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Abstract  

 

Introduction: The survival of dental implants depends on osseointegration. 

Modifications to the implant surface are attractive for promoting the success of the 

implant. Abrading the surface of the implant with bioactive glass is an attractive 

option for improving the speed of osseointegration. 

Aims: To develop a bioactive glass that has the ability to enhance the surface 

roughness of the implant by embedding particles into the surface and to investigate 

the effect of grit blast parameters on the removal of the titanium from the surface. 

 Methods: Three glasses based on SiO2-CaO-Na2O-P2O5-CaF2 were synthesized 

by a melt quench technique. The glasses were characterised and investigated for 

their bioactivity. Titanium discs were abraded with coarse glass particles by using a 

grit blast technique with different parameters, such as, distance, air pressure and 

speed. The depth, width of the abraded line and surface roughness (Ra) were 

measured by light profilometer. The distribution of the glasses on the titanium 

surface was measured by SEM-EDX. The biocompatibility of the abraded discs was 

tested in vitro using MC3T3-E1 cell line. 

Results: All glasses exhibited an amorphous structure with varied bioactivity. 

Changing the abrasion parameters influenced the amount of titanium removed and 

the surface coverage. The harder the glass the lower the amount of titanium 

removed and the wider the width of the abraded area. The Ra was significantly 

increased from 0.1µm to 1.6µm. The SEM-EDX analysis confirmed that the glasses 

were widely distributed and a higher coverage was seen with the harder glass. The 

abraded discs showed good biocompatibility in vitro. 

Conclusions:  The designed compositions were successfully modifying the surface 

of the titanium. They are abrasive enough to significantly embed into the titanium 

surface by using the grit blast technique and increase their surface roughness. The 

glass abraded discs show both good bioactivity and biocompatibility in vitro.  



 Table of Contents 

 

3 | P a g e  

 

Table of Contents 

STATEMENT OF ORIGINALITY ........................................................................................................... 1 

ABSTRACT ........................................................................................................................................ 2 

TABLE OF CONTENTS ........................................................................................................................ 3 

LIST OF FIGURES ............................................................................................................................... 9 

LIST OF TABLES ............................................................................................................................... 24 

LIST OF ABBREVIATIONS ................................................................................................................ 25 

ACKNOWLEDGEMENTS .................................................................................................................. 27 

 INTRODUCTION ..................................................................................................................... 29 1

 INTRODUCTION ....................................................................................................................... 29 1.1

 AIMS AND OBJECTIVES OF THE STUDY .......................................................................................... 31 1.2

 STRUCTURE OF THE THESIS ......................................................................................................... 32 1.3

 LITERATURE REVIEW .............................................................................................................. 33 2

 DENTAL IMPLANTS ................................................................................................................... 33 2.1

2.1.1 Overview ......................................................................................................................... 33 

2.1.2 Biomaterials of dental implants ..................................................................................... 35 

2.1.3 Osseointegration ............................................................................................................ 38 

2.1.4 Definition of Osseointegration ....................................................................................... 39 

2.1.5 Biology of Osseointegration ........................................................................................... 40 

2.1.6 Failure of dental implants ............................................................................................... 43 

2.1.6.1 Factors associated with early failures .................................................................................. 43 

2.1.6.2 Factors associated with late failures .................................................................................... 49 

 GLASS AND BIOACTIVE GLASS...................................................................................................... 50 2.2

2.2.1 Glass definition ............................................................................................................... 50 

2.2.2 Glass structure ................................................................................................................ 52 



 

4 | P a g e  

 

2.2.3 Glass Network Connectivity (NC): ................................................................................... 54 

2.2.4 Bioactive glass: ............................................................................................................... 57 

2.2.5 Role of Fluoride in bioactive glass: ................................................................................. 58 

2.2.6 Role of sodium in bioactive glass: ................................................................................... 62 

2.2.7 Role of phosphate in bioactive glass: ............................................................................. 65 

2.2.8 Mechanism of bioactive glass interaction with bone: .................................................... 68 

 SURFACE ROUGHNESS ............................................................................................................... 70 2.3

2.3.1 Methods of modification for dental implant surfaces: ................................................... 73 

2.3.1.1 Subtraction methods ........................................................................................................... 74 

2.3.1.1.1 Grit-blasting method ....................................................................................................... 74 

2.3.1.1.2 Acid etching method ....................................................................................................... 76 

2.3.1.2 Addition methods ................................................................................................................ 77 

2.3.1.2.1 Plasma spraying method ................................................................................................. 77 

2.3.2 Surface modification of dental implants using bioactive materials ............................... 77 

2.3.3 Coating techniques for titanium implant with bioactive glasses .................................... 80 

 MATERIALS AND METHODS ................................................................................................... 83 3

 DIAGRAM OF THE EXPERIMENTAL WORK ....................................................................................... 83 3.1

 GLASS SYNTHESIS ..................................................................................................................... 84 3.2

3.2.1 Glass characterisation .................................................................................................... 86 

3.2.1.1 X-Ray Diffraction (XRD) ........................................................................................................ 86 

3.2.1.2 Fourier Transform Infrared Spectroscopy (FTIR).................................................................. 86 

3.2.1.3 19
F and 

31
P Magic Angle Spinning-Nuclear Magnetic Resonance Spectroscopy (MAS-NMR)88 

3.2.1.4 Differential Scanning Calorimetry (DSC) .............................................................................. 89 

3.2.1.5 Particle size analysis ............................................................................................................. 90 

3.2.1.6 Scanning Electron Microscopy (SEM) ................................................................................... 90 

3.2.1.7 Glass Hardness and Density ................................................................................................. 91 

3.2.1.7.1 Hardness ......................................................................................................................... 91 

3.2.1.7.2 Glass density and oxygen density ................................................................................... 92 

3.2.2 Bioactivity Study ............................................................................................................. 94 



 

5 | P a g e  

 

3.2.2.1 Preparation of testing solutions........................................................................................... 94 

3.2.2.1.1 Tris buffer ........................................................................................................................ 94 

3.2.2.1.2 SBF .................................................................................................................................. 94 

3.2.2.1.3 Cell culture media ........................................................................................................... 95 

3.2.2.2 Glass dissolution process ..................................................................................................... 96 

3.2.2.3 Characterisation of solutions treated glass powder ............................................................ 96 

3.2.2.4 Characterisation of filtered Solutions: ................................................................................. 97 

3.2.2.4.1 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) .......................... 97 

3.2.2.4.2 Fluoride Ion-Selective Electrode (F
-
-ISE) ......................................................................... 98 

 TITANIUM DISCS PREPARATION AND COATING PROCEDURE ............................................................... 98 3.3

3.3.1 Discs preparation ............................................................................................................ 98 

3.3.2 Powder flow rate (PFR) calibration ............................................................................... 100 

3.3.3 Coating of Ti discs by grit blast technique (dynamic air abrasion technique) .............. 102 

3.3.4 Abraded discs analysis .................................................................................................. 106 

3.3.4.1 White Light Profilometry ................................................................................................... 106 

3.3.4.1.1 Statistical analysis ......................................................................................................... 108 

3.3.4.2 SEM-EDX analysis ............................................................................................................... 109 

3.3.5 Glass embedding and retention in Ti surface ............................................................... 109 

3.3.6 Abraded discs bioactivity .............................................................................................. 110 

 CELL CULTURE STUDIES ............................................................................................................ 111 3.4

3.4.1 Glass powder biocompatibility ..................................................................................... 111 

3.4.1.1 Quantitative assay of Alkaline Phosphatase (ALP) activity: ............................................... 111 

3.4.1.2 Quantitative assay of DNA content:................................................................................... 112 

3.4.1.3 Statistical analysis .............................................................................................................. 113 

3.4.2 Titanium discs biocompatibility .................................................................................... 113 

3.4.2.1 Cell morphology ................................................................................................................. 113 

3.4.2.2 Qualitative and Quantitative assays of ALP activity ........................................................... 114 

3.4.2.3 Detection and quantification of collagen type I formation ................................................ 115 

3.4.2.4 Detection and quantification of mineralisation nodules ................................................... 116 

3.4.2.5 Statistical analysis .............................................................................................................. 116 



 

6 | P a g e  

 

 RESULTS AND DISCUSSION OF GLASS CHARACTERISATION .................................................. 117 4

 XRD ................................................................................................................................... 117 4.1

 FTIR ................................................................................................................................... 118 4.2

 19
F AND 

31
P MAS-NMR ........................................................................................................ 119 4.3

 DSC .................................................................................................................................... 121 4.4

 PARTICLE SIZE DISTRIBUTION OF THE ABRASIVE GLASS POWDER ....................................................... 123 4.5

 ABRASIVE GLASS POWDER MORPHOLOGY .................................................................................... 126 4.6

 GLASS HARDNESS AND DENSITY................................................................................................. 128 4.7

 SUMMARY ............................................................................................................................ 135 4.8

 RESULTS AND DISCUSSION OF GLASS POWDER BIOACTIVITY............................................... 136 5

 IMMERSION OF THE GLASS POWDERS IN TRIS BUFFER .................................................................... 136 5.1

5.1.1 FTIR results: .................................................................................................................. 136 

5.1.2 XRD results: .................................................................................................................. 139 

5.1.3 19
F MAS-NMR results: ................................................................................................... 141 

5.1.4 pH changes and ion release in Tris buffer: ................................................................... 143 

5.1.5 SEM results: .................................................................................................................. 148 

 IMMERSION OF THE GLASS POWDERS IN SBF ............................................................................... 149 5.2

5.2.1 FTIR results: .................................................................................................................. 149 

5.2.2 XRD results: .................................................................................................................. 152 

5.2.3 19
F MAS-NMR results: ................................................................................................... 155 

5.2.4 pH changes and ion release in SBF: .............................................................................. 156 

5.2.5 SEM results: .................................................................................................................. 161 

 IMMERSION OF THE GLASS POWDERS IN SFΑ-MEM MEDIA ............................................................ 163 5.3

5.3.1 FTIR results: .................................................................................................................. 163 

5.3.2 XRD results: .................................................................................................................. 166 

5.3.3 19
F and 

31
P MAS-NMR: .................................................................................................. 169 

5.3.4 pH changes and ion release in SFα-MEM: .................................................................... 173 

5.3.5 SEM results: .................................................................................................................. 178 



 

7 | P a g e  

 

 IMMERSION OF THE GLASS POWDERS IN SΑ-MEM ....................................................................... 181 5.4

5.4.1 FTIR results: .................................................................................................................. 181 

5.4.2 XRD results: .................................................................................................................. 183 

5.4.3 19
F and 

31
P MAS-NMR results: ...................................................................................... 185 

5.4.4 pH changes and ion release in Sα-MEM: ...................................................................... 189 

5.4.5 SEM results: .................................................................................................................. 192 

 SUMMARY: ........................................................................................................................... 193 5.5

 RESULTS AND DISCUSSION OF TITANIUM DISCS STUDY ....................................................... 195 6

 POWDER FLOW RATE RESULTS .................................................................................................. 195 6.1

 WLP RESULTS: ...................................................................................................................... 198 6.2

6.2.1 Effect of sample-nozzle distance on the abraded line width ........................................ 198 

6.2.2 Effect of sample-nozzle distance on the abraded line depth ........................................ 203 

6.2.3 Effect of sample-nozzle distance on the titanium removal volume .............................. 210 

6.2.4 Effect of sample movement velocity on the abraded line width, depth and titanium 

removal volume ......................................................................................................................... 212 

6.2.5 Effect of propellant air pressure on the abraded line width, depth and titanium removal 

volume.. ..................................................................................................................................... 219 

6.2.6 Effect of operating parameters on the surface roughness of the titanium discs ......... 225 

 SEM-SURFACE COVERAGE ....................................................................................................... 229 6.3

 RESULTS OF GLASS EMBEDDING AND RETENTION IN TI SURFACE ....................................................... 236 6.4

 ABRADED DISCS BIOACTIVITY RESULTS ........................................................................................ 242 6.5

 SUMMARY ............................................................................................................................ 245 6.6

 RESULTS AND DISCUSSION OF CELL CULTURE STUDY ........................................................... 247 7

 GLASS BIOCOMPATIBILITY ........................................................................................................ 247 7.1

7.1.1 DNA content and ALP activity results of MC3T3-E1 cells cultured in glass conditioned 

media…. ..................................................................................................................................... 247 

 TITANIUM DISCS BIOCOMPATIBILITY ........................................................................................... 251 7.2

7.2.1 Cell morphology ............................................................................................................ 251 



 

8 | P a g e  

 

7.2.2 Qualitative and quantitative results of ALP, collagen type I and mineralised nodule 

formation assays ....................................................................................................................... 254 

 SUMMARY: ........................................................................................................................... 265 7.3

 CONCLUSIONS AND FUTURE WORK ..................................................................................... 266 8

 CONCLUSIONS ....................................................................................................................... 266 8.1

 SUGGESTIONS FOR FUTURE WORK ............................................................................................. 268 8.2

 REFERENCES ......................................................................................................................... 270 9

 APPENDICES......................................................................................................................... 291 10

  



 List of Figures 

 

9 | P a g e  

 

List of Figures 

Figure 2.1: Sub-periosteal implant (Schroeder et al, 1996). ....................................33 

Figure 2.2: Endosseous implant designs. ...............................................................34 

Figure 2.3: Types of bones in human body (Knight et al., 2015). ............................40 

Figure 2.4: Bone remodelling cycle (Bray et al., 1998). ...........................................41 

Figure 2.5: X-Ray Diffraction pattern of a) amorphous glass b) crystalline solid. .....51 

Figure 2.6: The effect of temperature on glass formation (Shelby, 2005). ...............51 

Figure 2.7: Schematic diagram shows the basic composition of silica glass (Höland, 

2012). ..............................................................................................................52 

Figure 2.8: Schematic diagram illustrates the differences between a) crystalline 

structure b) glass structure (Paul, 1989). .........................................................53 

Figure 2.9: Schematic diagram showing glass network structure (Hench and Wilson, 

1993). ..............................................................................................................54 

Figure 2.10: The effect of adding CaF2 to silicate network (Brauer et al., 2009). .....60 

Figure 2.11: Role of sodium in the glass structure (Wallace et al., 1999). ...............64 

Figure 2.12: Phosphate role a) as a network former in glass network b) as 

orthophosphate structure (Elgayar et al., 2005). ..............................................65 

Figure 2.13: Shows four types of surface morphologies all of them having the same 

Ra value (Hansson, 2000). ...............................................................................72 

Figure 3.1: Gyro-mill. ..............................................................................................85 

Figure 3.2: FTIR spectrometer. ...............................................................................87 

Figure 3.3: MAS-NMR spectrometer. ......................................................................88 

Figure 3.4: DSC Plot of a bioactive glass showing the glass transition temperature 

and crystallisation temperature. .......................................................................89 

Figure 3.5: A scanning electron microscope. ..........................................................91 

Figure 3.6: Measuring the diagonal indentation a) d1 first diagonal measurement b) 

d2 second diagonal measurement. ..................................................................92 



 

10 | P a g e  

 

Figure 3.7: Proscan 3-D profile showing the surface configuration of the Ti disc 

prepared by two cutting techniques a) manual punching method, where the disc 

surface appears convex and the abrasion line is deep at the edges of the disc 

b) Laser cutting technique, where the surface is flat and the abrasion line is 

even across the entire surface. ........................................................................99 

Figure 3.8: Prepared Titanium disc of 10 mm diameter and 1 mm thickness a) 

before polishing b) after polishing and cleaning. ............................................ 100 

Figure 3.9: Schematic diagram of the powder flow rate calibration as described by 

(Banerjee et al., 2008). .................................................................................. 101 

Figure 3.10: Schematic diagram of AquaCare-Dental air abrasion and polishing 

machine taken from https://www.dentaloperatoryequipment.com. ................. 102 

Figure 3.11: The grit blasting procedure. The handpiece nozzle is fixed with a clamp 

at a 90⁰ angle; the titanium discs are fixed to a metal stage by double sided 

tape and placed on a programmed linear moving device. .............................. 104 

Figure 3.12: Titanium disc after grit blasting where the bioactive glass powder is 

embedded in the middle part of the disc leaving the sides intact. ................... 105 

Figure 3.13: Cross sectional view of the abraded line showing the way of width 

measurement a) Starting point b) End point. .................................................. 107 

Figure 3.14: Cross sectional view of the abraded line showing the depth 

measurement a) Starting point b) Deepest point. ........................................... 107 

Figure 3.15: Cross sectional view of the abraded line and the software will calculate 

the volume automatically after determining the lowest and the highest point. 108 

Figure 3.16: Schematic diagram of a glass abraded disc bioactivity study procedure.

