other
osteocytes through active

cellular signalling

therefore enabling

the

maintenance and viability of bone matrix. The high degree of interconnectivity
enables immediate detection of potential injuries, pressures and cracks. The
interconnectivity allows for osteocytes to effectively communicate through
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biochemical signalling to prompt bone resorption and formation at the site of
injury (Florencio-Silva et al. 2015, 1-17).

c) Osteoclasts
Osteoclasts are multinucleated cells containing 3-25 nuclei per cell, originating
from mononuclear cells of the hematopoietic lineage. Fully differentiated
mature osteoclasts are primary bone resorbing cells present at sites where
resorption takes place and wherein excess bone has been deposited by
osteoblasts (Feng 2009, 189-196).

d) Bone remodelling
Bone is continuously being repaired and renewed from birth through to death
to achieve skeletal formation or renewal. Bone remodelling is vital in order to
adapt to constant changes of mechanical stresses and forces due to natural
movement and potential recovery from damage. The bone remodelling cycle
occurs within bone cavities, inside these cavities formation of temporary
anatomical structures are present. These structures are formed from groups
of osteoblasts. The bone remodelling cycle has five distinct phases as shown
in figure 2.3 (Ralston 2017, 560-564); resting state, activation, resorption,
reversal and formation.
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Figure 2. 3 Bone remodelling cycle (Ralston 2017, 560-564).

The resting state is where the surface of the bone is lined with inactive cells.
Activation is where hormonal or physical stimuli signal mono-nuclear
monocytes and macrophages to migrate to the remodelling site and
differentiate into osteoclasts. Resorption is the process of osteoclasts
removing organic and mineral components of bone to form a cavity. When the
cavity reaches a depth of 60 m from the surface in trabecular bone and 100
m in cortical bone, resorption at that location ceases. Reversal occurs once
osteoblasts disappear and mononuclear macrophage-like cells smooth the
resorbed surface through deposition of a cement-like substance binding new
bone to old. Thus, initiating the presence of pre-osteoblasts. The final phase
is formation where differentiated osteoblasts fill the resorption cavity until the
bone surface returns to its original resting state (Weyand et al. 2009, 251-268).
2.2.4 Bone damage and repair

Bone is continuously being renewed, due to micro-damage, fatigue, trauma,
infection or degenerative processes. Such damage takes time to heal or
improve and, in some instances, bone may fail to do both. Numerous attempts
have been made to restore bone using prosthetics, grafts and implants.
However, they have proven to be a temporary resolution as long-term results
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have found to be poor and discouraging. Identifying a suitable device to repair
bone damage is difficult due to the difference in physical, mechanical and bioactive properties between biomaterials and bone.
2.2.5 The need for more suitable orthopaedic implant
Degenerative and inflammatory diseases of bones and joints are common
orthopaedic issues, these conditions are often chronic and identified with the
elderly. There will be an increasing demand for orthopaedic surgery due to the
increasing ageing population and it has been anticipated that by 2020 bone
disease in individuals over the age of 50 would have doubled (Rahyussalim et
al. 2016, 1-9). Many age related orthopaedic conditions require medical
procedures such as internal fixations or total joint replacements. These types
of surgeries require devices to be implanted inside the body and biomaterials
that have the ability to adjust to the desired orthopaedic application.

Bone tissue engineering holds great promise in developing strategies to
ensure complete regeneration of bone and restoration of its function. Current
strategies include the transplantation of highly porous scaffolds seeded with
cells. Prior to transplantation the seeded cells are cultured in-vitro for the cells
to proliferate, differentiate and generate extracellular matrix. Factors affecting
cellular function include cell to biomaterial interaction and the biochemical and
mechanical environment. Developments in bone biology and cell-surface have
found to strongly influence bone mechanotransduction properties which is the
process in which cells respond to a mechanical stimuli through a conversion
of biochemical signals, eliciting a specific cellular response (Weyand et al.
2009, 251-268).

2.3 Extracellular matrix (ECM)
The ECM comes into close contact with cells and acts as a cellular scaffold
and as an extracellular component of tissue. The ECM components connect
together providing a structurally stable composite that contributes to the
mechanical properties of tissues and provides structural support to organs.
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The ECM contains approximately 300 proteins, the five vital proteins are
collagen, proteoglycans, laminin, fibronectin and elastin. The ECM also stores
cell receptors such as integrins and syndecans (Figure 2.4) and is recognized
as a supply for growth factors and bioactive molecules. As well as this it can
detect and connect with the extracellular environment using various signal
transduction pathways. The ECM is at the forefront of constant change
therefore undergoes remodelling whereby components are deposited,
degraded or altered (Yue 2014, S20-S23).

2.3.1 Five key ECM proteins

a) Collagen
Collagen is formed of 2 polypeptide  chains that form a triple helical structure
with a collagenous backbone directing the tissue architecture, shape and
organization of the extracellular matrix (Yue 2014, S20-S23).

b) Proteoglycan
Proteoglycans are a core protein to which glycosaminoglycan (GAG) side
chains are connected. GAGs are linear, anionic polysaccharides made up of
repeating disaccharide units (Yue 2014, S20-S23).

c) Laminin
Laminin is composed of 20 glycoproteins assembled into a cross-connected
web, interwoven with the type IV collagen network basement membrane.
Laminins self-assemble to form a system that remains in close association with
cells through interactions with cell to surface receptors. Laminin is essential for
early embryonic development and organogenesis (Yue 2014, S20-S23).

d) Fibronectin
Fibronectin functions as a ‘biological glue’ and is critical for the attachment and
migration of cells (Yue 2014, S20-S23).
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e) Elastin
Elastin imparts elasticity to tissues and is subjected to repeated stretch (Yue
2014, S20-S23).

Figure 2.4 Schematic illustration of the ECM structure and content
including remodelling (Yue 2014, S20-S23).

2.3.2 Cell receptors for ECM molecules

ECM molecules communicate with cells through receptors. Intergrins are
receptors that establish connections between the ECM and the cytoskeleton.
When intergrins are activated they prompt conformational changes uncovering
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their cytoplasmic domain, this is what specifies the route of the cell (Niland and
Eble 2012, 1-25).

2.3.3 Chemical and physical cues of the ECM

The biochemical properties of the ECM enable cells to detect and interact with
their extracellular environment using various signal transduction pathways.
The chemical cues are provided by ECM components such as adhesive
proteins, growth factors and associated signalling molecules.

The ECM acts as a physical barrier, an anchorage site or a movement track
for cell migration. The physical properties of the ECM incorporate rigidity,
density, porosity, insolubility, topography and provide physical cues to cells.
Physical cues include the polymeric biomaterial stiffness, mechanical force
and external force. The mechanical properties are sensed by integrin’s
associated with the ECM to the actin cytoskeleton inside the cells. A stiff matrix
can prompt integrin clustering and robust focal adhesion which leads to
increased proliferation, contractility and differentiation (Higuchi et al. 2015,
8032-8058).

In an ideal world, a biomaterial would encompass properties suitable for each
bone type, and effectively initiate cellular communication to enhance cell
responses such as attachment, migration and proliferation. Cells are highly
responsive to mechanical stimuli through communication via the ECM.
Literature suggests that manipulation of material characteristics can mimic the
properties of the ECM to enhance cellular activity. Investigating how materials
and surface topographies can affect cellular behavior is a key aspect of the
proposed thesis. Rigidity and topography are key elements in shaping the
behaviour of cells when encountering the ECM. Therefore, it would be ideal to
portray such characteristics of the ECM on the surface of an implant to engage
effectively in-vivo to increase cellular adhesion and proliferation.
2.3.4 Cell-Substrate adhesion
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Cellular adhesion is essential to successive proliferation and differentiation of
bone cells prior to bone tissue formation. It has been demonstrated that cell
adhesion to the surrounding extra-cellular matrix (ECM) can influence many
fundamental cellular processes, including cell growth and differentiation (Yue
2014, S20-S23).

Cell adhesion is essential in cell communication and regulation and becomes
fundamentally important in the development and maintenance of tissues.
Changes in cellular adhesion can be the definitive event in a wide range of
diseases including arthritis, cancer, osteoporosis, and atherosclerosis (Khalili
and Ahmad 2015, 18149-18184).

The process of static in-vitro cellular adhesion is portrayed by three stages as
observed in figure 2.5: attachment of the cell body to its substrate, flattening
and spreading of the cell body, and organization of the actin skeleton with the
formation of focal adhesion between the cell and substrate. Cell spreading
appears to be accompanied by the organization of actin into microfilament
bundles. The strength of adhesion becomes stronger with the length of time a
cell can adhere to a substrate or another cell. The initial adhesive interaction
between cells and a substrate are driven by the specific integrin-mediated
adhesion and start with the binding of single receptor-ligand pairs. This initiates
the subsequent receptor-ligand bonds and rapidly enhances in number, thus
increasing the strength of adhesion. Following initial attachment, cells continue
to flatten and spread on the substrate, resulting in the decrement of cell height
and increment of contact area (Phase 1). Next, the cell spreads outside of the
projected area of the un-spread spherical cell (Phase 2). The spreading
process is the combination of continuing adhesion with the restructuring and
distribution of the actin skeleton around the body edge of the cell. Cells will
reach their maximum spread area through expansion and adhesion strength
will become stronger (Phase 3) (Figure 2.5) (Khalili and Ahmad 2015, 1814918184).
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Figure 2.5 Summary of the 3 stages of in-vitro cell adhesion (Khalili and
Ahmad 2015, 18149-18184).

2.4 Introduction to Biomaterials
Biomaterials act as a primer for surgeons by offering a powerful set of clinical
instruments for practically every device, implant or piece of equipment in the
operating room. The National Institutes of Health (NIH) define biomaterials as
“any substance (other than a drug) or combination of substances synthetic or
natural in origin, which can be used for any period of time, as a whole or part
of a system which treats, augments or replaces tissue, organ or function of the
body” (Binyamin, Shafi and Mery 2006, 276-283).

The application of biomaterials has occurred over the past 2000 years, early
illustrations are those of wooden teeth, glass eyes and metallic dental
implants. The modern era of biomaterials begun in the late 1800’s with two key
developments: the implementation of aseptic strategies to limit the risk of
infection-related complications and the radiographic practices allowing for
visualization of skeletal structures (Binyamin, Shafi and Mery 2006, 276-283).

The early uses of biomaterials were commonly associated with impairments
due to poor mechanical design or incompatibility with the biological
environment. The failure of these devices urged the search for more suitable
materials and enhanced device design. To understand the cause of
impairment, biomaterials were categorised by their properties into two groups:
bulk and surface.
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Bulk properties are determined by the atomic composition and interatomic
bonding, which effects the mechanical, chemical, electrical, acoustical, optical
and magnetic characteristics. The mechanical properties encompass the
elastic, stress-strain, tension-compression, shear and fracture resistance
qualities of the material (Binyamin, Shafi and Mery 2006, 276-283).

The key bulk properties of an implant biomaterial are:
•

Modulus of elasticity: An implant material with modulus of elasticity
comparable to bone (18 GPa) would be ideal. This is to ensure there is
a uniform distribution of stress at the implant site and to limit relative
movement at the implant to bone interface to avoid stress shielding.

•

Tensile, compressive and shear strengths: An implant material is
required to have a high tensile and compressive strength to prevent
fractures and increase functional stability.

•

Yield strength, fatigue strength: High yield strength and fatigue strength
is required from an implant material to prevent brittle fracture under
cyclic loading.

•

Ductility: Ductility is required from an implant as it allows for necessary
contouring and shaping of an implant.

•

Hardness and toughness: An increase in hardness decreases the
chance of wear of implant materials, and an increase in the toughness
of an implant material prevents the chance of fracture (Saini 2015, 52).

The surface properties of a material characterize the interactions that happen
at the interface of the material within its biological environment. One of the key
surface

properties

for

implanted

biomaterials

is

biocompatibility.

Biocompatibility is the response of the body to the surface of the material and
the impact the implant will have on the body. A complete biocompatible
material would lack thrombogenic, toxic and inflammatory responses in the
short-term and carcinogenic, mutagenic effects in the long-term (Binyamin,
Shafi and Mery 2006, 276-283).
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The key elements of surface properties are:
•

Surface tension and surface energy: Both characteristics determine the
wettability of an implant by wetting fluid and cleanliness of the implant
surface. Surface energy has also been found to impact the adsorption
of proteins.

•

Surface roughness: Variations of surface roughness can impact the
response of cells and tissues.

•

Biocompatibility: Is the property of an implant material that
demonstrates a favourable response within a biological environment.
Biocompatibility is dependent on the corrosion resistance and
cytotoxicity of corrosion products (Saini 2015, 52).

Although this area has progressed significantly, at present there is an
extraordinary need to overcome barriers regarding discovering novel and
enhanced biomaterials that perform with great compatibility and satisfactory
longevity. Bone itself is a composite material because it fulfils a wide range of
requirements. Currently the use of composites as a material for biomedical
applications is at the forefront of biomaterial research and forms the basis of
research in this work.
2.4.1 Metals
Metals are inorganic materials which have a unique atomic arrangement and
bonding characteristics, leading to enhanced mechanical, thermal and
electrical properties. Metals possess a high level of conductivity and
mechanical strength, especially in relation to load bearing properties, thus
making metals suitable for a range of medical applications, such as
prosthetics, implants and fixation devices. However, many pure metals are not
effective to use as a biomaterial due to their biocompatibility and corrosion
concerns.

Metallic alloys usually have a composition of homogenous mixtures of two or
more metals, commonly used for fracture fixation and bone remodelling.
Cobalt based biomaterials are utilized due to their long-term stability under
highly reactive in-vivo conditions and excellent mechanical properties (Prasad
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et al. 2017, 884). The most commonly used metallic alloys are titanium,
stainless steel and shape memory alloys.

Titanium and stainless steel are critical for many load-bearing functions, where
their resistance to corrosion provides excellent long-term stability and reliable
mechanical strength, with minimal long-term toxicity. These materials have
outstanding tensile strength, fracture toughness and fatigue strength.
Throughout the years they have developed applications in orthopaedics as
artificial joints, plates, and dental implants, cardiovascular and neurosurgical
devices. Furthermore, large variations in mechanical properties exist between
metals and bone. The Young’s modulus of bone is between 7-25 GPa whilst
the Young’s modulus of stainless steel is 210 GPa and the lowest reported for
titanium is 40 GPa. This high modulus of elasticity for metals leads to stress
shielding, which can result in bone loss due to the vast difference in mismatch
material moduli and possibly lead to aseptic loosening (Li et al. 2013, 453460).
2.4.2 Ceramics

Ceramics are inorganic, non-metallic materials that have superior compressive
strength and are biologically inert, thus making ceramics appropriate for
medical applications. Examples of ceramics include silicates, metallic oxides,
sulphides and carbon structures such as graphite. Ceramics are limited to their
applications due to their relative brittleness and high modulus of elasticity.
However, ceramics are advantageous due to their high melting point, low
electrical conductivity, low thermal conductivity, good surface finish and high
biocompatibility (Binyamin, Shafi and Mery 2006, 276-283).

Bio-ceramics are classified into three categories: completely resorbable, bioreactive and bio-inert. Resorbable bio-ceramics degrade over time and are
replaced by endogenous tissues resulting in normal functional bone when
used for an orthopaedic application. The key property of resorbable bioceramics is their osteoconductive ability which allows osteoblast integration
leading to osteoid formation. The mechanical properties of bio-ceramics are
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greatly reduced during the reabsorption process, this results in a significant
difference of load-bearing capacity over the course of integration (Binyamin,
Shafi and Mery 2006, 276-283).

Bio-inert ceramics are biocompatible materials that maintain their mechanical
and physical properties after implantation. Characteristics of bio-inert ceramics
include limited biological response and non-carcinogenicity. Bio-inert ceramics
are popularly used for structural support applications and are readily utilized
within the orthopaedic industry due to their excellent wear properties and
gliding functions (Binyamin, Shafi and Mery 2006, 276-283).

Bio-reactive bio-ceramics possess a prime capability to chemically bond and
interact with normal tissue at the material- in-vitro interface. Bio-glass and
ceravital are classified as bioactive materials and typically used as bone
cement fillers, interfacial coatings for implants and restorative composites. The
presence of bio-ceramics as the bulk implant or in the form of coatings has
been known to successfully bind with the surrounding tissues. Therefore,
enabling enhanced integration with limited residual stress at the interface
(Binyamin, Shafi and Mery 2006, 276-283).
2.4.2.1 Glass
Bioglass is one of the few synthetic materials that seamlessly bonds to bone
(Ratner e Bryant, 2004). Bioglass is a silicate-based material composed of a
low SiO2 content, increased quantity of Na2O and CaO and is frequently
considered for orthopaedic regeneration (Fu et al. 2011, 1245-1256).

Glass is used as a bioactive surface coating due to its ability to foster the
growth of bone cells. This is an attractive trait as glass can strongly bond with
hard and soft tissues with the capability to release ions and facilitate the
activate expression of osteogenic genes and simulation of angiogenesis.
Glass provides the ability to control chemical composition alongside the rate
of degradation thus allowing alterations in the chemical, thermal or
environmental processing history. This enables a variety of designs to match
the ingrowth and remodelling of bone. However, the low strength and
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brittleness limits glass being use as a load bearing implant. Nevertheless,
when glass is used in conjunction with another material it has found to
strengthen the material matrix resulting in a practical approach for a load
bearing implant (Fu et al. 2011, 1245-1256).

Hydroxyapatite (HA) is an alternative ceramic commonly used as a composite
due to its non-toxicity properties with the capability to promote bone growth,
leading to enhanced fixation of implants. However, glass is a preferred
alternative to hydroxyapatite as glass demonstrates an increased rate of bone
formation on the surface in comparison to synthetic HA and other calcium
phosphate ceramics (Ibrahim et al. 2017, 636-667).
(Drnovšek et al. 2012, 1739-1745) has found nano particulate bioactive glass
within a porous titanium surface layer on implants to promote osseointegration
and stimulate the formation of bone. This verifies the combination of glass with
another material to have the capability to produce a promising material for
implantation (Drnovšek et al. 2012, 1739-1745).

The mechanical properties of 30 wt% glass fibre reinforced PEEK was
investigated to establish if the addition of glass fibres would increase the
flexure strength of PEEK (Li et al. 2013, 453-460). The results established the
tensile strength, tensile modulus, flexural strength and flexural modulus of
GL/PEEK to be higher than that of PEEK. This identifies the incorporation of
short glass fibres into the polymer matrix of PEEK to evidently increase the
flexure and mechanical performance of PEEK. Therefore establishing
GL/PEEK to be a composite that can enhance the mechanical properties of
PEEK. This in turn has the possibility to encourage dynamic cellular activity of
PEEK in situ (Li et al. 2013, 453-460). A key element of this research is to
investigate further surface modifications of PEEK and to identify key physical
attributes which can enhance cellular viability and cellular adhesion.

35

2.4.3 Polymers
Polymers have a molecular structure composed of mainly hydrocarbons built
up from a vast number of similar units bonded together covalently. Polymers
have expansively been used since the early 1940’s in biomedical applications
as they are cheap, easy to synthesize and some polymers are biodegradable
and biocompatible (Lakard et al. 2004, 19-27).

Biodegradable polymers can be both natural and synthetic. In general,
synthetic polymers provide greater advantages as they are easily modified to
provide the required properties and are free from concerns of immunogenicity.
The standard criterion in deciding on a suitable polymer for biomaterial
application is to match the mechanical properties and the time it takes to
degrade. The fact that polymers are easily tailorable in contrast to other
materials, provides the possibility to manipulate polymers for an intended
interaction such as providing an osteoconductive and osteoinductive
environment (Balasundaram and Webster 2007, 635-642).

Some examples of polymer biomaterials having industry applications are
silicone rubber, acrylic resin, polyactide (PLA) and poly caprolactone (PCL).
Medical grade silicon elastomers have been extensively used in the
replacement of diseased small joints, as they have proven to minimise pain
effectively and enhance the functional range of motion. However, limitations of
silicone are bone erosion, loosening and implant abrasion (Balasundaram and
Webster 2007, 635-642).

The ideal orthopaedic polymer should not evoke an inflammatory or toxic
response. A polymer is required to metabolize in the body after fulfilling its
purpose and leave no trace of components. A polymer should be easily
processed into the ultimate product form (Balasundaram and Webster 2007,
635-642).
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2.4.4 PEEK
Polyaryletherketone polymers (PAEKs) are a family of high temperature
thermoplastic polymers which are a class of polymers that can be softened
and melted by the application of heat. PAEK’s have an aromatic backbone
molecular chain containing ketone and ether functional group connections.
PAEKs polymers are biocompatible, bio-inert, exhibit high strength to weight
ratios and chemical stability at temperatures exceeding 300°C. Such
characteristics have led to PAEKs being employed as biomaterials for
orthopaedic, trauma and spinal implants (Kurtz and Devine 2007, 4845-4869).

Polyether-ether-ketone (PEEK) is a member of the PAEK family which has
emerged in the late 1990s as a leading high-performance thermoplastic. PEEK
has gained increasing credibility as a high-strength polymer, with favourable
imaging, compatibility and stiffness properties closely matching those of bone.
The crystalline nature of PEEK provides high strength and biocompatibility;
however, the hydrophobic and chemically inert surface limits cellular adhesion
and local bone attachment. PEEK is classified as a bio-inert material due to it
not releasing ions, by-products and not having the ability to degrade or corrode
(Kurtz and Devine 2007, 4845-4869).
2.4.4.1 Structure of PEEK
PEEK is a linear homopolymer which has a repeating unit of a single polymer;
each linear chain is composed of 100 monomer units with a respective
molecular weight between 80,000 to 120,000 g/mol. The chemical formula of
PEEK is shown in figure 2.6. The rate and temperature sensitivity of polymers
are highly dependent on their chemical composition and structure, therefore
particular polymers are temperature sensitive (Kurtz and Devine 2007, 48454869).

Figure 2.6 Chemical Structure of PEEK (Kurtz and Devine 2007, 48454869).
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2.4.4.2 Fabrication of PEEK
Despite PEEK being a high-performance thermoplastic, it is easily fabricated
into specific shapes using conventional techniques such as injection moulding,
extrusion and compression moulding. Many manufacturing routes have been
developed enabling the production of reproducible components, however, the
certain manufacturing routes can alter the biocompatibility and reduce the
performance of the finished product (Kurtz and Devine 2007, 4845-4869).

2.4.4.3 Mechanical properties of PEEK
Polyetheretherketone (PEEK) is a rigid semi-crystalline polymer possessing
outstanding mechanical properties and bone-like stiffness. PEEK is one of the
best performance engineered thermoplastic currently available, PEEK has
been applied extensively for structural and load-bearing functions in the
aviation and marine industries. Additionally, PEEK also has remarkably good
chemical and fatigue resistance, high temperature durability and good wear
properties (Abu Bakar et al. 2003, 2245-2250).

Stiffness of a biomaterial for implantation is a critical design parameter as it
largely determines how the applied loads are exchanged with the bone. The
modulus of trabecular bone ranges between 1 to 8 GPa, while the modulus of
cortical bone is around 20 GPa. PEEK is viewed as an ‘isoelastic’ material with
a modulus of ~ 4 GPa, which lies between that of cancellous and cortical bone
(Kurtz and Devine 2007, 4845-4869). The typical physical and mechanical
properties of PEEK and carbon fibre reinforcement (CFR-PEEK) are given in
table 2.1. It can be observed that the addition of carbon fibres to PEEK allows
the tailoring of the flexural modulus to be closer to that of cortical bone and
can significantly heighten the structural properties of PEEK (Kurtz and Devine
2007, 4845-4869). It has been found (Li et al. 2013, 453-460) that there is a
difference in mechanical properties between PEEK and PEEK with glass
fibres. It was established that PEEK had a tensile modulus of 2.8 GPa and a
flexural modulus of 3.7 GPa, but the addition of glass fibres has found to
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enhance the existing properties. GF/PEEK was found have a tensile modulus
of 4.9 GPa and flexural modulus of 8.9 GPa. Both studies suggest that carbon
and glass fibres can positively impact the mechanical strength of PEEK.
However, the ability of glass to foster the growth of bone cells heightens the
attraction towards using glass fibres rather than carbon fibres when
considering a biomaterial for orthopaedic application (Li et al. 2013, 453-460).

Property (ISO)

Selected Invibio PEEK biomaterials (OPTIMA LT1)
Unfilled

30%

(OPTIMA 1)

chopped carbon continuous
fibre

(w/w) 68%

reinforced carbon

(LTICA30)

(v/v)

fibre

reinforced
(Endolgin)

Polymer Type

Semi-crystalline

Molecular Weight 0.08-0.12

Semi-crystalline

Semi-crystalline

0.08-0.12

0.08-0.12

(106g/mole)
Poisson’s ratio

0.36

0.40

0.38

Specific gravity

1.3

1.4

1.6

20

135

170

>2000

1-2

1

30-35

30-35

Flexural modulus 4
(GPa)
Tensile strength 93
(MPa)
Tensile

30-40

elongation (%)
Degree

of 30-35

crystallinity (%)

Table 2.1 Typical physical and mechanical properties of PEEK and CFRPEEK composite biomaterials (Kurtz and Devine 2007, 4845-4869).
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2.4.4.4 Biocompatibility of PEEK

Biocompatibility refers to the reaction and performance of the biological tissue
of a living organism to a non-living material (Prasad et al. 2017, 884).

For a material to be classified as biocompatible the material is required to meet
four minimum requirements; nontoxic, nonmutagenic, noncarciogenic and
nonimmunogenic. Considerable scientific evidence currently exists to support
the biocompatibility of PEEK biomaterials.

Numerous studies have been conducted on the systemic and intracutaneous
toxicity of PEEK and all of which have shown no adverse side effects. The first
animal study of PEEK in literature was conducted by Kurtz who implanted neat
PEEK in rabbits for 6 months and rats for 30 weeks. It was found that PEEK
exhibited

“minimal

response”

within

both

animal

models.

Although

biomechanically PEEK would be an ideal material to use in situ, the chemically
inertness of PEEK is a primary concern, as this does not readily allow protein
adsorption on its surface (Kurtz and Devine 2007, 4845-4869). To overcome
such complications, use of interdigitations (interlocking cells) and other surface
geometries can form macromechanical interlocks between bone and the PEEK
surface (Kurtz and Devine 2007, 4845-4869).

2.4.4.5 Current uses of PEEK in Biomedical Applications
PEEK is currently used, and under development for use in several biomedical
applications. PEEK has been utilised for a variety of orthopaedic implants such
as cervical spine cage, lumbar spinal infusion, acerabular cup and proximal
humerus plate (Abdullah et al. 2015, 3689-3702). The superior mechanical
strength of PEEK polymer enhances the attraction of further developing PEEK
in orthopaedic implants such as trauma implant, joint implant and bone
scaffolds. Although PEEK can provide advantageous biomechanical
characteristics compared to metals, ceramics and other polymers, further
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biomechanical and bioactivity studies are essential to utilize PEEK for
orthopaedic implants (Abdullah et al. 2015, 3689-3702).
2.4.5 Polycaprolactone
Polycaprolactone (PCL) is a profoundly biocompatible aliphatic polyester
obtained by polymerization to an open- loop structure of ε-caprolactone. PCL
can support the production of a polymer-cell complex in-vitro with sub sequent
implantation in-vivo. PCL is increasingly favoured as it is approved by the Food
and Drug Administration (FDA) for use in humans. PCL is also biodegradable,
compatible, and has good processability, empowering fabrication of an
assortment of structures (Yu et al. 2018, 66).

PCL is widely used to manufacture scaffolds for tissue engineering
applications due to its biocompatibility, biodegradability, structural stability and
mechanical properties. However, PCL exhibits low bioactivity and surface
energy, leading to reduced cell affinity and limited tissue regeneration rates
(Patrício et al. 2013, 110-114).

PCL scaffolds have been found to have multiple applications dependent on
their structural characteristics. Many researchers have reported an optimum
pore size range for PCL dependent on the tissue and type of cell used; 5 m
for neovascularization, 5-15 m for fibroblast ingrowth, 20 m for hepatocyte
ingrowth, 100-300 m for bladder smooth cell adhesion and ingrowth, 100-400
m for bone regeneration and 200-350 m for osteoconduction (Oh et al.
2007, 1664-1671).

Recent work has identified PCL based scaffolds developed using
electrospinning to have valuable physical and biological characteristics. PCL
has been observed to sustain the maintenance of scaffold structure in a
physiological buffer and support cell proliferation and differentiation. It has also
been established that the blending of PCL with other substances such as
Polyethylenimine through electrospinning can increase scaffold hydrophilicity
consequently increasing cellular adhesion and proliferation onto its surface.
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This is promising for the engineering of more structurally stable connective
tissues (Puppi et al. 2010, 403-440).
2.4.6 Composites
A composite is a material made up of two or more substances such as polymer,
fibres or powder. The amalgamation of two or more materials creates a matrix
exhibiting macroscopic physical properties superior to those of its constituent
parts. The recent development of polymer composites has led to technological
advances across a spectrum of orthopaedic, medical and prosthetic devices.
Composites possess a superior strength to weight characteristic in comparison
to monolithic materials; this in turn offers excellent biocompatibility. Such
functionality is why composites are highly favourable for both soft and hard
tissue applications as well as the design of prostheses (Scholz et al. 2011,
1791-1803).

The use of PEEK composites in trauma plating systems, total replacement
implants and tissue scaffolds have found great interest in recent years. PEEK
composites have been investigated for suitability as a substitute material over
stainless steel, titanium alloys and biodegradable materials in orthopaedic
implant applications (Abdullah et al. 2015, 3689-3702).
In the recent year’s research and development has evolved the structure of
materials with fibres to enhance the mechanical strength, stiffness and
biocompatibility of PEEK. This has resulted in a broad range of commercially
developed products including materials such as glass, carbon, boron and a
variety of synthetic fibres.

Bioactive glass is a composite material which has emerged recently as a new
family of bioactive materials with applications ranging from structural implants
to tissue engineering scaffolds. Glass composites can exploit the flexibility of
polymers with the stiffness, strength and bioactive characteristics from
bioactive glass fillers (Boccaccini et al. 2010, 1764-1776).
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At nanoscale, bioactive glass has demonstrated to encourage the quick
release of ions and increase protein adsorption. Therefore, the utilization of
nanoscale bioactive glass strands can help to enhance bioactivity. There is
evidence that faster deposition or mineralization of tissues such as bone or
teeth is possible when these tissues are in contact with nanoscale particles.
Considering that the bone structure displays nanoscale features consisting of
a tailored mixture of collagen fibrils and hydroxyapatite nanocrystals. By
mimicking the nano features of bone on the surface of a synthetic implant
material it has been shown to expand bone-forming cell adhesion and
proliferation (Boccaccini et al. 2010, 1764-1776).

For bone tissue engineering purposes, bioactive glass composite is of great
interest as the utilization of nanoscale bioactive glass is expected to improve
both the mechanical and biological properties of the material. Bioactive glass
nanoparticles have found to prompt nanostructured features on the surface of
scaffolds, which is likely to increase osteoblast cell attachment and
subsequent cell behavior (Boccaccini et al. 2010, 1764-1776).

As identified, many biomaterials are readily available on the market; each with
their advantages and disadvantages. The aim of this PhD research is to
incorporate PEEK and bioglass as a composite creating a ‘designer’
biomaterial. The purpose is to develop a material which is mechanically like
bone but also biologically active to enable successful fixation of the biomaterial
within the human body. Literature has suggested modifications of mechanical
and physical properties to encourage dynamic cellular activity such as
attachment, proliferation and migration. This research will identify which
modifications could encourage cellular activity.

2.5 Mechanical and Physical Properties
Current trends in biomaterial research and development include understanding
the use of surfaces with topographical features to influence or control the
reactions at bimolecular and cellular level. Factors that can influence cellular
function include the cell to biomaterial interactions as well as the biochemical,
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physical and mechanical environment. When a biomaterial is in contact with a
biological system, the geometrical and chemical properties of the biomaterial
surfaces direct cellular functions such as cell migration, proliferation,
differentiation and alter the responsiveness to extracellular signals. The impact
surface topography has on cellular responses has long been recognised and
shown to be a key parameter in the interaction between biological systems and
artificial interfaces (Lord, Foss and Besenbacher 2010, 66-78). Interactions
between surface topographies and proteins are complex due to the
combination of forces which are governed by local changes in physical
characteristics. Mechanical characteristics include Young’s modulus, material
stiffness and hardness. Physical properties include surface roughness,
porosity, surface wettability and surface energy. To optimize the material and
topographical features of biomaterials, an understanding of these parameters
is necessary (Saini 2015, 52).

A promising path to increase implant fixation is to accelerate the inception and
rate of early cellular adhesion and bone growth at the surface of the implant.
This can be achieved through the modifications of surface topography and in
order to achieve this an understanding of how material surface properties
affect protein adsorption and cell response is fundamental (Gentleman and
Gentleman 2014, 417-429).

By understanding the way in which cells interface with their physical
environment it may be conceivable to control cellular behaviour though the
fabrication of substrates with unique physical properties. Microfabrication
technologies can produce biomaterials with microscale topographies affecting
the biophysical cues of cells. This can be used to alter cellular function at the
cell-substrate interface (Nikkhah et al. 2012, 5230-5246). Micro scaled
grooves are commonly used as a topographical feature to control cellular
behaviour. Grooved features are arranged in repeating patterns with an equal
groove and ridge depth. Grooved surface patterns have been used for cellular
maintenance and differentiation as grooved surfaces have the capability to
imitate the topography of the aligned fibrillate ECM (Park and Im 2014, 12381245).
44

The material response to a mechanical stimulus is defined by a group of
characteristics referred to broadly as its ‘mechanical properties’. In general,
these terms describe how a material deforms in response to an applied stress,
and how this deformation evolves over time. For a material to be utilized as
part of a specific application, it should encompass particular mechanical
properties to satisfy engineering prerequisites. Within polymer composite
research, tensile properties are one of the key areas of mechanical focus. To
identify the tensile properties of a material the material would undergo a tensile
test. This tensile test will measure the response of a material to an applied
force and elongation of the material until failure. Upon completion, a tensile
test produces a graph displaying the curvature of the load versus elongation.
This is converted to a stress-strain curve, from which information on the tensile
strength and modulus of elasticity of a sample can be obtained.
2.5.1 Tensile strength and yield stress
The tensile strength, often referred to as the Ultimate Tensile Strength (UTS)
of a material, is the maximum resistance that a material offers without
breaking; therefore, its fracture strength is the stress required to break the
material. The stress at any load (σ) is calculated by noting the force (F) applied,
and dividing it by the area (A) of the sample, which gives
σ = F/A
This is the maximum amount of stress reached during the test, and is generally
identified on a stress-strain curve as the highest level where flattening of the
line occurs (Bird, 2014).
2.5.2 Hooke’s law and Young’s modulus
Hooke’s law states that, within the limit of proportionality, the extension of a
material is proportional to the applied force. For most materials there will be a
short region within which stress and strain increase linearly and no permanent
deformation occurs. Within this specific region Hooke’s Law is observed. This
behaviour is called linear elastic behaviour. The tensile strength is proportional
to the nominal tensile strain. This constant of proportionality is referred to as
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Young’s modulus of elasticity (E). Where the value of E is determined by the
gradient of the straight-line portion of the stress/strain graph. This line
describes the rigidity of a sample, and indicates how much it will deform as a
result of the applied stress.
Young’s modulus is a mechanical characteristic measuring the rigidity of an
object and observing the ratio of stress and strain of a linear elastic solid
material. The higher the modulus, the greater the mechanical load that the
material can withstand before yielding. It is an essential parameter when
investigating materials for orthopedic purposes as materials must have
mechanical properties that can withstand comparative levels of stress to bone
(Pal 2014).
The Young’s modulus (E) of the human bone is between 10-30 GPa,
unfortunately the current available biomaterials have much higher E values.
The Young’s modulus of stainless steel is 200 GPa, titanium alloy is 110 GPa,
cobalt chromium is between 220-230 GPa and tantalum is 200 GPa. These
readily available biomaterials have such a high Young’s modulus, which could
be a cause of stress shielding. Stress shielding occurs due to a high
mechanical load being tolerated by the implant, whilst the bone surrounding
the implant bears less mechanical load. This causes increasing bone
resorption, decreased bone remodelling and the deterioration of bone, which
will then require further revision surgery due to implant loosening (Apostu et
al. 2017, 2104-2119). To prevent this, development of a material with a
Young’s modulus within the range of bone is ideal (Rahyussalim et al. 2016,
1-9).

Molazemhosseini (2013) established the incorporation of 2% Silica nano
particles into a PEEK composite to increase the elastic modulus from 10.73
GPa to 15.46 GPa, alongside a 21% rise in the hardness from 0.63 GPa to
0.77 GPa. These results show that although the silica may be brittle, the
addition into a PEEK composite has a positive impact on the mechanical
properties of PEEK (Molazemhosseini et al. 2013, 525-534).
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2.5.3 Surface Stiffness
Surface stiffness is a measure of how soft or stiff the surface of a material is,
the unit for stiffness is Newtons per meter (N/m). Many studies have reported
surface stiffness effecting cellular attachment, proliferation and differentiation,
dependent upon the substrate stiffness in relation to the stiffness of the native
tissue (Chang and Wang 2011). Furthermore, it has been established that, at
the tissue to implant interface cells can actively modify the implant surface,
thus altering the stiffness of their own microenvironment plus other cells
(Chang and Wang 2011).

2.5.4 Hardness
Hardness is a widely used and well-established mechanical property when
testing the surface of a material and is useful to quantitatively compare the
mechanical properties of various surface regions. Hardness is a function of
several fundamental properties such as the Young’s modulus, yield stress, and
the frictional geometric characteristics of the indenter surface. Hardness is
regarded as a measure of resistance of a material to normal localized
deformation (Lan and Venkatesh 2013, 35-55).
2.5.5 Surface Roughness
Surface texture, irregularities and porosity at the surface of a biomaterial affect
the response of biological cells by determining their orientation, organization
and growth. Surface irregularities, such as pores, ridges and grooves; can
guide cell growth and tissue repair, through their contribution to surface
roughness. Roughness can either be periodic or random. Surface roughness
(Ra) can be defined as the average of the distance from the surface to a mean
reference plane. Cellular attachment, proliferation and differentiation are all
cellular characteristics that have displayed increases with the increase of
surface roughness (Hopmann and Fischer 2015, 51-56).
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When a device is implanted into the human body the immediate biological
response is protein adsorption which initiates cellular adhesion. The initial
interaction between the biomaterial and cells determine the longevity and
integration of the implant. Roughness has found to prompt the biological
response of tissues and cells in contact with a biomaterial, particularly
osteoblastic cell adhesion, growth and proliferation (Zareidoost et al. 2012,
1479-1488). The surface roughness of a material has been defined as the
average value of distance from the surface (Bružauskaitė et al. 2015, 355369). The surface roughness can change though modifications of the surface
in the form of waviness, cylindricity, ridges, and surface irregularities
(Bružauskaitė et al. 2015, 355-369). The cellular response is dependent on the
scale of irregularity of the material surface; surface roughness can be divided
into macro roughness (100 µm-millimeters), micro roughness (100 nm-100
µm) and nano roughness (less than 100 nm). It also needs to be noted that the
response of cells to roughness is dependent on the cell type. Literature
suggests a surface roughness higher than 1.5 µm has no drastic improvement
on the adhesion and growth of cells but surface roughness below 1.5 µm has
shown to enhance cellular attachment, proliferation and differentiation
(Bružauskaitė et al. 2015, 355-369).

Cells grown on micro rough surfaces have found to increase in differentiation.
This has been evaluated through the gene expression of cells cultured on
micro rough surfaces in comparison to cells cultured on a smooth surface. For
instance, primary rat osteoblasts were found to increase in proliferation,
elevate alkaline phosphatase (ALP) activity and osteocalcin expression on a
rough surface of 0.81 µm in comparison to a smooth surface (Chang and Wang
2011). A comparable increase in cellular spreading and proliferation on a
rough surface was also reported for human osteoblastic cells (Lim et al. 2005,
97-108; Chang and Wang 2011). Surface roughness has been reported to
affect the wettability of surfaces, leading to a localised change of surface
chemistry or restriction of protein exchange on the surface (Lord, Foss and
Besenbacher 2010, 66-78)
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2.5.6 Wettability
The main constituent of body fluid is water, therefore the response of a material
to water can be used to forecast the behaviour of the material implanted within
the human body (Wang et al. 2014, 20140684, Gentleman and Gentleman
2014, 417-429).
There seems to be conflicting theories within literature clarifying a suitable
contact angle for cellular adhesion. Generally, cells cultured on hydrophilic
surfaces tend to adhere and increase in size as demonstrated at 10⁰, this
spread of a cell on the surface initiates proliferation. However, rounded cells
at 180⁰ are known to divide at a much lower rate (Gentleman and Gentleman
2014, 417-429).

A few researchers have insisted that there is a direct correlation between
contact angles and cellular attachment. A suitable contact angle ranges
between 60- 80 , as contact angles within this range enable maximal protein
absorption (Chang and Wang 2011). Researches have referred to contact
angles within the range of 60- 80 to have a sufficient level of cellular
attachment and spreading. Animal studies have found hydrophilic rough
surfaces to demonstrate a significantly higher bone-to-implant contact after
two to four weeks of healing, in comparison to the hydrophobic surface
featuring the same surface topography (Lai et al. 2009). However, Wei (2009)
documented different cells to respond oppositely towards hydrophobic and
hydrophilic surfaces. Wei established preferential binding of fibronectin to
hydrophilic surfaces instead of hydrophobic, unlike albumin which responded
positively to a hydrophobic surface. Kennedy (2004) recognized MC3T3-E1
osteoblast-like cells to proliferate faster on the more hydrophobic surfaces than
hydrophilic surface. Cassidy (2013) identified osteoblast-like cells to
demonstrate a high level of apoptosis and low levels of proliferation following
culture on hydrophobic surfaces, it was reasoned that the substrates were too
hydrophobic to support cell growth (Cassidy et al. 2014, 651-660).
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This observes that different cells have a preference to the surface wettability
of the material and contact angles used to determine the wettability cannot be
a definitive measurement of cellular attachment. Therefore, a generalised
statement between the correlation of the contact angle and cellular attachment
is insufficient, as research has shown that the cellular response to surface
wettability is dependent on the cell type. Further to this, Wei (2009) established
hydrophilic surfaces to strongly support osteoblast attachment, thus when
investigating materials suitable for in-vivo purposes it would be effective to
characterize the surface dependent on the individual purpose and relatable
cellular interactions rather than a generalised statement (Chang and Wang
2011; Gentleman and Gentleman 2014, 417-429).

Surface characteristic alterations have the capacity to manipulate mechanical
properties beneficial to the preferred cellular response. Surface roughness is
a well-known factor to affect the wettability characteristics of a surface, leading
to localised changes in surface chemistry or the restriction of protein exchange
at the surface (Lord, Foss and Besenbacher 2010, 66-78).

An essential problem with most polymers, including PEEK, is their low-surface
energy. Surface energy plays a vital role in the liquid to solid surface interaction
and dictates the shape of the droplet which is defined by the contact angle.
This hydrophobic property of the surface can limit cellular adhesion. The lack
of response from the biological environment causes PEEK to be categorized
as bio-inert (Poulsson et al. 2014, 3717-3728; Almasi et al. 2016, 1-12).
2.5.7 Surface Energy
Surface energy is associated with how the chemical bonds present themselves
at the surface and interact with species that it comes into contact with. This is
of great importance as the surface of the material will govern the initial
interactions of the biological environment, such species include water, ions,
proteins and cells.

Surface energy is a fundamental property affecting protein adsorption, with the
ability to dictate cell response to a biomaterial. Low surface energy is generally
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correlated with increased protein adsorption following the trend that adsorption
amounts are higher on hydrophobic surfaces than hydrophilic (Kennedy et al.
2006, 3817-3824). However, it is arguable that like wettability, cellular
response to a material is dependent on the individual cell type and a higher
surface energy is more likely to enhance cellular attachment at the early stages
of cell response (Lai et al. 2009). This is also supported by others who
identified modified surfaces with a higher surface energy to promote rapid
cellular spreading and adhesion in contrast to unmodified surfaces with a lower
surface energy. Therefore, suggesting that alteration to the surface energy of
a polymer has the capacity to increase cellular interaction thus broadening the
application of a material within the medical field (Poulsson et al. 2014, 37173728).

Surface energy can undergo modifications through altered surface
topographies at the macro-, micro- and nano scales. Such properties can
impact surface energy, surface chemistry, and consequently impact protein
attachment. Increased surface energies ranging between 500 to 5000 mN/m
have been found to promote cellular adhesion, whereas surfaces with low
surface energies within in the range of 5–50 mN/m are not supportive of
cellular attachment and spreading (Gentleman and Gentleman 2014, 417429).

Lai et al (2010) investigated the impact of surface energy of titanium surfaces
on cellular response and established an increased surface energy to possess
higher potency to promote differentiation of osteoblasts through an enhanced
expression of cellular differentiation and cell activity markers such as alkaline
phosphatase (ALP) and osteocalcin (OC). This research by Lai supports the
previous statement that an increased surface energy can enhance cellular
activity (Lai et al. 2009).

Contact angle measurements are dependent on both the thermodynamic
equilibrium at interphase interfaces and the total length and area of the phases
in contact. Together these assess the wettability of a surface and allow for the
calculation of surface energy from droplet geometry (Chen et al. 2014, 6380751

63816). Several methods for fabricating surface energy gradients employing a
wide variety of surface chemistries have been demonstrated such as Zisman,
Owen and Wendt, Fowkes and van Oss Theory, each with their advantages
and disadvantages.

Zisman theory has the most widely used definition of surface energy: surface
energy of a solid is equal to the surface tension of the highest surface tension
liquid. This comes from the widely observed tendency of a contact angle to
decrease as liquid surface tension decreases on the same solid. However, the
Zisman theory is inadequate for the purpose of this research as the theory is
a one-parameter model which attempts to characterize the surface energy of
surfaces, and the surface tension of liquids, by one overall value. In doing so,
it ignores specific liquid/solid surface interactions.

Owens and Wendt theory was developed to account for specific polar type
interactions between solid surfaces and liquids. Owens and Wendt envisioned
the surface energy of a solid as being comprised of two components, a
dispersive component and polar component. Albeit the Owen and Wendt
theory is suitable for surfaces of moderate polarity however there is a fair
amount work required to obtain the surface energy. Numerous probe liquids
are required to be tested for contact angle measurements against the
evaluated material, therefore this theory is not widely used.

The most widely used theory in industry is the Fowkes theory as it is
mathematically equivalent to Owens and Wendt theory. Both theories have a
two-element principle of a dispersive component and non-dispersive
component. A dispersive component is an interaction caused by temporary
fluctuations of the charge distribution in the molecule. A non-dispersive
component is the polar component which is the interaction between permanent
and induced dipoles (e.g. hydrogen bonds). Typically, Fowkes theory is
applied using contact angle data from only two liquids, the recommended
liquids being diiodomethane and water (Żenkiewicz 2007, 14-19).
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2.5.8 Porosity
The porosity of a material is the percentage of void volume in the material.
Porosity of a material is commonly used as a means of quantifying the
structure of a tissue engineering scaffold. Porosity is a key characteristic for a
tissue engineering scaffold. A scaffold should have a three-dimensional and
highly porous structure with an interconnected pore structure to allow for
cellular growth and easy transport of nutrients and metabolic waste.
Approaches in scaffold design must be able to create hierarchical porous
structures to attain desired mechanical function and mass transport properties
(Hollister 2006, 590-590). Porosity and pore size of biomaterial scaffolds play
a critical role in bone formation in-vitro and in-vivo. A lower porosity can
stimulate osteogenesis by suppressing cell proliferation and forcing cell
aggregation. In contrast, high porosity and pore size in-vivo result in greater
bone ingrowth. Bone ingrowth is the formation of bone within an irregular
surface of an implant which increases the implants integration (Cross and
Spycher, 2008). The minimum requirement for pore size is 10 cm due to cell
size, migration requirements and transport. However, pore sizes smaller than
300 µm are recommended as they can enhance new bone formation and the
formation of capillaries due to vascularization. Pore size has also been shown
to affect the progression of osteogenesis. The effect of different porosities and
pores sizes on the extent of osteogenesis in-vitro has been demonstrated with
osteoblasts and undifferentiated cells. Primary rat osteoblasts seeded into
scaffolds with different pore sizes identified more cells to be found in the
smaller pore of 40 µm scaffolds. Cells were found to migrate faster within the
larger pore size of 100 µm scaffolds. Fabricating scaffolds with gradients in
porosity and pore sizes that will allow high vascularization and direct
osteogenesis is appealing in terms a biomaterial scaffold (Karageorgiou and
Kaplan 2005, 5474-5491).

2.6 Introduction to Surface Topography
Cells respond to three categories of physiochemical cues; chemical,
topographical and mechanical (Wong, Leach and Brown 2004, 119-133).
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Cellular response is varied in relation to the fabrication of a material through
surface flatness, irregularities and porosity. The interacting surface of a
biomaterial can affect the response of biological cells when deciding its
orientation, organization and growth (Bružauskaitė et al. 2015, 355-369).

A nanoscopic surface can manipulate cellular behaviour for a desired
response by using grooves, ridges, pits, pillar and chemical motifs (Park and
Im 2014, 1238-1245). Substrate topography has found to directly influence
cellular attachment, orientation, morphology and cytoskeleton arrangements
(Martínez et al. 2009, 126-135). Substrate micro- and nano-topography,
independently of substrate biochemistry seem to have significant effects on
cellular behaviour. Table 2.2 summarizes various substrate topographies (with
micro- or nano-features) to directly impact cellular orientation, morphology and
cytoskeleton arrangements (Martínez et al. 2009, 126-135).

By understanding the way in which cells interface with their physical
environment it may be conceivable to control cellular behaviour though the
fabrication of substrates with unique physical properties. Microfabrication
technologies have allowed for biomaterials with microscale topographies to
contemplate the impact of biophysical cues on cellular function at the cellsubstrate interface (Nikkhah et al. 2012, 5230-5246).
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Table 2.2 Summary of the effects of micro- and nano-structured surfaces on
cell proliferation and/or differentiation (Martínez et al. 2009, 126-135
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Modern implants make use of chemical and topographical modification to
regulate cellular adhesion and differentiation. Surface functionalization
through

chemical

or

topographical

modification

can

increase

the

biocompatibility of materials through regulating in-vivo interactions mediating
a foreign body response (Biggs, Richards and Dalby 2010, 619-633).

It has been long recognised that mammalian cells are sensitive to
topographical features which come in the form of cliffs, fibres, grooves, pits
and holes. A fibre-based system enables fibres to be extruded to any length
required, creating a porous structure and altering the surface roughness
without the loss of mechanical strength. Fibres also tend to withstand
physiological biomechanical stimuli as well as promoting cellular ingrowth.
Promotion of cellular ingrowth is difficult to achieve through a repeating
grooved substratum; however, a grooved topography has demonstrated
increased adhesion, alignment, migration and changes in gene expressions
for various cell types (Hamilton et al. 2008, 2551-2561). To utilise fibres and
grooves side by side would be an effective solution at the point of implantation,
as fibres have the capacity to promote cellular in growth surrounding the
implantation site. This followed with surface modified grooves that can
enhance osseointegration within the host could be the key to minimising
revision surgery (Hamilton et al. 2008, 2551-2561).

As techniques used to produce micro fabricated topographies evolve, the
range of dimensions that can be fabricated increases. Currently a key area of
research is the use of nano-metric sized surface features. The ideology behind
using such a small unit is to create a similar sized surface to those of the
molecules at the point of exchange between the human body and the implant,
such as collagen and other extracellular molecules. Micrometre sized pores,
grooves and random rough surfaces have been investigated. Micrometre sized
topographies have found to enhance implant integration. However further
investigations are required to define the optimal size and geometry (Hamilton
et al. 2008, 2551-2561).
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There are three factors which can affect the surface topography. Figure 2.7
identifies all three: roughness, anisotropic pattern and isotropic pattern.

Figure 2.7 Diagram shows the factors that affect surface topography:
roughness, anisotropic pattern and isotropic pattern.
Roughness is a factor that can affect surface topography measured by the
protrusions or depressions at the uppermost layer of a material. Many studies
have reported surface roughness to influence cellular behaviour such as
adhesion, migration, proliferation and differentiation. Isotropic and anisotropic
refer to the orientation of topography. Anisotropic surfaces are surfaces with
an apparent orientation in the form of ridges and grooves. Isotropic surfaces
are surfaces with no orientation and usually in the form of evenly or randomly
distributed pits, protrusions and pillars. Anisotropic topographies can induce
contact guidance and focal adhesion regardless of the topography scale.
Whereas significant evidence for isotropic topography influencing cellular
behaviour has found to be inconsistent and difficult to analyse in-depth
(Metavarayuth et al. 2016, 142-151). Therefore, for the purpose of this
research, surface roughness and anisotropic surfaces have been examined as
they are identified to effectively influence cellular behaviour, which is required
to enhance the bioactivity of PEEK.
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2.6.1 Grooved Topography
Micro scaled grooves are commonly used as a topographical feature to control
cellular behaviour. Grooved features are arranged in repeating patterns with
an equal groove and ridge depth. Cultured cells have been found to align
alongside the major axis of grooves with alignment and orientation enhanced
on decreasing groove width and increasing groove depth (Nikkhah et al. 2012,
5230-5246). Grooved surface patterns have been used for cellular
maintenance and differentiation as grooved surfaces have the capability to
imitate the topography of the aligned fibrillate ECM (Park and Im 2014, 12381245).
Lamers (2010) witnessed promising osteoblast adhesion on a 600 nm groove
pitch and reduced by a 150 nm groove pitch. The groove pitch is the distance
between the regularly spaced grooves. Lamers (2010) found cell migration to
be highly dependent on the pitch size of the groove. The highest directional
migration parallel to the grooves was observed on a 600 nm pitch, whereas
the 150 nm pitch restrained directional cell migration (Lamers et al. 2010,
3307-3316).
Moreover, Lamers (2010) identified osteoblast-like cells to respond positively
to nano-grooves down to 75 nm in width and 33 nm in depth, as the osteoblastlike cells align to the grooves resembling the natural extracellular bone matrix.
This signifies nano-grooves to be favourable in directing bone response at the
interface between an implant and bone tissue, which is beneficial in the
successive installation of implants (Lamers et al. 2010, 3307-3316).
Akkan (2014) identified combinations of micro and nanostructures to improve
long-lasting wetting properties of PEEK. Modification of the wetting and Nano
structures of biomaterials can possibly enhance bioactivity of PEEK, in turn
enabling PEEK to contribute within biomedical applications (Akkan et al. 2014,
1633-1639).
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Cellular interactions with a substrate governed by surface characteristics
including roughness and wetting has found to impact cellular adhesion and
proliferation. Research has shown nanostructured PEEK surfaces to increase
osteoblast adhesion and subsequent cellular functions, which has further
identified that modifications made through multiscale topographies can impact
the wetting and surface roughness of a biomaterial. Modifying the surface of a
biomaterial could be an innovative solution to increase cellular adhesion for
bone implants (Akkan et al. 2014, 1633-1639; Bacakova et al. 2011, 739-767).
Lord (2010) found cells not to penetrate grooves which are less than 2 m in
width and 500 nm in depth. However, this has found to vary dependent on cell
type. Substrate micro topography can influence cellular adhesion and contact
guidance as these dimensions are comparable with cellular dimensions of 1030 m. Whereas, surface nano topography mainly influences the orientation
of the cells on surfaces (Lord, Foss and Besenbacher 2010, 66-78).