 ...................................................................................................................... 110 

Figure 4.1: XRD patterns of the prepared glass powders showing a broad halo 

which is located between 25º-35º (2θ). The arrow points to the small crystalline 

peak at 31.5º (2θ) in QMFA3 glass (green pattern). ....................................... 118 



 

11 | P a g e  

 

Figure 4.2: FTIR spectra of the prepared glass powders. The spectra show the 

presence of the prominent bands assigned to the amorphous structure of the 

glass powders. ............................................................................................... 119 

Figure 4.3: 31P MAS-NMR spectra of the original glasses showing the presence of a 

broad signal, which represents the presence of a separate orthophosphate 

species. ......................................................................................................... 120 

Figure 4.4: 19F MAS-NMR spectra of the original glasses showing the presence of a 

broad signal, which refers to the amorphous fluorine species. ....................... 121 

Figure 4.5: Graph illustrating the relationship between Tg (ºC) and Na2O content 

(mole %) in the prepared glasses. The line represents the linear regression for 

Tg versus Na2O content, R2=0.999. ................................................................ 122 

Figure 4.6: Graph shows the relationship between Tc (ºC) and Na2O content (mole 

%) in the prepared glasses. The line represents the linear regression for Tc 

versus Na2O content, R2=0.999. .................................................................... 122 

Figure 4.7: Mean ± SD of the glass particle size (µm) used in the grit blast 

technique, expressed as percentile classes. .................................................. 124 

Figure 4.8: The particle size distribution of QMFA1 glass powder in volume %. The 

distribution of the particles is narrow in all glasses and indicates the coarse 

nature of the particles. ................................................................................... 124 

Figure 4.9: SEM image of QMFA1 glass particle (1600x magnification) showing the 

irregular shape of the particle and its prospective calculation as a sphere by the 

particle size analysis software........................................................................ 125 

Figure 4.10: SEM micrographs of a) QMFA1 b) QMFA2 c) QMFA3 glass particles 

before air abrasion. The particles are irregular in shape with round angular 

outline. There are submicron particles attached to the surface of the coarse 

particles. The scan was performed by accelerating voltage: 10 kV, working 

distance: 10 mm and magnifications: 500x and 600x). ................................... 127 



 

12 | P a g e  

 

Figure 4.11: Graph demonstrates the relation between the glass hardness (GPa) 

and the Na2O mole% in the glasses. The line represents the linear regression 

for hardness versus Na2O content, R2=0.9994. .............................................. 129 

Figure 4.12: Graph shows the comparison of Vickers hardness relation with Na2O 

between the prepared glasses (blue squares) and the glasses produced by 

(Farooq et al., 2013) (orange diamond-shaped). ............................................ 130 

Figure 4.13: Graph shows the relationship between Vickers hardness (GPa) and Tg 

(ºC) of the prepared glasses. The line represents the linear regression for 

hardness versus Tg, R
2=0.997. ...................................................................... 131 

Figure 4.14: Graph shows the relation between the glass density (g cm-3) (red 

squares) and the oxygen density (g cm-3) (blue diamond-shaped) versus the 

Na2O content in the glasses. The error bars are smaller than the point sizes.  

The red line represents the linear regression for glass density versus Na2O 

content, R2=0.981 and the blue line represents the linear regression for oxygen 

density versus Na2O content, R2=0.989. ........................................................ 132 

Figure 4.15:  Graph shows the comparison between the glass densities (g cm-3) of 

the current study (blue squares) and those prepared by (Farooq et al., 2013) 

(orange diamond-shaped) with the Na2O content. ......................................... 133 

Figure 4.16: Graph illustrates the comparison between the oxygen densities (g cm-3) 

of the current study (blue squares)  and (Farooq et al., 2013) study (orange 

diamond-shaped) with the Na2O content. ....................................................... 133 

Figure 5.1: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in Tris buffer up to 7 days. The spectra are 

compared to the spectrum of the HAP reference (top) and the apatite is marked 

by an asterisk. ............................................................................................... 138 

Figure 5.2: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in Tris buffer for 7days. (AP) refers to the apatite 

peaks. ............................................................................................................ 140 



 

13 | P a g e  

 

Figure 5.3: 19F MAS-NMR spectra of QMFA1, QMFA2 and QMFA3 glasses after 7 

days immersion in Tris buffer. The main resonance at -102 ppm corresponds to 

the fluoride in the apatite structure (FAP) and the shoulder at -88 ppm 

corresponds to the presence of carbonate in the apatite structure. Spinning side 

bands are marked by an asterisk. .................................................................. 142 

Figure 5.4: Graph shows the pH changes of Tris buffer after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). .................................. 144 

Figure 5.5: Elemental concentrations of (F) in Tris buffer after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). The error bars are 

smaller than the point size. ............................................................................ 145 

Figure 5.6: Elemental concentrations ± SD of (Ca) in Tris buffer after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides). ........................ 146 

Figure 5.7: Elemental concentrations ± SD of (P) in Tris buffer after the immersion of 

the glasses for 7 days (Lines are drawn as visual guides). ............................ 146 

Figure 5.8: Elemental concentrations ± SD of (Si) in Tris buffer after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides). ........................ 147 

Figure 5.9: SEM micrographs of QMFA1 glass powder after immersion in Tris buffer 

for 7 days a) at 12000x magnification b) at 24000x magnification. The arrow 

points to the needle-like apatite structure, which consists of a flower like 

arrangement with small and highly numerous crystals on the surface of the 

glass powder. ................................................................................................ 149 

Figure 5.10: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SBF solution up to 7 days. The spectra are 

compared to the spectrum of the HAP reference (top) and the apatite is marked 

by an asterisk. ............................................................................................... 150 

Figure 5.11: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SBF for 7 days. (AP) refers to the apatite 

peaks. ............................................................................................................ 153 



 

14 | P a g e  

 

Figure 5.12:19F MAS-NMR spectra of QMFA1, QMFA2 and QMFA3 glasses after 7 

days immersion in SBF. The main resonance at about -102 ppm is corresponds 

to the fluoride in the apatite structure (FAP) with minor ion substitution. Spinning 

side bands are marked by an asterisk. ........................................................... 156 

Figure 5.13: Graph shows the pH changes of SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). .................................. 157 

Figure 5.14: Elemental concentrations ± SD of (Ca) in SBF after the immersion of 

the glasses for 7 days (Lines are drawn as visual guides). ............................ 158 

Figure 5.15: Elemental concentrations ± SD of (P) in SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). .................................. 159 

Figure 5.16: Elemental concentrations ± SD of (Si) in SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). .................................. 160 

Figure 5.17: Elemental concentrations of (F) in SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). The error bars are 

smaller than the point size. ............................................................................ 161 

Figure 5.18: SEM micrographs of QMFA1 glass powder after immersion in SBF for 7 

days a) at 12000x magnification b) at 24000x magnification. The needle-like 

apatite crystals are spread on the entire surface of the glass powder. ........... 162 

Figure 5.19: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SFα- MEM up to 2 months. (ӿ) represents 

apatite and (●) represents carbonate band. ................................................... 164 

Figure 5.20: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SFα- MEM up to 2 months. (AP) refers to the 

apatite peaks and (Cal) refers to the calcite peaks. ........................................ 168 

Figure 5.21:19F MAS-NMR spectra of QMFA1glass before immersion (bottom) and 

after immersion in SFα-MEM for 2 months. The peak position is shifted from-

101 ppm to -97 ppm, which is related to the presence of carbonate in the 

apatite structure. ............................................................................................ 170 



 

15 | P a g e  

 

Figure 5.22:19F MAS-NMR spectra of QMFA2 before immersion (bottom) and after 

immersion in SFα-MEM for 2 months. The peak position is shifted from-112 

ppm to -97 ppm, which is related to the presence of carbonate in the apatite 

structure. ....................................................................................................... 170 

Figure 5.23:19F MAS-NMR spectra of QMFA3 before immersion (bottom) and after 

immersion in SFα-MEM for 2 months. The peak position is shifted from-103 

ppm to -96.8 ppm, which is related to the presence of carbonate in the apatite 

structure. ....................................................................................................... 171 

Figure 5.24:31P chemical shift spectra of a) QMFA1, b) QMFA2, c) QMFA3 glasses 

before immersion (bottom) and after immersion in SFα-MEM up to 2 months. 

The main resonance at -2.92 to -3.06 ppm corresponds to the presence of 

fluoride substituted apatite. ............................................................................ 172 

Figure 5.25: Graph shows the pH changes of SFα-MEM after the immersion of the 

glasses for 2 months (Lines are drawn as visual guides). .............................. 174 

Figure 5.26: Elemental concentrations ± SD of (Ca) in SFα-MEM after the immersion 

of the glasses for 2 months (Lines are drawn as visual guides). .................... 175 

Figure 5.27: Elemental concentrations ± SD of (P) in SFα-MEM after the immersion 

of the glasses for 2 months (Lines are drawn as visual guides). .................... 176 

Figure 5.28: Elemental concentrations ± SD of (Si) in SFα-MEM after the immersion 

of the glasses for 2 months (Lines are drawn as visual guides). .................... 177 

Figure 5.29: Elemental concentrations ± SD of (F) in SFα-MEM after the immersion 

of the glasses for 2 months (Lines are drawn as visual guides). The error bars 

are smaller than the point size. ...................................................................... 178 

Figure 5.30: SEM micrographs of QMFA1 glass powder after immersion in SFα-

MEM for a, b) 7 days (12000x and 24000x magnification) where small crystals 

are deposited on the glass surface. c, d) 1 month immersion (12000x and 

24000x magnification, the crystals grow as a cauliflower-like morphology. .... 179 



 

16 | P a g e  

 

Figure 5.31: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in in Sα- MEM media up to 2 months. (ӿ) 

represents apatite and (●) represents carbonate band in QMFA3 glass only. 182 

Figure 5.32: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in Sα-MEM up to 2 months. (ӿ) represents 

crystalline phase in QMFA3 glass. ................................................................. 184 

Figure 5.33: 19F chemical shift spectra of QMFA1 before immersion (bottom) and 

after immersion in Sα-MEM for up to 2 months. Peak at -225 ppm corresponds 

to the contamination of the zirconia rotor by NaF solution. ............................. 185 

Figure 5.34: 19F chemical shift spectra of QMFA2 before immersion (bottom) and 

after immersion in Sα-MEM for up to 2 months. ............................................. 186 

Figure 5.35: 19F chemical shift spectra of QMFA3 before immersion (bottom) and 

after immersion in Sα-MEM for up to 2 months. ............................................. 186 

Figure 5.36:31P chemical shift spectra of a) QMFA1, b) QMFA2, c) QMFA3 glasses 

before immersion (bottom) and after immersion in Sα-MEM up to 2 months. . 188 

Figure 5.37: Graph shows the pH changes of Sα-MEM after the immersion of the 

glasses for up to 2 months (Lines are drawn as visual guides). ..................... 189 

Figure 5.38: Elemental concentrations ± SD of (Ca) in Sα-MEM after the immersion 

of the glasses for up to 2 months (Lines are drawn as visual guides)............. 190 

Figure 5.39: Elemental concentrations ± SD of (F) in Sα-MEM after the immersion of 

the glasses for up to 2 months (Lines are drawn as visual guides). The error 

bars are smaller than the point size. .............................................................. 190 

Figure 5.40: Elemental concentrations ± SD of (P) in Sα-MEM after the immersion of 

the glasses for up to 2 months (Lines are drawn as visual guides). ............... 191 

Figure 5.41: Elemental concentrations ± SD of silicon in Sα-MEM after the 

immersion of the glasses for up to 2 months (Lines are drawn as visual guides).

 ...................................................................................................................... 192 



 

17 | P a g e  

 

Figure 5.42: SEM micrographs of QMFA1 glass powder after immersion in Sα-MEM 

for a, b) 7 days (12000x and 24000x magnification) c, d) 1 month immersion 

(12000x and 24000x magnification). There is no appearance of the apatite-like 

structure on the surface of the glass particles. ............................................... 193 

Figure 6.1: Mean ± SD (g/min) of the glass powder flow rates according to different 

propellant air pressures (feed rate dial was fixed at the middle setting). ........ 196 

Figure 6.2: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample-nozzle 

distance. ........................................................................................................ 199 

Figure 6.3: Image shows the spread pattern or the width of the abraded line by 

QMFA1 glass powder on the titanium discs at sample-nozzle distance a) 1 mm 

b) 3 mm c) 5 mm............................................................................................ 199 

Figure 6.4: Graph shows the relation between the abraded line width (mm) and the 

distance parameter (mm) in all glass abraded compositions. The lines represent 

the linear regression for line width versus distance, R2=0.976, 0.999 and 0.968 

in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. ................................................................................................... 200 

Figure 6.5: Schematic diagram illustrates the shape of the blasting pattern of the 

particles on the titanium surface by sandblaster (Ishikawa et al., 1997). ........ 201 

Figure 6.6: Graph shows the relation between the average cone diameter of the 

abrasion pattern in all glasses abraded samples (mm) and the sample-nozzle 

distance (mm). The line represents the linear regression for cone diameter 

versus distance, R2=0.994. ............................................................................ 202 

Figure 6.7: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample-nozzle 

distance. ........................................................................................................ 204 

Figure 6.8: Graph demonstrates the relation between the mean abraded line depth 

(µm) and the nozzle distance parameter (mm) in all glass abraded 



 

18 | P a g e  

 

compositions. The lines represent the linear regression for line depth versus 

distance, R2=0.851, 0.998 and 0.810 in QMFA1 (blue), QMFA2 (red) and 

QMFA3 (green) abraded samples respectively. ............................................. 204 

Figure 6.9: 2-D profile showing the cross section of the abraded line in QMFA1 

samples and its relation to the nozzle distance a) at distance 1mm, the cutting 

profile is narrow and well-defined b) at distance 3mm, the abrasion is wider than 

distance 1mm c) at distance 5mm, the profile of the abrasion are wider at the 

top with a poorly defined margin. ................................................................... 206 

Figure 6.10: Schematic diagram showing the sequence of the abrasion process on 

the titanium surface and the cleavage of the embedded particles by the second 

line particles. .................................................................................................. 208 

Figure 6.11: 2-D profile showing the cross section of the abraded line at distance 1 

mm in a) QMFA1 abraded sample b) QMFA2 abraded sample c) QMFA3 

abraded sample. The bottom of the abraded line is becoming more rounded 

with QMFA3 abraded samples. ...................................................................... 209 

Figure 6.12: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample-nozzle 

distance. ........................................................................................................ 211 

Figure 6.13: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded with varying sample movement 

velocity. ......................................................................................................... 213 

Figure 6.14: Image shows the spread pattern or the width of the abraded line by 

QMFA1 glass powder on the titanium discs at sample movement velocity of a) 

0.25 mm/sec b) 0.5 mm/sec c) 1 mm/sec. ..................................................... 214 

Figure 6.15: Graph shows the relation between the abraded line width (mm) and the 

velocity of the moving stage (mm/sec) in all glass abraded compositions. The 

lines represent the linear regression for line width versus velocity, R2=0.982, 



 

19 | P a g e  

 

0.998 and 0.931 in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded 

samples respectively. .................................................................................... 214 

Figure 6.16: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample 

movement velocity. ........................................................................................ 216 

Figure 6.17: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample 

movement velocity. ........................................................................................ 216 

Figure 6.18: Graphs show the relation between the abraded line depth (µm) and line 

volume (mm3) with the velocity of the moving stage (mm/sec) in all glass 

abraded compositions. The lines represent the linear regression for line depth 

and volume versus velocity. ........................................................................... 218 

Figure 6.19: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying air pressure. . 220 

Figure 6.20: Graph shows the relation between the abraded line width (mm) and the 

air pressure (bar) in all glass abraded compositions. The lines represent the 

linear regression for line width versus pressure, R2=0.770, 0.662 and 0.703 in 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. ................................................................................................... 221 

Figure 6.21: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying air pressure. . 222 

Figure 6.22: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying air pressure. . 222 

Figure 6.23: Graph shows the relation between the abraded line depth (µm) and the 

air pressure (bar) in all glass abraded compositions. The lines represent the 

linear regression for line depth versus pressure, R2=0.984, 0.998 and 0.936 in 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. ................................................................................................... 223 



 

20 | P a g e  

 

Figure 6.24: Graph shows the relation between the abraded line volume (mm3) and 

the air pressure (bar) in all glass abraded compositions. The lines represent the 

linear regression for line volume versus pressure, R2=0.931, 0.994 and 0.928 in 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. ................................................................................................... 224 

Figure 6.25: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying sample-

nozzle distance. ............................................................................................. 226 

Figure 6.26: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying stage 

velocity. ......................................................................................................... 227 

Figure 6.27: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying air 

pressure. ....................................................................................................... 228 

Figure 6.28: SEM micrographs of titanium discs in SE mode showing the surface 

morphology of the disc a) before abrasion (polished) b) after abrasion (abraded) 

with magnification (2000x). The surface is smooth with no irregularities in the 

polished discs while, the abraded surface appears irregular with multiple 

elevations and pits. ........................................................................................ 229 

Figure 6.29: SEM-BSE micrographs of the titanium disc after abrasion showing the 

embedded glass particles (BG: grey) into the titanium surface (Ti: white) and 

their sizes (1600x magnification). ................................................................... 230 

Figure 6.30: Mean ± SD of the surface area percentage coverage in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying sample-

nozzle distances. ........................................................................................... 232 

Figure 6.31: SEM-BSE micrograph of QMFA1 glass abraded titanium disc showing 

the pattern of particles distribution and coverage at a) distance 1 mm b) 

distance 5 mm (1600x magnification)............................................................. 233 



 

21 | P a g e  

 

Figure 6.32: Mean ± SD of the surface area percentage coverage in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying stage 

velocity. ......................................................................................................... 234 

Figure 6.33: Mean ± SD of the surface area percentage coverage in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying air 

pressure. ....................................................................................................... 235 

Figure 6.34: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after grit blast. The table illustrates the detected elements at the 

selected points all in weight %. ...................................................................... 237 

Figure 6.35: Graph shows the distribution of the glass elements and the titanium at 

the EDX selected points across the scanned titanium disc. ........................... 238 

Figure 6.36: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after immersion in acetic acid for 3 h. The table illustrates the 

detected elements at the selected points all in weight %................................ 239 

Figure 6.37: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after immersion in acetic acid for 6 h. The table illustrates the 

detected elements at the selected points all in weight %................................ 240 

Figure 6.38: Mean ± SD of the Ca (blue), P (red), Si (green) concentration (ppm) in 

the three composition coatings after immersion in acetic acid for 6 h. 

Phosphorus and silicon are plotted on the right hand y-axis. ......................... 242 

Figure 6.39: SEM micrographs of the glass abraded titanium discs in SE mode 

showing the surface morphology of the Ti disc (a) before immersion (b) after 

immersion in Tris buffer for 3 days (c) after immersion in SBF for 3 days. The 

arrow points to the apatite deposition............................................................. 243 

Figure 6.40: SEM micrographs of the QMFA1 glass abraded titanium discs in BSE 

mode showing the formation of apatite on the surface of the glass particles (a) 

after immersion in Tris buffer for 3 days (b) after immersion in SBF for 3 days.

 ...................................................................................................................... 244 



 

22 | P a g e  

 

Figure 6.41: SEM micrograph associated with EDX element analysis of QMFA1 

glass abraded titanium disc immersed in Tris buffer for 3 days. The table 

illustrates the detected elements on the glass particle surface and all of them in 

weight %. ....................................................................................................... 245 

Figure 7.1: Effect of the glass conditioned media on the cell number and proliferation 

of MC3T3-E1 cells at 1, 3, 5 and 7 days. Each bar represents the mean of three 

experiments (each with 10 samples) ± their standard deviations. There is no 

statistical difference between the groups at the same time point (P≥0.05). .... 248 

Figure 7.2: Effect of the glass conditioned medium on the MC3T3-E1 cells 

differentiation at 1, 3, 5 and 7 days. Each bar represents the mean of three 

experiments (each with 10 samples) and their standard deviations. There is no 

statistical difference between the groups at the same time point (P≥0.05). .... 249 

Figure 7.3: SEM micrographs of MC3T3-E1 osteoblast morphology on smooth 

titanium surface (a) at 2500x magnification (b) at 4000x magnification and on 

QMFA2 glass abraded surface (c) at 2500x magnification (d) at 4000x 

magnification after 3 days incubation. The cells on the smooth surface are flat 

polygonal in shape, while on the abraded rough surface the cells are spindle 

shape with multiple thin cytoplasmic protrusions. ........................................... 252 

Figure 7.4: SEM micrographs of MC3T3-E1 osteoblasts spread on (a) smooth 

titanium surface (b) glass abraded surface after 3 days incubation (1000x 

Magnification).  The cells are numerous and start to form a monolayer on both 

surfaces. ........................................................................................................ 253 

Figure 7.5: Light microscopy images showing the ALP activity of MC3T3-E1 

osteoblast cells, as blue precipitates on (a) smooth titanium surface (b) glass 

abraded surface after 14 days incubation. The intensity of the blue precipitates 

on smooth Ti surface is slightly higher than the abraded surface. .................. 256 

Figure 7.6:  Quantitative results of ALP activity of MC3T3-E1 cells on smooth 

titanium surface and glass abraded surface after 14 days incubation period. 



 

23 | P a g e  

 

Each bar represents the mean of three experiments (each with 3 samples) and 

their standard deviations. Student t-test shows that there is no statistical 

significant difference between the two groups (P≥0.05). ................................ 257 

Figure 7.7: Light microscopy images showing the qualitative results of collagen type 

I nodule formation by using Sirius Red Stain on (a) smooth titanium surface (b) 

glass abraded surface after 28 days incubation. The collagen nodules are 

presented as connected beads across the abraded surface and as diffuse 

separated nodules on the pure titanium surface. ........................................... 259 

Figure 7.8: Quantitative results of Sirius Red Stain of MC3T3-E1 cells after 28 days 

incubation on smooth Ti discs and glass abraded discs. Each bar represents 

the mean of three experiments (each with 3 samples) and their standard 

deviations. Student t-test shows that there is no statistical significant difference 

between both groups (P≥0.05). ...................................................................... 260 

Figure 7.9: Light microscopy images showing the qualitative results of mineralised 

nodule formation by using Alizarin red S stain on (a) smooth titanium surface (b) 

glass abraded surface after 35 days incubation. The nodules are more 

numerous and connected on the glass surface than the smooth surface. ...... 261 

Figure 7.10: Quantitative results of Alizarin red S stain after 35 days incubation on 

smooth Ti discs and glass abraded discs. Each bar represents the mean of 

three experiments (each with 3 samples) and their standard deviations. Student 

t-test shows that there is no statistical significant difference between both 

groups (P≥0.05). ............................................................................................ 262 

  



 List of Tables 

 

24 | P a g e  

 

List of Tables 

Table 3.1: Chemical composition of the bioactive glasses in (mole %) with 

decreasing Na2O content and increasing CaO content, glasses network 

connectivity and the temperature of glasses preparation. ................................84 

Table 3.2: Chemical composition of (SBF). .............................................................95 

Table 3.3: Microscopic slides thicknesses............................................................. 103 

Table 3.4: The evaluated operating parameters of the grit blast technique and their 

tested values. ................................................................................................ 105 

Table 4.1: Mean ± SD of Vickers hardness values (GPa) with the Na2O mole % of 

the prepared glasses. Different symbols indicate a significant difference 

between the glasses (P≤0.001). ..................................................................... 128 

Table 4.2: Mean ± SD of the glass powder densities (g/cm3) and the measured 

compactness of the glass powders. Different symbols indicate a significant 

difference between the glasses (p≤0.05). ...................................................... 134 

Table 5.1: SEM/EDX analysis of QMFA1 powder before and after its immersion in 

Tris buffer, SBF, SFα-MEM and Sα-MEM testing solutions for 7 days and 1 

month. All the concentrations are in weight %. ............................................... 162 

Table 5.2: Concentrations of some ions in SBF and SFα-MEM Cell Culture media 

presented in (ppm) and (mmole/L). ................................................................ 166 

 

 

 

 

 

  



 List of Abbreviations 

 

25 | P a g e  

 

List of Abbreviations 

HAP            Hydroxyapatite 

Tg                Glass transition temperature 

Tm                Melting temperature 

BO               Bridging oxygen bond 

NBO            Non-Bridging oxygen bond 

NC               Network connectivity 

NC’              Modified network connectivity 

SBF             Simulated body fluid 

HCA             Hydroxycarbonate apatite 

FAP              Fluoroapatite 

MAS-NMR   Magic Angle Spinning-Nuclear Magnetic Resonance 

Tc                Crystallisation temperature 

Ca-P            Calcium-phosphate layer 

α-MEM        Alpha Eagle’s Minimum Essential Medium 

SEM-EDX    Scanning Electron Microscopy with Energy Dispersive X-Ray analysis 

SFα-MEM    Serum free α-MEM 

Sα-MEM      Serum containing α-MEM 

XRD            X-Ray diffraction 

FTIR           Fourier Transform Infra-Red Spectroscopy 

DSC            Differential Scanning Calorimetry 

ICP-OES     Inductively Coupled Plasma-Optical Emission Spectroscopy 



 

26 | P a g e  

 

F--ISE         Fluoride ion-selective electrodes 

PFR            Powder flow rate  

WLP           White light profilometry 

ALP            Alkaline phosphatase activity 

OCP           Octacalcium phosphate 

ACP            Amorphous calcium phosphate 

PBS            Phosphate buffer solution  

SE              Secondary electron mode 

BSE            Backscattered mode  

 

 



 Acknowledgements 

 

27 | P a g e  

 

Acknowledgements 

First, I would like to express my sincere gratitude to my first supervisor Professor 

Robert Hill for his excellent supervision, immense knowledge, continuous guidance 

and encouragement throughout my research study. 

My sincere thanks also go to my second supervisor Dr Simon Rawlinson, for his 

motivation, patience, advice and guidance in the biological studies. 

Besides my supervisors, I would like to thank Dr Natalia Karpukhina, for her 

valuable advices throughout my project, her guidance all the time in the MAS-NMR 

data analysis and her skills in spreading happiness on the scientifically hard days.  

I gratefully acknowledge the funding received towards my PhD from the Ministry Of 

Higher Education and Scientific Research in Iraq (MOHER).   

I am also hugely appreciative to Dr Harold Toms, for his excellent training on how 

to run the MAS-NMR experiment, to Mr Jeff Brown from Kemet Company, for his 

kind help and expertise in polishing the titanium discs, to Dr Rory Wilson for 

running the XRD experiment, to Mr Russell Bailey and Mr Thomas Baumard for 

their training in how to use the SEM and the hardness machine and to Mr Peter 

Tomlins for his advices regarding the statistical analysis. 

Special mention goes to my friends Jamila Al-Mohammadi, Alessia D'Onofrio, 

Sherif Elsharkawy, Alexander Cresswell-Boyes, Agron Hoxha, Xiaojing Chen, 

Natheer Aleesa, Mohammed Hassan, Kseniya Shuturminska and Tomas 

Duminis for providing a comfortable work environment besides their helpful 

discussions and advices during the lab work. 

Millions of thanks go to Heba Aldehlawi for her help and training in the cell biology 

work, to Amel Kadhum for her prayers and spiritual support during my study and to 



 

28 | P a g e  

 

the new PhD students Saja Mannaa, Abdullah Holldar, Thaer Al-Khaffaji, Wei-Te 

Huang and Bajram Ferizolli for surrounding me with their love and support.  

Finally, I warmly appreciate my family, for their prayers, endless love and support 

all the time. Thank you for encouraging me to follow my dreams and to reach a 

higher level in education. Thanks my beloved Mustafa and Joshua for the happy 

period that we spent together which really gave me the power to carry on with my 

study and passing the hard moments. 

 

 

 

 



Chapter 1                       Introduction 

 

29 | P a g e  

 

 Introduction  1

 Introduction  1.1

The routine treatment for a missing tooth or teeth in partially and completely 

edentulous patients is the construction of either fixed or removable prosthesis. 

These prostheses usually depend on the adjacent natural teeth, as well as the soft 

tissue for their support and retention. However in the late 1960s, there was the 

invention of endosseous implants. These implants were demonstrated to be used as 

an alternative method of treatment for various cases of congenital and/or acquired 

missing teeth, as they provide the required retention, support and stability for the 

superstructure prosthesis (Buser et al., 1991, Zarb et al., 2013). 

A wide range of materials have been used for the fabrication of oral and orthopaedic 

implants, such as, cobalt-chromium-molybdenum, stainless steel and other alloys. 

However, commercially pure titanium and its alloys are the most commonly used 

materials in medical and dental applications. This is due to their excellent corrosion 

resistance, physical properties and high biocompatibility (Pourbaix, 1984, Saiz et al., 

2002, Zarb et al., 2013). The clinical success and the highest survival rate of the 

implants depend on their anchorage and stability within the surrounding bone during 

the loading period and this is known as osseointegration (Buser et al., 1991, Zhang, 

2011). Osseointegration is defined as a process of direct bone formation and 

deposition on to the surface of the implant without the presence of fibrous tissue at 

the bone-implant interface (Albrektsson and Johansson, 2001, Berglundh et al., 

2003). It is characterised by the structure of the bone-implant  interface, in which the 

components, such as, cells, collagen fibres and minerals have a fundamental role in 

the bone formation process (Zhang, 2011). Therefore, many studies have focused 

on the importance of providing a direct bone-implant  interface and enhancing the 
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bone remodelling around the implants in order to provide long lasting integrated 

implants. This can be performed either by changing the chemical structure of the 

implant surface or altering their surface topography (Berglundh et al., 2003, 

Ehrenfest et al., 2010). Regarding the first method, the metal implant surface can be 

modified by coating them with bioactive materials, such as, hydroxyapatite or 

bioactive glasses (Albrektsson and Johansson, 2001). Bioactive glasses, in general, 

have the ability to dissolve in the body fluid and form a chemical bond with bone. 