Enhancement of osteoblast adhesion has been demonstrated to increase on
nanoscale surface topographies and fibres with a diameter less than 100 nm.
Nanoscale modulations have found to encourage cellular adhesion, in
particular osteoblast cells. Research has established nano grooves to elongate
and align osteoblast-like cells along the axis of nano grooves with the actin
organisation parallel to the nano grooves. Nano-grooves have found to steer
the alignment of osteoblast-like cells in comparison to studies on flat control
surfaces (Lord, Foss and Besenbacher 2010, 66-78).

The combination of both micro and nanostructures can alter mechanical
characteristics of a biomaterial such as roughness, tensile strength and
wettability. Modifications of surface topography has resulted in promising
mechanical characteristics of biomaterials; these changes are known to be
beneficial towards the initial cell to surface interactions.
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2.6.2 fibres
First introduced in 1977, fibres are now commonly used in the field of
regenerative medicine. Fibre-based structures could develop a porous
structure without mechanically impacting the strength of the material. This
creates an implant with the ability to physiologically withstand biomechanical
stimuli as well as promoting cellular ingrowth. Cells have found to have a
tendency to align towards the long axis of fibres regardless of the material
chemistry. This could be advantageous when wanting to guide cells in a
particular orientation to increase cellular attachment and viability (Hamilton et
al. 2008, 2551-2561).

2.7 Antimicrobial Agent
Enhancement of osseointegration of a biomaterial within the body is essential,
however the prevention of infection is just as important. The reoccurrence of
infections at the point of implantation can impact the longevity of the implant.
However, by limiting the chances of infection can enhance the durability of the
biomaterial implanted within the human body.

When an artificial implant is introduced into the human body, protein
attachment ensues, followed by a competitive process where host and
pathogenic cells attempt to colonise the surface. In many instances strategies
that delay microbial colonisation for even a short period of time are enough to
provide host cells with a competitive advantage. However, in other instances,
where host cells do not colonise the surface, longer-term antimicrobial
strategies are necessary to prevent biofilm formation. Hence, the scaffold
materials having antimicrobial properties would be suitable for successful bone
regeneration.

A common antimicrobial agent used in research and clinically is silver. Silver
is an anti-microbial agent used in different forms like ionic, metallic and
colloidal instigating bactericidal activity (Saravanan et al. 2011, 188-193).
Silver is easily adaptable and can be used to reduce bacterial adherence to
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orthopedic implants by killing adherent pathogens. Prasad (2017) used silver
as an antimicrobial coating for Ti-based biomaterials and found silver to exhibit
excellent antimicrobial properties (Prasad et al. 2017, 884). These traits of
silver have translated into many applications including wound dressing,
creams and urinary catheters. However, the bactericidal mechanisms of silver
ions are not specific to bacterial cells and have found to disrupt mammalian
cell function. This places a significant concern on the toxicity of silver to be
used in-vivo (Johnson and García 2014, 515-528).

Triclosan is a synthetic, non-ionic, broad-spectrum antimicrobial agent which poses
mainly antibacterial but also antifungal and antiviral properties (Makarovsky et al. 2012,
607-619) and is used throughout industry for toothpastes, soaps, detergents, toys and
medicinal purposes.

As stated Tryclosan has many uses, one being to minimize surgical site infection.
Recently antiseptic agent coated sutures have been introduced to reduce the
occurrence of surgical site infection. A series of robust data in-vitro and vivo has shown
Tryclosan to have antiseptic properties against bacteria that cause surgical site
infections, such as the bacterial fatty acid biosynthetic pathway the NADH- dependent
enoyl-[acyl carrier protein] reductase (Makarovsky et al. 2012, 607-619). Coating
sutures provides prolonged protection against colonization of bacteria and surrounding
tissues with effects lasting up to 1 month. Therefore, Tryclosan-coated sutures are
widely used to reduce the occurrence of surgical site infections presented after surgery.
Not only can this research be beneficial to sutures it can also be applied to the design
of implants to promote osseointegration.
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2.8 Literature review conclusion
This literature review identifies the process of bone formation alongside
knowledge about the advancement of biomaterials within an orthopedic
setting. Biomaterials are evolving and heading towards becoming a ‘designer
material’ with modifications best suited for the orthopedic requirement. The
literature suggests PEEK to be an ideal biomaterial as it is mechanically like
bone, however PEEK cannot integrate into the human body as effectively as
other existing biomaterials such as titanium. Many research projects have
attempted to identify ways in which the surface of PEEK can become
biologically active, however there is not much research in the area of nanogrooves and GL/PEEK composite materials. The proposed thesis aims to
identify the effect nano grooved surface topography and glass fibres can have
on the mechanical characteristics of PEEK and how these modifications can
affect cellular activity. The aim is to identify the modifications as a positive way
to increase the bioactivity of PEEK without compromising the mechanical
properties of PEEK.
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Chapter 3
3.0 Methodology
This chapter explains the process of each experiment performed with an
explanation about the analysis used within this thesis. This thesis investigated
how changes in surface topography can affect the mechanical, physical and
wettability characteristics of micro injection moulded PEEK based substrates.
This was obtained using the Atomic Force Microscopy (AFM), Nanoindentation testing, surface wettability and surface energy characterisation.
The substrates were then cultured with HaCaT and MG-63 cells to observe
cellular interaction on the surface of each material. The same mechanical and
physical testing was performed for all PCL scaffolds along with a cell culture
study using mg-63 cells. The following chapter explains the protocols behind
each procedure. The data and results for these experiments can be found in
Chapter 4, 5 and 6.

3.1 Atomic Force Microscopy (AFM)
The Atomic Force Microscopy (AFM) presents a 3D profile for the height and
topography of a sample at nanoscale. This 3D profile is administered through
measuring forces between a sharp probe and surface. The probe is supported
on a flexible cantilever with the AFM tip mildly touching the surface. This
interaction records a minute force between the probe and surface which is
defined as Hooke’s Law. Hookes law states that the strain in a solid is
proportional to the applied stress within the elastic limit of that solid.

The AFM has three imaging modes: the contact mode, the intermittent contact
and the non-contact mode. The contact mode is used when the probe-surfaceseparation is less than 0.5 nm. The force in-between the probe and the sample
are constant due to upholding a constant cantilever deflection, to allow for an
image of the surface. Advantages of using the contact mode is that it enables
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fast scanning and can be used for rough samples. However, there is a risk of
using the contact mode as it can damage soft samples.

The intermittent mode is used for a probe-surface-separation range of 0.5 nm
and 2 nm. This mode triggers the probe to faintly “tap” the surface of the
sample during scanning and for it to come into contact with the surface at the
bottom of its swing. Non-contact mode is where the probe-surface-separation
ranges from 0.1 nm to 10 nm causing the probe to not directly touch the
sample, but to oscillate above throughout scanning.

Contact mode was used as the probe-surface-separation is less than 0.5 nm
and it is the most beneficial for hard surfaces, as the tip comes into direct
contact with the patterned surfaces. The force in-between the probe and the
sample are constant by upholding a constant cantilever deflection to allow for
an image of the surface. The advantages of using contact mode is that it
enables fast scanning and can be used for rough samples. The AFM defines
any closely spaced irregularities and is quantified by the vertical spacing of a
real surface from its ideal form. If the spacing’s are large the surface is rough,
if they are small the surface is smooth (Leite et al. 2012, 12773-12856).

The AFM was used to obtain dimensions of the patterned topography and to
analyse the surface roughness of the patterned samples. Groove dimensions
and roughness were measured using an Asylum research atomic force
microscope (AFM) as shown in figure 3.1 for PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned.
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Figure 3.1 Asylum research atomic force microscopy

3.2 Nano-indentation testing of PEEK and
GL/PEEK substrates
Nanoindentation

is

a

non-destructive

method

to

calculate

material

characteristics such as hardness, elastic modulus and stiffness. A
nanoindenter uses a nanometric-sized tip indenter to apply a given load and
calculate the hardness, elastic modulus and stiffness through the geometry
and depth of the indent. The procedure enables the modulus of the sample to
be obtained from the measurement of contact stiffness, which is the rate of
change of load and depth (Hopmann, 2016). During the nanoindentation test,
two parameters are assessed: the maximum force and the displacement of the
sample surface. These parameters are based on the load-displacement curve
and the known geometry of the indenter tip (Guillonneau et al. 2012, 25512560; Molazemhosseini et al. 2013, 525-534).

For the purpose of this research, a Berkovich indenter tip was used to perform
nanoindentation. This is a commonly used indenter tip as it is fashioned to a
sharper point in comparison to the four-sided Vickers geometry, thus ensuring
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precise control over the indentation process (Hopmann and Fischer 2015, 5156). Prior to performing nanoindentation tests materials are required to be
suitably prepared to limit errors and false data. To ensure that the data
obtained is accurate it is best to select an effective contact area where the
indenter tip will meet the surface of the material, as nano indentation is
sensitive to surface roughness and topography. To minimise errors it is best to
work with well-defined and locally flat surface (Hardiman, Vaughan and
McCarthy 2017, 782-798). Only PEEK and GL/PEEK were investigated using
nanoindentation as the surface of these samples appeared flat when viewed
on the AFM and SEM. Using the flat substrates instead of grooved ensures
the utmost accuracy of the data analysed. Samples are required to be securely
fixed to avoid lateral movement when undergoing indentation, this was
achieved by double taping samples securely onto a glass slide which was then
clamped onto the TriboIndenter (Guillonneau et al. 2012, 2551-2560;
Molazemhosseini et al. 2013, 525-534).

The indentation process begins with the indentation probe being out of contact
and hanging slightly above the sample. The next phase aligns the sample with
the indenter tip and initial contact is made. At this point the loading phase
begins, where the sample is pressed by the indention probe and the data
containing load and surface displacement is recorded. When the load reaches
the maximum, the unloading phase begins. The tip of the indenter probe
retracts, at this point the tip loses contact with the sample and ends the
unloading phase. This is the completion of the indentation cycle (Guillonneau
et al. 2012, 2551-2560; Molazemhosseini et al. 2013, 525-534).

Mechanical testing was performed on PEEK and GL/PEEK using Hysitron T1
950 TriboIndenter equipped with a Berkovich indenter tip as shown in figure
3.2. A square array with dimensions of 20×20 µm with 25 µm apart loadingunloading function, with a maximum peak load of 10 µN was applied. The peak
load was achieved within 5 seconds and was removed again in 5 seconds
without any holding time. In order to obtain reliable results 400 indentations
were made on each specimen.
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B

A

Figure 3.2 Experimental setup for tensile testing showing (a) the mechanical
testing machine and (b) a close-up of the sample gripping system

3.3 Surface Wettability characterization
Wettability can be defined as the measure of the ability of a liquid to contact
the surface. The hydrophilic or hydrophobic nature of a material is determined
by the contact angle () of a liquid droplet on the surface of the material. The
nature of the surface can be classified as hydrophilic when the  is below 90,
and the droplet is dispersed along the material. When the  droplet is above
90 the material is deemed hydrophobic, as the shape of the droplet has a
tendency to bead-up as shown in figure 3.3 (Wang et al. 2014).

Super
hydrophobic

180º

160º

120º

45º

10º

Super
Hydrophilic

Figure 3.3 A wettability schematic drawing showing the tendency for
hydrophilic and hydrophobic surfaces.

67

Measurement of the wettability of a material expressed by the contact angle in
the presence of different liquids is a predictive index of cytocompatibility.
Contact angle techniques have evolved from the method first described by
Young in 1805, as cited by Baier et al. If a small amount of liquid is deposited
on a solid surface and it does not spread, a drop is formed. The angle of
intersection of a line tangent to the liquid and the surface of the solid that it
contacts is the contact angle. This angle is a characteristic of the material due
to the surface tension of liquid and the surface energy of a solid. The solid can
be modified by certain properties such as roughness. Stated another way, a
low contact angle indicates good wettability (hydrophilic), whereas a high
contact angle result in poor wettability (hydrophobic). Thus, the relative wetting
characteristics of a liquid-solid interface can be inferred by contact angle
measurements (Abdulmajeed et al. 2011, 1-11; Gentleman and Gentleman
2014, 417-429; Wang et al. 2014)

Static contact angle measurements with HPLC gradient grade water, glycerol
and diiodomethane were performed at room temperature with an AST
Goniometer VCA Optima (Figure 3.4). This multiple fluid dispensing system
allows for programmed deposition of known volume droplets of a chosen fluid,
to be preloaded into the dispensing syringe mechanism (Figure 3.5). The
system (Image J; Fiji plug in) automatically takes a profile image after 5
seconds of a 2 µl droplet of the chosen fluid and records the droplet shape
measurement of the left and right contact angle. Small droplets of 2 µl were
used to minimize the effect of gravity on the measurements, a total of 20
droplets per material were analyzed.

68

Figure 3.4 AST Goniometer

a)

b)

Figure 3.5 A) Syringe control for the depositions of 2µl of liquid. B) 2µl
droplet of liquid before coming into contact with the material.

3.4 Surface Energy Characterisation
Surface energy (mN/m) is the surface tension of a solid calculated through
contact angle measurements, providing a quantitative measure of the
intermolecular forces at the surface independent to the liquid that has been
used for the contact angle measurement (Chen et al. 2014, 63807-63816).
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The most well-known strategy to gauge surface energy in biomaterial research
is through contact angle estimations utilising a scope of very much portrayed
fluids on a strong surface. Contact angle measurements are dependent on
both the thermodynamic equilibrium at interphase interfaces and the total
length and area of the phases in contact. Together these assess the wettability
of a surface and allow for the calculation of surface energy from droplet
geometry (Chen et al. 2014, 63807-63816).

Several methods for fabricating surface energy gradients employing a variety
of surface chemistries have been demonstrated. The advantages and
disadvantaged for each have been reviewed and Fowkes Theory proved to be
most suitable as it is quick, simple, and inexpensive as water is the most
common test liquid and heavily used in manufacturing. Fowkes Theory is a
model for solid surface energy describing the surface energy of a solid to have
two components; a dispersive component and polar component. Fowkes
theory is based on two fundamental equations describing the interaction
between solid surfaces and liquids; Young’s equation and Dupre’s definition of
adhesion energy.
Equation 1 - Young’s Equation;
ys = ysl + yL cosθ
Equation 2 - Dupre’s definition of Adhesion Energy;
IsL = ys + yL − ySL
Equation 3 - Combination of the two equations to yield the primary equation
of the Fowkes surface energy theory;
1

1

1

1

(yl d )2 (ys d )2 + (yl p )2 (ys p )2 =
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yL cosθ + 1
2

𝐲𝐬 = 𝐲𝐬 𝐩 + 𝐲𝐬 𝐝

𝐲𝐬 = Overall surface energy of
solid
𝐲𝐬 𝐝 = Dispersive component of

ys

the surface energy of solid
𝐲𝐬 𝐩 = Polar component of the

yL (cosθ + 1)2
=
4
1

surface energy of solid

ys p

d 2
1
yL (cosθ + 1) − (ys d yl ) ]2
2
=
yl p

1

Primary equation of the Fowkes

1

1

1

(yl d )2 (ys d )2 + (yl p )2 (ys p )2 =

surface energy theory
𝐲𝐥

d

Overall surface tension

yL cosθ + 1
2

𝐲𝐬

Overall surface energy of solid

𝐲𝐬 𝐝

Dispersive component of the

wetting liquid
𝐲𝐥 𝐝

Dispersive component
surface

tension

of

surface energy of solid

wetting liquid
𝐲𝐥 𝐩

Polar

component

surface

tension

𝐲𝐬 𝐩

of

Polar component of the surface
energy of solid

wetting liquid
𝛉

Contact Angle (⁰)

𝐲𝐒𝐋

Interfacial tension between solid
& liquid

Table 3.1 Summary of equations from Fowkes two component theory.

An example of how the surface energy was calculated is demonstrated below
using

a

contact

angle

measurement

θ = 81.65
yl = 72.8
yl d = 21.8
yl p = 51
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from

water;

Equation 4: The dispersive component of surface energy is calculated.

𝐲𝐬 𝐝 = Dispersive component of the

𝐲𝐬

surface energy of solid

ys

d

𝐝

𝐲𝐋 (𝐜𝐨𝐬𝛉 + 𝟏)𝟐
=
𝟒

72.8(cos81.65 + 1)2
=
4
𝐲𝐬 𝐝 = 24.07

Equation 5: The polar component of the surface energy of solid is calculated.
𝐲𝐬 𝐩 = Polar

component

of

𝟏

the

surface energy of solid

ys p

𝐲𝐬 𝐩

𝐝 𝟐
𝟏
(𝐜𝐨𝐬𝛉 + 𝟏) − (𝐲𝐬 𝐝 𝐲𝐥 ) ]𝟐
𝐲
𝐋
=𝟐
𝐲𝐥 𝐩

1
1
(24.07 x 21.8)2 ]2
72.8(cos81.65
+
1)
−
=2
51

𝐲𝐬 𝐩 = 6.7
Equation 6: Overall surface energy of solid is calculated.
𝐲𝐬 = 𝐲𝐬 𝐩 + 𝐲𝐬 𝐝

𝐲𝐬 = Overall surface energy of solid

𝐲𝐬 = 6.7 + 24.07
𝐲𝐬 = 30.85
Equation 7: Primary equation of the Fowkes surface energy theory is below.
𝟏
𝟏
𝐝 𝟐
𝐝 𝟐
(𝐲𝐥 ) (𝐲𝐬 )

𝐲𝐒𝐋 = Interfacial tension between
solid & liquid
1

1

1

1

ySL = (21.8)2 (24.07)2 + (51)2 (6.7)2 =
𝐲𝐒𝐋 = 61 = 61
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𝟏

𝟏

+ (𝐲𝐥 𝐩 )𝟐 (𝐲𝐬 𝐩 )𝟐 =

72.8cos81.65 + 1
2

𝐲𝐋 𝐜𝐨𝐬𝛉 + 𝟏
𝟐

Following on from identifying the mechanical and physical characteristics of
PEEK, cell culture examination was performed on all PEEK based materials.
Below is the protocol for cell culture which was taken from ATCC this can be
found in appendix 1. The data and results for the cell culture of PEEK based
materials can be found in chapter 5 and 6 and for PCL in chapter 7.

3.5 Freezing of MG-63 Cells
Initially cells were kept at low temperature in liquid nitrogen. Prior to storage in
liquid nitrogen, the MG-63 cells were sub-cultured which is splitting cells from
a previous flask which has a full layer of grown cells into two culture flasks for
the cells to proliferate (Fisher Scientific, Loughborough, U.K). Cells are
detached from the flask using trypsinisation process (described in Section 3.6)
and re-suspended in growth medium. Cells were counted and cell suspensions
were formed with 1 million cells in 500 µl of 10% (v/v) dimethyl sulfoxide
(DMSO) (Sigma, Cambridge, U.K) in FBS. DMOS was used here as a
cryoprotective agent to protect cells from damage caused by low temperature.
The suspensions were kept in cryovials (Fisher Scientific, Loughborough,
U.K.) marked with the date and passage number and stored overnight in a 80°C freezer for slow cooling. After 24 hours the cryovials were transferred into
a cryogenic freezer containing liquid nitrogen at a temperature of -196°C.

3.6 Cell Culture
Cell culture work was performed in a laminar flow hood under appropriate
aseptic conditions. This cell line is derived from an osteosarcoma of a 14-yearold male. The cell line was provided through funding obtained via the MeDe
PhD Secondment Scheme. The MG-63 Human osteosarcoma cells were
maintained in Dulbecco’s modified eagle’s medium (DMEM) (Sigma-Aldrich,
Cambridge, U.K) containing 10% fetal calf serum (FCS), 5 ml penicillinstreptomycin/ml, 5 ml L-Glutamine and 1 ml Amphotericin B; all purchased
from Sigma-Aldrich, Cambridge, U.K. MG-63 Cells were cultured in the DMEM
and incubated at 37°C in a humidified atmosphere prior to use. Cells were sub
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cultured 1:4 before reaching confluence (90%) using Hanks Balances Salt
Solution and (v/v) Trypsin-Ethylene Diamine Tetra Acetic Acid (EDTA) solution
(Sigma-Alrdich, Cambridge, U.K).

The cells were grown in a T75 cell culture flask. Cell passage and splitting was
performed when cells reached up to 80% confluency. Cell passage is a
technique used to keep cells alive in cultured conditions for an extended
amount of time by splitting the cells into different flasks so they can populate.
Cell confluency was assessed by a light optical microscope (Nikon Eclipse
TS100, Tokyo, Japan). Prior to cell passage, the growth medium in the flask
was discarded and the cells were washed twice with sterile Hanks Balanced
Salt Solution (HBBS) to remove media and any FBS particles. Cells were then
exposed to 1 ml of 0.25% (v/v) Trypsin-Ethylene Diamine Tetra Acetic Acid
(EDTA) solution (Sigma-Aldrich, Cambridge, U.K) and incubated at 37°C for
up to 3 minutes until the cell monolayer had detached from the flask. Trypsin
was deactivated by adding 5 ml of growth medium containing 10% FBS into
the flask. A single cell suspension was generated and centrifuged at 1600 RPM
(G value: 25) for 5 minutes at room temperature. The supernatant was
removed and the pellet containing the cells was re-suspended in 5 ml of growth
medium. Cells were then counted using a bright-line haemocytometer (SigmaAldrich, Cambridge, U.K). The average of four different counts was used to
calculate cell numbers in a 5 ml cell suspension. After cell counting, cell
suspensions were split in a ratio of 1 to 4 into a fresh a T75 cell culture flask
or seeded on each substrate at a volume of 0.1 x 106 MG-63 Osteosarcoma
cells per well in a 12-well plate to be used for experiments as advised by
Thermo Fisher. Cell incubation was always performed at 37°C in a humidified
environment.

3.7 Growth of HaCaT cells
HaCat cells were routinely cultured in an incubator at 37°C in a humidified
atmosphere. Human HaCaT cells were cultured in T75 cell culture flask in 5
ml of high glucose Dulbecco’s modified Eagle’s medium (DMEM) (Sigma, UK).
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DMEM was supplemented with 10% newborn calf serum (NCS) (Sigma, UK),
5 ml penicillin-streptomycin/ml (P/S) (Sigma, UK), 5 ml L-Glutamine (Sigma,
UK) and 1 ml Amphotericin B (Sigma, UK). For traditional cell passaging, flasks
are split in a 4:1 ratio once 90 % confluence is achieved. Cell counting is
completed by using a haemocytometer. Cells were seeded onto each
substrate with an addition of 3 ml of culture medium for each experiment. All
substrates were placed in a 12-well plate and 105 HaCaT cells were seeded in
each well plate. Cells were incubated for 48 hours and went onto fixation.

3.8 Substrate Imaging
3.8.1 Fluorescence Microscopy
Cells were fixed with 4% Paraformaldehyde (Sigma-Aldrich, Cambridge, U.K.)
in Hanks Balanced Salt Solution (Sigma-Aldrich, Cambridge, U.K.) for 15
minutes and permeabilized with 0.4% triton X-100 (Sigma-Aldrich, Cambridge,
U.K.) diluted in HBSS for 15 min at room temperature. Each sample was then
washed three times with HBSS, 5 min each at room temperature.

To visualize the nucleus and the actin cytoskeleton, the samples were
incubated in a 205 µl solution containing; 5 µl Rhodamine Phalloidin R415
(Thermo Fisher, Paisley, U.K.) and 200 µl HBSS for 20 minutes at 37°C.
Excessive antibodies were washed off with HBSS and samples were
incubated with the secondary antibody DAPI 1306 (Thermo Fisher, Paisley,
U.K.) for a further 10 minutes, followed by 3 washes with HBSS. 2.1 µl of the
14.3 mM DAPI stock solution was added to 100 µl HBSS to make a 300 µM
DAPI intermediate dilution. The 300 µM DAPI intermediate solution is diluted
in HBSS to a 300 nM stain solution, 1 ml of this stain solution has been used
per sample. Confocal Laser Microscopy (CLM) was used to image cellular
attachment, growth, distribution and migration on the seeded substrates (A
Zeiss, 710) after staining with Rhodamine Phalloidin R415 (Thermo Fisher,
Paisley, U.K.) and DAPI (Thermo Fisher, Paisley, U.K.) according to the
manufacturer’s protocol.
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3.8.2 Confocal Laser Microscopy CLM
Confocal Laser Microscopy (CLM) was used to image cellular attachment,
growth, distribution and migration on the seeded substrates (A Zeiss, 710)
after staining with Rhodamine Phalloidin R415 (Thermo Fisher, Paisley, U.K.)
and DAPI (Thermo Fisher, Paisley, U.K.) according to the manufacturer’s
protocol. Fixation using formaldehyde solution (4% formaldehyde in HBSS
solution) and permeabilization with TritonX (0.4% triton X-100) (Sigma-Aldrich,
Cambridge, U.K.) was performed before staining.

3.8.3 Scanning Electron Microscopy
To prepare samples for SEM imaging, each PEEK sample cultured with 0.1 x
106 MG-63 osteosarcoma cells was washed with HBSS and fixed with 2.5%
glutaraldehyde (pH 7.2-7.4) for 24 hours. Dehydration was performed by
soaking samples in a series of aqueous ethanol solutions at increasing
concentrations (30% - 50% - 70% - 90% - 100% - 100% v/v); keeping 20
minutes in each grade. Samples were placed on a stub and put into the IB-2
ion for gold coating. After gold coating, samples were analysed using SEM
(TM3000-Hitachi).

3.9 Cell Viability
Cell proliferation kit (Sigma-Aldrich) is an MTT based colorimetric assay for the
non-radioactive quantification of cell proliferation and cellular viability. This
assay is based on the change of the yellow tetrazolium salt MTT to purple
formazan crystals through metabolic active cells. This cellular reduction
involves the pyridine nucleotide cofactors Nicotinamide adenine dinucleotide
(NADH) and Nicotinamide adenine dinucleotide phosphate (NADPH). The
formazan crystals formed are solubilized and the resulting coloured solution is
quantified using a scanning multiwall spectrophotometer (BIO-RAD xMarkTM).
This allows for a high degree of accuracy through the enabling of online
computer processing of the data and, therefore, allows the rapid and
convenient handling of a high number of samples.
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The cell proliferation kit contains two components:
Part A – MTT Labelling reagent
Part B – Solubilization solution

The protocol for a cell viability assay provides volumes for a 96 well plate,
however due to the size of the PEEK samples a 12 well-plate was used. The
contents for the Cell Viability assay were multiplied by 8 (as 12x8=96) giving
the correct volume of contents to use. As the cell viability study is
spectrophotometrically quantified, using the volume stated in the protocol for
a 96 well-plate and not 12 well-plate would not be suitable as the wells of the
plate would not have enough fluid to measure the absorbance.

Once cells were cultured for 24 hours in a 12-well tissue culture plate, with a
final volume of 800 µl of culture medium per well plate in a humidified
atmosphere, the samples were incubated with 80µl of the yellow MTT solution
(part A) to each well for 4 hours. After the 4 hours of incubation 800 µl of the
solubilization solution (part B) was added to each well. The 12-well tissue
culture plate was incubated for further 4 hours. Solubilized formazan product
is spectrophotometrically quantified using an ELISA reader. An increase in
number of living cells results in an increase in the total metabolic activity of the
sample. This increase directly correlates to the amount of purple formazan
crystals formed, as measured by absorbance. The concentration of crystals
was measured by optical density (OD) evaluation using a microplate
absorbance spectrophotometer (BIO-RAD xMarkTM) with wavelength of 570
nm. An average of the triplicate wells was obtained for each condition. Cell
viability was calculated using equation in figure 3.6.