This bond will provide a typical site for bone apposition around the implant, which in 

turn will lead to an enhancement in the anabolic bone metabolism process and rapid 

fixation of the implant to bone tissue (Romanos et al., 2003, Coelho et al., 2009, 

Ehrenfest et al., 2010). On the other hand, many clinical studies have emphasised 

the importance of the surface quality of the implant and demonstrated that there is a 

direct relation between surface topography and bone remodelling around the 

implant. Therefore, osseointegration could be subsequently enhanced by increasing 

the surface roughness of the implant and thus exposing more surface area to the 

bone (Albrektsson and Wennerberg, 2004). There are various techniques which 

have been utilised for altering the surface topography of the implant and these 

include acid etching, plasma spraying, enamelling and grit blasting (Sykaras et al., 

2000, Brunette et al., 2012). The latter technique was used in this study, as it has 

several advantages over the other techniques. First, the simplicity of the technique, 

in which the substrate material surface is bombarded by abrasive particles leading 

to, marked physical changes in the substrate surface. Second, it eliminates the need 

for acid-etching step from the processing, as in the case with alumina. Finally, 

matching the coefficient of thermal expansion of the substrate material is not crucial 

in this technique. Despite these strong advantages compared to the more 

sophisticated processes, grit blasting with bioactive glass has not been investigated 

thoroughly, and therefore this study was carried out. 
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 Aims and Objectives of the study 1.2

The aim of this study is to modify the surface of the titanium implant with high 

fluoride/phosphate containing bioactive glasses of variable sodium concentration by 

using a grit blast technique. This is to improve the surface properties of the titanium 

implant and to enhance the bone formation process around the implant. Moreover, 

the glass abraded titanium discs were investigated for their biocompatibility in vitro.   

Objectives: 

1. To design three compositions of bioactive glasses differing in their sodium 

concentration giving different hardness values.  

2. To investigate the ability of the designed bioactive glasses to form apatite when 

immersed in solutions of different ion contents. 

3. To evaluate the ability of the designed glasses to embed physically into the 

titanium implant surface, and assess the effect of their hardness on the amount of 

area coverage, as well as the amount of titanium removal. 

4. To optimise the grit blast parameters, such as, the pressure output, the velocity 

of the moving stage and the distance from the hand piece nozzle on the amount of 

substrate removal and the surface roughness.  

5. To determine the in vitro biocompatibility of the bioactive glasses and the glass-

abraded titanium discs with osteoblast cells. 
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 Structure of the thesis  1.3

The thesis is divided into 9 chapters. The first chapter includes a brief introduction to 

the study with the aims and objectives of the study. The second chapter presents 

the literature review, which is divided into three parts. The first part focuses on the 

biomaterials of the dental implants, the biology of the osseointegration process and 

the failure of dental implants. In the second part, there is a review of the structure of 

the bioactive glasses, the role of different components in the glasses and the 

mechanism of the glass interaction with bone tissue. The last part of the review 

discusses and criticises the modification methods used for implant surfaces. The 

third chapter of the thesis contains the materials and methods, which were used 

during the study and this is divided into four major sections. The first section is 

focusing on the synthesis of the bioactive glass and its characterisation. Additionally, 

some properties are also investigated, such as, hardness and density. The second 

part involves investigating the bioactivity of the designed glasses in four testing 

solutions and detecting the apatite formation by both solid and solution 

characterisation. The third part focuses on the preparation of titanium discs and 

coating them with the designed bioactive glasses using grit blast/air abrasion 

technique. The effect of different operating parameters on the coating properties is 

also investigated. Finally, a cell culture study is carried out to examine the 

biocompatibility of the glasses and the coated samples.  

Chapters 4, 5, 6 and 7 demonstrate the results and discussion of the whole 

research. Chapter 8 comprises the conclusions of the research and the 

recommended future work. Chapter 9 present the references used in the thesis.                   
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 Literature review 2

 Dental implants 2.1

2.1.1 Overview 

A dental implant is a device inserted into the maxilla or the mandible, in partially or 

completely edentulous patients, underneath the mucosa and the periosteum in order 

to act as an anchor for a fixed and removable prosthesis (Stellingsma et al., 2004). 

There are different kinds of dental implants depending on the material of their 

fabrication, dimension, location, surface morphology and properties. Therefore, 

dentists have to select the appropriate type of implant for each specific case 

(Jokstad et al., 2003).  

Regarding the location of the implant, the dental implant can be classified into 

subperiosteal, transosteal and endosteal implants. The former is used mainly in case 

of edentulous mandible with insufficient height. It is composed of a cast metal frame 

which is located on the bone underneath the mucoperiosteum Figure (2.1). The 

failure rate of this implant is high due to the epithelial ingrowth, the possibility of 

infection and paraesthesia of the mental nerve. Therefore, it is rarely used nowadays 

due to their many drawbacks (Garefis, 1978, Bodine et al., 1996).  

 

Figure 2.1: Sub-periosteal implant (Schroeder et al, 1996). 
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Transosteal implants are mostly used in the mandible specifically in the frontal 

region with limited alveolar ridge height of around 8-9 mm. They are inserted through 

the lower border of the mandible crossing the whole thickness of the alveolar bone 

and their posts emerge in the oral cavity to support the dental prosthesis. This type 

is also not commonly used, because it is surgically invasive and the occurrence of 

bone saucerization is possible (Albrektsson et al., 1986). Endosteal implants are the 

most widely used type of dental implants due to their convenient application. It is 

inserted into the alveolar bone by either one-stage surgery or two-stage surgery 

techniques. In the first technique, the implant directly emerges in the oral cavity 

while, in the second technique the implant is covered by the oral mucosa and after 

few months it will be exposed in the oral cavity to support the prosthesis. This type 

can come in different designs, such as, cylinder, screw and blade Figure (2.2) (of 

Prosthodontics et al., 1999, Stellingsma et al., 2004).  

 

 

Figure 2.2: Endosseous implant designs.  

Taken from (http://dentalimplants.uchc.edu/about/types.html). 
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According to the time of implantation, dental implants can be divided into: first, 

‘immediate implant’, which can be placed immediately after the extraction of the 

tooth and before the healing of the surgical site. Second, ‘early implant’ means the 

insertion of the implant after 4-8 weeks from the time of tooth extraction and finally, 

‘late implants’ which means the placement of the implant after the complete bone 

healing (Pivodova et al., 2011). There is a controversy about the time of implant 

loading with the dental prosthesis. The time required for the implant immobilisation is 

around 6 months for implants inserted in the maxilla and 3 months in the mandible. 

 

2.1.2 Biomaterials of dental implants     

There is a wide variety of materials which are used for the fabrication of dental 

implants. These are either metals, such as, pure titanium, Ti-6Al-4V alloy and cobalt-

chromium molybdenum alloy or ceramics, such as, zirconia, aluminium oxide and 

hydroxyapatite (HAP) (Jung et al., 2001). The high ductility and fracture toughness 

are the main advantages of metal implants, while low corrosion resistance is their 

main drawback (Von Recum, 1998). In addition to that, their abilities to bond with 

bone are markedly less significant when compared with the ceramics (Habibovic et 

al., 2005). Many studies have shown that commercially pure titanium and titanium 

alloys are the most biocompatible materials among the metal implants (Alla et al., 

2011, Brunette et al., 2012).  

Biocompatibility is a dynamic process and it can be defined as the ability of the 

material to adapt to the surrounding tissue without eliciting any harmful effect to the 

recipient tissue (Williams, 2008). It is important that the material has high 

biocompatibility, because biocompatibility will enhance the process of 

osseointegration and the attachment of soft tissue around the collar portion of the 

implant (Mustafa et al., 1998).        
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Strunz 1985 classified the implant material according to their compatibility in the 

bone into (Schroeder et al., 1996): 

Distant osteogenesis (biotolerated materials): this includes materials, such as, 

stainless steel, cobalt-chromium-molybdenum alloys and polymethylmethacrylate. 

These materials have the ability to form a more or less thick connective tissue 

capsule at the bone-implant interface. However, this implant should not be subjected 

to loading during the healing process. 

Contact osteogenesis: this type is also known as bioinert material and it includes 

titanium and aluminium oxide ceramic. There is a bone formation at the area 

adjacent to the implant surface however; there is no real bond at the bone-implant 

interface.  

True bond osteogenesis:  this group includes bioglasses, bioceramics and calcium 

phosphate apatite and also known as bioactive materials. These materials are 

installed in bone and able to form a chemical bond to bone. Thus, this type of 

material can withstand the physiologic loading. 

Bond osteogenesis: this group includes titanium with coating material. These 

materials when implanted in the bone will show both physical and chemical bonding 

to bone. 

Titanium (Ti) is a light weight, high-strength, low corrosion structural metal. Its 

density is about 4.5 g/cm3 and its alloys were used as surgical implant materials 

from the 1960s (Gonzalez and Mirza-Rosca, 1999). Commercially pure titanium is 

the material of choice for dental implant manufacturing, due to its excellent 

mechanical properties and its ability to react with the bone (Albrektsson et al., 1981).  

However, this reaction is not chemical because the material is chemically inert 

(Manero et al., 2002). The inert material is highly tolerated by the body tissue 

producing no adverse effect on the surrounding structures (Oldani et al., 2012).  
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Pure titanium metal comes in four grades according to a number of impurities that 

are found in the material which are oxygen, carbon, nitrogen and iron. Grade 4 pure 

titanium is the most commonly used between the four grades because, it shows high 

oxygen and iron contents which are responsible for the enhancement of the 

mechanical properties. However, the low elastic modulus, poor abrasion resistance 

and the greater difficulty in fabrication than stainless steel are the drawbacks of the 

material (Hill, 1998). 

Regarding biocompatibility, this metal has the ability to form a strong and stable 

titanium oxide (TiO2) layer on the surface when it is exposed to air or aqueous 

medium. This oxide layer is responsible for decreasing the rate of its corrosion and 

enhancing its ability to interact with bone (Moritz et al., 2004, Olmedo et al., 2009). 

Many proteins, such as, proteoglycans, collagenase and fibronectin are adsorbed 

readily from the surrounding body fluids on the surface of the metal. However, there 

is no clear conclusion about the significance of the proteins in the biological reaction 

(Brunette et al., 2012). (Linder and Hansson, 1983) showed that titanium implants 

are separated from bone by a 20-40 nm layer of proteoglycan which contains a 

calcium deposit. The formation of this layer is related to the stability of the TiO2 layer 

on the titanium metal surface. Cell growth and differentiation are enhanced on the 

titanium surface as the osteoprogenitor cells migrate to the site of implantation and 

differentiate into osteoblast cells.  

Titanium alloys, such as, Ti-6Al-4V and Ti-6Al-7Nb are the most suitable implant 

materials for orthopaedic applications. Ti-6Al-4V is the first and the most widely 

employed material because it possesses good mechanical properties and little or no 

adverse effects on the surrounding tissue (Sittig et al., 1999). The mechanical 

properties are improved when compared with pure titanium and this is achieved by 

the addition of aluminium (Al). Vanadium (V) is added for the purpose of maintaining 

the corrosion resistance of the alloy (Khan et al., 1999). However, vanadium is a 
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toxic element to the human body because Ti-6Al-4V forms a passive vanadium 

oxide layer on the surface and this layer is thermodynamically unstable. Therefore, 

vanadium is released in the human body and it may accumulate in specific organs, 

such as, kidneys, liver and bone. As a result of this, vanadium free alloys and Ti-6Al-

7Nb have been developed (Akahori et al., 2002). Ti-6Al-7Nb is used for hip and 

elbow joints replacements. 

Titanium and its alloys have certain limitations. There is a wide controversy about 

the osteogenesis of Ti-6Al-4V alloy (Blumenthal and Cosma, 1989, Maurer et al., 

1994). The release of vanadium and aluminium ions from these alloys is thought to 

inhibit osseointegration (Okazaki and Gotoh, 2005, YORUC et al., 2007), leading to 

failure of implant prosthesis (Bedi et al., 2009). Although, titanium has high survival 

rate the dark greyish colour can shine through the thin mucosa causing aesthetic 

problems, especially in the anterior region. Therefore, zirconia has been used 

clinically. This material has natural tooth-like colour, good mechanical properties and 

dimensional stability, as well as comparable biocompatibility to titanium (Aydın et al., 

2013). Moreover, (Kohal et al., 2002) demonstrated that zirconia can withstand long-

term loading and the stress distribution along the bone-implant interface is similar to 

commercially pure titanium. In 2004, (Kohal et al., 2004) compared the histological 

finding of loaded titanium and zirconia implants in monkeys. The study showed that 

the reaction of the soft tissue in both materials is the same and there is a direct bone 

attachment on to both surfaces without the formation of fibrous tissue at the bone-

implant interface.       

2.1.3 Osseointegration 

The successful insertion of implants in bone with no signs of infection or rejection by 

the living tissues leads to a lot of developments in the field of medicine and dentistry. 

The success and prognosis of implant supported prostheses depend on the physical 

and biological integration at the bone-implant interface, i.e. osseointegration, which 



 

39 | P a g e  

 

is an important factor in the stability of the implant. Any disruption in this process will 

cause implant mobility and subsequent failure (Ashley et al., 2003, Matusovits, 

2009).  

Osseointegration reveals an active process during its formation and maintenance. 

The formation stage of this process represents a slight direct interaction between the 

implant and the living bone while, the maintenance stage represents the continuous 

bone remodelling around the implant and its adaptation to function (Berglundh et al., 

2003). The process of osseointegration was first discovered by Swedish orthopaedic 

surgeon Brånemark in 1969 when he inserted a piece of titanium in the femur of a 

rabbit and observed that this material fused with the surrounding bone and the soft 

tissues. From that time, the term “osseointegration” was recognised. However, there 

are many factors which affect this process like the material and surface properties of 

the implant, bone quality and time of functional loading (Alla et al., 2011).  

2.1.4 Definition of Osseointegration 

Osseointegration can be defined histologically as the direct attachment of the 

implant with bone by the formation of bony tissue at the bone-implant interface 

without any interposition of fibrous tissue. While, clinically it is the ankylosis of the 

implant in the bone during functional loading (Albrektsson and Zarb, 1993, 

Albrektsson and Johansson, 2001, Ehrenfest et al., 2010). 