Cell viabillity (%) =

Sample OD − Background OD
∗ 100%
Control OD − Background OD

Figure 3.6 Calculation for the percentage of viable cells using OD values
from the microplate absorbance spectrophotometer
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3.10 Cellular orientation and cell length analysis
Assessment of cell length is a method utilized to determine the strength of focal
adhesion between the cell and the bio-material. The longer the length of a cell
is a representation of strong focal contact adhesion between the material and
cell. The cell length was examined using ImageJ software to individually
measure the length of all cells per image. This was analyzed by examining five
various sections of the sample and obtaining an average cell length value
(µm). Figure 3.7 identifies the process of obtaining the cell length and cell
orientation (⁰) individually using Image J. Initially the measurement value for
each Image was set accordingly in Image J, then each sample was formatted
to an 8-bit image to enable threshold. Upon obtaining individual cell lengths
and orientation angles from five images, an average cell length was acquired
per substrate and a range of orientation angles of each cell was established.
The cellular orientation was categorized to evaluate if the grooved topography
had resulted in a preferred cellular orientation and alignment of MG-63 and
HaCaT cells. This was analyzed to provide an understanding of the cellular
orientation and cell length of each cell type to identify if the topography
can influence the orientation and cell length alongside observing a difference
between the behaviour of both cell types.
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A

B

D

c

Figure 3.7 The stages of measuring cell orientation and cell length using
ImageJ. Set scale (A), format to 8-bit (B), threshold applied (C), data
obtained (D). The green represents the actin filaments of the cell and the red
represents the nuclei; the individual cells can be identified by the nuclei.

3.11 Poly-ε-caprolactone (PCL)
PCL is a biodegradable aliphatic polyester which hods high importance as a
biomaterial in prosthetics, sutures, and drug delivery systems (P. Gentile,
2017, S. Mahjour, 2016, M. Zafar, 2016). PCL is a commercially available
material, which is approved by the Food and Drug Administration (FDA) for
use in humans. PCL is biodegradable and compatible with a wide range of
other

polymers.

Due

to

physiognomies,
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such

as

biodegradability,

biocompatibility and three-dimensional and directional porous structures, PCL
and its copolymers have been vastly studied for tissue engineering
applications (Azimi et al., 2014).

3.12 Triclosan
Triclosan (2, 4, 4’-trichloro-2’-hydroxydiphenyl ether) is a broad-spectrum
antimicrobial agent, regularly used in various personal care products. It is also
combined into polymers through melt-mixing, with the aim of providing
persistent antibacterial action on the surface of the polymer (Kalyon e Olgun,
2001).

3.13 Silver
Silver nanoparticles are a new generation of antimicrobials which have been
developed up in the present situation to the need of requiring non-drug
antimicrobial agents (Johnson and García 2014, 515-528). Silver is a broadspectrum antimicrobial agent used in research and clinically. Silver is effective
against antibiotic-resistant bacterial strains and has the capability to induce
susceptibility towards antibiotics that are ineffective in the absence of silver.
Silver can also be adapted to reduce bacterial adherence to orthopaedic
implants and has translated to several clinical applications, including wound
dressings, creams, urinary catheters and endotracheal tubes (Gao et al.,
2017).

3.14 Electrospinning
Various methods are readily available to produce scaffolds suitable for the
purpose of tissue engineering however, for the purpose of this research we
used electrospinning because it provides a great and uniform electro-spun
sheet (scaffolds) which is reproducible and very cost effective. Electrospinning
produces micro-to Nano fibrous-based scaffolds with desired porosity,
biocompatibility and enhanced surface area with appropriate mechanical
stability. Structurally electrospun scaffolds are chemically and mechanically
similar to the extracellular matrix of tissue (Ghosal et al., 2017).
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All electrospun PCL scaffolds were fabricated at the University of Bradford.
Electrospun PCL scaffolds were developed with a percentage of Triclosan
(1wt%, 3wt%, and 5wt%) and PCL incorporated with the different percentages
of Triclosan and 1wt% silver. Figure 3.8 represents a schematic drawing of the
electrospinning process used to develop all PCL scaffolds.

The electrospinning process involves a solution containing a dissolved
polymer in an appropriate solvent to be ejected through a nozzle by
electrostatic attraction to generate ultrafine fibres. These fibres are deposited
onto a grounded metal collector (F. Sefat, 2013, P. Deshpande, 2013). The
resultant structure is a randomly oriented micro- or nanofibre network mesh
with a highly open porous architecture. The morphology of fibres can be
controlled with various parameters in the electrospinning process, such as
solution properties and ambient conditions (Boland et al. 2006, 188-204).

Figure 3.8 A schematic drawing of the electrospinning process (Kiennorka et
al, 2015)

3.15 SEM imaging
To analyse PCL scaffolds for pore size analysis all samples were observed
using the TM3000-Hitachi scanning electron microscope.
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3.16 Pore Size
Pore size is a key for analysing the property of electrospun scaffolds and also
to investigate mechanical properties and porous architecture that can allow
successful cell infiltration and vascularization. The mean pore size is a key
component of a scaffold as the pores need to be large enough to allow cells to
migrate into the structure, but small enough to establish a sufficiently high
surface leading to a minimal ligand density that enables successful binding of
cells to the scaffold (O'Brien 2011, 88-95).

Pore sizes can be divided into Nano size (Nano-roughness, <100 nm), micro
pore size (micro-roughness, 100 nm-100 µm) and macro-roughness (100 µm
– millimetres). Different pore sizes might influence different cell processes.
Nano pore size membranes have found to be important in the formation of
collagen fibres and ECM, whereas macro pores play an important role in cell
seeding, distribution, migration and further neo-vascularization. Research has
found pore sizes between 0.2-1 µm to fully attach and spread MG-63 cells
whereas cells have appeared more globular around pore sizes between 3-8
µm. It has also been demonstrated that osteoblasts attach and proliferate more
effectively on a rough surface (0.81 µm pore size) in comparison to a smooth
surface. Additionally, the proliferation of osteoblast like MG-63 cells decreased
with increasing pore size from 200 nm to 8 µm (Bružauskaitė et al. 2015, 355369). It has been concluded that Nano pore sizes increase cell attachment and
further cell functioning. Nano pores must be of proper nanometre size as
research has found cells cultured on the surface of a smooth scaffold to result
in clumps around the scaffold edges. This disturbed diffusion, the removal of
cell waste and impaired further cell functioning. Whereas, larger pores are
known to disorganise cell attachment (Bružauskaitė et al. 2015, 355-369).

The pore size of all PCL scaffolds was observed using SEM images obtained
using the TM3000-Hitachi and assessed with Image J software. The pore size
is the distance between two opposite walls of the pore. The pore structure of
each PCL scaffold was observed by thresholding grey scale SEM images to
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differentiate between pore-space and non-pore space. Imaging of the PCL
scaffolds were captured 3 times at a magnification of x500, each image was
captured randomly in different regions. Analysis of each scaffold image was
repeated three times and an average was obtained to minimize any
discontinuities.

The SEM images of the pore structure were calibrated to the scale bar and
analysed using ImageJ (figure 3.9). All images required thresholding, to do so
the image is converted to a 16-bit image (figure 3.9) and at that point threshold
is adjusted (figure 3.10) to differentiate between the fibres and pores. Each
analysis parameter requires selection in which area, shape descriptors, area
fraction and feret’s diameter can be selected, to then proceed to analyse
particles (3.11) (Khalili and Ahmad 2015, 18149-18184; Rnjak-Kovacina et al.
2011, 6729-6736; Wahl et al. 2007, 201-209). The feret’s diameter can be
defined as the longest distance between any two points along the selection
boundary.

Figure 3.9 The conversion of the image to a 16-bit image to enable threshold
adjustment
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Figure 3.10 Adjustment of the threshold to differentiate between the fibres
and pores.

Figure 3.11 Analysis of the scaffold Area, Shape descriptors, Area fraction
and feret’s diameter
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3.17 Wettability Characterization
Each PCL scaffold was sterilised under a UV lamp for 24 hours to ensure
experimental procedures were performed under clean conditions.

Static contact angle measurements with HPLC gradient grade water were
performed at room temperature with an AST Goniometer VCA Optima. This
multiple fluid dispensing system allows for programmed deposition of known
volume droplets of chosen fluid, which is preloaded into the dispensing syringe
mechanism. The system (Image J; Fiji plug in) automatically takes a profile
image after 5 seconds of a 2µl droplet of the chosen fluid and fits the droplet
shape measurement of the left and right contact angle. Small droplets of 2µl
were used to minimize the effect of gravity on the measurements.

Surface energy was measured using Fowkes theory as this is it the most
commonly used method in industry and has proven to be suitable due to its
simple and inexpensive method. The equations for Fowkes theory can be
found in chapter 3.4.

3.18 Cell Culture
Cell culture work was performed in a laminar flow hood under appropriate
aseptic conditions using MG-63 Osteosarcoma cells.

Cells were split in a ratio of 1 to 4 into a fresh a T75 cell culture flask or
seeded 0.1 x 104 MG-63 Osteosarcoma cells were cultured on each substrate
in a 96-well plate to be used for experiments as advised by Thermo Fisher and
ATCC. Cell incubation was always performed at 37°C in a humidified
environment.

3.19 Scanning Electron Microscopy
To prepare samples for SEM imaging, each PEEK sample cultured with 0.1 x
106 MG-63 cells. Samples were washed with HBSS and fixed with 2.5%
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glutaraldehyde (pH 7.2-7.4) for 24 hours. Dehydration was performed by
soaking in a series of aqueous ethanol solutions at increasing concentrations
(30% - 50% - 70% - 90% - 100% - 100% v/v); keeping 20 minutes in each
grade. Samples were placed on a stub and put into the IB-2 ion coater for gold
coating. Once all PCL based scaffolds were coated in a gold layer, samples
were observed using an SEM microscope (by TM3000-Hitachi) and analysed.

3.20 Cell Viability
Cell proliferation kit (Sigma-Aldrich) is an MTT based colorimetric assay for the
non-radioactive quantification of cell proliferation and viability. This assay is
based on the change of the yellow tetrazolium salt MTT to purple formazan
crystals through metabolic active cells. The formazan crystals formed are
solubilized and the resulting coloured solution is quantified using a scanning
multiwall spectrophotometer (BIO-RAD xMarkTM). This allows for a high
degree of accuracy through the enabling of online computer processing of the
data and, therefore, allows the rapid and convenient handling of a high number
of samples.
Once cells were cultured for 24 and 72 hours in a 96-well tissue culture
plate, with final volume of 100 µl culture medium per well in a humidified
atmosphere, the samples were incubated with 10µl of the yellow MTT solution
(part A) to each well for 4 hours. Samples were incubated for 4
hours and 100µl of the solubilization solution (part B) was added to each well.
The plate was incubated for further 4 hours. Solubilized formazan product is
spectrophotometrically quantified using an ELISA reader. An increase in
number of living cells results in an increase in the total metabolic activity of the
sample. This increase directly correlates to the amount of purple formazan
crystals formed, as measured by absorbance. The concentration of crystals
was measured by optical density (OD) evaluation using a microplate
absorbance spectrophotometer (BIO-RAD xMarkTM) with wavelength of 570
nm. Due to the complex nature of cell culture the cell viability assay was only
repeated three times to obtain standard deviation. Cell viability was calculated
using figure 3.12.
86

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑙𝑖𝑡𝑦 (%) =

𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑂𝐷
∗ 100%
𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑂𝐷 − 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑂𝐷

Figure 3.12 Equation to calculate cellular viability using OD values from the
microplate absorbance spectrometer

3.21 Repetition of experiments
The table below summarises how each experiment has been repeated
throughout this thesis.

Experiments
Surface Roughness
Nano indentation
Surface wettability

Surface energy
Cell viability assay
Cell length

Cell orientation

Pore size

Fibre diameter

Repeats
3 samples were scanned to check for
the surface roughness
400 indentations were made on PEEK
and GL/PEEK
20 contact angle droplets were made
on each material investigated for
surface wettability
Surface energy was calculated from
an average of the contact angles
Repeated 3 times
A minimum of 50 cells per substrate
were analyzed (excluding PEEK
where all cells were analysed as
below 50)
A minimum of 50 cells per substrate
were analyzed (excluding PEEK
where all cells were analysed as
below 50)
The pore size was calculated from
three different scaffolds. Images were
taken at three different locations and
an average was obtained
The fibre diameter was calculated
from three different scaffolds. Images
were taken at three different locations
and an average was obtained

Table 4.1 This table summarises the repeat experimentation that has been
performed within this thesis
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Chapter 4
4.0 PEEK sample preparation and characterization

4.1 Introduction
The transition from traditionally used biomaterials to polymeric biomaterials
unlocked a Pandora’s box. Curiosity led to the discovery of many biomaterials
for tissue regeneration dating back up to 9000 years ago (Bauer et al. 2013,
261-326). Tremendous advances in the biomaterial field have been made
within the last 50 years where materials intended for biomedical purposes have
evolved through three different generations. First generation biomaterials were
classified as bio-inert materials, second generation were bioactive and
biodegradable materials both setting the stage for what we are researching
today which is the third generation of biomaterials designed to stimulate
specific responses at the molecular level (Navarro et al. 2008, 1137-1158).

Despite the advance biomaterials, metallic materials are still heavily used as
implants, due to their superior mechanical properties. Which is why recent
biomaterial investigations focus their attention towards satisfying both the
mechanical and biological properties of an implant. Polymers are of great
interest, especially PEEK when considering a material for the use in an
orthopaedic implant. PEEK has gained increasing credibility as a high-strength
polymer with compatibility and stiffness properties closely matching that of
bone. However, the hydrophobic and chemically inert surface of PEEK limits
cellular adhesion and local bone attachment. By enhancing the biological
properties of PEEK through composites and surface modifications creates the
possibility to develop PEEK into a suitable biomaterial that can fulfil the
biological capacity required though the modifications (Poulsson et al. 2014,
3717-3728).
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The incorporation of two or more materials creates a matrix with macroscopic
physical properties superior to those of its constituent parts (Scholz et al. 2011,
1791-1803). The combination of PEEK with glass creates the possibility to
develop PEEK into a suitable biomaterial, as glass compensates for the
bioactive capacity that is lacking from PEEK. Glass has the capability to foster
the growth of bone cells and bond strongly with hard and soft tissues. However,
glass is known for its low strength and brittleness, therefore, cannot be solely
used for load bearing joints. Nevertheless, using PEEK and glass together
could enhance both the mechanical and bioactive properties of the composite
material and be suitable for orthopaedic implantation (Fu et al. 2011, 12451256).

Surface modification of polymeric materials plays a vital role in the integration
of the biomaterial within the human body, as the surface is the initial point of
contact between the material and the biological system. Preliminary
communications between a surface and the human body regulates the
response of biological cells controlling the cellular orientation, organization and
growth. These are all factors that govern the permanence of an orthopaedic
implant (Cassidy et al. 2014, 651-660). Surface modification can take place by
either altering the atom and molecular properties of the surface through a
physical or chemical route. The method of surface modification is dependent
on the application as various modifications such as surface flatness,
irregularities and porosity can result in an altered cellular response (Cassidy
et al. 2014, 651-660).

The engineering scope of current implant systems is focused on the
development of so-called “smart” biomaterials, which can be defined as manmade materials that are designed to induce a specific biological response.
Such materials actively influence the surrounding wound healing processes.
In general, wound healing around implants can be influenced by four materialrelated factors:
1. Physicochemical properties of the implant material
2. Mechanical properties of the implant

89

3. Surface topography of the material: i.e., the micro and macro
topography
4. Overall shape and design of the implant
Any form of modification can have a counter effect on the mechanical and
physical properties of the material, ultimately defining the success or failure of
a biomaterial. Controlling mechanical and physical properties is a key factor in
determining the performance of biomaterials, such properties include the
surface roughness, Young’s modulus, chemical structure, hydrophobicity,
surface morphology and topography (McMahon et al. 2012, 387-397; Poulsson
et al. 2014, 3717-3728). In this chapter the role of composites and surface
topography on the mechanical and physical properties of the moulded polymer
surfaces will be explored.

4.2 Aims and Objectives
Recognising the mechanical and physical properties of each substrate is of
high importance for the purpose of this research. When considering a
polymeric material for orthopaedic applications, the selected material must
have superior mechanical strength to be able to sustain force and movement
due to mobility of the human body. This chapter covers the acellular
characterisation performed on PEEK, GL/PEEK, PEEK patterned, and
GL/PEEK patterned including:
•

Surface analysis using the Atomic Force Microscopy
(AFM) of PEEK, PEEK patterned, GL/PEEK and GL/PEEK
patterned.

•

Young’s modulus, hardness and stiffness of PEEK and
GL/PEEK obtained through Nano indentation.

•

Evaluating the comparison between the tensile properties
of PEEK and GL/PEEK in relation to the commonalities with
bone.
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•

Identifying the surface wettability characteristics of PEEK,
PEEK patterned, GL/PEEK and GL/PEEK patterned and how
this impacts the surface energy.

4.3 Materials and Methods
4.3.1 PEEK
150GL/PEEK polymer unfilled granules were purchased from Victrex. This is
an unreinforced semi-crystalline FDA approved material suitable for injection
moulding.
4.3.2 GL/PEEK
30% glass fibre reinforced PEEK was obtained from Victrex.
4.3.3 Micro Injection Moulding
The micro injection moulding process involves liquefied plastic granules
injected into a mould cavity in the form of a viscoelastic polymer flow then
packed and cooled before the final product is ejected. This process was used
for all four PEEK based materials as it is an automated process requiring
minimal finishing and assembly.
4.3.4 Sterilization
Following manufacturing all substrates were initially sterilised in 70% ethanol
in an ultrasonic bath to remove contaminants, followed by an additional wash
with deionized water to reach a neutral pH, and stored at room temperature in
70% ethanol. Prior to examinations all investigated samples were placed under
a UV sterilization lamp for 24 hours for decontamination.

Following sterilization the materials were examined for their mechanical and
physical properties. The methodology to these experiments can be found in
Chapter 3. Below is a brief introduction to what each analysis aimed to identify
and how.
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4.3.5 Atomic Force Microscopy (AFM)
The AFM was used on all four PEEK based materials to verify the surfaces as
planar or grooved and to establish the groove width.

4.3.6 Nano-indentation testing of PEEK and GL/PEEK substrates
A Nano-indenter identified the hardness, elastic modulus and stiffness of
PEEK and GL/PEEK. Planar surfaces were only examined for this
experiment as the Nano-indenter tip would not be compatible with grooved
topography.
4.3.7 Surface Wettability characterization
Contact angles of all four PEEK based materials was calculated from 20
contact angle droplets using HPLC gradient grade water, glycerol and
diiodomethane at room temperature with an AST Goniometer VCA Optima.
Any contact angle below 90 is classed as hydrophobic and anything above
90 is hydrophilic.

4.3.8 Surface Energy Characterisation
Surface energy (mN/m) was calculated using Fowkes two component theory
using the contact angle measurements obtained for HPLC gradient grade
water. The surface energy recorded is an average from 20 contact angle
measurements chosen at random. Chapter 3.4 provides an example of how
the surface energy was calculated for one contact angle.

4.3.9 Statistical Analysis
For statistical analysis the below comparisons were made using a one-way
ANOVA to identify a difference between each group tested, followed by a post
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Hoc Bonferroni test to confirm where the differences occurred between each
group. Statistical tests were performed such that a p value of < 0.05 was
considered as indicating a significant difference. The value 0.05 was used as
a majority of analyses use 0.05 as the cut off for significance. The p-value is
the level of marginal significance within a statistical hypothesis test
representing the probability of the occurrence of a given event.

All values are listed as means with their standard deviation (mean ± SD);
•

Surface roughness of all four PEEK based materials

•

Youngs Modulus of PEEK and GL/PEEK

•

Stiffness of PEEK and GL/PEEK

•

Hardness of PEEK and GL/PEEK

•

Contact angle of all four PEEK based materials

•

Surface energy of all four PEEK based materials

Throughout this thesis there is reference to a significant difference with a star
rating. Below the unit of each star is identified.

Symbol

Meaning

*
**
***
****

< 0.05
< 0.01
< 0.001
< 0.0001

4.4 Results & Discussion
4.4.1 Identification of the topographical features of PEEK
The level of surface modification is divided into three categories, macro
topography, micro topography and nano topography. Macro topography refers
to the shape and outline of the implant body and is a three-dimensional
construct of the implant. Micro topography is a surface feature aiming to
prevent disruption but also enhance the general processes of bone-healing
regardless of the implantation site. This is achieved through approaches such
as physiochemical, morphologic or biochemical alterations. The aim of nano
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topography is to attain nano sized modifications such as roughness and
grooves on the surface of an implant to enhance the success of treatment
(Prasad et al. 2017, 884).

The atomic force microscopy was used to examine the topographical surface
of all PEEK based materials. The AFM was used in the identification of the
planar and grooved surface topography. Analysis was required to ensure that
the injection moulding process developed a planar surface with replicable
grooved surface topography. Figure 4.1 a, b, c and d identifies the surface
structure of all four PEEK based substrates. These images establish the
success of the micro injection moulding process in manufacturing neat
replicable grooved surface topographies. Albeit the manufactured topography
did display neat grooves however, the process did cause a discrepancy in the
dimension of the groove width even though the same mould was used for both
PEEK and GL/PEEK patterned. The groove width for PEEK was established
as 300 nm and GL/PEEK to be 500 nm on average. The material composition
of GL/PEEK can be a contributing factor to the cause of variation in groove
width. GL/PEEK has different mechanical properties to that of pristine PEEK
which causes GL/PEEK to respond differently to the temperature and force
settings of the Battenfield micro injection moulding machine in comparison to
PEEK. The alteration within the groove width is potentially a result of shrinkage
which is a common issue associated with micro injection moulding
(Annicchiarico and Alcock 2014, 662-682).

The natural cause of shrinkage of injection moulded parts is the
thermodynamic behaviour of the material, such conditions are pressure,
temperature and volume. When discussing the thermodynamics of a material
it is important to consider that there will be a difference in the behaviour
between the two classes of materials, amorphous and crystalline. PEEK and
GL/PEEK substrates were injection moulded; PEEK is considered to be a
semi-crystalline material whilst glass is referred to as an amorphous material.
In a melt condition both classes observe a linear dependency of the specific
volume from the temperature. However, for the solid phase the alternate
occurs. A considerable difference can be identified in the volume of the
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material with the decreasing temperature, this is due to crystallization.
Crystallization of semi-crystalline materials causes the volume of the material
to rapidly decrease (shrinkage of dimensional variations is caused by this) in
comparison to amorphous materials that still observe a linear dependency in
the solid phase. This difference is the cause of shrinkage for the groove
dimensions for PEEK in comparison to that of GL/PEEK (Annicchiarico and
Alcock 2014, 662-682).

The minor alteration of grooved dimension may be an advantage for the
purpose of this research as it provides the capacity to observe if such a minute
difference can impact the mechanical characteristics of the material but also
the cellular response to the varied dimension topography.

c) PEEK_150GL30_Flat
Ra: 8.7±1.2 nm

a) PEEK_150G_Flat
Ra: 7.5±0.9 nm

d) PEEK_150GL30_PT
Ra: 202±12.7 nm

b) PEEK_150G_PT
Ra: 150.8±15.2 nm

Figure 4.1 The topographical features and the surface roughness of (a)
PEEK, (b) PEEK patterned, (c) GL/PEEK and (d) GL/PEEK patterned taken
using the AFM
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4.4.2 Understanding how the topographical features affect the surface
roughness of PEEK
The characterisation of surface topography can be considered as deviations
from a known geometric form. The magnitude and properties of these
deviations affect the functional properties of the surface. These deviations
have come in the form of a three-dimensional grooved modification. This
modification is widely accepted and recognised to dictate cellular reactions and
create the stimulus for roughness as a response to the irregularities (Cordero
et al. 2013, 055006). The AFM works on the principle of measuring and
maintaining a constant force between the tip and sample to measure the
topography of the substrate. Which is why the AFM was used to measure the
surface roughness of all PEEK based materials. Surface roughness is of great
importance within the proposed research as increasing the surface roughness
through grooves has found to promote the integration of implants (Prodanov
et al. 2010, 7758-7765).

The topographical characteristics of a material which is similar to the
microenvironment of a cell can impact the metabolic activities of cells. It has
been claimed that the macro-architecture in the context of an individual cell
could be defined as any morphologic feature that was greater than the cell
itself. Therefore, a structured surface with a low roughness value with similar
dimensions of the cell’s microenvironment could influence cell parameters to
a greater extent than surfaces with a higher roughness. For instance, the
average size of an osteoblast is about 20~25 µm, then a roughness greater
than the length of cell would be perceived as smooth by the cells (Wu et al.
2015, S155-S164).

Figure 4.1 illustrates the surface profile of all PEEK based substrates
identifying the surface roughness characteristics of PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned. From the data in figure 4.1 it is apparent
that the grooved surface topography has vastly influenced the surface
roughness of both PEEK and GL/PEEK, with almost 20 times rougher surface
for PEEK patterned and 27 times rougher for GL/PEEK patterned in
96

comparison to planar PEEK (7.5 ± 0.9 nm). It can be identified that GL/PEEK
patterned has the highest surface roughness at 202 ± 12.7 nm, followed by
PEEK patterned at 150.8 ± 15.2 nm. The alteration in surface roughness can
be a consequential factor due to the variation of groove width between PEEK
patterned and GL/PEEK patterned but can also be responsive to the glass
fibres. A similar pattern can be identified between the surface of the planar
PEEK substrates as PEEK (7.5 ± 0.9 nm) does observe a lower surface
roughness when compared to GL/PEEK planar (8.7 ± 1.2 nm). This is
consistent with findings from literature which investigated the surface
roughness of PEEK and GL/PEEK 30wt% glass fibre. It was found that the
surface roughness of PEEK was less than that of GL/PEEK surfaces. This
finding supports the data presented in figure 4.2 and supports the findings that
the addition of glass fibres appears to be a cause of alteration between the
PEEK and GL/PEEK surface roughness values (Ji et al. 2015).

Surface Roughness (nm)

Surface Roughness
****

250

****

200
150
100
50
0

PEEK

PEEK Patterned

GL/PEEK

GL/PEEK
Patterned

Figure 4.2 Graph observing the surface roughness of PEEK, PEEK
Patterned, GL/PEEK and GL/PEEK Patterned. **** represents a high
significant difference in the surface roughness between PEEK and PEEK
patterned and GL/PEEK and GL/PEEK patterned.

97

Figure 4.3 AFM observations of PEEK Patterned, and GL/PEEK patterned.

Figure 4.5 and 4.6 are graphs presenting scale information of roughness for
the grooved topographies. The surface roughness has substantially increased
on surfaces with grooves in comparison to planar topography. However, the
addition of glass fibres has further increased the surface roughness of the
PEEK based materials. The deviations in figure 4.5 and 4.6 have a high
frequency and short wavelength, PEEK patterned more so when compared to
GL/PEEK patterned. In surface metrology, a material with a high-frequency
and short-wavelength is recognized as being rough.

Figure 4.4 Scale information using sinusoid of PEEK grooved using a 20 line
of data
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Figure 4.5 Scale information using sinusoid of GL/PEEK grooved using a
20µm line of data

In summary the AFM examination identified the groove dimensions for PEEK
and GL/PEEK patterned along with the surface roughness for all four PEEK
based substrates as below:
•

PEEK – 7.5 nm Ra

•

PEEK Patterned – 300 nm width grooved topography and 150.8 nm Ra

•

GL/PEEK – 8.7 nm Ra

•

GL/PEEK Patterned – 500nm width grooved topography and 202 nm
Ra

This analysis explored the dimensions of grooved topography of PEEK and
GL/PEEK patterned and the influence the topography and material
composition have on the roughness of all four PEEK based substrates. The
AFM analysis has identified the mechanical properties of glass to be a leading
factor in alterations of groove dimensions and the surface roughness.

4.4.3 Nano-indentation analysis of PEEK
There is a current need to meet the increasing demand of utilising PEEK as a
load bearing implant. However, reinforcement of the material properties such
as hardness, stiffness, and strength is necessary. A commonly used method
to increase mechanical properties of PEEK is to incorporate scaled fibres into
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the matrix (Scholz et al. 2011, 1791-1803). Composites possess a superior
strength to weight characteristic in comparison to monolithic materials and
offer excellent biocompatibility characteristics which would be favourable for
the application of tissue engineering (Scholz et al. 2011, 1791-1803). Within
this presented research 30wt% glass fibre have been encompassed within the
PEEK matrix. This is to provide greater rigidity and develop a high load bearing
implant (Ji et al. 2015).

Nano-indentation technology is a common approach for the measurement of
the mechanical properties in the nano size range, especially for the
measurement of nano-hardness. PEEK and GL/PEEK planar samples were
tested using the Tribolindenter with a berkovich indenter tip to establish the
hardness, contact stiffness and modulus as portrayed in Figure 4.6, 4.7 and
4.8. Distinguishable variations between all three mechanical characteristics
(Young’s modulus, stiffness and hardness) of GL/PEEK in relation to PEEK
can be observed. The Tribolindenter is integrated with TriboScope® software
which automatically calculates the Young’s modulus, contact stiffness and
hardness as shown in figure 4.6, 4.7 and 4.8.

Youngs Modulus (GPa)

A

Youngs Modulus (GPa)
****

10
8

6
4
2

0
PEEK

GL/PEEK

Material

100

Young's Modulus (Er (GPa)

B

Young's Modulus
[Er (GPa)]
20
10
0

Material
PEEK

PEEK_GL

Figure 4.6 Young’s Modulus (GPa) of PEEK and GL/PEEK. In Figure A ****
represents a high significant difference in the Young’s Modulus between
PEEK and GL/PEEK.
The Young’s modulus measures the rigidity of a product and the higher the
Young’s modulus the greater the load the material can withstand. The load
indentation results demonstrated a significant difference (****). The highest
modulus value was 7.002 GPa for GL/PEEK which was 50% more than PEEK
(5.259 GPa). The values for PEEK and GL/PEEK are consistent with literature
(Davim and Cardoso 2009, Godara, Raabe and Green 2007, 209-220; Ji et al.
2015; Molazemhosseini et al. 2013, 525-534; Wakelin et al. 2015, 2302923040; 795-799). The incorporation of short glass fibres into pristine PEEK has
resulted in a remarkable enhancement of the Young’s modulus. However, the
Young’s modulus for GL/PEEK is lower than that of bone which is between 1030 GPa, but GL/PEEK is still closer to the Young’s modulus of bone in
comparison to other materials such as titanium. Therefore, establishing
GL/PEEK to be an appealing material to use for the purpose of orthopaedic
applications (Pal 2014; Rahyussalim et al. 2016, 1-9).
Just as the glass fibres enhanced the Young’s modulus the same was also
observed for the contact stiffness. Contact stiffness is a measure of how soft
or stiff the surface of a material is. Stiffness is a characteristic known to benefit
cellular adhesion as it can initiate cellular responses such as proliferation,
adhesion and migration (Chang and Wang 2011). Cell responses change
dependent on the stiffness of the material due to the change in forces at the
101

surface, this change affects the biophysical cues of cells causing alterations to
cellular function at cell-substrate interface (Saini 2015, 52; Nikkhah et al. 2012,
5230-5246). The contact stiffness of GL/PEEK demonstrated a higher value of
68.41 µN/nm, in comparison to PEEK displaying 44 µN/nm, therefore a
significant difference was established and GL/PEEK seems to be of interest
when observing cellular adhesion.

Stiffness (µN/nm)

A

Stiffness (µN/nm)
100

****

80
60
40
20
0
PEEK

B

PEEK_GL

Stifness (µN/nm)

150
100
50

0
PEEK

PEEK_GL

Figure 4.7 Contact stiffness (µN/nm) of PEEK and GL/PEEK. In Figure A ****
represents a high significant difference of the Stiffness between PEEK and
GL/PEEK.
The glass fibres are an attribute for PEEK as it has signiﬁcantly enhanced the
mechanical characteristics in respective of the Young’s modulus and contact
stiffness. However, the hardness of GL/PEEK has demonstrated limitations
unlike PEEK. Hardness of a material is defined as the degree of its resistance
to plastic deformation and PEEK observed an increased hardness at 0.18 GPa
which is consistent with literature (Godara, Raabe and Green 2007, 209-220;
(Molazemhosseini et al. 2013, 525-534). However, the hardness of GL/PEEK
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was established as 0.14 GPa, which can be expected due to the brittleness of
glass. The limited value of hardness for GL/PEEK in comparison to PEEK is a
distinguishable feature proven to be significantly different. The hardness value
was expected to increase similarly to the Young’s modulus and contact
stiffness. However recently published work (Lan and Venkatesh 2013, 35-55)
has reported an enhanced review analysing over 9000 materials representing
a range of mechanical properties, in particular the relationship between
hardness and Young’s modulus. It was found that albeit for certain materials
there is a correlation between the value of Young’s modulus and hardness,
however, establishing a firm relationship between the hardness and the elastic
and plastic properties of materials, is still problematic (Lan and Venkatesh
2013, 35-55).
A

Hardness (Gpa)
****

0.25

Hardness (Gpa)

0.2

0.15
0.1
0.05
0
PEEK

B

GL/PEEK

Hardness (GPa)

0.5
0.4

0.3
0.2
0.1
0
PEEK

PEEK_GL

Figure 4.8 Hardness (GPa) of PEEK and GL/PEEK. In Figure A ****
represents a high significant difference of the Hardness between PEEK and
GL/PEEK.
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It is evident that the glass fibres have demonstrated positive implications on
the mechanical characteristics of PEEK. The increased Young’s modulus will
be beneficial for a load bearing implant as the higher the modulus the greater
the mechanical load GL/PEEK will be able to withstand. GL/PEEK will also be
able to offer higher resistance to deformation in comparison to PEEK (Ji et al.
2015). Following on from this, both PEEK and GL/PEEK displayed a similar
Young’s modulus to that of bone, the addition of glass fibres has increased the
contact stiffness which could be highly advantageous in respective to cellular
adhesion. The hardness characteristics of PEEK seems to be higher than that
of GL/PEEK, nevertheless the results are still within close proximity of
published literature (Davim and Cardoso 2009, 795-799; Godara, Raabe and
Green 2007, 209-220; Molazemhosseini et al. 2013, 525-534; Ji et al. 2015;
Wakelin et al. 2015). The graphical data as shown in figure 4.6, 4.7 and 4.8
identify how the addition of glass fibres created disparity in values for all three
mechanical properties, unlike PEEK which observes all values to be within
proximity of each other. Visually the graphical data observes the enhancement
of characterization from the glass fibre additive, establishing randomly
orientated glass fibres to be a significant factor in the characterization PEEK.
The below table establishes a summation of the nano-indentation results.

Material

Young’s
(GPa)

Trabecular

Modulus Contact stiffness Hardness
(µN/nm)

(GPa)

14.8

Bone
Cortical bone 20.7
PEEK

5.259

44

0.18

GL/PEEK

7.002

68.41

0.14

Table 4.2 Nano-indentation results obtained for PEEK and GL/PEEK
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4.4.4 Surface Wettability
PEEK is an alternative to metallic implants which postures numerous beneficial
medical characteristics such as high thermal stability, chemical resistance and
elasticity similar to that of human bone. PEEK is chemically inert due to its
hydrophobic surface; it permits neither protein absorption nor promotes cellular
adhesion. Subsequently changes of this fundamentally inactive polymer are
significant in order to enhance cellular adhesion and biocompatibility through
modifications of the surface hydrophilicity (Hong et al. 2018, 514-523).

Different strategies have been developed to enhance the surface energy of
PEEK such as; chemical etching, plasma immersion and numerous coating
methods (Kaczorowski et al. 2015, 92-98). The investigation displayed
presents three alterations of PEEK using injection moulding; the first is
changing the geology from a level surface to the expansion of nanoscale
grooves (300nm) to increase surface roughness which will in return enhance
the surface energy and promote cellular adhesion. The second variation is the
addition of glass fibres, creating PEEK 30wt% glass composite and the third
alteration is the addition of both changes into one creating a PEEK 30wt%
glass composite with a 500nm grooved topography.

When assessing patterned substrate front and side water contact angle (WCA)
images were obtained using HPLC gradient grade water droplet. Figure 4.9
observes the variation in droplet shapes taken at both orientations. We
established that when the axis of the camera is vertical to the grooves the
water contact angle value appears to be lower than those obtained when the
axis of the camera is horizontal to the grooves. This could be interpreted by
either the function of surface roughness or the function of the surface energy
of the solid substrate. The below table 4.3 is a summary of the contact angles
obtained taken from a front and side viewpoint.
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A
B

Figure 4.9 A) Water contact angle side (A) and front (B) view. B) 2 µl droplet
of liquid on PEEK patterned perpendicular and parallel.
Material

Average contact angle ± SD (°)

PEEK

86.1⁰ ± 1°

PEEK Patterned

88.3⁰ ± 4.6°

GL/PEEK

84.2⁰ ± 0.9°

GL/PEEK Patterned 83.5⁰ ± 8°
Table 4.3 Average contact angle data obtained for PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned using HPLC gradient grade water
Material

Side Viewpoint Angle ± SD Front
(°)

PEEK Patterned

Viewpoint

Angle ± SD (°)

85.5 ± 1.86°

91.02 ± 4.3°

GL/PEEK Patterned 77.9 ± 6.44°

89 ± 4.9°

Table 4.4 Contact angle data obtained from side and front viewpoint on
PEEK patterned and GL/PEEK patterned topography using HPLC gradient
grade water
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As expected the water contact angle of PEEK planar (Table 4.2) is above 80°
due to the low-energy and hydrophobic nature of the polymer, PEEK
demonstrated an average contact angle of 86.1⁰ ± 1° SD which is consistent
with literature (Nair et al. 2015, 471-485; Novotna et al. 2015, 41428-41436).
An average of all images was obtained identifying GL/PEEK patterned to
display the lowest contact angle at 83.5⁰ ± 8° SD. This was unexpected as the
addition of grooves has found to increase the water contact angle, not to
reduce it (Bracco and Holst 2013; Zhong, Jacobi and Georgiadis 2013, 629641). PEEK observed an average contact angle at 86.1⁰ ± 1° SD and PEEK
patterned expressed a slightly higher contact angle at 88.3⁰ ± 4.6° SD.
GL/PEEK (84.2⁰ ± 8° SD) and GL/PEEK patterned (83.5⁰ ± 8° SD)
demonstrated lower contact angled in comparison to pristine PEEK substrates.
This was probable as glass fibres demonstrate great hydrophilic wettability
attributes advantageous in the medical field (Abdulmajeed et al. 2011, 1-11).

To review a one-way ANOVA with multiple comparison tests was carried out
on all average water contact angles for PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned. No significant difference was found between the WCA
and all PEEK based materials. A slight variation in the average contact angles
can be observed in figure 4.10 and table 4.3, however nothing with
significance. A one-way ANOVA was performed between the contact angle
side and front views for PEEK patterned and GL/PEEK patterned. A significant
difference was established between the front and side contact WCA for
GL/PEEK patterned as displayed in figure 4.10. However, all contact angles
are beneath 90°. Therefore, all materials are still deemed to be hydrophilic.
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Average Contact Angle
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PEEK

PEEK Patterned

GL/PEEK

GL/PEEK
Patterned

Material

Figure 4.10 Contact angle data of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned using HPLC gradient grade water
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Contact Angle (Side View)
GL/PEEK Patterned

Figure 4.11 Contact angle data of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned using HPLC gradient grade water
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The wetting behaviour of the polymer samples have dramatically changed in
comparison to PEEK planar (the control), but no clear pattern can be identified.
Figure 4.12 observes the droplets after 5 seconds on PEEK and GL/PEEK and
figure 4.13 identifies the WCA on PEEK patterned and GL/PEEK patterned
from a side view and front view. PEEK patterned and GL/PEEK patterned
observe a highly elongated droplet from the side in comparison front view. This
is a result of manipulation from the patterned substrates to elongate the contact
droplet through the grooved pattern topography which can be observed in
figure 4.9 (Gui et al. 2018). The elongated droplet suggests there to be a
greater attraction between the liquid and the PEEK patterned surface in
comparison to the other surfaces. Menzies and Jones, 2010 suggest the
greater the attraction between a liquid and a solid, results in a lower interfacial
tension which can be identified through the more spreading of the liquid over
the surface of the solid (Menzies and Jones 2010, 1)

To summarise all four PEEK based substrates regardless of surface
modifications are deemed hydrophilic due to the contact angles being lower
than 90°.
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PEEK

GL/PEEK

Figure 4.12 Contact angle images of PEEK and PEEK Glass composite
GL/PEEK Patterned

Side view

Front view

PEEK Patterned

Figure 4.13 Contact angle images of PEEK patterned and GL/PEEK from a
front and side view
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4.4.5 Surface Energy Characterisation of PEEK based materials
The surface energy of all materials was calculated using Fowkes two
component theory with water contact angle measurements. Fowkes theory is
based on a two-component theory of a dispersive component and polar
component. Details of Fowkes theory can be found in chapter 3. Below is a
summary of all the equations used;
•

Surface energy (ys),

•

The dispersive component (yd),

•

The polar component (ysd)

•

The interfacial tension between the solid and liquid (ysL).

The surface energy obtained for PEEK was consistent with literature at 30.75
± 4.58 mN/m (Ha, 1997). An exemplar calculation for Fowkes theory can be
observed in chapter 3. The surface energy data is presented in table 4.5.

The results observed GL/PEEK patterned to have the lowest surface energy
from all four materials tested. GL/PEEK patterned observed a surface energy
value of 24.75 ±10.76 mN/m whereas PEEK (30.75 ± 4.58 mN/m), PEEK
patterned (35.94 ± 14.16 mN/m) and GL/PEEK (37.93 ± 8.67 mN/m) all
appeared to be considerably higher. No significant difference has been
observed when making a comparison between all materials.
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𝒚𝒔 𝒅 ± SD

𝒚𝒔 𝒑 ± SD

𝒚𝑺𝑳 ± SD

(mN/m)

(mN/m)

(mN/m)

PEEK

20.76 ± 0.9

27.2 ± 29.8

54.9 ± 15.

PEEK

19.16 ± 3.3

5.51 ± 0.98

37.5 ± 3.32

GL/PEEK

22.07 ± 0.88

6.4 ± 0.2

40.1 ± 0.53

GL/PEEK

23.23 ± 6.95

6.8 ± 2.03

36.87 ± 4.40

Material

Patterned

Patterned

Table 4.5 Mean ± SD (mN/m) of ysd (Dispersive component of surface
energy of solid), ysp (polar component of surface energy of solid) & ysL
(interfacial tension between solid and liquid) of PEEK, PEEK Patterned,
GL/PEEK and GL/PEEK Patterned

Ysd, Ysp and Ysl of PEEK based substrates
80
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mN/m
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Dispersive component of the
surface energy of solid (YsD)
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surface energy of solid (YsP)
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Interfacial tension between
solid & liquid (YsL)
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GL/PEEK
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Material

Figure 4.14 Mean ± SD of ysd (Dispersive component of surface energy of
solid), ysp (polar component of surface energy of solid) & ysL (interfacial
tension between solid and liquid) of PEEK, PEEK Patterned, GL/PEEK and
GL/PEEK Patterned.
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Material

Surface Energy  SD mN/m

PEEK

48.01  28.89

PEEK Patterned

24.36  4.35

GL/PEEK

28.54  1.11

GL/PEEK Patterned

29.73  8.99

Table 4.6 Average Surface energy ± SD (mN/m) of surface energy of PEEK,
PEEK patterned, GL/PEEK and GL/PEEK patterned
Due to the limited surface energy of GL/PEEK patterned it suggests that the
strength of attraction between a molecule and the material will be weaker in
comparison to PEEK, PEEK patterned and GL/PEEK. The greater the
molecular attraction between a material and the molecule results in increased
surface energy. Therefore, a material possessing high surface energy can
assure stronger bonds between a molecule and the material (Gentleman and
Gentleman 2014, 417-429).
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Figure 4.15 Average Surface energy ± SD (mN/m) of surface energy of
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned
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A one-way ANOVA with multiple comparisons was performed establishing no
significant difference between all PEEK based materials. Literature suggests
that by changing the surface energy of a polymer can improve the reactions of
the surrounding tissue to the polymeric implant. Therefore, broadening the
application of a polymer in the medical field where direct bone interaction is
important. Surface energy does differ from wettability but is a fundamental
property associated with chemical bonds at the surface. Bonds at the surface
of an implant come into direct contact with the biological environment of the
human body such as water, ions, proteins and cells. These are all species
which affect the way in which a material interacts within the human body
(Gentleman and Gentleman 2014, 417-429). By studying the impact surface
energy has on the behaviour of osteoblasts enables precise modification of
implants to promote osseo integration within the human body. To develop a
polymer with personalised surfaces to enhance osseointergration paves the
way to an alternative route towards the prevention of aseptic loosening.

Literature has observed many cell culture and animal studies confirming that
higher surface energies have the potential to possess a higher potency to
promote differentiation of osteoblasts, through an increased expression of cell
differentiation and cell activity markers such as alkaline phosphatase (ALP),
osteocalcin (OC) and transglutaminase ll (TG ll) (Lai et al. 2009).

It has also been established that an increased surface energy can enhance
cellular attachment in the early stage of cell response, especially in animal
studies where the hydrophilic rough surface demonstrated a significantly
higher bone to implant contact at two and four weeks of healing in comparison
to the hydrophobic surface featuring the same surface topography (Lai et al.
2009). The findings from Lai (2009) seem to correlate effectively with the
results obtained within this chapter for PEEK patterned, the upcoming chapters
will observe if PEEK patterned will provide similar results to that of Lai (2009)
(Lai et al. 2009).
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4.5 Conclusion
Analysis of micro injection moulded PEEK has enabled exploration of how
each surface modification (grooves and composite) has impacted the
mechanical and physical characteristics of each individual substrate. As
expected, the grooved surface topography has enhanced the surface
roughness of both PEEK and GL/PEEK, the enhancement of surface
roughness has the potential to improve the osseointegration of PEEK in-vivo.
The addition of glass fibres has significantly increased the Young’s modulus
(****) and stiffness (****) of GL/PEEK in comparison to pristine PEEK.
However, the hardness properties of GL/PEEK were reduced in respect to
pure PEEK, but a significant difference was still established (****). The
mechanical tests establish PEEK to have an optimum Young’s modulus similar
to bone, however, it is apparent that GL/PEEK seems to be mechanically fitting
for an orthopaedic application.

The outcomes from the surface wettability examination have demonstrated
that the alteration of the surface of PEEK when presented with grooves and
glass composites has prompted changes in the water contact angle and
surface energy of PEEK however no significant difference has been
established between all four PEEK based materials.

In summary, we have demonstrated the grooved topography and composite
modification of PEEK to have the ability to enhance the surface energy and
roughness of PEEK whilst maintaining a desirable Young’s modulus and
stiffness. Therefore, glass composites and grooved topography have the
potential to be an attractive approach to increasing the bioactivity of PEEK
polymer through enhancing the mechanical properties contrasted to pristine
PEEK. Further research will be conducted to examine if the modifications have
enhanced the bioactivity of the PEEK surfaces.
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Chapter 5
5.0 Cellular response to the surface modifications
of PEEK
5.1 Introduction
Understanding the relationship between cells and biomaterials can forge the
way to evolving tissue engineering. However, many biomaterials such as
metals and ceramics are not suitable as they are unable to completely
facsimile the mechanical properties of bone. As mentioned previously, PEEK
has the chemical resistance, radiolucency and mechanical characteristics
required from a promising implant but, remains categorised as bioinert due to
its limited reactions within surrounding tissues, in turn lowering its potential
applications (Almasi et al. 2016, 1-12).

It is becoming increasingly evident that current orthopaedic biomaterials
typically lack bio-functionality, resulting in micro motion of prosthesis after
implantation thus increasing the risk of revision surgery. It is essential for future
orthopaedic devices to be able to withstand micro motion by being able to
direct cellular behaviour through contact guidance. Contact guidance refers to
the phenomenon for which the orientation of cells are influenced by
geometrical patterns such as nano/micro grooves. Cells seem to be able to
sense the morphological characteristics of their surrounding and consequently
respond by adopting the orientation of topographical stimuli (Karuri 2004,
3153-3164).

Contact guidance on grooved topographies is a well-

documented cellular behaviour as topographical cues have found to be
capable of influencing and modulating cellular behaviour. It is now recognised
that capitalizing on topographical cues, alongside traditional chemical and
biological signalling, is necessary to facilitate the successful integration and
performance of medical implants. Contact guidance is associated with regular
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grooved substrata to drive processes such as the migration of cells using
grooves (Cassidy et al. 2014, 651-660).

Modifications of material composition alongside the surface topography can
advance the characteristics that we heavily desire from an orthopaedic
implant. Other alterations include the development of polymer composite
materials, which in recent years have led to technological advances across a
wide range of applications in modern orthopaedic medicine and prosthetic
devices. Composites are engineered materials made from two or more
constituents, each offering different physical properties that can be combined
synergistically. Composites typically possess a superior strength to weight
characteristic compared to monolithic materials and offer excellent
biocompatibility therefore highly favourable. Fibre reinforced polymer
composites are widely used as they can accomplish both a low elastic modulus
and high strength.

Modification of a material through composites and surface topography has
found to control the ability of cellular adhesion, reduce bacterial adhesion, and
enhance biocompatibility. Therefore, providing the opportunity to enhance the
stabilisation

of

an

orthopaedic

implant

through

maximization

of

osseointegration.

5.2 Aims and Objectives
This chapter aims to investigate the cellular response to the physical
modifications of PEEK through cell viability assay and imaging. The cell
viability assay will provide accuracy of the percentage of alive cells. Whereas
the stained cellular images identify the cellular morphology and orientation
through staining of the nuclei and actin filament. This information will
distinguish the ideal PEEK modification in response to MG-63 Osteosarcoma
cells.
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5.3 Materials and Methods
Prior to cell culture PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned
were washed with 70% ethanol in an ultrasonic bath to remove residuals and
debris as well as contaminants. All substrates were stored at room
temperature in 70 vol% ethanol and left under a UV light for 24 hours prior to
use. All cells used for this experiment were frozen prior to use, the protocol for
defrosting the cells can be found in chapter 3.
MG-63 cells were routinely cultured at a density of 0.1 x 106 cells on each
substrate in a 12-well plate with cell incubation performed at 37°C in a
humidified environment. HaCaT cells were routinely cultured and 105 HaCaT
cells were seeded in each well plate. The cells were incubated for 24 and 48
hours. Cells were then fixated using paraformaldehyde if the substrates were
to be stained to view the actin filaments and nuclei. If the substrates were to
be viewed using the SEM the cells were fixated using Glutaraldehyde.

Cell viability assay was conducted for substrates cultured with MG-63 cells to
identify the percentage of viable cells after 24 and 72 hours using a cell
proliferation kit and microplate absorbance spectrophotometer.

Substrates that were stained to view the F-Actin filaments and nuclei of the
cells were analysed using ImageJ to measure the length and orientation of the
cells.

For statistical analysis the below comparisons were made using a one-way
ANOVA to identify a difference between each group tested and followed by a
post Hoc Bonferroni test to confirm where the differences occurred between
each group. Statistical tests were performed such that a p value of < 0.05 was
considered as indicating a significant difference.
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All values are listed as means with their standard deviation (mean ± SD);
•

Cellular orientation of MG-63 cells on all four PEEK based materials.

•

Cellular orientation of HaCaT cells on all four PEEK based materials.

•

Cell length of MG-63 cells on all four PEEK based materials

•

Cell length of HaCaT cells on all four PEEK based materials

•

Percentage of viable MG-63 cells on all four PEEK based materials

•

Percentage of viable MG-63 cells on all four PEEK based materials

5.4 Results and Discussion
5.4.1 Observation of cellular morphology and the variations between MG-63
and HaCaT cells
To investigate the cellular behaviour of the prepared samples, qualitative and
quantitative studies were performed. The fluorescence microscopy was
employed to examine the cytoskeletal organisation and cell morphology of the
MG-63 and HaCaT cell seeded samples. All four PEEK substrates were tested
to observe the influence of micro topography on the adhesion and spreading
of MG-63 osteosarcoma cells and HaCaT keratinocyte cells. The f-actin stain
(green) shows the actin microfilaments and relays information in regard to the
cellular morphology. The cell nuclei were stained with DAPI (blue) to identify
viable cells. Both cell types were stained to understand if a variation between
the spread of cells could be viewed. Groove patterned topographies are
recognised to dictate cellular responses such as orientation, migration, and
activation. The grooved topography has found cells to align, elongate and
migrate parallel to the grooves. This anisotropic behaviour can enhance the
settlement of cells on the surface or be used to direct tissue generation at the
interface of a biomaterial (Lenhert et al. 2005, 563-570; Chen et al. 2014,
63807-63816).

The fluorescence images of MG-63 and HaCaT cells after 24 hours is shown
in figure 5.1. After 24 hours the MG-63 cells have demonstrated a tendency to
spread on all four PEEK based surfaces however, the minimal cellular spread
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of HaCaT cells can be detected for pristine PEEK. This is expected as PEEK
does not promote cellular adhesion. PEEK patterned shows the spreading of
both MG-63 cells and HaCaT cells both with a tendency to show a well spread
morphology, cellular alignment, and enhanced attachment as both MG-63 and
HaCaT observe an increased cell length. Unfortunately, the HaCaT cell
behaviour between PEEK and PEEK patterned substrates shows PEEK to
have minimal cellular adhesion. However, a variation of cellular morphology of
MG-63 cells between the planar and patterned surface is visually identifiable.
MG-63 cells cultured on planar PEEK appear to have a globular spread
morphology unlike MG-63 cells on the PEEK patterned surface which
observes an elongated cell length and parallel alignment along the groove
direction with many cells organised in a similar orientation. Without any
extracellular cues, osteoblasts in-vitro are known to migrate in at random in a
non-directional manner. However, when cultured on a substrate with a micro
grooved topographical pattern, the osteoblasts have demonstrated to migrate
in a directional manner and following the parallel orientation of micro-grooves
therefore supporting the current findings in Figure 5.1 and Figure 5.2 (Nikkhah
et al. 2012, 5230-5246)
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MG-63 cells

HaCaT cells
PEEK

PEEK Patterned

GL/PEEK

GL/PEEK Patterned

Figure 5.1 The immunofluorescence images of PEEK, PEEK patterned,
GL/PEEK and GL/PEEK patterned of cell attachment after 24 hours of MG63 and HaCaT cell seeding to demonstrate the extension of the cells. The
white arrow indicates the alignment of the grooves
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Figure 5.2 The SEM images of PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned of cell attachment after 24 hours of MG-63 cell seeding
to demonstrate the extension of the cells on the samples.
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Quantitative analysis identifies the spread of degrees at which the MG-63 and
HaCaT cells were orientated towards. The orientation of micro topography is
known to strongly influence the cell morphology. This is highly important in the
regulation of focal adhesion and holds significant importance as demonstrated
by Biggs (2017). Biggs (2017) found Nano topographies to strongly influence
the patterns of adhesion formation in osteoblasts. Static in-vitro cell adhesion
is portrayed within three stages which are attachment, flattening and
spreading. The cellular spreading is accompanied with the organization of the
actin skeleton, resulting in stronger adhesion with the increasing length of a
cell. Therefore, whichever topographical surface can initiate an elongated
cellular morphology will be beneficial for use of an orthopedic implant (Biggs,
Richards and Dalby 2010, 619-633; Lamers et al. 2010, 3307-3316; Li et al.
2013, 453-460; O'Brien 2011, 88-95; Wang et al. 2016).