However, there are other terms which are related to osseointegration, such as, 

osteoinduction and osteoconduction; they are different from osseointegration. The 

former is defined as the stimulation of the undifferentiated cells, preosteoblast cells 

to induce bone formation, and this process is elicited in bone healing and after the 

insertion of an implant in the bone. While, osteoconduction refers to the ability of the 

implant surface to allow the bone formation on the top of it and this process is 

affected by the implant material that used and its reaction with bone (Albrektsson 

and Johansson, 2001). 
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2.1.5 Biology of Osseointegration 

Bone is a specialised highly active form of connective tissue, which is composed of 

cells and extracellular matrix. The matrix consists of organic and inorganic 

components. The former composed of 90% collagen type I and 10 % non-

collagenous proteins, these components are responsible for the properties, such as, 

toughness i.e. (resistance to crack propagation). The latter components, on the other 

hand, are responsible for the compressive strength and stiffness and are composed 

mainly of HAP crystals. Therefore, bone can be described as a hard, dense and 

composite like structure (Miller and Parker, 1984, Martin et al., 1988, Doblaré et al., 

2004). There are two major types of bones, cortical or compact bone, which forms 

the outer surface of the bones and constitutes 80% from the total bones of the body. 

While trabecular or cancellous bone is found in the inner portions of the cortical bone 

and form about 20% of the bones Figure (2.3).  

 

 

Figure 2.3: Types of bones in human body (Knight et al., 2015). 
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However, there is a third type of bone which is known as woven bone. This type of 

bone is an immature bone that can be formed during the process of bone 

remodelling, where four types of cells are present Figure (2.4). The first type of cells 

are known as osteoblast cells, these cells are fully differentiated cells found on the 

surface of the bone and responsible for the production of growth factors and the 

formation of new bone or matrix, such as, osteoid. They can be differentiated into 

bone lining cells and osteocytes. Bone lining cells are elongated cells found on the 

surface of the bone and considered as metabolically inactive, however, they can be 

stimulated by chemical or mechanical stimuli. Osteocytes, on the other hand, are 

stellate-shaped mature osteoblast cells found within the mineralised bone matrix in 

the lacunae. These cells are attached to other bone cells by processes, which give 

them the ability to transfer the information of the mechanical loading to the adjacent 

cells. The fourth type is the osteoclasts, which are large multinucleated cells found 

on the bone surface whose function is to resorb the bone (Weiner et al., 1991, 

Cowin, 1999, Loveridge, 1999, Lindhe et al., 2003, Doblaré et al., 2004).  

 

 

Figure 2.4: Bone remodelling cycle (Bray et al., 1998). 
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Bone tissue has the ability to heal after injury or fracture without the formation of 

scar tissue. The mechanism of implant osseointegration process is similar to that in 

the bone healing process and this includes four stages: inflammatory, 

vascularisation, bone formation and bone remodelling stage. Different factors 

contribute through the stages of osseointegration, such as, the type of cells, growth 

factors and cytokines (Søballe, 1993). 

After the surgical trauma and insertion of the implants in bone, there is a formation 

and accumulation of a blood clot at the bone-implant interface accompanied with the 

migration of inflammatory cells, vasodilation and resorption of traumatised bone by 

the action of osteoclast cells (Davies, 1996, Park and Davies, 2000). The next step 

is the adsorption of proteins from the blood and body fluid. However, the structure of 

the protein layer can be affected by the type and the surface morphology of the 

implant (Dee et al., 2003). After 5 days, the implant surface is lined with flattened 

cells and small blood vessels, then one week later; the clot is replaced with highly 

vascularized granulation tissue (Franchi et al., 2004, Berglundh et al., 2003). (Meyer 

et al., 2004) showed that from the first day of implantation osteoblast cells 

successfully attached to the implant surface and after few days they start to deposit 

collagen matrix, either directly at the implant interface or on a layer that resembles a 

cement line. This line is rich in non-collagenous proteins (Puleo and Nanci, 1999). 

Woven bone is formed after the deposition of the new calcified matrix and it is 

replaced by lamellar bone after remodelling, thus finalising the process of biological 

fixation of the implant (Chappard et al., 1999). 

Generally, the process of implant osseointegration is a slow process and may take 

several months (Hofmann et al., 1997). However, to optimise this process a better 

knowledge is required about the cellular and molecular mechanisms of cells at the 

bone implant interface (Dimitriou and Babis, 2007). 
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2.1.6 Failure of dental implants 

The high success rate and good prognosis of dental implants are related to the 

osseointegration process, which is responsible for the primary and secondary 

stability of the implant through mechanical and biological processes respectively. 

Many studies report that there is a high success rate of dental implants, which is 

about 95-97% (Pye et al., 2009); however, failures still occur and the rate is around 

7.7% for Branemark dental implants after 5 years as stated by (Esposito et al., 

1998a). Moreover, the Meta-analysis study, which was conducted by (Esposito et 

al., 1998a) confirmed that the implant loss and the rate of failure in edentulous cases 

were double that of partially edentulous cases and the rate in the maxilla was three 

times more than in the mandible, except in partially edentulous cases where the rate 

of failure was nearly the same. 

Failure of dental implants can be classified into early and late failures. The former is 

defined as the failure in the accomplishment of the osseointegration process around 

the implant surface. While late failure, is defined as the breakdown of the 

osseointegration after the prosthetic rehabilitation. The failure of dental implants is 

related to a complex and multifactorial process. Therefore, there are many factors 

associated with failures some of them related to the early failures and others related 

to the late failures (Alvim-Pereira et al., 2008). 

2.1.6.1 Factors associated with early failures    

This can be classified into surgical technique, implant design and patient-related 

factors. 

The skill of the surgeon is one of the factors that affect the process of 

osseointegration. The excessively traumatic surgical technique may lead to the 

formation of a fibrous tissue capsule around the implant surface. This capsule will 

cause improper attachment of the implant with bone. Inadequate cooling or using 
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excessive speed during the drilling procedure may cause excessive heating of the 

bone. This will lead to injury of the bone cells and will end up to necrosis and implant 

loss (Eriksson and Albrektsson, 1984, Ashley et al., 2003, Cavalcante Gomes de 

Souza Carvalho et al., 2011). Therefore, one of the possible reasons behind dental 

implant failure within the first few months after insertion is the tissue overheating 

during a surgical procedure. Moreover, the drilling speed plays an important role in 

the primary stability of the implant, as it affects osteotomy and heat generation (Iyer 

et al., 1997, Hadi et al., 2011). 

Failure in controlling the heat during the surgical drilling to less than 47 °C or 50 °C 

for 1 min can cause a reduction in the bone formation around the implant. While 

heating to 44 °C for 1 min had no effect on the bone regeneration process. Thus, the 

47 oC temperature is considered as a critical temperature for bone necrosis 

(Eriksson and Albrektsson, 1984).  

The conventional drilling method is used with most of the implant systems. This 

method depends on the drilling protocol with 800 to 1500 rpm, with sufficient amount 

of water irrigation to prevent overheating. (Anitua et al., 2007) suggested a new 

method for drilling using low speed 50 rpm without cooling. This procedure gives the 

operator more precision in the path of drilling and enhances bone healing after the 

operation. This is due to less friction and trauma to the bone structure (Kim et al., 

2010). Despite this advantage, this procedure was considered as a time-consuming 

procedure. The excessive slow or high-speed drilling may cause a rise in heat 

generation and lead to high friction with an increase in the amount bone necrosis. 

Thus, using high drilling speed at 1000 rpm yielded the best biological responses 

(Yeniyol et al., 2013). (Gaspar et al., 2013) stated that using both low-speed drilling 

technique without cooling and the conventional method with cooling has no effect on 

the vitality of the bone cells. 
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 Implant design is also one of the factors that influence the implant stability and 

ability to withstand the functional forces during and after osseointegration 

(Abuhussein et al., 2010). 

Regarding the shape of the implant, (Carlsson et al., 1986) reported that the screw 

implant has better stability than cylindrical and T- Plates implants and can withstand 

both compressive and tensile stresses. The implant shape also plays a fundamental 

role in determining the type of generated force at the bone-implant interface. The 

ideal implant design should reduce the amount of shear force which is generated 

and obtain a good equilibrium between the compressive and tensile forces. Shear 

forces are responsible for reducing the bone density and the formation of weak 

bone. Therefore, some authors state that the high failure rates are mostly seen with 

cylindrical implants rather than tapered implants. This is because of the generation 

of more shear forces with the cylindrical design than the other types (Misch, 2007). 

However, (Holmgren et al., 1998) compared the stress distribution around the 

stepped cylindrical and the straight implants by using finite element analysis and 

concluded that the stresses are more evenly distributed and dissipated in the former 

design than with tapered implants.  

The diameter of the implant has also an effect on the amount of bone engagement 

at the bone-implant interface and on the success rate of dental implants. (Ivanoff et 

al., 1997) investigated the effect of various implant diameters on the 

osseointegration in rabbit tibia. They found that using a larger diameter implant may 

recommend higher torque removal. Large diameter implants can be used clinically to 

enhance implant stability, as they form more supportive cortical bone. Increasing the 

number and the diameter of the implants in conjunction with the proper positioning of 

them in high-quality bone all can cause improvement in the biomechanical behaviour 

of implants and the treatment outcome (Şahin et al., 2002). 
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(Winkler et al., 2000) focused on the relationship between the failure rate and the 

diameter of the implants and concluded that 4 mm diameter implants have a lower 

failure rate when compared to 3 mm diameter implants. Although, narrow diameter 

implants are the most reliable type to be used in case of narrow residual ridges and 

edentulous areas with limited interdental width. These implants cannot withstand 

high occlusal loading and they are susceptible to fracture. This criterion was 

considered as one of their drawbacks (Kanie et al., 2004, Himmlova et al., 2004).  

Regarding implant length, there is limited information about the relationship between 

the implant length and the survival rate. Some authors stated that long implants 

have low failure rates compared to short implants, while others reported that there is 

no effect of the implant length on the survival rate (Testori et al., 2001, Naert et al., 

2002, Herrmann et al., 2005). A study of single fixed unit restorations demonstrated 

that there is no relation between the implant length of more than 13 mm and the 

implant survival rate (Eckert et al., 2001). 

(Herrmann et al., 2005) reported that implant with 7 mm length had the highest rate 

of failure and the 10 mm lengths had a higher failure than 13 mm length or more. 

Another study by (Olate et al., 2010) demonstrated that short implants have high 

failure rates of around 9.9% while, medium implants showed the least rate of 3.0% 

and the long implants were in between 3.4%. However, (Ali, 2014) stated that short 

implants had a high success rate when compared with the conventional implants 

specifically in the case of atrophic alveolar bone. Short implants showed limited 

usage clinically. This is because of their small surface area which cannot distribute 

the force evenly over the entire surface. This will generate excessive stresses at the 

bone-implant interface. 
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Patient-related factors can be classified into ‘local factors’ which include bone quality 

and quantity, immune response and radiation therapy and ‘systemic factors’ which 

include age, smoking and general health (Esposito et al., 1998b, Pye et al., 2009, 

Baqain et al., 2012). 

Bone quality played an important role in the success of dental implant, as it provides 

a proper site for the implant to integrate with the bone. This integration will lead to 

better stability and prognosis (Turkyilmaz and McGlumphy, 2008). The mechanical 

properties of the bone-implant interface can be improved by higher bone density. 

The higher the density, the lower the implant micro-movement and stress 

concentration. Therefore, the survival rate of the implant is proportional to bone 

quality. Some authors stated that the success rate of the implants inserted in the 

mandible is around 90% over 5 years while; in the maxilla it is around 80% over 10 

years (Jaffin and Berman, 1991, Şahin et al., 2002). Moreover, the presence of poor 

bone quality in the maxilla can lead to a high failure rate of the implants (Herrmann 

et al., 2005). The high failure of the maxillary implants is related to the variation in 

the bone densities between both arches (Snauwaert et al., 2000). The densest bone 

can be seen in the anterior mandible followed by the posterior mandible, the anterior 

maxilla and the lowest density is in the posterior maxilla (Truhlar et al., 1997, Şahin 

et al., 2002).  

Regarding the immune response, studies have shown that there are no allergic or 

adverse reactions against the commercially pure titanium and coated titanium 

implants. However, theoretically, it can be possible that hypersensitivity might be 

one of the reasons for implant failures (Esposito et al., 1998b). A patient with 

radiation therapy is susceptible to osteoradionecrosis, infections, less bond strength 

of bone to implant connection and delayed bone healing around the implant 

surfaces. This is due to the effect of radiation on bone cells, which causes a 

reduction in the proliferation of bone marrow cells and damage to the osteoclast 
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cells (Ihde et al., 2009). (öhrnel et al., 1997) demonstrated that bone thickness and 

contact to the implant surfaces is remarkably decreased in irradiated rat tibias when 

compared to the healthy control tibias. Moreover, (Johnsson et al., 2000) studied the 

effect of implant placement time in irradiated bone on the bone healing around the 

titanium implants. This study concluded that bone healing is improved as the time 

interval between the radiation therapy and the implant insertion is prolonged. There 

is an enhancement in the osseointegration process around the titanium implants. In 

addition, greater forces are needed to unscrew these implants from the irradiated 

bones as the time is prolonged.  

Systemic factors, such as, age; gender and smoking are also contributed to the 

failure of dental implants. Dental implants may cause disruption in growth and 

development of jawbones in young patients. This is due to the implant ankylosis 

which interferes with the normal eruption process of the natural dentition (Heij et al., 

2003). However, the advanced age can also lead to implant failure. This is due to 

health problems and osteoporosis, which are usually associated with increased 

patient age (Salonen et al., 1993). Moreover, there is a change in the mineral 

composition of the bone, as well as the bone proteins and collagen in older patients, 

which enables the bones to heal over a long period of time. Gender, on the other 

hand, showed no clear effect on the failure of implants (Porter and Von Fraunhofer, 

2004, Moy et al., 2005). 

Smoking has a clear effect on implant treatment and many studies reported that 

there is a high percentage of implant failure in smoker patients in comparison to non-

smokers (Lambert et al., 2000). It is evident that smoking is a risk factor that can 

cause progressive marginal bone loss and periodontal disease, which is also known 

as peri-implantitis. All these causes correspond to the low success rate of dental 

implants (Esposito et al., 1998b).      



 

49 | P a g e  

 

2.1.6.2 Factors associated with late failures 

Peri-implantitis and occlusal overloading are the major aetiological factors which are 

responsible for the late failures of dental implants (Esposito et al., 1998b). Plaque 

accumulation on the surface of the implant will induce the colonisation of bacteria on 

the surface which will cause inflammation of the implant mucosa known as peri-

implant mucositis. The bacterial infection, on the other hand, may invade the 

supporting bone and cause peri-implantitis which is responsible for the failure of the 

implant in case of its progression (Zitzmann and Berglundh, 2008). 

(Serino and Ström, 2009) stated that there is a relation between plaque control and 

peri-implantitis. In patients with proper plaque control and good oral hygiene, the 

occurrence of pre-implant bone loss is less frequently detected. The same finding 

was also seen with non-smoker patients because smoking has a direct effect on the 

oral hygiene. However, the occlusal load may also be responsible for the 

pathogenesis of peri-implantitis particularly, when the implants are inserted in a 

loose trabecular bone, this will cause an adverse effect on the osseointegration. This 

process has three stages when the implant inserted in the bone. The first stage 

showed an apposition of woven bone on the site of implant placement, then 

deposition of fibrous tissue and in the final stage there is an adaptation of bone 

structure to occlusal load. This is performed by replacing the woven bone with 

mature lamellar bone (Heitz‐Mayfield et al., 2004). Many studies showed that 

excessive loading on dental implants will cause marginal bone loss for newly 

inserted implants or will cause loss of previously integrated implants (Isidor, 1997). 