The grooved surfaces for PEEK and GL/PEEK patterned were parallel to each
other in a singular direction. The orientation of the grooves was not varied.
Figure 5.1 and figure 5.2 identify the cellular orientation on the grooved
topography to be predominantly in one direction. Cells and organisms appear
to be approximately symmetrical, providing the faultless shape such as basal
cells which has radial symmetry. However, cells that are live and are used for
metabolism, cell division and migration are not perfectly symmetric as the
symmetry is broken due to the movement of the cell (Van Haastert, KeizerGunnink and Kortholt 2018). Figure 5.3 and Figure 5.4 are graphs that show
HaCaT and MG-63 cells align more between an orientation of 39-20⁰ on PEEK
patterned compared to the other substrates. There is no even distribution of
HaCaT cells on both the patterned and un-patterned surfaces. The orientation
of MG-63 cells cultured on the flat topography is more dispersed in comparison
to HaCaT cells cultured on a patterned topography. Figure 5.1 and 5.2
identifies the elongation of both cells and demonstrated that the cells have
aligned parallel to the grooves and neither cell type has aligned linearly to the
grooved topography.
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Figure 5.3 Graphical representation of the orientation of HaCaT cells
cultured on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after
24 hours
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Figure 5.4 Graphical representation of the orientation of MG-63 cells cultured
on PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned after 24 hours

The HaCaT cells cultured on PEEK patterned observe a similar behaviour to
that of MG-63 cells. Which is that both cells appear to attach and spread in a
similar direction with an elongated actin filament. A significant difference can
be identified between the cell length of MG-63 on a PEEK planar surface and
PEEK patterned and GL/PEEK patterned surface (≤0.05). The findings
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demonstrate the grooved topography to exert cues capable of influencing and
modulating cellular behaviour by documenting the formation of strong focal
adhesion and arrangement of the cytoskeleton. Grooved substrata are
associated with contact guidance and driving processes such as migration and
are used to investigate the effects of focal adhesion. As the spread of cells
increase, tension is placed on the actin stress fibres anchored at focal
adhesion plaques and results in the elongation of the adhered cells (Cassidy
et al. 2014, 651-660). This may interpret that both cell types tend to develop a
firm hold on the grooved PEEK surfaces due to the difference in topography.
This difference in topography achieves better cellular attachment and
alignment, which is consistent with literature (Chen et al. 2014, 63807-63816;
Khan and Newaz 2010, 1209-1224; Lenhert et al. 2005, 563-570; Li et al. 2013,
453-460; Martínez et al. 2009, 126-135).

Similarly, the behaviour of MG-63 and HaCaT cells on GL/PEEK and GL/PEEK
patterned displayed a higher cell length on the patterned surface compared to
the planar surface. A significant difference between GL/PEEK and GL/PEEK
patterned for HaCaT cells is identifiable.

Cellular alignment and elongation are apparent on the grooved patterned
surfaces in comparison to the planar surfaces and minimal alignment can be
observed for the planar surfaces.

In this study, quantitative analysis of cellular morphology (MG-63 and HaCaT)
was performed to numerically identify the cellular response to the surface
topography. Figure 5.5 and Table 5.1 identify the cellular length of both MG63 and HaCaT cells for all PEEK-based materials. The surface of planar PEEK
was scanned multiple times but only two HaCaT cells were identifiable. When
comparing the cell length of HaCaT and MG-63 cells on planar PEEK they are
relatively close together. Nevertheless, there is a clear identification of a trend
observing MG-63 cells to demonstrate an elongated cellular spread in
comparison to that of HaCaT cells. It is also identifiable that the grooved
topography has resulted in enhancing the cellular length for both MG-63 cells
and HaCaT cells. This further support topography to be a modulator of
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important cellular activities as groove width is a key parameter in affecting
cellular alignment and can guide cells along a particular direction. Many
researchers have found the influence of microscale grooves to increase
osteoblasts function by increasing cellular extension, improving cellular
adhesion

enhancing

osteogenic

differentiation

and

enabling

greater

proliferation (Li et al. 2013, 453-460).
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Figure 5.5 Graphical representation of the comparison of cell length (µm)
between MG-63 Cells and HaCaT cells after cell culture for 24 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned
Material

Cell Length MG-63 Cells ± Cell Length HaCaT cells ±
SD (µm)

SD (µm)

PEEK

47.89 ± 3.03

48.5 ± 3.25

PEEK

55.94 ± 2.60

49.15 ± 4.48

GL/PEEK

59.35 ± 1.29

34.1 ± 1.6

GL/PEEK

59.22 ± 12.11

49.2 ± 3.15

Patterned

Patterned
Table 5.1 Comparison of cell length (µm) between MG-63 Cells and HaCaT
cells after cell culture for 24 hours on PEEK, PEEK patterned, GL/PEEK and
GL/PEEK patterned
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5.4.2 Cell Viability using MTT assay for MG-63 cells on all PEEK substrates
Cellular viability was identified to determine if material modifications of PEEK
had impacted the quantity of viable MG-63 osteosarcoma cells per substrate.
Cellular viability assay was performed after 24 hours, as the initial contact
between cells and the biomaterial is crucial. The preliminary interaction of the
surface of an implant coming into direct contact with the biological environment
of the human body affects the governance of the material (Gentleman and
Gentleman 2014, 417-429). By observing the cellular viability at such an early
stage provides insight to the cellular adhesive and viability response in return
determining the performance of the biomaterial. If there is no sufficient
attachment and viability within the first 24 hours the latter can be expected.
Cellular viability after 72 hours was also examined to observe if cells remained
viable and if there was an increase in the percentage of viable cells. The cell
viability of MG-63 cells after 24 hours and 72 hours can be observed in figure
5.6.

This study demonstrates that through modifying the physical characteristics of
pristine PEEK a material can dominate the cellular viability of MG-63 cells. The
composite of PEEK and glass fibres have demonstrated a profound impact on
cell viability. Pristine PEEK is acknowledged as a material which does not
engage within the cellular environment in comparison to glass which is
recognised for being biologically active. This finding of glass to enhance the
biocompatibility of PEEK is consistent with literature, further validating the
presented finding (Ma and Tang 2014, 5426-5445). However, cellular viability
of PEEK patterned is the most noteworthy, as it observes a staggering 98% ±
3.6% SD cell viability which is impressive when compared to GL/PEEK (68%
± 10.6% SD) and GL/PEEK patterned (63% ± 19.7% SD). PEEK patterned
also observed a significant difference between the cell viability after 24 hours
with planar PEEK (≤0.05) and after 72 hours (≤0.05).

Thus, concluding modifications of PEEK to have a profound impact on the
cellular viability of MG-63 Osteosarcoma cells. Therefore, providing insight into
alternative modifications to enhance the bioactivity of PEEK.
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Cellular Viabillity of MG-63 Osteosarcoma cells
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Figure 5.6 Cellular viability of MG-63 cells after 24 hours and 72 hours on
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned
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5.5 Conclusion
This chapter reports MG-63 and HaCaT cells cultured on the substrates to
observe varying alignment and elongation due to the geometry of the surface
topography alongside the composition of glass fibres and PEEK. Nano
topography significantly influenced the cellular length of both MG-63 and
HaCaT cells. Regarding orientation, the patterned surfaces observed both cell
types to align parallel to the grooves in comparison to the smooth surfaces.

Surface topography is a powerful mechanism to alter a structure to enhance
the responsiveness from cells. The outcomes from the MTT assay reconfirm
PEEK to not be biologically active in comparison to the modified substrates,
however, PEEK patterned observed an incredible percentage of viable cells in
comparison to GL/PEEK and GL/PEEK patterned. This was not expected as
glass is commonly known to enhance cellular activity. Nevertheless, all
modifications did prove to be successful as within 24 hours of cell culture all
materials presented enhanced cellular viability in comparison to PEEK.

Surface topography is a feature that systematically alters the pattern and has
become an important tool to initiate the limits of cellular sensing and how to
activate cellular activity. By appropriately selecting the topography, it is
plausible that implants and tissue-engineered devices can be significantly
improved.
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Chapter 6
6.0 Cellular response to the Mechanical and Physical
characteristics of PEEK

6.1 Introduction
Understanding the relationship between cells and biomaterials can help in the
development of “designer” biomaterials and assist in the advancement of
tissue engineering.

Modifications of material composition and topography can further enhance the
mechanical characteristics that we heavily desire from an orthopaedic implant.
Stiffness is a response of the polymeric material, and a composite can alter
this stiffness similar to the way a composite can change the Young’s modulus
and hardness of a material. All three properties can modify the responsiveness
to cells. Irregularities of the surface to a polymeric material through roughness,
has also known to aid cellular growth and tissue repair. By modifying a
combination of mechanical and physical properties of a singular polymer
provides the capacity to develop an appropriate polymeric orthopaedic implant.

A composite material can influence the mechanical and physical characteristic
of a biomaterial. Surface modifications have found to affect the roughness of
a polymeric material. The alteration of surface roughness can directly impact
the wettability properties of a material. The wettability of a surface is a property
that has been increasingly investigated when trying to understand the
relationship between polymers and cellular response as it can assist in
overcoming issues surrounding PEEK.

Gentleman and Gentleman (2014) suggested that by changing the surface
energy of a polymer you can improve the reactions of the surrounding tissue
to the polymeric implant. In doing so it could broaden the application of the
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polymer within the medical field where direct bone interaction is important.
Surface energy does differ from wettability but is a fundamental property
associated with chemical bonds at the surface. Bonds at the surface of an
implant come into direct contact with the biological environment of the human
body such as water, ions, proteins and cells, all species which affect the way
in which a material will react to an implant (Gentleman and Gentleman 2014,
417-429).

Hence, why surface chemistry has drawn a lot of interest from researchers. By
studying the impact surface energy has on the behaviour of osteoblasts can
enable precise modifications of implants to promote osseointegration within
the human body, this could possibly develop a method to limit aseptic
loosening.

Literature has observed many cell culture and animal studies confirming higher
surface energies to have the potential to possess a higher potency to promote
differentiation of osteoblasts. This has occured through an increased
expression of cellular differentiation and cell activity markers such as alkaline
phosphatase (ALP), osteocalcin (OC) and transglutaminase ll (TG ll). It has
also been established that a high surface energy can increase cellular
attachment in the early stage of cell response. This is common in animal
studies where a hydrophilic rough surface has demonstrated significantly
higher bone to implant contact at two and four weeks of healing in comparison
to a hydrophobic surface with the same topography (Lai et al. 2009; Hong et
al. 2018, 514-523).

6.2 Aims and Objectives
The aim of this study was to analyse and identify a difference in the response
of MG-63 cells to the mechanical and physical characteristics of all PEEK
based substrates.
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The past two chapters have identified the mechanical characteristics, surface
wettability and surface energy properties alongside the cellular response to the
material in relation to cellular morphology and viability. This chapter aims to
identify a correlation between how MG-63 osteosarcoma cells react to the
surface wettability, surface energy, stiffness and surface roughness of all four
PEEK based materials.

6.3 Methodology
6.3.1 Material Preparation
PEEK, PEEK patterned, GL/PEEK and GL/PEEK patterned were washed with
70% ethanol in an ultrasonic bath to remove residuals and debris as well as
contaminants. All substrates were stored at room temperature in 70 vol%
ethanol and left under a UV light for 24 hours prior to use.
6.3.2 Cell Culture
Cell culture work was performed in a laminar flow hood under appropriate
aseptic conditions. MG-63 Cells were cultured in the DMEM and incubated at
37°C in a humidified atmosphere prior to use. The cell culture process follows
the one as discussed in chapter 3 and chapter 5.
6.3.3 Imaging Preparations
6.3.3.1 Immunohistochemistry using Rhodamine Phalloidin and DAPI
To visualize the nucleus and the actin cytoskeleton Rhodamine Phalloidin and
DAPI were used to stain the cells on the PEEK based materials.

6.3.3.2 Sample preparation for Scanning Electron Microscopy
Samples which were going to be imaged used the SEM were dehydrated and
gold coated before they were observed and analysed using the SEM
instrument (TM3000-Hitachi).
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6.3.4 Substrate Imaging
6.3.4.1 Confocal Laser Microscopy CLM
Confocal Laser Microscopy (CLM) was used to view substrates after staining
with Rhodamine Phalloidin and DAPI.
6.3.5 Cell Viability
Cell proliferation kit (Sigma-Aldrich) is an MTT based colorimetric assay which
is used to spectrophotometrically quantify the number of viable cells per
substrate. The presented results are an average of the triplicate wells obtained
for each condition. Further information about the MTT assay protocol can be
found in chapter 3 and chapter 5.

6.3.6 Analysis
Comparisons between the data obtained from the mechanical and physical
testing with the cell behaviour studies of all four PEEK based materials is
investigated within this chapter. No statistical significance comparisons have
been made as the two values are of different numerical units.

The below comparisons have been identified and all values are listed as
means with their standard deviation (mean ± SD);
•

The comparison between different surface stiffness values of all four PEEK
based materials with the cell length and percentage of viable MG-63 cells

•

The comparison between different surface roughness values of all four
PEEK based materials with the cell length and percentage of viable MG63 cells

•

The comparison between different surface water contact values of all four
PEEK based materials with the percentage of viable MG-63 cells

•

The comparison between different surface energy values of all four PEEK
based materials with the percentage of viable MG-63 cells
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6.4 Results
The cellular interaction with a substrate is governed by the physical and
mechanical characteristics at the surface, this includes roughness, stiffness
and most importantly the wettability and surface energy of a biomaterial.
Changes of surface topography can influence properties such as the wetting
and surface energy characteristics of the biomaterial as observed in chapter
3. Material and topographical modification can affect the way in which cells
respond to the biomaterial as well as influencing the materials mechanical and
physical characteristics.
6.4.1 The relationship between substrate stiffness and cell length
The measure of how soft or stiff a material surface is the measure of surface
stiffness. Many studies have reported increased surface stiffness to correlate
with enhanced cellular attachment, proliferation and differentiation because of
the mechanical forces exerted on anchorage dependent cells as demonstrated
in figure 6.2. Many cells require successful adhesion to ensure survival, this is
referred to as anchorage dependant. For cells to successfully adhere is
through specific anchorage points, defined as focal adhesions. As a cell
adheres to the substrate through focal adhesion, the cell will pull on the
substrate via its actin-myosin cytoskeleton, the cell will sense resistance and
respond to this resistance through the cytoskeleton. It has been identified that
cells cultured on stiffer substrates have a stiffer and more organised
cytoskeleton with stable focal adhesion as a stiffer matrix can provide more
resistance in comparison to a softer matrix (Chang and Wang 2011; Park et
al. 2010, 230-236; Wang et al. 2014, 20140684; Wells 2008, 1394-1400).

Nano indentation of PEEK and GL/PEEK was performed at 400 indentation
points to identify which substrate had the stiffer surface. The results
demonstrated the contact stiffness of GL/PEEK to have the highest modulus
value of 68.41 µN/nm, in comparison to PEEK displaying 44 µN/nm, therefore
establishing GL/PEEK to be the stiffer surface. To identify if the stiffness has
an impact on cellular adhesion and focal contact of cells the cell length of MG134

63 cells was measure once cultured for 24 hours and imaged using the CLSM
after immunohistochemistry staining using Rhodamine Phalloidin and DAPI.
Measurement of the cell length is a means of identifying how strong the focal
adhesion is between the substrate and cell. The longer the length of cell
equates to stronger focal adhesion. Figure 6.2 is a schematic drawing of how
the cellular morphology responds to substrate stiffness and the cellular
response (Khalili and Ahmad 2015, 18149-18184). The cell length was
measured using ImageJ with images obtained from CLSM. The length of a cell
was measured by calculating the distance between two points that were the
furthest away from each other. The length of 121 cells was measured for PEEK
and 96 cells for GL/PEEK. The results established are in table 5.1 which
identifies GL/PEEK to have a longer cell length (59.35µm ± 1.29µm SD) in
comparison to that of PEEK (47.89µm ± 3.03µm SD). When identifying a
correlation between substrate stiffness and the strength of cellular adhesion
from the identifiable results it seems that the substrate stiffness has enhanced
the cell-substrate contact of MG-63 cells. GL/PEEK demonstrated a higher
stiffness alongside the highest cell length, this is supported by literature
suggesting substrate stiffness to promote cellular adhesion (Alves et al. 2010,
2911; Chang and Wang 2011; Chen et al. 2014, 63807-63816; Park et al.
2010, 230-236; Wang et al. 2014, 20140684; Wells 2008, 1394-1400.

These findings demonstrate stiffness to exert a substantial amount of force
onto the cells to increase the cellular length. Figure 5.2 identifies the cellular
morphology of the MG-63 cells on PEEK and GL/PEEK and a clear difference
between the cellular spread on both surfaces is visible. An MTT colorimetric
assay was used to identify the cellular viability of MG-63 cells after 24 hours
on PEEK and GL/PEEK. The results represented an increasing percentage of
viable cells on GL/PEEK (68.00% ± 10.59% SD) compared to PEEK (12.25
µm ± 0.32 µm SD), further affirming the substrate stiffness to be a key factor
in the promotion of cellular adhesion.

Observing the stiffness of PEEK and GL/PEEK along with the cell length and
cellular viability can lead you to believe that there is a positive correlation
between the stiffness of the material and the cell length and percentage of
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viable cells. This is consistent with literature as it has been identified that with
an increase in substrate stiffness cells usually exhibit enhanced cell adhesion
which is apparent in the presented research (Yang et al. 2019). Be that as it
may the effect of glass fibres on the surface of the materials should not be
disregarded as a factor in increasing the cellular viability and the cell length.
As in-vitro studies on the use of glass has found to promote adhesion,
proliferation and differentiation of osteoblasts (A. Axrap. 2016. 4677- 4681)
Further investigation is required to understand which factor plays greater
importance in benefiting cellular interactions.
Material

Stiffness ± SD Cell Length Cellular viability
(µN/nm)

± SD (µm)

± SD (%)

PEEK

44.22 ± 1.58

47.89 ± 3.03 12.25 ± 0.32

GL/PEEK

68.41 ± 11.94

59.35 ± 1.29 68.01 ± 10.59

Table 6.1 Material stiffness (µN/nm) of PEEK and GL/PEEK, cell viability (%)
and cell length (µm) of MG-63 cells cultured and immunohistochemistry
stained using Rhodamine Phalloidin and DAPI after 24 hours

Figure 6.1 The effects of matric mechanics on cellular behavior. Schematic
of the general changes of cellular behavior from soft matrices to stiff matrices
(Wells 2008, 1394-1400)
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PEEK

GL/PEEK

Figure 6.2 Cellular morphology of MG-63 after 24 hours on PEEK and
GL/PEEK. The stiffer matrix of GL/PEEK observes an increase in cellular
spreading compared to PEEK.
6.4.2 The relationship between substrate roughness and cell viability and
morphology
Variation of surface roughness of the PEEK based materials is a direct
response to the composite and grooved topography. Surface roughness is a
factor that is widely recognised to modify biological responses from tissues
such

as

cellular

attachment,

proliferation

and

differentiation

when

(Bružauskaitė et al. 2015, 355-369; Chang and Wang 2011; Chen et al. 2014,
63807-63816; Wang et al. 2014, 20140684). Cellular morphology has found to
be affected by the surface roughness of biomaterials as identified by Chen
(2014) who found osteoblasts to show a spread and flattened morphology on
smooth surfaces and an elongated morphology on rougher surfaces (Chen et
al. 2014).

The surface roughness was assessed using AFM microscopy in contact mode
over all four PEEK based substrates. Table 6.2 identifies the grooved
topography to significantly enhance the surface roughness of both PEEK
patterned (150.8nm±15.2nm SD) and GL/PEEK patterned (202nm±12.7nm
SD) in comparison to the planar surfaces of PEEK (7.5nm±0.9nm SD) and
GL/PEEK (8.7nm±1.2nm SD). Surface roughness has found to modify the
responsiveness of cells in the surrounding environment, so it was expected for
GL/PEEK patterned to have substantially increased cellular viability as it had
the highest surface roughness. Table 6.2 represents the surface roughness of
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all four PEEK based materials with the cellular viability after 24 and 72 hours
with neither identifying a pattern. The only correlation what can be identified is
that the two patterned surfaces (PEEK patterned, and GL/PEEK patterned)
have the highest surface roughness and after 72 hours they express the
highest percentage of viable cells. As the data presented cannot determine a
direct correlation of surface roughness affecting the cellular viability other
alternative should be considered.

Surface roughness is recognised to interrupt the wettability of materials which
can lead to localized alterations of surface chemistry and restricting protein
exchange. Factors as such could also impact the cellular response to PEEK
based materials and possibly identify a correlation (Lord, Foss and
Besenbacher 2010, 66-78).

Material

Surface

Cell

Viability Cell Viability Cell Length ±

roughness ± 24 hours ± SD 72 hours ± SD (µm)
SD (nm)

(%)

SD (%)

PEEK

7.5 ± 0.9

12.25 ± 0.3

60.61 ± 36.84 47.89 ± 3.03

PEEK

150.8 ± 15.2

98.1 ± 3.55

91.78 ± 25.8

GL/PEEK

8.7 ± 1.2

68.01 ± 10.6

49.32 ± 20.96 59.35 ± 1.29

GL/PEEK

202 ± 12.7

62.56 ± 19.74

64.38 ± 12.22 59.22 ± 12.11

55.94 ± 2.60

Patterned

Patterned

Table 6.2 Surface roughness (nm) of all PEEK based materials in
comparison to the cellular viability (%) and cell length (µm).
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Roughness is a factor that has been recognized to enhance the production of
biological mediators, regulate cellular behaviors, enhance biocompability and
osseointegration. Research has found a positive correlation between the
surface roughness of a material and the attachment of cells. Rough surfaces
can offer more binding sites of adhesive protein, which is an essential
prerequisite for cell adhesion. The presented research cannot determine a
conclusive correlation between the surface roughness and cellular viability
however when observing cellular viability of PEEK and PEEK patterned it can
be seen that the cell viability percentage is much higher for the rougher surface
at both 24 hours and 72 hour intervals, the same cannot be said for the
GL/PEEK based materials. Nevertheless, research has identified that it is not
solely the surface roughness that will impact the behaviour of cells as it is a
combination of certain features of implant surface chemistry at the implant
interface which promote cellular activity (Feller et al., 2015; Wei et al., 2015).
6.4.3 The influence of contact angle on cellular viability of all PEEK based
materials
The wettability of a surface determines the hydrophobicity of a material; this
refers to if a material is hydrophobic or hydrophilic. If a contact angle is below
90º it is hydrophilic and if above 90º it is hydrophobic (Kim et al. 2007, 609622). The variation in hydrophobicity can impact the interaction of the
biomaterial with cells. Literature suggests hydrophilic surfaces to enhance
cellular adhesion and proliferation in comparison to hydrophobic surfaces
(Akkan et al. 2014, 1633-1639; Lai et al. 2009). Hydrophobicity was calculated
using a goniometer to disperse 2 µl droplets of HPLC gradient grade water,
the results determined PEEK patterned (88.3º ± 4.6º SD) to be the most
hydrophobic in comparison to the remaining PEEK substrates. However,
PEEK patterned is still deemed hydrophilic as it is below 90º. With this being
the case, it is expected for PEEK patterned to express minimal cellular viability
in comparison to PEEK (86.1⁰ ± 1º SD), GL/PEEK (84.2⁰ ± 0.9º SD) and
GL/PEEK patterned (83.5⁰ ± 8º SD).

PEEK patterned observed to have the highest cellular viability percentage after
24 hours and the second after 72 hours. The grooved topography and surface
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roughness could be the preliminary factor of the enhanced cellular viability as
it has been long known that rougher surfaces through nano grooves can
promote cellular adhesion (Hamilton et al. 2008, 2551-2561). Therefore, a
reasonable argument can be made that it is not as simple as a water contact
angle to impact the behaviour of the cells cultured on the material, but other
factors can be held accountable for the enhanced cellular adhesion.

From these findings PEEK patterned (88.3º ± 4.6º SD) appears to be a suitable
substrate as it has a hydrophilic surface as the contact angle is below 90º with
an enhanced concentration of viable cells. This is fitting as hydrophilic surfaces
of an orthopaedic implant demonstrate to increase cellular adhesion,
proliferation and bone-to-implant contact (Lai et al. 2009)

Table 6.3 displays the contact angles for all PEEK based materials alongside
the cellular viability of MG-63 cells after 24 and 72 hours to identify the
response of cellular viability to the contact angle of the PEEK based materials.
No correlation between contact angles and cellular viability could be observed.
The substrate with the highest contact angle (PEEK patterned) observed the
upmost cellular viability after 24 hours (98.1º ± 3.55º SD) and 72 hours (91.78º
± 25.8º SD). It should be noted that it is not as simple as saying a specific
contact angle such as the ‘magic number’ will have an impact on cellular
behaviour, mechanical and other physical properties can also exert ques to
interact with receptors at the cell surface determining the behaviour of cells
(Wells 2008, 1394-1400).

140

Material

Contact Angle Cell Viability 24 Cell

Viability

± SD (º)

hours ± SD (%)

hours ± SD (%)

PEEK

86.1⁰ ± 1

12.25º ± 0.3

60.61º ± 36.84

PEEK Patterned

88.3⁰ ± 4.6

98.1º ± 3.55

91.78º ± 25.8

GL/PEEK

84.2⁰ ± 0.9

68.01º ± 10.6

49.32º ± 20.96

GL/PEEK

83.5⁰ ± 8

62.56º ± 19.74

64.38º ± 12.22

72

Patterned

Table 6.3 Contact angle (º) data of all PEEK based materials in comparison
to the cellular viability (%).

6.4.4 The influence of surface energy on cellular viability of all PEEK based
materials
Surface energy is the measurement of the increase in energy created at the
surface of the material by the type and number of dangling bonds present.
Within a biological system the chemical bonds at the surface of the material
interact with species such as water, ions, sugars, proteins and cells
(Gentleman and Gentleman 2014, 417-429). When the surface energy is
increased there are reports of cellular attachment and spreading to also
increase, this is due to an elevated interaction of the biomaterial within the
biological system. Surface energy is such a fundamental material property to
investigate as it can ultimately determine the biomaterials performance. The
surface energy was calculated by using the contact angle measurements
obtained with the goniometer and Fowkes two component theory.

Polymers are considered to have low-energy surfaces due to their hydrophobic
nature to which cells poorly adhere to the surface. Modifications of surface
topography and composites are a way to utilize polymers for orthopedic
implants. Table 6.4 identifies how the surface modifications of PEEK have not
only affected the surface energy but also impacted the cellular viability of MG63 osteosarcoma cells. It is expected that a high surface energy can be
assumed to enhance cellular adhesion due to its wettability by binding more
cells directly onto the surface (Lai et al. 2009).
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When referring to the materials purely based on their physical modifications, a
variation in surface energy is identifiable. When comparing PEEK to PEEK
patterned there is a 50% increase in surface energy. Albeit an enhanced
surface energy is present for PEEK however the cellular viability of MG-63
cells is not responsive of the surface energy as identified in table 6.4.

Whilst aiming to classify a pattern between cellular viability and surface energy
it can be stated that the initial contact between the biomaterial and MG-63 cells
are more responsive to materials with a lower surface energy.

Nevertheless, it is also noteworthy to identify PEEK patterned to have a
substantial number of viable cells after 72 hours in comparison to GL/PEEK
which has a higher surface energy. This affirms there to be an alternative factor
to be affecting the cellular viability other than the surface energy.

Material

Surface Energy  Cell Viability 24 Cell Viability 72 hour 
SD (mN/m)

hour  SD (%)

SD (%)

PEEK

48.01  28.8

12.25 ± 0.3

60.61 ± 36.84

PEEK

24.36  4.3

98.1 ± 3.55

91.78 ± 25.8

GL/PEEK

28.54  1.1

68.01 ± 10.6

49.32 ± 20.96

GL/PEEK

29.73  8.9

62.56 ± 19.7

64.38 ± 12.22

Patterned

Patterned

Table 6.4 Surface energy (mN/m) data of all PEEK based materials in
comparison to the cellular viability (%) after 24 hours and 72 hours

6.5 Discussion
The use of nano grooves and bio-glass composites have shown to be an
effective method in enhancing the mechanical and physical characteristics of
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PEEK but to also reverse the poor cellular adhesion and proliferation as seen
on bare PEEK. PEEK is widely recognised as a material suitable for
orthopaedic uses however, it is unable to fulfil the biological requirements
required from a polymer biomaterial. The experiments conducted to identify
the stiffness, roughness and surface wettability traits all show the properties of
PEEK to enhance through surface topography and composite modifications.
The results have demonstrated that the modifications have had mechanical
benefits to pristine PEEK, but also shown to be a viable method for generating
a substantial number of cells on the surface of the materials. This raises the
question of what is the correlation between mechanical and physical
characteristics with cellular behaviour.

Therefore, this chapter aimed to

investigate if the surface stiffness, roughness, contact angle and surface
energy have a direct correlation on the cellular behaviour of MG-63 cells.

The results indicated the addition of glass fibres into the PEEK matrix had
enhanced the stiffness, this in return increased the viability and length of MG63 cell as a response to the resistance of the surface. This can be identified in
chapter 4.4 as the cytoskeleton arrangement through staining of the actin
filaments observe an elongated cellular morphology on GL/PEEK substrates
in comparison to PEEK. This was expected as literature suggests stable focal
adhesion and organised cytoskeleton structure between cells and a
biomaterial occurs on a stiffer substrate (Alves et al. 2010, 2911; Chang and
Wang 2011; Chen et al. 2014, 63807-63816; Park et al. 2010, 230-236; Wells
2008, 1394-1400). Analysis of the surface stiffness demonstrated a correlation
between a mechanical property and cellular behaviour of PEEK and GL/PEEK.

Unfortunately, the berkovich indenter tip was unable to successfully indent the
grooved surface topography therefore, surface stiffness was not calculated for
PEEK patterned and GL/PEEK patterned.

Following this the relationship between surface roughness and cellular
behaviour was investigated as research has raised awareness of surface
roughness affecting the viability and length of cells (Chang and Wang 2011;
Chen et al. 2014; Bružauskaitė et al. 2015, 355-369). Assessing the surface
143

roughness was possible for all four PEEK based materials, the AFM showed
the grooved topography to substantially increase the roughness of the
materials. The enhanced roughness did not affect cellular viability after 24
hours however, an increase in cellular viability after 72 hours was apparent.
The results led to believe that the surface roughness did not have an impact
on initial cell-surface interaction. However, after 72 hours cells capitalise on
the surface roughness leading to stronger focal adhesion between the cells
and the rougher topographies, this can be identified through the elongation of
cells in figure 6.3. Nevertheless, surface roughness also directly impacts
another characteristic of a biomaterial which is the wettability and surface
energy. This led to the analysis of the wettability characteristics of all PEEK
based materials to observe how the roughness affects not the wettability but
also how the wettability effects cellular behaviour.

Neither of the water contact angles reported were between the range
recommended by Gentleman and Gentleman (2014) as the lowest average
WCA was GL/PEEK patterned at 83.5⁰±8⁰ SD and the highest was PEEK
patterned at 88.3⁰±4.6⁰ SD.

Following on from obtaining WCA the surface energy was calculated using
Fowkes two equation theory, this theory was used as it is widely used within
the industry and can be applied using various liquid (Żenkiewicz 2007, 14-19)
surface energy of PEEK was consistent with literature at 48.01 mN/m ± 28
mN/m SD (Ha et al. 1997, 293-299) affirming the method and surface energy
theory utilized for this test system is practical consequently supporting the
accompanying outcomes. Higher implant surface energy has been assumed
to enhance cellular adhesion due to its wettability by binding more cells directly
to the surface. The composition of the material itself may also affect cellular
attachment and the effect of surface energy on this adherent process. Material
surface with different chemical composition or structure can have different
hydrophilicity or hydrophobicity properties. Such variations can impact the
interactions of the biomaterial with cells and thereby affect cellular adhesion
and proliferation.

144

Surface energy is a difficult property to asses as the reproducibility depends
on the surface, the method of drop application, and how long after application
the measurement is made, even the effect of gravity has been found to affect
a very small droplet volume such as 5L. Research has found that on most
surfaces the contact angle will vary more than 20 or more (Calvimontes 2017).
This applies to not only planar surfaces but is more visible on patterned
surfaces due to the surface geometry. Because of this the contact angle
measurements were taken numerous times and the angle was recorded from
two different perspectives (front and horizontal). This was done to minimize
any potential errors in the data presented in this thesis.
Linking surface energy with cell viability is a common correlation to be
identified in published papers. The reason behind this is that it has been
observed that the cell attachment rate and cell spreading has been found to
be higher on substrates with a water contact angle below 60◦ and cellular
attachment dramatically decreases for higher angles. However, contradictory
observations have been identified by Kennedy who found the rate of
proliferation to be linearly dependent on surface energy and increased with
increasing hydrophobicity. The information presented here leads to believe
that a change in surface chemistry has significant effect with respect to cell
function. However, the change that is reflected is dependent on factors such
as cell type, material used and topographical modification (Anselme, Ploux and
Ponche 2010, 831-852).

From the current data presented no correlation between the surface energy
and cell viability can be observed. PEEK patterned displayed the highest
cellular viability but has the lowest surface energy.

As previously mentioned, the initial goal of understanding the wettability traits
was to observe a correlation between the surface roughness, water contact
angle and surface energy and how these traits affect cellular behaviour
through viability testing and measurement of cell length. The results identify
the expected from PEEK, as PEEK was the control with no modifications
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presented to have a limited surface roughness with reduced cell viability and
an inhibited cellular length. This was expected as pristine PEEK is known to
not promote cellular activity. The preliminary focus of this research was to
enhance the bioactivity of the PEEK substrates through surface modifications
but also retain the mechanical characteristics required from a material for
orthopaedic purposes. Increased surface roughness is known to increase the
contact angle which reduces the surface energy, as demonstrated for PEEK
patterned. However, limited surface energy is known to reduce cellular affinity
but increasing surface roughness is known to enhance cellular activity. The
results identify the incorporation of the patterned topography onto PEEK has
enhanced the roughness and as a result of this modification there is a
substantial number of viable cells on the surface of the material in comparison
to that of PEEK.

6.6 Conclusion
Overall, the results show that the modifications of PEEK to retain
comprehensive mechanical and physical characteristics without having a
detrimental effect on cellular activity. It remains unclear as to which mechanical
and physical characteristic is effective for a beneficial cellular response. The
glass composite has demonstrated to be an effective modification to increase
the focal adhesion contact between a biomaterial and the cell as a significant
difference was established between the cell length of MG-63 cells (*) and
HaCaT (***) cells between PEEK and GL/PEEK patterned. The addition of
glass into the matrix of PEEK has also enhanced the surface stiffness of a
material. The grooved topography has shown to increase the cellular viability
of MG-63 cells and to also support cellular viability on a hydrophobic surface.
The final finding from this study confirms PEEK grooved topography to
prominently

enhance

cellular

viability

and

a

combination

mechanotransduction forces resulted in the enhanced viability.
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Chapter 7
7.0 Electrospun Poly Caprolactone (PCL) Scaffolds
7.1 Introduction
Scaffolds are a temporary matrix used for designing regenerative therapies for
critical functions such as wound dressing, skin substitutes, bone grafts, and
organ replacement. An ideal scaffold must have adequate cell attachment,
biodegradability properties and ensure cell survival with minimal immune
response after implantation. As medicine advances, we have become more
reliant on implantable devices to replace damaged/diseased tissue or organs
which increase the risk of implant-associated infections (Johnson and García
2014, 515-528).

Ploy caprolactone (PCL) is a well-known biodegradable polyester commonly
utilised as a scaffold for tissue engineering applications due to its
biocompatibility,

biodegradability,

structural

stability

and

mechanical

properties. However, PCL presents low bioactivity and surface energy
resulting in limited cellular affinity and small tissue regeneration rates.
Kennedy et al recognised micro porosity of the scaffold structure to reportedly
alter the hydrophobicity of the scaffold surface. This resulted in a hydrophobic
surface which enhanced cell proliferation as a result of increasing fibronectin
adsorption. Therefore, protein adsorption is one of the main means for surface
energy to affect cellular functions and it is of great importance to obtain the
desired surface properties through effectively controlling porosity of bone
tissue engineering scaffolds (Barbarisi et al. 2014, 1755-1760; Patrício et al.
2013, 110-114; Zhang et al. 2018, 115-124).

Bacterial infection is a predicament issue for orthopaedic implants and the
resistance to bacteria may increase the risk of implant failure, hospitalisation
and mortality of the patient. A common occurrence of bacterial colonisation
and biofilm on the surface of an implanted device has been detected in which
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acute and chronic infection is developed of the underlying bone. A method to
minimise the risk of infection is utilisation of antimicrobial agents within the
scaffold matrix. However, excessive use of antibiotics in high doses to cure
infections can lead to drug resistance, local toxicity and could compromised
the growth of bone and osseointegration (Goodman et al. 2013, 3174-3183).
Testing cellular behaviour to scaffold matrixes with varied antimicrobial agent
concentration provides insight into how the material will react within the host.

Many metallic nanoparticles have antimicrobial properties such as Copper,
Zinc and Silver which demonstrate varied effectiveness in the resistance of
bacterial attachment. However, this is varied dependent on the strain. Silver is
an antibacterial agent that can be used in many forms such as ionic, metallic
and colloidal and shown to be significantly effective against bacteria in
comparison to other metals, especially in the form of a composite (Saravanan
et al. 2011, 188-193).

Triclosan is an antimicrobial agent routinely used within many personal care
products with the ability to provide antibacterial action. Triclosan is recognised
to slow the rate of bacteria growth however, the antibacterial effect decreases
over a prolonged period of time (Kalyon and Olgun 2001, 124-125).
Incorporating two different antimicrobial agents within the scaffold polymer
could be an effective way to tackle the rising risk of infection. A combination of
materials and anti-bacterial additives have found to alter the mechanical
construct of tissue engineered scaffolds. Modification of a scaffold can enable
enhancement of the desired surface properties required through the
incorporation of anti-infection characteristics to maximise cellular attachment,
proliferation and differentiation as well as antimicrobial activity (Ghosal et al.
2016, Morouço et al. 2016, 1-10; 72-81; Saravanan et al. 2011, 188-193).

7.2 Aims and objectives
This presented study aims to investigate how the combination of PCL and
silver with various concentrations of triclosan can impact the pore size of a
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scaffold in order to produce a less hydrophobic construct with appropriate
mechanical properties and anti-infection characteristics.

PCL based materials as scaffolds for bone tissue engineering are preferred
due to its suitability for modifications and tailor ability. This study will examine
the fibre diameter of all PCL based scaffolds and how the varied antimicrobial
agent concentration affects the pore dimension of the scaffolds. Scaffolds
require an interconnected pore structure to ensure cellular penetration and
adequate diffusion of nutrients to cells within the construct. For effective cell to
cell interaction within a scaffold the pore size should be large enough to ensure
cellular nutrition (Bružauskaitė et al. 2015, 355-369). A good understanding of
the surface energy and wettability of all PCL scaffolds will be identified. This is
required as surface energy is a fundamental material property affecting protein
adsorption, with the ability to dictate cell response to the biomaterial (Bitar and
Zakhem 2014; Kennedy et al. 2006, 3817-3824; Patrício et al. 2013, 110-114).
Following this cellular viability of MG-63 osteosarcoma cells will be explored to
distinguish what extent pore size and surface energy play on the application of
PCL to be suitable for tissue engineering.

7.3 Materials and methods
7.3.1 Poly-ε-caprolactone (PCL)
PCL is a biodegradable aliphatic polyester that is commercially available and
approved by the Food and Drug Administration (FDA) for use in humans and
vastly studied for tissue engineering applications.
7.3.2 Triclosan
Triclosan (2, 4, 4’-trichloro-2’-hydroxydiphenyl ether) is a broad-spectrum
antimicrobial agent, regularly used in various personal care products.
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7.3.3 Silver
Silver nanoparticles are a new generation of antimicrobials particularly
effective against antibiotic-resistant bacterial strains (Gao et al., 2017).
7.3.4 Electrospinning
Electrospinning is the process of a dissolved polymer ejected though a nozzle
by electrostatic attraction, generating ultrafine fibres onto a grounded metal
collector. Electrospun PCL scaffolds were developed with 1wt%, 3wt%, and
5wt% addition of triclosan and PCL incorporated with 1wt% silver and a
concentration of 1wt%, 3wt%, and 5wt% triclosan.

7.3.5 SEM imaging
To analyse PCL scaffolds for pore size analysis all samples were observed
using the TM3000-Hitachi scanning electron microscope.
7.3.6 Pore Size
The pore size of all PCL scaffolds was observed using SEM images obtained
using the TM3000-Hitachi and assessed with ImageJ software. The process
of identifying pore size is explained in chapter 3.
7.3.7 Wettability Characterization
Each PCL scaffold was sterilised under a UV lamp for 24 hours to ensure
experimental procedures were performed under clean conditions. Static
contact angle measurements with HPLC gradient grade water were performed
at room temperature with an AST Goniometer VCA Optima. This multiple fluid
dispensing system allows for programmed deposition of known volume
droplets of chosen fluid, which is preloaded into the dispensing syringe
mechanism. The system (ImageJ; Fiji plug in) automatically takes a profile
image after 5 seconds of the 2 µl droplet of chosen fluid and fits the droplet
shape measurement of the left and right contact angle. Small droplets of 2 µl
were used to minimize the effect of gravity on the measurements.
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Surface energy was measured using Fowkes theory as this is it the most
commonly used method in industry and has proven to be suitable due to its
simple and inexpensive method. The calculations for fowkes theory can be
found in chapter 3.
7.3.8 Cell Culture
Cell culture work was performed in a laminar flow hood under appropriate
aseptic conditions using MG-63 Osteosarcoma cells.

Cells were split in a ratio of 1 to 4 into a fresh a T75 cell culture flask or
seeded 0.1 x 104 MG-63 Osteosarcoma cells were cultured on each substrate
in a 96-well plate to be used for experiments as advised by Thermo Fisher and
ATTC. Cell incubation was always performed at 37°C in a humidified
environment.

7.3.9 Scanning Electron Microscopy
To prepare samples for SEM imaging, each PEEK sample cultured with 0.1 x
106 MG-63 cells. Samples were washed with HBSS and fixed with 2.5%
glutaraldehyde (pH 7.2-7.4) for 24 hours. Dehydration was performed by
soaking in a series of aqueous ethanol solutions at increasing concentrations
(30% - 50% - 70% - 90% - 100% - 100% v/v); keeping 20 minutes in each
grade. Samples were placed on a stub and put into the IB-2 ion coater for gold
coating. Once all PCL based scaffolds were coated in a gold layer, samples
were observed using an SEM microscope (by TM3000-Hitachi) and analysed.
7.3.10 Cell Viability
Cell proliferation kit (Sigma-Aldrich) is an MTT based colorimetric assay was
used to identify the percentage of viable cells on all PCL based scaffolds. The
protocol for this is further explained in chapter 3.

151

7.3.11 Statistical analysis
The mean values of the pore size contact angle and surface energy of all PCL
based scaffolds are explained below along with their standard deviation.

For statistical analysis the below comparisons were made using a one-way
ANOVA to identify a difference between each group tested and followed by a
post Hoc Bonferroni test to confirm where the differences occurred between
each group. Statistical tests were performed such that a p value of < 0.05 was
considered as indicating a significant difference.

All values are listed as means with their standard deviation (mean ± SD);
•

Cellular viability of MG-63 cells with all PCL based scaffolds after 24 hours

•

Cellular viability of MG-63 cells with all PCL based scaffolds after 72 hours

There is also an observational discussion on the comparison between cellular
viability of MG-63 cells and the contact angle of PCL based scaffolds.

7.4 Results and discussion
7.4.1 Pore size
Analysis of the pore size of all PCL scaffolds has been evaluated from images
obtained using the scanning electron microscopy (SEM). SEM imaging
enables clear observations of all PCL based scaffold fibres to observe if the
fibres haven’t accumulated densely as this is a major problem of
electrospinning. The accumulation of dense fibres result in small pore size as
the pore sizes are highly dependent on the fibre diameter (Guo et al. 2017,
162-169).

The SEM images in figure 7.3 were analysed using ImageJ software to
establish the fibre diameter and pore size. This was used to provide
information in regard to how the addition of triclosan and silver can alter the
fibre diameter to result in variations of the pore size for each PCL scaffold.
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Figure 7.1 The fibre diameter (µm) of all PCL scaffolds
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Figure 7.2 The pore size (µm) of all PCL scaffolds
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Figure 7. 3 Large SEM images of all PCL based substrate at x500
magnification, and the smaller image is of the same sample at a x2500
magnification
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Material

Fibre diameter ± SD (µm)

Pore Size ± SD (µm)

PCL

32.92 ± 3.4

40.99 ± 4.05

PCL

1% 62.7 ± 1.00

84.4 ± 0.43

3% 98.7 ± 4.44

78.5 ± 3.25

Triclosan
PCL
Triclosan
PCL 5% Ticlosan 83.6 ± 12.15

80.7 ± 1.74

PCL 1% Silver

59.5 ± 11.90

78.6 ± 2.41

PCL 1% Silver 58.8 ± 1.525

82.5 ± 2.95

1% Triclosan
PCL 1% Silver 95.6 ± 7.76

77.5 ± 0.23

3% Triclosan
PCL 1% Silver 73.7 ± 15.9

86.1 ± 0.02

5% Triclosan

Table 7.1 Table of all fibre diameter (µm) and pore size (µm) data with the
standard deviation of all PCL based materials
Fibre diameter and pore size data of all PCL scaffolds identified in table 7.1
show the addition of triclosan and silver to affect the fibre diameter therefore,
impacting the pore size. Electrospun fibres can be easily loaded with pharma
logically active agents by adding the drug to the polymer solution prior to
electrospinning. The results demonstrated that triclosan a well-known
antimicrobial drug, had caused an increase in fibre diameter for all triclosan
loaded materials. However, PCL scaffolds with the addition of Triclosan at a
3% concentration for both PCL and PCL 1% silver observed the uncommon.
PCL scaffolds loaded with 3% Triclosan observed the highest average fibre
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diameter however, unlike the other PCL based scaffolds the pore diameter
wasn’t enhanced. This is quite the contrary to the other PCL based scaffolds
as the data obtained observes the pore size of the scaffold to be higher than
the fibre diameter. Nevertheless, the average pore size of the 3% Triclosan
loaded scaffolds didn’t drastically deviate away from the average of the
remaining modified PCL samples.

The pore size is critical when identifying a suitable scaffold as it can determine
the application of the scaffold. The functions of implanted cells are highly
dependent on the scaffold pore size as it plays an essential role in nutrient and
oxygen diffusion and waste removal.

The pore size also has a role in

influencing the behaviour of cellular activity as dissimilar pore sizes influence
different cellular process, research identifies macro pores to play an integral
role in cell seeding, distribution and migration (Bružauskaitė et al. 2015, 355369). However, the range of pore diameters have been known to play a crucial
role in determining the behaviour of cells towards the scaffold. It has been
identified that pore sizes ranging from 100 to 300 µm are favourable for cellular
growth whereas pore size between 80 to 200 µm are suitable for cellular
attachment, proliferation and aggregation. Each cell will have a varied
response to the material however from the results obtained and current
literature the presented scaffolds observe a suitable pore size for the
attachment and proliferation of cells for the use of tissue engineering. It should
also be noted for the successful application of scaffolds in regenerative
medicine a complex investigation between the pore size and cell-typedependent processes is required alongside individual experimentation of
surface properties.
7.4.2 Wettability
Surface energy analysis of all PCL scaffolds has been calculated using
Fowkes Theory which is a two-component model for solid surface energy
mathematically equivalent to Owen/Wendt theory but with a slight difference
in philosophy. Fowkes theory is based on three fundamental equations
describing interactions between solid surfaces and liquids.
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The surface energy of all PCL scaffolds were calculated by obtaining the
contact angle for each material. The contact angle determines the hydrophobic
and hydrophilic properties of each scaffold, a significant difference between
the contact angle of all PCL scaffolds was identified (p=<0.0001). As expected
with PCL the surface energy properties were extremely low with a high
hydrophobicity, therefore concluding the addition of anti-microbial agent
Triclosan and silver to not affect the surface energy in a manner which would
have been beneficial. It would have been beneficial for the surface energy to
increase as past studies have demonstrated this characteristic to allow for
more cellular attachment, increase the rate of proliferation and increase the
secretion of ECM proteins, all factors that are beneficial for tissue regeneration
(Bitar and Zakhem 2014).The data presented in figure 7.4 does observe PCL
with the addition of 1% Triclosan to have the lowest contact angle therefore
deemed the most hydrophilic form all scaffolds but it is still within the
hydrophobic range. In summation the addition of Triclosan and Silver resulted
in a minimal change of wettability and surface energy characteristic in
comparison to PCL.
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Figure 7.4 Contact angle of all PCL based materials
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Figure 7.5 Surface energy of all PCL based materials

7.4.3 Cellular viability
Following the pore size evaluation and surface property quantification the
cellular viability was examined to observe if any of the identified characteristics
had impacted the cellular viability of MG-63 Osteosarcoma cells. Cellular
viability assay determines the number of living cells based on a cell loaded
scaffold, the viability assay was assessed after 24 hours and 72 hours to
identify if the scaffolds enhanced cellular proliferation.

Figure 7.6 observes the cellular viability of each sample after 24 and 72 hours.
After 24 hour of cell culture PCL with 3% triclosan observed an increasing
cellular viability compared to the remaining PCL samples. Following 72-hour
cell culture cell viability had enhanced for PCL 1% Silver with 1% triclosan
(49.3%) following PCL 3% Triclosan (48.5%).
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Figure 7.6 The percentage of viable MG-63 cells on all PCL based scaffolds
after 24- and 72-hour cell culture
Cellular viability was further assed as a comparison between pore size, contact
angle and surface energy. This was to identify if either one of the three
characteristics had any form of influence on the cellular viability. The data
obtained acknowledged no direct correlation between either mechanical
characteristic or the cellular viability.

The comparison between the cellular viability and contact angle of all PCL
scaffold showed slight variations between the cellular viability between 24 and
72 hours. However, no pattern can be identified between the viability of MG63 cells and the contact angle of the material.

The comparison between cellular viability and pore size of all PCL scaffold was
investigated to distinguish a correlation. However, no correlation was
identified, the pore size of the PCL scaffolds did not seem to affect the viability
of MG-63 cells.
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Figure 7.7 SEM images of all PCL based scaffold at a x500 magnification
after 24-hours cell culture of MG-63 cells. The smaller images are a larger
magnification upto x2.5K of the same sample.
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7.5 Conclusion
PCL has been used to create electro spun scaffolds with the addition of antibacterial drug Triclosan and silver due to its anti-infectious properties. It was
found that the addition of Triclosan had enhanced the fibre diameter and pore
size of all Triclosan loaded scaffolds. A correlation between both Triclosan and
silver influencing the surface energy of the PCL scaffolds could not be attained
as no direct correlation was observed.

Cellular viability assay provided insight to cellular response to the anti-infection
properties embedded within the PCL scaffolds. A variation between additives
can be established as cellular viability was distinguishable between all
scaffolds however the addition of 5% Triclosan was the least responsive in
terms of cellular viability unlike 1% and 3% Triclosan.

The addition of silver did alter the physical aspect of the scaffolds; however
cellular viability was limited when examining the silver-based scaffolds.
The data obtained observes the addition of anti-microbial agents and materials
to alter the mechanical properties of PCL scaffolds, however the alterations do
not seem to benefit the cellular viability. Further investigation into the
manipulation of the surface characteristics of PCL with 1% and 3% Triclosan
loaded scaffolds would be admirable to attain as this could enhance cellular
viability to result in a suitable scaffold for tissue regeneration.
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Chapter 8
8.0 Final Discussion of thesis
8.1 Final Discussion
Thanks to the continuing excellence of microfabrication at the University of
Bradford, my colleagues (Ben, Maria, Karthik and Thameena) were able to
supply copies of all PEEK based substrates. So, producing highly ordered
micro features on PEEK and a GL/PEEK composite was not something which
I had to accomplish. My challenge was to identify the mechanical constraints
of each substrate alongside investigating the sensitivity of osteoblast-like cells
on nanoscale grooved structures and PEEK glass composites to cell
spreading, elongation and alignment and orientation of actin filaments and cell
nuclei. Overall the results identified the modifications to heavily affect
mechanical, physical and cellular behaviour. This may provide information
regarding the response of osteoblasts to nano-grooves and benefit bone tissue
engineering and surface design of orthopaedic implants. Likewise, the PCL
scaffolds were fabricated using electrospinning by Mortezar at the University
of Bradford to investigate what extent the scaffold structure and wettability
characteristics have on cellular viability.

The below table summarise the results obtained with the statistical differences
that have been found for PEEK. The findings will be discussed further in the
chapter.
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Experiment

Statistical Analysis

Statistically significant
results
Surface roughness PEEK vs PEEK patterned
****
GL/PEEK vs GL/PEEK
****
patterned
Youngs Modulus
PEEK vs GL/PEEK
****
Stiffness
PEEK vs GL/PEEK
****
Hardness
PEEK vs GL/PEEK
****
Contact angle
GL/PEEK patterned (side
**
view) vs GL/PEEK
patterned (front view)
Cell length (HaCaT)
PEEK vs GL/PEEK
***
PEEK patterned vs
***
GL/PEEK
GL/PEEK vs GL/PEEK
***
patterned
Cell length (MG-63)
PEEK vs GL/PEEK
*
patterned
Cell viability (MG-63) PEEK vs PEEK patterned
***
24 hours
PEEK vs GL/PEEK
**
PEEK vs GL/PEEK
*
patterned
PCL 3% Triclosan vs PCL
*
1% silver 3% Triclosan
PCL 3% Triclosan vs PCL
**
1% silver 5% Triclosan
Cell viability (MG-63) PEEK vs PEEK patterned
****
72 hours
PEEK patterned vs
****
GL/PEEK patterned
Table 8.1 Summary of significant difference found following experimentation
of PEEK

8.1.1. Identification that the addition of glass fibres into the PEEK polymer
matrix maintained the mechanical properties at a level of significance.
The aim of nano-indentation analysis of the micro injection moulded polymeric
substrates is to ensure the mechanical characteristics are suitable to be
utilised for an orthopaedic implant. Therefore, investigation of the mechanical
properties of the polymer material is paramount. In this study nano-indentation
technique enabled the study of material hardness, stiffness and modulus of
the PEEK and GL/PEEK samples. The output from the reduced modulus,
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hardness and stiffness was calculated automatically by the TriboScope
software through analysis of the microscopic regions that are significant in
understanding the mechanical behaviour of the surfaces. The intention behind
this was to establish how the micro injection moulded substrates responded to
forces being applied in tension. As orthopaedic related materials have
mechanical properties that can withstand comparative levels of stress to bone.
PEEK is widely recognised as having a similar Young’s modulus to that of
bone, the nano indentation results determined the Young’s modulus of PEEK
to be 5.26 GPa for the samples produced at the University of Bradford. This
isn’t ideal when the Young’s modulus of bone ranges from 10-30 GPa.
However, this is close in comparison to the currently available biomaterials for
implantation (Titanium is 110 GPa) and could potentially be advantageous in
reducing the chances of stress shielding. GL/PEEK (7 GPa) provided a
promising outcome from Nano-indentation through expression of a Young’s
modulus closer to that of bone in comparison to PEEK, thus suggesting the
incorporation of glass fibres within the PEEK matrix to be beneficial in
improving the mechanical performance.
8.1.2 Understanding the alteration of surface topography and composite
results in a varied surface roughness thus affecting the surface wettability
and surface energy of all PEEK based substrates
The clinical success of an orthopaedic implant is heavily reliant on the
formation of bone tissue at the surface of the implant. The early interactions of
a biomaterial with biological fluids is governed by surface energy of the
material. This dictates the response of water interactions, protein adsorption
and cell attachment (all key factors determining the osseointegration of the
implant). These key reactions play a fundamental role in determining cell
adhesion, differentiation and ultimately tissue formation at the interface.
Surface energy is characterized as the level of attraction or repulsion of a
material surface applied onto another material which can be calculated through
obtaining the wettability of a surface. The wettability is a factor dependent on
surface roughness and observed as a contact angle. I set out to analyse the
surface roughness of all four PEEK based substrates using the AFM and, as
expected, the addition of the grooved topography significantly affected the
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surface roughness. A significant difference of **** was found between PEEK
(7.5nm) and PEEK patterned (150.8nm) and a significant difference of (****)
was found between and GL/PEEK (8.7nm) and GL/PEEK patterned (202nm)
(Lai et al., 2010; Gentleman e Gentleman, 2014).