This is due to the absence of periodontal ligaments around the dental implants, 

unlike the natural teeth which can act as a shock absorber for the excessive occlusal 

load.  Also, during the occlusal loading of the implant the greater amount of stresses 

will be directed to the coronal portion of the bone. This is related to the type of 

contact between the two materials, when one of them is subjected to a specific load 
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the stress will be greater at the first contact area between the two materials (Isidor, 

2006).     

 Glass and bioactive glass 2.2

2.2.1 Glass definition 

A glass is defined as “an inorganic product of fusion that has been cooled into a rigid 

condition without crystallisation”. It is a translucent material that has specific 

characteristics, such as, rigidity, brittleness and hardness (McMillan, 1979). Pure 

silica glasses are mainly composed of a network of silicon atoms bonded to each 

other by covalent bonds with oxygen atoms. 

Glass is similar to liquid because both of them possess a random arrangement of 

atoms and exhibit no crystalline lattice (Paul, 1989). Therefore, glass is different 

from a crystalline material, as the latter has regular or long periodic order of atoms. 

While, glass has no long-range periodicity, it may have short and intermediate 

structural order of scales (Chrissanthopoulos et al., 2008).  

 Moreover, glasses exhibit no diffraction peaks when examined by X-ray diffraction 

Figure (2.5) and they do not have a specific melting temperature. When heating the 

glass up to a high temperature, it will soften and ease into a viscous liquid. This is 

known as the glass transition temperature (Tg), which is a unique property for the 

glass, and it can be defined as the temperature where the solid glass will transform 

into a viscous liquid state. Consequently, the glass will behave as an elastic solid 

below this temperature and as a viscous liquid above it. In contrast, crystalline solids 

which exist as a single phase show the occurrence of a specific melting temperature. 

However, multiple crystallite phases exhibit multiple melting temperatures (Höland, 

2012). 
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Figure 2.5: X-Ray Diffraction pattern of a) amorphous glass b) crystalline 

solid. 

Regarding the process of glass formation, glasses can be formed when a liquid is 

cooled below its melting temperature (Tm) and transformed into a rigid solid. This 

process can be described according to the volume-temperature diagram Figure 

(2.6). When a liquid is cooled with a slow rate below its Tm, the fluidity of the liquid 

will decrease in addition to the appearance of a sharp reduction in the material 

volume. Therefore, the material will have a high possibility to crystallise unlike when 

a liquid is cooled at a fast rate. In the latter case the liquid can show a gradual 

decrease in the volume, as well as in the fluidity. This will give no opportunity for the 

material to crystallise (Paul, 1989).   

 

Figure 2.6: The effect of temperature on glass formation (Shelby, 2005). 

a b 
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2.2.2 Glass structure 

Glasses and crystals, as hypothesised by Zachariasen theory, are formed from the 

same basic unit, which is known as polyhedral network or tetrahedron. Although the 

interatomic distances in this network are similar in both structures, the orientation of 

these distances in the glass three-dimensional network is not symmetrical and 

periodic as in the crystalline network (Paul, 1989).  

The silicate glass tetrahedral network structure is composed of a silicon atom which 

is located in the middle part of the unit and it is connected with four oxygen atoms by 

covalent bonds as shown in Figure (2.7).  

 

 

Figure 2.7: Schematic diagram shows the basic composition of silica glass 

(Höland, 2012). 

In the amorphous glass, each tetrahedron is connected through their oxygen atoms 

to four adjacent tetrahedrons in a random order forming a three-dimensional 

network. This random structure is related to the variances in the bonding length 

between the adjacent tetrahedral units and the bonds length within these units. This 

feature differentiates glass from crystalline structure, where the latter is composed of 

ordered tetrahedral units as shown in Figure (2.8).  
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Zachriasen stated rules for glass formation and the ability of oxides to form a short 

range ordered 3-dimensional network glasses. These rules illustrated that oxygen 

atom should be bonded to two glass forming atoms. Moreover, the oxygen atoms 

should share the corners of the polyhedral and not the edges or the faces (Paul, 

1989, Shelby, 2005, Höland, 2012). 

 

Figure 2.8: Schematic diagram illustrates the differences between a) 

crystalline structure b) glass structure (Paul, 1989). 

 

There are three types of oxides which take a part in the glass formation and these 

can be classified as follows (Shelby, 2005, Al-Noaman, 2012): 

Glass formers: these are oxides with small cations that have the ability to form the 3-

dimensional network of the glass with random order, example: silicon dioxide (SiO2), 

boric oxide (B2O3) and phosphorus pentoxide (P2O5). The largely covalent bond 

between the glass former and the oxygen is called bridging oxygen bond (BO)  

Glass modifiers: these are oxides of large cations, which do not have the ability to 

form a 3-dimentional glass network. However, they disturb and weaken the network 

structure by forming non-bridging oxygen bonds (NBO). These bonds can be defined 

as the ionic bonds between the oxygen and the modifiers. Examples: calcium oxide 

(CaO) and sodium oxide (Na2O). 

a b 
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Glass intermediates: these oxides are also known as conditional glass formers. They 

have the ability to form a glass network only when they are mixed with glass formers 

i.e. they cannot form a glass by their own. Example:  aluminium oxide (Al2O3) and 

zinc oxide (ZnO) Figure (2.9). 

The glasses’ biological behaviour can be affected by the ratio of the BO to NBO that 

are present in the glass composition (Hench and Wilson, 1993). The presence of 

large ratio in the glass network will lead to the reduction of the degradation of the 

glass in the body and turn it into non-bioactive material (Höland, 2012). 

 

 

Figure 2.9: Schematic diagram showing glass network structure (Hench and 

Wilson, 1993). 

 

2.2.3 Glass Network Connectivity (NC): 

Silicate glasses resemble inorganic polymers as the silicon atoms are cross-linked 

with oxygen. This cross-link density or the network connectivity (NC) of the glass 

network plays an important role in the prediction of some glass properties, such as, 

solubility, reactivity, Tg and thermal expansion coefficient.  



 

55 | P a g e  

 

The network connectivity is defined as, the average number of bridging oxygen 

bonds per unit tetrahedron or silicon atom in the glass (Hill, 1996).  

The dissolution rate of the glass in the body fluid and the ability of the bioactive glass 

to form apatite on the surface can be predicted by the NC. The presence of glass 

modifiers in the glass network structure can affect the connectivity by disturbing the 

structure of the tetrahedron and forming NBO bonds. This lowers the connectivity 

and rendering the bioactive glass to be more degradable or bioactive (Höland, 

2012). Therefore, there is a direct relationship between network connectivity and Q 

structure of glass (Q is short for quaternary), which both depend on the BO content 

in the glass structure. For example, pure silica or quartz glasses have a Q4 structure, 

which is equivalent to NC of 4.0. This means that the silicon atom is connected by 

four BO bonds. In a 3-dimensional glass structure, the NC is equal to 3.0, which is 

related to the presence of three BO per silicon atom and is corresponded to Q3 

structure. In linear glass network, the Q structure is 2.0 which is equivalent to NC of 

2 and the presence of two BO per silicon atom.  

The NC can be calculated depending on the composition of the glasses. (O’Donnell 

et al., 2008) calculated the NC of the glass by using two equations. In the first 

equation (2.1), P2O5 was supposed to form a part of the glass network and exist as a 

mixed sodium-calcium orthophosphate. This assumption is no longer used because 

of the development of the second equation (2.2), which is a modification of the 

former one. This is known as “modified network connectivity" (NC’) which assumed 

that the phosphate is forming a separate phase (orthophosphate units) and its 

requiring charge balance from the other cations in the glass network as Na+ and 

Ca2+. This will lead to an increase in the NC of the silicate glasses.  

 

Equation 2.1 

𝑁𝐶 = 2 +
[(2 × 𝑆𝑖𝑂₂) + (2 × 𝑃₂𝑂₅)] − [(2 × 𝐶𝑎𝑂) + (2 × 𝑁𝑎₂𝑂)]

𝑆𝑖𝑂₂ + (2 × 𝑃₂𝑂₅)
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Equation 2.2 

𝑁𝐶′ = 2 +
(2 × 𝑆𝑖𝑂₂) − [(2 × 𝐶𝑎𝑂) + (2 × 𝑁𝑎₂𝑂) + (6 × 𝑃₂𝑂₅)]

𝑆𝑖𝑂₂
 

(Hill and Brauer, 2011) demonstrated that the bioactivity of the glass is dependent 

on its NC. Therefore, when the glass NC decreases, the bioactivity or the dissolution 

rate will increase. This is due to the changes of the glass structure from cross-linked 

network to linear chains of low molar mass. The glasses with NC~ 2.0 are the most 

bioactive due to the presence of largely Q2 species in the glass structure whereby, 

glasses with NC values above 2.4 shows low bioactivity or are non-bioactive 

materials (Elgayar et al., 2005). (Fujibayashi et al., 2003) compared the ability of the 

glass granules with different NC or silica content to form an apatite layer both in vivo 

and in vitro using simulated body fluid (SBF) solution. The study showed that there is 

an inverse correlation between apatite formation and NC as the amount of bone 

formation decreased when the NC value increased. Moreover, (O’Donnell and Hill, 

2010) stated that glasses of NC lower than 2.0 are known as invert glasses. These 

glasses have the ability to dissolve rapidly and increase the amount of alkali ions in 

the surrounding biological environment, which might cause a rise in the pH level, 

cytotoxicity and formation of fibrous tissues capsule around the material surface.  

There are limitations in the use of the NC and the NC’ models in designing new 

glass compositions and predicting bioactivity. A significant decrease is shown in the 

predictive nature of the both models for the glass bioactivity as more chemical 

compounds included in the glass composition (Hill, 1996). This is due to the 

dependence of the network connectivity on the glass compositions, which in turn 

should indicate the presence of homogenous structure and regular co-ordination 

numbers of the network-forming ions in the glass composition. Therefore, the role of 

the components in the glasses should be known to ensure the successful use of 

these models. In addition, these models emphasise the biological response of 

glasses and neglected the nature of modifying cations. The field strength or the 
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charge to size ratio of modifier cations has an influence on the glass network by 

expanding the network or providing more ions for apatite formation. Although, the 

NC’ will remain constant and does not reflect this behaviour. 

2.2.4 Bioactive glass: 

Bioactive materials were defined by (Williams, 1999) as materials that have the 

ability to stimulate biological responses and form a direct bond with living tissues. 

In the 1960s, Hench and co-workers discovered the first bioactive glass, which is 

known as bioglass 45S5. This glass is composed of the following oxides 45 % SiO2, 

24.4 % CaO, 24.5 % Na2O and 6 % P2O5 (all in weight percent) and it shows high 

bioactivity and ability to form a true bond to hard and soft tissues both in vitro and in 

vivo environments through the formation of hydroxycarbonate apatite (HCA) on the 

material’s surfaces (De Aza et al., 2007, Ylänen, 2011). 

To design a bioactive glass, there are many factors that should be taken into 

consideration; one of them is the chemical reactivity of the glass and its ability to 

form apatite in body fluid and aqueous solutions. This is highly dependent on the 

glass composition. However, the strength is another important property for the 

bioactive glass; this depends on the surface properties of the glass rather than the 

chemical composition.  

The reason behind the importance of glass strength is that glass possesses a high 

strength but, it cannot withstand heavy forces. This is due to their brittle nature and 

susceptibility to flaws. Therefore, this material is not used in the loading bearing 

areas, however  it can be used as a coating for other materials (Ylänen, 2011). 

The bioactive glass has the ability to form a strong glass-bone contact when 

implanted in the bone. This strong bond renders the removal of the implant from its 

location very difficult and this may lead to a fracturing of the implant itself or the bone 

and not the contact area in between (Rawlings, 1993).  
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Regarding the bioactive glass processing, this material can be formed by two main 

processing routes: the first one is known as the melt derived route. This method is 

similar to the conventional method which is used to form the soda-lime glasses and 

it requires the melting of the metal oxides at high-temperature 1350 ºC -1450 ºC. 

While, the second method requires lower temperatures 600 ºC -700 ºC and this is 

known as the sol-gel method (Li et al., 1991). The glasses produced by the latter 

method showed higher bioactivity than the glasses made by the melt quench 

technique. This is due to the high porosity of the sol-gel glasses revealed by the high 

ratio of the surface area to the volume. 

2.2.5 Role of Fluoride in bioactive glass: 

The incorporation of fluoride into the bioactive glasses has several advantages in 

both dental and orthopaedic applications. For the dental applications, fluoride plays 

an important role in preventing dental caries by inhibiting enamel and dentine 

demineralisation process, as well as bacterial enzymes. Also, it enhances the dental 

remineralisation process. This is because; fluoride ion has the ability to substitute for 

OH- group in HAP and form fluoroapatite (FAP) which is more acid stable than HAP 

(Grynpas, 1990, Thuy et al., 2008, Brauer et al., 2009). While for orthopaedic 

applications, fluoride can stimulate osteoblast cells, bone mineralisation and 

increase bone density. Thus it is used in the treatment of osteoporosis (Aaseth et al., 

2004, Vestergaard et al., 2008).     

The nature of fluoride incorporation in the structure of bioactive glasses has been 

studied in many papers, but still, its role in the structure is controversial. Solid-state 

magic angle spinning nuclear magnetic resonance (MAS-NMR) is a useful technique 

in providing information about the structures of various materials including glasses 

(Miller, 1996). 
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Several studies have been performed to determine the role of F- in different glasses. 

Some of them concluded that the addition of CaF2 in the glass will cause disruption 

in the glass network, leading to the formation of Si-F bonds. While, others reported 

that F- is coordinated with Ca2+ and form complexes without the breakage of Si–O–Si 

bonds (Hayashi et al., 2002).  

(Lusvardi et al., 2008) incorporated fluoride into glass compositions by substituting 

the network modifying oxide, such as, CaO or Na2O with a metal fluoride. This 

method resulted in a reduction in the modifier content and in the number of the NBO 

bonds in the silicate glass network. This led to an increase in the compactness of the 

network connectivity and the formation of a high percentage of Q3 and Q4 species 

and formation of (Si-F bonds) as the amount of fluorine increased.  Thus, this will 

lead to a more cross-linked or less degradable glass. In addition, there is the 

occurrence of a slow release of ions in the solution during the bioactivity process. 

(Brauer et al., 2009) and (Mneimne et al., 2011) added CaF2 to the glass 

composition without substituting it for the modifying oxides, therefore, they kept the 

ratio of the other components constant, as well as the value of the NC, which was 

around 2.13. In this method, they assumed that the fluorine is forming a complex 

with sodium and/ or calcium and reducing their possibilities to form non-bridging 

fluorine bonds. Also, 29Si MAS-NMR results demonstrated that Q2 is the main 

species with the availability of small amount of Q3 and there is no detectable level of 

Si-F bonds. Therefore, the addition of CaF2 will not cause an alteration in the silicate 

structure. Furthermore, (Hill et al., 2005) stated that the formation of Si-F bonds is 

unlikely in glasses with a large number of NBOs and network connectivity around 2.0 

due to the high affinity of Si4+ to the oxygen in comparison with F- ions. Therefore, 

the NBOs are attached to Si and there is no formation of Si-F bonds.  

Some authors stated that fluoride prefers to form a complex with calcium over 

sodium (Stebbins and Zeng, 2000) while, recent studies showed that there is no 



 

60 | P a g e  

 

preference for the fluoride to bond with either Ca+2 or Na+ ions, but it is embedded in 

the mixed species (Christie et al., 2011, Pedone et al., 2012). As a result of the 

fluoride binding with the glass modifiers, there will be an increase in the 

polymerisation of the silica network for charge balancing NBO (Cocchi et al., 2012). 