Following on from this, contact angle measurements for each PEEK based
sample were obtained through droplet analysis utilising a goniometer. This was
performed at room temperature with a range of well characterised liquids to
classify whether the PEEK based substrates had either a hydrophobic (<90°)
or hydrophilic (>90°) surface. The use of a Fiji plug-in on ImageJ software
enable the quantification of the contact angles determining all PEEK based
substrates to be hydrophilic. The data obtained from the goniometer was
further assed to obtain the surface energy using Fowkes which describes the
surface energy of a solid to have two components; a dispersive component
and polar component. The surface energy of PEEK was consistent with
literature at 48.01mN/m (Ha et al. 1997, 293-299) affirming the method and
surface energy theory used for this test system is practical and supports the
data obtained. The results observed PEEK patterned to have the lowest
surface energy from all four materials tested. PEEK patterned observed a
surface energy value of 24.36 mN/m whereas PEEK (48.01 mN/m), GL/PEEK
patterned (29.73 mN/m) and GL/PEEK (28.54 mN/m) all appear to be higher,
however no significant difference was established.

Previous literature has identified PEEK as having a hydrophobic surface,
therefore it is expected to observe amplified contact angles (Poulsson, Eglin
and Geoff Richards, 2019). It was anticipated that the lower the surface
roughness would result in a hydrophilic surface and vice versa, which was
observed between PEEK and PEEK patterned. PEEK planar (the control)
observed a minimal surface roughness but projected the second highest
contact angle (from all four investigated PEEK substrates) whereas the surface
of PEEK patterned expressed the second highest surface roughness and a
higher contact angle than that of PEEK. GL/PEEK and GL/PEEK patterned
were found to be two anomalies when trying to identify a relationship between
the surface roughness and wettability characteristics.
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GL/PEEK demonstrated a higher contact angle in comparison to GL/PEEK
patterned, which wasn’t expected as a GL/PEEK had a substantially lower
surface roughness in comparison to GL/PEEK patterned. This defined
GL/PEEK to be increasingly hydrophobic in comparison to all GL/PEEK
patterned.

In summation, it can be identified that the grooved surface topography has had
a profound impact on the surface roughness of both PEEK and GL/PEEK,
however no trend can be observed between surface roughness and the
contact angle of both PEEK planar and patterned. GL/PEEK has demonstrated
the contrary where it can be established that the surface roughness is within
alignment of the hydrophobicity of the surface. When it comes to
understanding the wetting phenomena of liquids and biological materials with
solid surfaces, it is difficult to establish the factor of interference. Although
surface energy and topography are independent of one another, their
measurements by contact angle are intimately linked (Yong and Zhang 2009,
5045-5053).

8.1.3 Alterations of the PEEK surface both in terms of topography and
addition of glass fibres increased the response of MG-63 cells.
Observing different cellular aspects of the modified material to identify if
promising cellular behaviour was present, as it is required for osseo
integration. The primary interest of this research was to produce a surface that
would encourage strong focal adhesion between cells and PEEK. PEEK is
appropriate for use in direct bone contact orthopaedic implants and if strong
the focal adhesion contact between the cell and biomaterial is apparent this
can result in better osseointegration. To monitor how the presence of surface
topography can alter the cellular morphology and viability, could only be
verified through MTT assay and immunochemistry analysis validating the
viability of cells and the cellular length. Cell length was also observed via the
SEM to identify the orientation of cells relative to the micro patterned grooves.
This was to establish the cell direction and identify if there was a preferred
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orientation. These tests were essential as a contingency strategy as
immunochemistry analysis results can confirm the validity of the MTT assay
experiment and vice versa therefore strengthening the credibility of the results.

PEEK is widely recognised as having excellent material properties but
consistently displaying poor cellular response. Which is why the initial
experimentation for PEEK was to observe the viability of MG-63 cells on each
PEEK based substrate.

This step was taken to identify if any viable cells were present on all four
materials. If no cells were to be present further experimentation into cellular
behaviour would not have been performed, as this experiment would highlight
that the cells were not receptive to the material modifications. However, this
was not the case.

The MTT assay was used to establish the number of viable cells in a
quantitative fashion for each PEEK based substrate, at 24- and 72-hour
intervals. Experiments were conducted in a timely manner to enable
observations of cellular response at critical periods. Initial cellular adhesion is
of high importance as it determines the longevity of the implant, which is why
cellular viability was investigated after 24 hours. The second timing of 72 hours
is explored to ensure viable cells are still present and to witness an increase
in cellular viability from 24 hours. If an increase is detected this suggests the
material modifications have initiated cellular proliferation, furthering the
significance of this research.

As expected after 24 hours PEEK observed the lowest number of viable cells
at 12%. The inclusion of glass fibres into the PEEK polymer matrix appeared
to be a beneficial addition as cellular viability after 24 hours increased the
viability to 68%, which is consistent with research as glass is a biomaterial
widely recognised for its biologically active properties so it was hoped that the
addition of glass fibres would enhance the cellular viability. Grooved surface
topography is widely recognised to assist in manipulation of cell morphology.
It was identified that the grooved topography facilitated cellular viability on the
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PEEK and GL/PEEK substrates. PEEK patterned observed the highest cellular
viability after 24 hours of cell culture at 98% and then GL/PEEK patterned at
63%. What was interesting to observe is the viability after 72 hours, as the
unexpected occurred. Cell viability of PEEK was enhanced and surpassed
GL/PEEK, but the cell viability of the patterned surfaces remained stable. Cell
viability of PEEK patterned was slightly reduced in conjunction with a slight
increase of GL/PEEK patterned but nothing of any significance. However, this
does ensure that the material composition and surface topography have
demonstrated effectiveness in controlling the morphological behaviour of cells
enabling further study of how material and topography modifications modify
cellular behaviour and morphology.

The results also demonstrate that the presence of micro topographical grooves
could influence cellular behaviour through enhancing cellular elongation. The
composite materials effected the cellular length, however this is not as
straightforward as the topography analysis, as many other factors (such as
mechanical and physical) can contribute to the alterations of enhanced cellular
behaviour of composite materials. The MG-63 cells on PEEK surfaces that had
a micro grooved topography (300nm) presented an increased cell length
(55.94 ± 2.60 µm) in comparison to planar PEEK (47.89 µm) (this wasn’t
statistically significant), this was evaluated through immunochemistry analysis
identifying the nuclei (Dapi was used to stain the nuclei to ascertain it was a
cell that was being analysed) and actin filaments (used to assess the spread)
of the MG-63 cells. GL/PEEK and GL/PEEK with a grooved surface
topography were also assessed for the cell length of MG-63 cells and as
expected the cell length was enhanced due to the addition of the grooved
topography (67.7 µm), in comparison to the planar GL/PEEK surface (59.35
µm) and similarly didn’t present a significant difference. However, we do see a
similar trend of cellular morphology between the planar surfaces and grooved
surface topography. This instils confidence into believing that micro
topography has the capability to deliver a strong behavioural stimulus, it is
evident that the presence of micro topography at the PEEK surface can modify
the cellular behaviour of MG-63 osteosarcoma cells beneficial for
osseointegration. Out of curiosity it would be interesting to observe if the same
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behaviour is identified when a different cell line is cultured on the PEEK
substrates, and if the presence of nano topography effects HaCaT cells. Unlike
MG-63 cells a significant difference was established between the cellular
length of GL/PEEK planar (34.1 µm) and GL/PEEK patterned (49.2 µm).
Therefore, once again demonstrating nano topography to be capable of
directing the behaviour of cells cultured on the surface, and that this
topography is much more affective in altering the behaviour compared to the
planar surface. The variation between the responsiveness of MG-63 cells and
HaCaT cells could clearly be observed, especially in reference to GL/PEEK
planar where a significant difference (<0.0001) between both MG-63 and
HaCaT cell length can be identified. It is evident that cells do respond inversely
to topographical cues, but additional parameters require investigation to
determine other contributing factors towards the cause of change of cellular
morphology.
8.1.4 Nano-grooves affected the morphology of both MG-63 and HaCaT cells
regarding length and orientation.
Mammalian cells in-vivo respond to various environmental stimuli modulating
cellular proliferation, movement and differentiation. Surface topography is one
of the stimuli initially recognised by Harrison in 1911. Weiss observed the
phenomenon of the physical and chemical properties of substrata to affect the
alignment, growth and movement of cells in a specific orientation and
described this as contact guidance. This topographical guidance can be an
critical parameter in determining cell morphology and can be proven to be an
effective tool when studying how cells sense and react to topographical cues.
Through the year’s researchers have investigated the behaviour of many types
of cells on surface topographies. This research primarily investigates
benefiting orthopedic devices but the availability of HaCaT cells led to the
investigation of how two different cell types would interact with the PEEK based
materials. Understanding how two different cell types interact with the same
material can extend the scope for the uses of PEEK in the future.
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Previously, morphology of MG-63 cells was investigated due to MG-63 cells
being relatively easy to handle and they exhibit similar proliferation and
differentiation traits to primary human osteoblasts. As MG-63 cells were
responsive to the PEEK based substrates HaCaT cells were also cultured on
all four PEEK based substrates and analysed for their cell length and
orientation to Identify if cellular response to grooved topography is dependent
on cell type.

This study examined the influence of grooved surface topography on the
length of HaCaT and MG-63 cells. Both cells types did observe spreading and
elongation. A variation of cellular length between HaCaT and MG-63 cells
wasn’t apparent on PEEK and PEEK patterned substrates. However, the
contrary was witnessed for GL/PEEK and GL/PEEK patterned substrates.
GL/PEEK observed a cell length of 34.1 µm for HaCaT cells which is
significantly lower than that of MG-63 cells (59.35 µm). A similarity can be seen
between MG-63 and HaCaT cells on the GL/PEEK patterned as MG-63
observed to have enhanced cellular elongation (67.7 µm) in comparison to that
of HaCaT cells (49.2 µm). This comparison identifies the grooved topography
to be highly beneficially for MG-63 cells. However, it can be identified that the
grooved topography of the GL/PEEK substrates has a role in enhancing
cellular elongation in comparison to the GL/PEEK planar, this can be observed
for both MG-63 and HaCaT cells.

HaCaT cells cultured on GL/PEEK planar observed a reduced cell length in
comparison to the HaCaT cells cultured on GL/PEEK patterned showing that
a grooved structure facilitates the expansion of HaCaT cells along the ridges
resulting in a better spread at the early attachment stage (cells were observed
after 24 hours of cell culture) in comparison to the HaCaT cells cultured on the
planar GL/PEEK surface. This further supports the vast array of studies
confirming grooved surfaces to enhance cell spreading and reconfirming MG63 to be highly responsive to nano-grooves.

Just like cellular length the importance of modulating cellular orientation on a
biomaterial is vital as it can influence cellular behaviour such as
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transformation, differentiation and impact the mechanical strength of bone by
affecting mineral deposition. The nanometric grooves of both PEEK patterned
and GL/PEEK patterned observed to effectively align both MG-63 and HaCaT
cells to a specific orientation between 0-29°. From the microscopic images
obtained for both cell types it is apparent that cells on the Nano patterned
surfaces aligned along the grooves whereas cells on the planar surfaces were
randomly orientated.

This comparison shows that cell spreading, and orientation are affected by
surface Nano topography. Cellular elongation is dependent on the cell type
however nanogrooves have the capacity to change cellular orientation
regardless of cell type. MG-63 cells observed to be the most responsive to the
grooves as they appeared to be well orientated and had an enhanced cell
length compared to HaCaT cells. Therefore, MG-63 has the advanced ability
to facilitate the early attachment stage compared to those on the flat surface
in comparison to HaCaT cells who only appeared to demonstrate slight
similarities to the behaviour of MG-63 when cultured on PEEK patterned.
8.1.5 Triclosan laden PCL scaffolds accompanied with varied concentration
of silver alters the wettability characteristics of the scaffold and cellular
viability of MG-63 cells
Scaffolds are a temporary matrix used at a point of implantation for functions
such as cellular attachment, proliferation and differentiation whilst retaining
properties which determine the suitability of the scaffold for its proposed
applications. An ideal scaffold must entail biodegradability properties whilst
also ensuring the rate of cell survival with minimal immune response and antiinfectious properties, the latter being the most important. Various methods are
used to ensure minimal infection at the site of implant however the most
effective way is still under investigation. This research investigated
encompassing PCL scaffold with 1%, 3% and 5% anti-bacterial agent triclosan
and then embedding PCL with 1% silver and 1%, 3% and 5% anti-bacterial
agent triclosan. This is to observe how the addition of antimicrobial agent can
affect the surface energy of the material and cellular viability. Surface energy
as previously mentioned is a common factor in affecting protein adsorption
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which has a knock-on effect on the viability of cells. Surface energy was
calculated through obtaining water contact angles using a goniometer and
using Fowkes theory to establish the surface energy. The addition of both antibacterial properties didn’t appear to affect the hydrophobicity, or the surface
energy of all PCL based scaffolds in a manner which would have been
beneficial for cellular viability as all PCL samples were deemed hydrophobic.
Nevertheless, cellular viability was examined using MTT colour metric assay
at 24hour and 72-hours intervals to identify the initial cell to scaffold response
and then to observe the longevity of cells on each PCL scaffold. Initially
enhanced cellular viability was observed for both PCL 1% and 3% triclosan
however after 72-hour cell culture there was a drastic drop in the cellular
viability. Following on from this PCL 1% Silver with 1% Triclosan was third in
line with the highest cellular viability after 24hours, but unlike PCL1% Triclosan
and PCL 3% Triclosan the cell viability remained constant with a minimal dip
in cell viability after 72 hours (this slight dip in cell viability was still higher than
the cell viability of PCL 1 and 3% triclosan after 72 hours). Therefore,
suggesting PCL 1% Silver and 1% Triclosan to be a scaffold that can be used
long term.
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8.16 Conclusion
Enhancing the survival rate of an implant within the human body is of great
importance. Efficiency such as being cost and time effective are the key drivers
encouraging research to focus on the most successful way to increase the
longevity of an implant and limit the chances of infection. A substantial amount
of research into modifying implants can be observed through the array of
academic

literature

published

on

a

range

of

modifications

from

experimentation with new developing materials, to alterations of the chemical
composition, to modifying surface topography. The ultimate success of a
modified implant is dependent on the clinical effectiveness.

This research used a micro-injection moulding process to produce grooved
topography in a quick and effective manner. Initial costs of micro-injection
moulding are substantial but over time appear to be an investment. However,
to utilise injection moulding for orthopaedic implants or devices would be a
complex process requiring substantial understanding of the design process of
an injection mould. All PEEK based substrates were micro-injection moulded
and a repetitive grooved pattern was identified. PEEK was modified in three
different ways (composite, patterned and a combination of both) the
mechanical properties were expected to change. Nano-indentation, AFM
analysis, wettability and surface energy were explored to identify whether the
addition of glass fibres and grooved topography resulted in desirable
mechanical changes. It was established that the glass fibres had enhanced
the Young’s modulus of pristine PEEK, therefore becoming within a closer
proximity to that of bone unlike PEEK. As expected, the grooved topography
significantly enhanced the surface roughness of PEEK.

PEEK patterned appeared to have the most desirable traits required from an
implant coating, the mechanical characteristics were closely matched to that
of bone. The grooved topography resulted in a hydrophilic surface followed by
desirable responses from cells in respect to cellular viability. The only downfall
of PEEK patterned was that the cell length was lower than that of GL/PEEK,
patterned nevertheless it was still higher than that of pristine PEEK.
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In chapter 4 the groove dimensions were provided for PEEK patterned
(300nm) and GL/PEEK patterned (500nm). The variance of these grooves
hasn’t significantly affected the physical characteristics of the materials as no
significant difference was found between the contact angle, surface energy
and surface roughness between both materials. However, when looking at
groove dimensions and cellular behaviour a minute difference can impact
greatly on cellular behaviour. Factors such as common cell adhesion receptors
which are typically 10nm in diameter and integrin clusters what range from 10200nm are known to respond to variations of groove width. With the variance
being 200nm in groove width for this research it is expected that there will be
some difference in the behaviour of cells. The geometry and the size of
topographical features are known to affect substantially the cell adhesion,
alignment, migration, differentiation and morphology; however, no universal
correlation has been found between the size of the topographical features
(nano-to-micro) and the induced cell responses. The research presented has
identified a larger groove width to increase cell length but a smaller groove
width to increase the number of viable cells. Nevertheless, it is a case by case
basis and promising results are observed in controlling the responses of the
cells using nano grooves and further research will lead to the development of
new materials for directing and controlling cell behaviour (Chung, DeQuach
and Christman, 2010; Ermis, Antmen and Hasirci, 2018).

The findings from the PEEK studies demonstrate the grooved topography to
be effective in directing cellular orientation and contact guidance resulting in
lengthened cells which are advantageous for osseointegration. as the longer
the cell the stronger the focal adhesion between a biomaterial and cell. The
incorporation of glass fibres within the PEEK matrix appears to be
advantageous in respect to the mechanical characteristics, further identifying
composites and grooves to be effective in enhancing cellular response.
Utilising both surface modification and anti-microbial scaffolds has the scope
to become a potential technique in limiting the chances of revision surgery.
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The experiments performed throughout this thesis are repetitive as the
manufacturers protocol was followed for all instruments and cell studies.
Variances between the amount of glass fibres apparent on the surface of the
substrates cannot be controlled using the current technique and further
research is required to understand how to manufacture substrates with the
same amount of glass fibres in a similar orientation on the surface. The
grooves of the substrates are repetitive grooves for PEEK as can be seen in
the AFM image obtained unlike GL/PEEK. Due to the material composition of
GL/PEEK the substrate is prone to shrinkage which causes a reduction in the
groove dimensions which is an uncontrollable factor at this stage. Further
research and development could help to minimise shrinkage or develop a
mould with larger groove dimensions so when the material is produced
shrinkage is accounted for and the groove dimensions to have groove
dimensions are closer to that of PEEK.

Regarding the repeatability of results for the mechanical testing (includes
stiffness, Youngs modulus and hardness) of PEEK it seems that if someone
wishes to repeat these tests, they would obtain similar results due to the small
significant difference, this highlights the repeatability of this testing for PEEK.
As mentioned previously there is no way to guarantee that the results for
GL/PEEK would be the same however for the young’s modulus and hardness
there is a small significant difference the same cannot be said for the stiffness.
Now this could be a factor which is a result of the placement of glass fibres in
the matrix and on the surface of PEEK and would require further investigation.

Moving onto the physical properties of the material (contact angle, surface
energy and roughness) the standard deviations are higher in comparison to
those obtained for the mechanical testing however if the tests were to be
repeated there is a high chance that the values would be within a similar range.
As discussed in chapter 4, when analysing the contact angle data there was a
significant difference between the contact angle value from a parallel view in
comparison to that of a perpendicular view. This should be taken into
consideration when viewing the standard deviations for the contact angle
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measurements, as the contact angle measurements are an average of both
units.

The cell length analysis appears to have low standard deviations for both MG63 and HaCaT cells for most PEEK based material. The only standard
deviation value which appears to be high is that of GL/PEEK patterned. This
may be due to chance however the cell length value is still similar to those
obtained from other samples and does not seem to be out of the ordinary which
is why I have confidence in repetition of the tests to express similar results.

The standard deviations for the cell viability of the MG-63 cells is high for both
24- and 72-hour cell culture. Due to the time constraints of this PhD product
further repetitions of the experiments could not be scheduled. A trend can be
seen for the viability percentage but to minimise the standard deviations further
tests are required and unfortunately this was not time permitting. The cause
for variance could be many factors, when you remove cultured cells to start
the MTT assay in a laminar flow hood there could be a cause for concern about
the sterility of the environment and if any contaminants are present. Everything
was done to minimise potential risk, but it is a possibility. Table 9.1 is a
summary of all the data obtained from experimentation with the PEEK based
samples.
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Material
Experiment

PEEK

PEEK

GL/PEEK

patterned
Groove

GL/PEEK
Patterned

300nm

500nm

dimensions
(nm)
Surface

7.5 ± 9

150.8 ± 15.2

8.7 ± 1.2

20.2 ± 12.7

roughness
(nm)
Stiffness

44 ± 1.6

68.41 ± 11.9

5.259 ± 0.60

7.002 ± 1.85

0.18 ± 0.03

0.14 ± 0.04

(µm/nm)
Youngs
modulus
(Gpa)
Hardness
(Gpa)
Contact

86.1 ± 1

88.3 ± 4.6

84.2 ± 0.9

83.5 ± 8

48.01 ± 28

24.36 ± 4.35

28.5 ± 1.11

29.73 ± 8.99

47.89 ± 3.03

55.94 ± 2.60

59.35 ± 1.29

59.22 ± 12.11

48.2 ± 3.25

49.15 ± 4.48

34.1 ± 1.6

49.2 ± 3.15

12.25 ± 0.3

98.1 ± 3.55

68.01 ± 10.6

62.56 ± 19.74

60.61 ± 36.84

91.78 ± 25.8

49.32 ± 20.96

64.38 ± 12.22

angle (°)
Surface
energy
(mN/m)
Cell length
(MG-63) (µm)
Cell length
(HaCaT)
(µm)
Cell viability
of MG-63
cells after 24
hours (%)
Cell viability
of MG-63
cells after 72
hours (%)

Table 8.1 Summary of results obtained through experimentation using PEEK
based samples
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PCL scaffolds were manufactured using electrospinning which is a simple
process with the possibility of large-scale productions. This makes it an
attractive technique for various applications. PCL was combined with two antimicrobial agents (triclosan and silver) to create a scaffold which can be laden
with cells and provide anti-infectious properties at the site of implantation. This
is to increase cellular proliferation and limit the chance of infection whilst the
body must become accustomed to the implantation of a medical device or
orthopaedic implant. The purpose of the investigations was to establish if cells
can remain viable on the PCL substrates and if the addition of anti-bacterial
agent’s result in cellular apoptosis. The results established varied cellular
viability with 5% Triclosan for both PCL and PCL1% silver to be the least
appropriate as it had a momentous reduction of cell viability in comparison to
all other materials. The addition of 1% and 3% Triclosan to both PCL and PCL
1% silver seemed to identify enough cellular viability. Such findings
demonstrate the application of scaffolds at the site of implantation as it is
apparent that cells have responded positively. However further investigation is
required into the anti-bacterial properties to identify which scaffold would be
the most suitable to limit the rate of infection.

8.17 Future Directions
As can be seen considerable progress has been made in the study between
the relationship of surface topography to mechanical characteristics and
cellular response. This research has important scientific significance to inspire
researchers to regulate the surface topography of materials to enhance the
biocompatibility of materials used for orthopaedic purposes. The presented
literature has demonstrated that cells do respond to topographical cues in
relation to adhesion, proliferation, migration and gene expression.

Currently we do not have enough consistent data for an in-depth analysis at
this point as it cannot be predicted which nano scale feature would be most
effective to generate a desired cellular response and it cannot be assumed
that similar topography on a different cell type would recreate the desired

178

response. However, a key and exciting direction of biomedical engineering
would be to gain a fundamental understanding of how cells will respond to
various structures.

After reviewing and discussing the main results and achievements of this
thesis, the future areas of investigation are;

PEEK
•

Investigate osteoblast differentiation using alkaline phosphatase activity
testing

•

Identify if grooves and glass fibres have on the PEEK based
substrates has any effect on bacterial resistance

•

Look into pillared topography to identify if cellular behaviour is more
advantageous in comparison to grooves and how this affects the
mechanical constraints of PEEK.

•

Skilfully design a small joint orthopaedic implant with the expressed
topography and glass composite to demonstrate the feasibility of the
topography for practical applications.

PCL
•

Identify the cellular response to aligned scaffold to investigate the orientation
of cells.

•

Identify the biodegradability and anti-bacterial properties of PCL based
scaffolds
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Appendix
ATCC MG-63 Protocol

Handling Procedure for Frozen Cells

To ensure the highest level of viability, thaw the vial and initiate the culture as
soon as possible upon receipt. If upon arrival, continued storage of the frozen
culture is necessary, it should be stored in liquid nitrogen vapor phase and not
at -70°C. Storage at -70°C will result in loss of viability.
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Thaw the vial by gentle agitation in a 37°C water bath. To reduce the possibility
of contamination, keep the O-ring and cap out of the water. Thawing should
be rapid (approximately 2 minutes).
Remove the vial from the water bath as soon as the contents are thawed and
decontaminate by dipping in or spraying with 70% ethanol. All the operations
from this point on should be carried out under strict aseptic conditions.
Transfer the vial contents to a centrifuge tube containing 9.0 mL complete
culture medium and spin at approximately 125 x g for 5 to 10 minutes.
Resuspend cell pellet with the recommended complete medium (see the
specific batch information for the culture recommended dilution ratio) and
dispense into a 25 cm2 or a 75 cm2 culture flask. It is important to avoid
excessive alkalinity of the medium during recovery of the cells. It is suggested
that, prior to the addition of the vial contents, the culture vessel containing the
complete growth medium be placed into the incubator for at least 15 minutes
to allow the medium to reach its normal pH (7.0 to 7.6).
Incubate the culture at 37°C in a suitable incubator.

A 5% CO 2 in air

atmosphere is recommended if using the medium described on this product
sheet.

Handling Procedure for Flask Cultures

The flask was seeded with cells (see specific batch information) grown and
completely filled with medium at
™)
Please read this FIRST
Storage Temp.
liquid nitrogen vapor phase
Biosafety Level 1
Intended Use
This product is intended for research use only. It is not intended for any animal
or human therapeutic or diagnostic use.
Complete Growth Medium
The base medium for this cell line is ATCC-formulated
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Eagle's Minimum Essential Medium, Catalog No. 302003. To make the
complete growth medium, add the following components to the base medium:
heatinactivated fetal bovine serum to a final concentration of 10%.
Citation of Strain
If use of this culture results in a scientific publication, it should be cited in that
manuscript in the following manner: MG-63 (ATCC® CRL-1427™)
ATCC to prevent loss of cells during shipping.
Upon receipt visually examine the culture for macroscopic evidence of any
microbial contamination. Using an inverted microscope (preferably equipped
with phase-contrast optics), carefully check for any evidence of microbial
contamination. Also check to determine if the majority of cells are still attached
to the bottom of the flask; during shipping the cultures are sometimes handled
roughly and many of the cells often detach and become suspended in the
culture medium (but are still viable).
If the cells are still attached, aseptically remove all but 5 to 10 mL of the
shipping medium. The shipping medium can be saved for reuse. Incubate the
cells at 37°C in a 5% CO2

in air atmosphere until they are ready to be

subcultured.
If the cells are not attached, aseptically remove the entire contents of the
flask and centrifuge at 125 x g for 5 to 10 minutes. Remove shipping medium
and save. Resuspend the pelleted cells in 10 mL of this medium and add to
25 cm2 flask. Incubate at 37°C in a 5% CO2 in air atmosphere until cells are
ready to be subcultured.
Subculturing Procedure

Volumes are given for a 75 cm2 flask. Increase or decrease the amount of
dissociation medium needed proportionally for culture vessels of other sizes.
Remove and discard culture medium.
Briefly rinse the cell layer with 0.25% (w/v) Trypsin- 0.53 mM EDTA solution to
remove all traces of serum that contains trypsin inhibitor.
Add 2.0 to 3.0 mL of Trypsin-EDTA solution to flask and observe cells under
an inverted microscope until cell layer is dispersed (usually within 5 to 15
minutes).
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Note: To avoid clumping do not agitate the cells by hitting or shaking the flask
while waiting for the cells to detach. Cells that are difficult to detach may be
placed at 37°C to facilitate dispersal.
Add 6.0 to 8.0 mL of complete growth medium and aspirate cells by gently
pipetting.
Add appropriate aliquots of the cell suspension to new culture vessels.
Incubate cultures at 37°C.
Sub cultivation Ratio: A sub cultivation ratio of 1:4 to 1:8 is recommended
Medium Renewal: 2 to 3 times per week
Cryopreservation Medium

Complete culture medium described above supplemented with 5% (v/v)
DMSO. Cell culture tested DMSO is available as ATCC Catalog No. 4-X.
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