However, the degree of network polymerisation can be kept constant by adding F-  

to the glass structure and keeping the network former to modifier ratio constant 

(Brauer et al., 2010). 

Furthermore, increasing CaF2 content in glasses has demonstrated a significant 

effect on the glass thermal properties, such as, Tg and crystallisation temperature 

(Tc). The studies showed that increasing the fluoride content will cause a decrease 

in both temperatures. This is due to the role of fluoride in reducing the compactness 

of the silicate network and forming complexes with the calcium. In fluorine-free 

glass, calcium ions are divalent and they will bind with the silicate anions by 

electrostatic forces, as well as forming ionic bridges between two NBO. When CaF2 

is added, CaF+ species will cause a reduction in the electrostatic forces between 

NBO and decrease the compactness of the network Figure (2.10), thus the Tg will 

decrease (Brauer et al., 2009, Al-Noaman et al., 2012a).  

 

Figure 2.10: The effect of adding CaF2 to silicate network (Brauer et al., 2009). 
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The effect of CaF2 on the pH and the formation of apatite were investigated by 

(Brauer et al., 2010, Al-Noaman et al., 2012a). The studies showed that the increase 

in the pH of the solutions, such as, Tris buffer and SBF is less pronounced when 

increasing the fluoride content in the glass composition. This is related to the 

buffering effect of the fluoride ions which exchange with the OH- from the solution 

reducing the alkalinity of the previous solutions. The alkalinity was caused by the 

ions exchange with the H+ of the solution, therefore; the production of high pHs 

should be avoided because of the harmful effect on the living cells in vivo (Aina et 

al., 2009). Apatite formation, on the other hand, is highly dependent on the pH level 

of the solution where the glass immersed and as the amount of pH increase is low, 

the deposition of the apatite in the solutions decreases with the increase in the 

amount of fluoride. However, the increase in fluoride caused the formation of fluorite, 

which inhibits fluoroapatite formation and this is due to the low phosphate 

concentration as explained by (Brauer et al., 2010). (Mneimne et al., 2011) showed 

that the addition of fluoride to the glass composition in combination with increasing 

phosphate content will significantly increase the rate of apatite formation. Higher 

phosphate would suppress the fluorite formation and enhance the formation of FAP; 

therefore, phosphate has a critical effect on the apatite formation rate.       

Biologically, fluoride has an effect on the bone cells, as well as on the mineral 

composition of the bone because it can be incorporated into the mineral component 

of bone during the process of bone formation (Grynpas, 1990). The effect of fluoride 

on bones is dose dependent. Studies showed that the fluoride concentration of 25-

500 ng mL-1 stimulates the osteoblast cells and forms a favourable condition for 

bone formation or promotes bone mineralisation. While, a high concentration of 

fluoride, greater than 500 ng mL-1, leads to the suppression of osteoblasts and may 

cause the abnormal bone condition known as fluorosis (Grynpas et al., 2000, Hoppe 

et al., 2011). However, the effect of fluoride on osteoclast cells activity is poorly 
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understood; (Sakae et al., 2001, Oguro et al., 2003) stated that the usage of an 

appropriate concentration of fluoride will inhibit the bone marrow progenitor cell 

development into osteoclast cells and suppress the phagocytic cell activity. 

Regarding dental implants, some authors have demonstrated that the incorporation 

of fluoride into the titanium surfaces can enhance bone formation around the 

implant. This depends on the fact that the incorporation of ions in the superficial 

layer of the material can modify the biological responses toward the implant material 

due to the biological role of the added ion. Low concentration of fluoride can be 

incorporated in the structure of surface titanium dioxide layer of the implant to modify 

it physically and chemically. This modified surface has the affinity to attract the 

calcium and phosphate ions and precipitate them on the surface. Also, it stimulates 

the differentiation of osteoprogenitor cells and increases the trabecular bone density 

in addition to the mineralisation at the bone-implant interface (Ellingsen et al., 2006). 

Therefore, fluoride-modified titanium implants showed superior osseointegration 

behaviour in comparison with non-modified implants. Fluoride-modified titanium 

implants showed faster osseointegration due to more bone formation at the bone-

implant interface. This attributed to the enhancement of osteoblasts differentiation. 

Therefore, high anchorage is shown with these modified implants (Ellingsen et al., 

2004, Cooper et al., 2006) .   

2.2.6 Role of sodium in bioactive glass: 

The basic components of most bioactive glasses are SiO2, CaO, Na2O and P2O5. 

The reactivity of this system is varying from surface dissolution material, which 

showed the formation of a bond with bone, to bulk scaffold degradable material, 

which resorbed within a specific period of time in the living tissues. Sodium is known 

as a critical component of this system and its inclusion cause improvements in the 

mechanical strength of these materials without affecting the material biodegradability 

(Chen et al., 2012). Bioactive glass scaffolds generally have low mechanical 



 

63 | P a g e  

 

strength and are therefore not used in areas where high forces are applied. 

Therefore, extensive densification is required to increase the strength of the bioglass 

foam-like scaffolds. This can be achieved by sintering the foam material at high 

temperature to increase the compactness of its particles and to form a strong 

crystalline phase, which in turn can affect the bioactivity of the material. As 

crystallisation will have taken place the bioactive material may be transformed into a 

bioinert material (Chen et al., 2006). Thus, the addition of Na2O is advantageous in 

the densification and crystallisation treatment of bioceramic, which is attributed to 

the formation of Na2Ca2Si3O9 crystal phase on the surface of the material. This 

phase can slow the process of apatite formation in vitro rather than suppressing it, 

as stated by (Peitl Filho et al., 1996, Clupper et al., 2002). 

Furthermore, the addition of Na2O to silicate-based glasses will decrease the Tg and 

the Tc of these glasses as these two temperatures are critical for the glass sintering. 

This is attributed to the role of Na2O in increasing the processing window between 

the two temperatures which in turn enhances the sintering of the glasses without 

crystallisation. This is performed by decreasing the degree of the glass network 

packing which will cause expansion of the glass network and a decrease of the glass 

density while keeping the network connectivity of the glasses unchanged. Therefore, 

increasing the sodium content in the glasses will act as a disruptor to the network 

causing a reduction in the Tg and Tc, as well as decreasing the thermal expansion 

coefficient of the glasses. The latter thermal property is important for the coating of 

metal implants because bioactive glasses possess thermal expansion coefficient 

higher than the titanium and titanium alloys implants, which may cause chipping or 

interfacial separation of the glass from the metal surface (Wallace et al., 1999). 

(Farooq et al., 2013) suggested that there is a relationship between Tg and 

hardness. The latter is an important property for the grit blast application. As the Tg 

is dependent on the sodium content, therefore, the hardness of the glass can be 
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altered by modifying the concentration of sodium in the glass network. Thus, 

increasing the sodium content in the glass network will decrease the Tg, as well as 

decreasing the hardness of the material. This is related to the lower field strength of 

Na+ which forms a weak ionic linkage between the NBO bonds in the glass structure 

in addition to the effect of sodium on the glass density by decreasing the packing 

density of the glass as shown in Figure (2.11) (Wallace et al., 1999).  

 

Figure 2.11: Role of sodium in the glass structure (Wallace et al., 1999). 

 

Regarding biocompatibility, (Wallace et al., 1999) showed that the high 

concentration sodium containing glasses produce low in vitro biocompatibility when 

compared to the low concentration sodium containing glasses. This is related to the 

high ion exchange between the sodium of the glass and the proton of the medium 

which causes a high elevation in the pH level of the medium. This alkalinity will elicit 

a cytotoxic response to the living cells. However, (Hench, 1991) demonstrated that 

sodium is an important factor in glass bioactivity and apatite formation whilst (Farooq 

et al., 2013) showed that sodium free glasses can form apatite in Tris buffer within 6 

h. This indicates that calcium ions and orthophosphate are released into the 

surrounding solution causing precipitation of apatite on the surface of the glasses. 

Therefore, increasing the sodium content in the glass structure should not 

necessarily increase the bioactivity.         
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2.2.7 Role of phosphate in bioactive glass: 

The glass structure and the role of ions in the structure have been investigated by 

many authors, however; the role of phosphate in the glass structure is still 

controversial. Previous studies assumed that P2O5 is a network former and it enters 

the glass network. Therefore, phosphate should form six bridging oxygen bonds 

Figure (2.12 a). However, recent studies showed that P2O5 exist as an 

orthophosphate–like species Figure (2.12 b) and this indicates the removal of 

sodium and calcium ions from their role in the silicate network to charge balance. 

This will lead to an increase in the Qn structure of the silicate network, which 

corresponds to the crosslinking of the silicate network (Elgayar et al., 2005).  

 

Figure 2.12: Phosphate role a) as a network former in glass network b) as 

orthophosphate structure (Elgayar et al., 2005). 

 

The existence of higher P2O5 percentage in the glass network will cause an increase 

in the polymerisation of the silicate glass or the formation of a higher proportion of 

Q3, which is less bioactive (Lockyer et al., 1995) . This is due to the removal of more 

network modifying ions from the silicate network and decreasing the number of the 

BO bonds that are attached to the Si atoms in addition to the formation of P-O-Si 

linkages (Tilocca and Cormack, 2007). Thus, there is a preference for network 

modifiers as sodium and calcium to associate with phosphate instead of silicon 
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species. The glasses of this study were prepared by an annealing technique, and 

the use of slow cooling. This increases the possibility of having phase separation 

and the occurrence of orthophosphate species. However, this orthophosphate 

species clearly appears in the glass structure when the glass is rapidly quenched in 

cold water, as this technique reduces the possibility of producing phase separation 

in the glass (Elgayar et al., 2005, O’Donnell et al., 2008). This indicates the 

presence of phosphate as a separate species and not included in the glass network 

as a network former.  

Regarding glass bioactivity, (Hench, 1991) proved that phosphate takes part in the 

bioactivity mechanism, and it is responsible for the formation of the calcium-

phosphate layer (Ca-P), which is responsible for the precipitation of HCA. However, 

phosphate-free glasses can also show the formation of HAP on their surfaces and 

form a bond with bone structure. This is due to the presence of phosphate in the 

surrounding physiological fluid which can take part in the mechanism of apatite 

formation. Therefore, P2O5 is not essential in the development of HAP layer 

(Izquierdo-Barba et al., 1999). The addition of small percentages of P2O5 in the 

glasses can enhance the crystallisation of HAP, as the phosphate dissolves in the 

body fluid causing increase in the amount of saturation of the fluid which in turn 

hastens the crystallisation process of HAP layer (Ebisawa et al., 1990). Therefore, 

P-containing glasses demonstrate higher bond strength to the bone when compared 

with P-free glasses. This is because of the uneven thickness of the Ca-P layer which 

is formed on the P-free glass surface. 

(O’Donnell et al., 2009) studied the effect of phosphate concentration on the 

bioactivity of the glasses in SBF using two glass series. In the first series, phosphate 

is assumed to have entered the silicate network, and its addition had achieved by 

replacing the SiO2 and keeping the glass modifiers ratio constant.  
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While in the second series, the phosphate was added to the glass by increasing the 

amount of Na+ and Ca2+ to have charge balance with the PO4
3- complex. In this 

series, phosphate is supposed to form separate species. They concluded that 

increasing the phosphate content in both glass series had a significant effect on the 

bioactivity even in the case of increasing the network connectivity for the first series. 

So, phosphate content is more important than the network connectivity of the glass. 

This is because phosphate occurred as Q0 species in the glass which gives it the 

opportunity to produce more apatite and speed up the process of apatite formation. 

Also, the presence of high phosphate content in the glass showed an obvious effect 

on the pH rise of the tested solution. Phosphate will act as a buffer to reduce the 

alkalinity of the solution due to the release of network modifiers from the glass. This 

reduction of the pH will be optimum for the apatite deposition. Furthermore, 

(Mneimne et al., 2011) studied the effect of phosphate content on the apatite 

formation in Tris buffer by increasing the CaF2 concentration in the glasses and 

keeping the other components ratio constant. The conclusion of this study was 

coincident with the previous study by (O’Donnell et al., 2008) in addition to the 

feature of increasing the ability of the high-phosphate glass to form fluoroapatite 

rather than fluorite which is more important in dental and orthopaedic applications. 

Therefore, the usage of high-phosphate containing glass coatings on dental implants 

could have a significant enhancement in the formation of apatite around the implant 

within a short period of time. This can promote the process of osseointegration and 

improve the stability of the implant. Moreover, combining these advantages with the 

advantages of having fluoride containing glass may give significant results when 

using these glasses as a coating material for implants.  
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2.2.8 Mechanism of bioactive glass interaction with bone: 

When bioactive glass material comes in contact with a physiological medium, its 

surface will undergo structural and chemical changes to form HCA layer. This layer 

has the same mineral composition as the bone and it bind chemically with bone. 

Therefore, HCA facilitates the biological interaction and fixation of the bone with the 

surface of the material. Many in vitro studies have demonstrated that the degree of 

reactivity and the thickness of the bonding layer differ according to many factors, 

such as, the chemical composition of the bioactive glass, surface area to the solution 

ratio, and the test solution (Sepulveda et al., 2002). Recent studies have shown that 

the bioactivity of the glass is increased when the Q structure of the glass moves 

from the 3-dimensional network to linear chains, the latter corresponding to a 

disrupted glass structure. This feature was neglected in the Hench model of 

bioactivity (O’Donnell et al., 2008). 

The mechanism of bonding can be illustrated as follows (Hench, 1991, De Aza et al., 

2007, Rahaman et al., 2011): 

1. Exchange of cations between the network modifiers of the bioactive glass as Na+, 

K+ and Ca2+ with the H+ or H3O
+ ions of the physiological media. The existence of 

weak bonds between the network modifiers and the glass network render the cations 

of the glass to detach easily from the network and exchange with the ions in the 

surrounding fluids. This exchange process will lead to an increase in the pH level at 

the glass-solution interface. The level of the pH rise can be affected by powder 

particle size. The finer the particles size, the more surface area exposed to the 

solution and the higher the pH level. 

Si-O-Na+ + H+                                     Si-OH + Na+ (solution) 

2. As a result of the rise in pH or of OH- concentration, breakage of the silicon 

network bond (Si-O-Si) and dissolution of the silica will take place. This is due to the 
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hydrolysis of the (Si-O-Si) bond by the OH- ion, which will lead to the release of the 

silica in the surrounding fluid in the form of silicic acid Si(OH)4. Also, there is a 

continuous formation of silanols (Si-OH) at the glass-solution interface. 

Si-O-Si +H2O                       Si-OH + OH-Si 

However, the solubility of the silicic acid is low but, there is evidence of high 

concentration of silicate-ions in the surrounding fluid as a result of the dissolution 

process of the bioactive glass in physiological fluids. This indicates that the 

mechanism of silica dissolution is a significant factor in process of apatite deposition 

(Rahaman et al., 2011). 

3. Then the amorphous SiO2-rich layer at the interface area becomes condensed 

and re-polymerized, leading to the formation of silica gel layer on the glass surface 

which lacks Na+ and Ca2+ ions. Therefore, the combination of a high level of hydroxyl 

groups and the negative charges of the silica gel layer were important in the 

induction of the HCA layer (Mami et al., 2008).  

4. Migration of Ca2+ and PO4³
-
 ions to the surface of the glass from the solution, 

leading to the formation of an amorphous layer known as Ca-P rich layer on the top 

of the SiO2-rich layer.  

5. This amorphous layer will crystallise as a result of the incorporation of OHˉ and 

CO3
2ˉ or Fˉ from the solution to form a HCA layer and/or FAP layer. 

6. After that, the biological steps or the bonding process with living tissues start by 

the adsorption of the growth factors toward the HCA layer. This layer is responsible 

for the activation of the stem cells differentiation. 

7. Stem cells will attach to the glass surface and start to form osteoblast cells. The 

osteoblasts will secrete Ca-P extracellular matrix around themselves, which will 

crystallise after a period of time to enclose the living cells.  

In 1980, Hench et al. studied the surface bioactivity of the 45S5 using Tris buffer. 

This study showed that the bioglass has the ability to form a SiO2-rich layer and the 
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CaO-P2O5 layer on its surface after the immersion in Tris solution at pH 7.4 (Kokubo 

and Takadama, 2006). On the other hand, Kokubo and co-workers in 1990 

introduced a solution known as SBF, which contains a combination of ions similar to 

that found in the human blood. They tested the bioactivity of the bioactive glass in 

this fluid and demonstrated that the calcium and phosphorus ions in the SBF 

accelerated the formation of the Ca-P layer and the crystallisation of the HCA layer. 

Thus, this fluid represents a condition that resembles the in vivo condition. 

(Sepulveda et al., 2002) studied the effect of cell culture medium Alpha Eagle’s 

Minimum Essential Medium (α-MEM) and SBF solutions on the dissolution rate of 

melt quench and sol-gel glasses. The results showed that the dissolution rate for 

both glasses is slower in the culture media than SBF. Also, the rate of HCA layer 

formation together with the dissolution rate for the both glasses were investigated by 

(Jones et al., 2001) using a different concentration of glass powder immersed in SBF 

solution. The study showed that the rate of dissolution was increased as the 

concentration of the powder increased in the solution. However, the intensity of the 

HCA formation showed a significant decrease with the increase of the powder 

concentration. This is due to the rise in calcium/phosphate ratio, which leads to the 

formation of calcium carbonate layer instead of HCA and this reduced the bioactivity. 

 Surface roughness 2.3

The long term success of dental implant depends on the mechanical and biological 

stability of the implant in the bone tissue, and this can be affected by many factors 

like the design, chemistry, wettability and the surface topography of the implant 

(Stanford, 2008). The nature and texture of the implant surface are fundamental 

factors in the tissue response around the implants. A textured implant surface 

exhibits more tissue growth and osseointegration than the smooth surface implant. 

This is due to the large surface area which is produced by different modification 

methods, such as, grit blasting, plasma spraying and acid etching.  
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This large surface area of the implant will cause enhancement in the attachment of 

more collagen fibres and increase the cellular activity towards the implant. This is 

responsible for improving the osseointegration process, increasing the bone 

apposition around the implant and the production of good bone-implant interlock. As 

a result of these reasons, an implant with a rough surface is the preferable choice for 

treatment in patients with poor bone quality (Lacefield, 1999, Alla et al., 2011). A 

rough implant surface can form a direct contact with the blood clot in the implant bed 

and stimulate the migration of the mesenchymal stem cells to the bone-implant 

interface. Also, this surface improves the attachment of fibrin and promotes the 

migration process, which is known as osteoconduction. The mesenchymal stem 

cells will differentiate into osteoblast cells and the latter start to form bone tissue in 

direct contact with the implant surface (Park and Davies, 2000, Davies, 2003). In 

contrast to the smooth surface implants, where the blood clot shows a considerable 

shrinkage from the surface and leads to the formation of a gap in the bone-implant 

interface. This gap will prevent the osteoblast cells from reaching the interface area, 

therefore, there will be a fibrous tissue capsule surrounding the dental implant 

(Sennerby et al., 2008). The osseointegration process can be performed more 

rapidly in implants with rough surfaces than with smooth surfaces. This integration 

leads to a highly stable and successful implant in addition to the  ability of the 

implant to withstand functional forces particularly after the healing period (Zechner et 

al., 2003).       

Regarding the parameters for the surface roughness, in general the parameters are 

scale dependent and the roughness value may depend on the analytical techniques 

used for their determination. The comparison of roughness data can be done when 

the data is obtained in the same spatial frequency domain. Complementary 

techniques are usually required to determine the implant surface topography like 

stylus profilometry, optical profilometry and scanning electron microscopy in order to 



 

72 | P a g e  

 

obtain at least three parameters (amplitude, spatial, and hybrid) for the purpose of 

surface characterisation (Ellingsen et al., 2006). The Ra value is the most widely 

used parameter for the measurement of surface roughness and it can be defined as 

“the arithmetic mean value of the surface departures from the mean plane” (Cooper, 

2000). Some studies showed that dental implants with different surface 

morphologies may share the same Ra value Figure (2.13). (Hansson, 2000) 

demonstrates that there is a relation between the surface morphology of the implant 

and the shear strength of the bone-implant interface despite having similar Ra 

values. Although the surface morphology Figure (2.13 a and b) having the same Ra 

value, the amount of the shear bond strength for the first one is higher than the 

second one. This is due to the greater amount of bone interlocking at the bone-

implant interface in (a) than in (b). Therefore, this study suggested that the shear 

strength of the interface area can be estimated by examining the shape, size and 

density of the rough surface.   

 

Figure 2.13: Shows four types of surface morphologies all of them having the 

same Ra value (Hansson, 2000). 

 

Surface roughness can be classified into three categories macro, micro and nano-

sized topologies depending on the technique which is used for modifying the surface 

topography and chemistry. Macro-sized topography is attributed to the implant 

design which includes threaded screw and macroporous implant surface. The 
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amount of surface roughness for both of them ranges from millimetres to around 10 

µm. However, this range of roughness can increase the amount of bone growth 

around the implant by providing volumetric spaces and enhance the bone-implant 

interface; there is a risk of producing peri-implantitis and having leakage at the 

interface. Thus, moderate roughness or the micro-scale surface implants, which is 

around 1-10 µm, may be effective in reducing the possibility of these drawbacks and 

enhancing the osteoinduction and osteoconduction processes (Lacefield, 1999, 

Stanford, 2008). Although the optimum range for the nanometre-sized implant 

surfaces is still controversial and there is difficulty in its production by chemical 

treatments, this surface showed an effective role in protein adsorption and 

osteoblast cell adhesion. On the other hand, (Albrektsson and Wennerberg, 2004) 

classified the surface roughness of the commercially available implants into four 

categories smooth, minimum rough, moderately rough and rough surfaces according 

to the roughness value (Sa), which can be defined as “the mean height of peaks and 

pits of the surface. The (Sa) value for the four groups was less than 0.5 µm, 0.5-1.0 

µm, 1.0-2.0 µm and greater than 2.0 µm respectively.  

 

2.3.1 Methods of modification for dental implant surfaces:  

To provide successful and mechanically stable implants, there are various methods 

used for the modification of their surfaces. These can be divided into two major 

methods, subtraction method and addition method. The former method includes: 

grit-blasting and acid etching. Both are attributed to the process of removing material 

from the surface of the implant leading to the formation of pits and pores on the 

surface of the bulk material. While, addition method means the deposition of a 

material on the bulk implant surface and this includes plasma spraying and 

enamelling techniques (Çehreli et al., 2004, Wennerberg and Albrektsson, 2009). 
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2.3.1.1 Subtraction methods 

2.3.1.1.1 Grit-blasting method  

The grit blasting technique is the most widely used method in the modification of 

dental implant surfaces. This technique results in a significant increase in the 

amount of surface roughness of titanium implants by creating depressions and 

elevations on the surface. Furthermore, it reduces the implant surface contamination 

and improves its reactivity (Wennerberg et al., 1996). This is carried out by 

bombarding the surface of the implant with high speed, hard and dry abrasive 

materials which have the ability to remove particles from the implant surface. 

Sometimes there is the persistence of these blasting materials in the abraded 

surfaces (Ellingsen et al., 2006). However, the magnitude of the implant roughness 

performed by this technique can be controlled by many factors, such as, the type of 

the blasting material, the size, the shape and the density of the blasting particles and 

finally the speed or velocity of the particles when bombarding the bulk implant 

material (Ballo et al., 2011). (Wennerberg et al., 1998) stated that the modification of 

the titanium implant surface by grit blasting using alumina particles with sizes of 25-

75 μm produces higher surface roughness than the machined surface implant. The 

Ra value for the blasting surface is around 1.22-1.5 μm while, for the machined 

surface it is less than 1 μm. As a result of this, the bone-implant interface in the 

blasted surface is stronger than the machined surface and with a higher torque 

required for removal. (Aparicio et al., 2003) compared the surface roughness of the 

commercially pure titanium implant after blasting with alumina and silica carbide 

(SiC). The study concluded that alumina produces more surface roughness than the 

SiC material, despite possessing the same particle sizes. This is attributed to the 

size distribution of the particles, fracture toughness and the density of the alumina 

material which is higher in comparison to SiC. These factors result in higher impact 

forces to the bombarded surface and lead to an increase in the surface roughness.  
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Regarding the blasting material properties, these materials should be chemically 

stable and biocompatible. Also, they should not demonstrate an interference with the 

osseointegration process or elicit an adverse reaction to the biological structures. 

The most commonly used materials for the blasting process are alumina (Al2O3), 

titanium oxide (TiO2), silica and calcium phosphate.  

Blasting the titanium implant surface with alumina is controversial and some studies 

showed that the alumina residues might remain on the implant surface even after 

acid treatment and ultrasonic cleaning. The aluminium ions will release into the 

surrounding structures and will cause inhibition of bone mineralisation and decrease 

the corrosion resistance of the titanium; therefore TiO2 is used as an alternative to 

Al2O3 (Le Guéhennec et al., 2007). However, (Wennerberg et al., 1996) suggested 

that there is no significant difference in the surface roughness of the blasted implant 

with TiO2 and Al2O3 of the same particle sizes and there is no difference in their 

biological outcomes, due to the low concentration of the aluminium that is used in 

this technique.   

Many studies showed that the stability and anchorage of the implants modified with 

the TiO2 blasting method are higher than the machined implant surface. However, 

(Gotfredsen and Karlsson, 2001) stated that there is no significant difference 

between the two implant surfaces in the survival rate and the marginal bone loss 

within 5 years observation. (Rasmusson et al., 2005) investigated the survival rate 

and the marginal bone loss of the TiO2 modified implants after 10 years function in 

both maxilla and mandible. This study concluded that the TiO2 blasted implant 

showed a longer-term success rate with lower marginal bone loss. This is attributed 

to the surface roughness of the implant, which results in an improvement in bone 

formation and healing process of the soft tissues around the implant. 

Calcium phosphate is another material used in this technique, (Piattelli et al., 2002) 

suggested that these materials have the ability to improve the osteoconduction 
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process and form a firm bone-implant interface. (Müeller et al., 2003) demonstrated 

that hydroxyapatite material can elicit modifications in the topography and 

composition of the implant surfaces which form a higher bond with bone in 

comparison to that for the Al2O3.     

2.3.1.1.2 Acid etching method 

This method is used to remove the oxide layer from the implant surface and 

sometimes remove parts of the bulk material. This is done by dipping the implant 

material in strong acids in order to increase the implant roughness by the formation 

of micro pits in the surface and provide a clean surface (Lausmaa, 2001). The 

magnitude of the removed material from the surface depends on many factors, such 

as, the concentration, the temperature of the acids in addition to the treatment time; 

the latter is usually between 1-60 min. Several studies stated that the degree of 

surface roughness which is obtained by this method ranges from 0.5 µm to 2 µm 

and the most widely used acids for the modification are either a mixture of nitric acid 

(HNO3) and hydrofluoric acid (HF) or a mixture of hydrochloric acid (HCl) and 

sulfuric acid (H2SO4) (Alla et al., 2011). (Cho and Park, 2003) stated that the usage 

of dual-acid etch technique in roughening the titanium implant surface can produce 

implants with micro roughness and stronger osseointegration than the machined 

surface implants. This is done by the immersion of the titanium implant for several 

minutes in HF and a mixture of concentrated HCl and H2SO4 at high temperature 

around 80°C. This surface showed an improvement in the osteoconduction process 

by enhancing the attachment of fibrin and stimulating the adhesion and colonisation 

of the osteoblast cells to the titanium surface. Thus, the implant with this treatment 

method demonstrated a higher removal torque than the machined surface due to the 

direct apposition of the bone on the implant surface and the formation of a stronger 

bone-implant interface.          
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2.3.1.2 Addition methods 

2.3.1.2.1 Plasma spraying method 

This method is one of the methods which have been used for the modification of 

titanium implant surfaces. It is performed by coating the implant surface with either 

titanium or HAP particles. The powder particles are inserted in a plasma torch at 

high temperature and projected to the surface of the implant, where they combine 

with the bulk material and forming a coating (Le Guéhennec et al., 2007). The 

thickness of the coating material varies due to many factors, such as, the size of the 

powder particles, the time of the impact, the temperature of the molten particles and 

the implant-nozzle distance. The range of the coating thickness is about 10-40 μm 

and 50-70 μm for Ti and HAP respectively (Sykaras et al., 2000). However, this 

technique showed many drawbacks particularly when using it with the HAP material. 

The drawbacks include the formation of an uneven thickness of the coating material, 

porosity and heterogenecity. The latter is elicited due to the formation of the 

amorphous calcium phosphate (ACP) phase besides the crystalline phase. This will 

cause uneven degradation of the coating with higher resorption of the amorphous 

phase and may lead to the delamination of the coating and failure at the coating-

implant interface (Cheang and Khor, 1996, Junker et al., 2009).  

2.3.2  Surface modification of dental implants using bioactive materials 

Metallic implants are commonly used in load bearing areas in both medical and 

dental applications due to their excellent mechanical properties. However, it is often 

stated that these implants are bioinert in nature and they are not able to produce a 

chemical bond with bone. Thus, this may cause inadequate fixation with the 

surrounding host tissues and limit their survival rate. Therefore, there are attempts to 

coat these metallic implants with bioactive materials in order to overcome this 
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problem and to increase the integrity of the bone-implant interface or enhancing the 

osseointegration process (Bharati et al., 2009).      

The first successful bioactive material, which has been used for coating of an 

implant, is known as HAP material. This synthetic material has the same chemical 

composition and structure to the bone mineral phase. Therefore, it has the ability to 

promote the bone formation around the implant surface and produces a good 

chemical bond with bone and a highly stable implant interface (Pazo et al., 1998, 

Park and Bronzino, 2002). However, this material has several drawbacks, such as, 

low bonding strength to the titanium implant surface in addition to the uneven 

degradation rate. This is due to the presence of both amorphous and crystalline Ca-

P phases in the material (Sun et al., 2001). The second drawback is the possibility of 

micro-cracks occurrence in the material itself or along the material-substrate 

interface. This is due to the high differences in the thermal expansion coefficient of 

HAP and the titanium implant material. These drawbacks are clearly seen when the 

plasma spraying technique is used for the coating of titanium implant with HAP 

material (Chern Lin et al., 1994). Moreover, there is a slight change in the chemical 

composition of the final HAP material after the spraying procedures, which will in 

turn affect the bond strength of this coating material to the metal implant (Pazo et al., 

1998).    

Therefore, these drawbacks demand the researcher to find other successful 

materials that have the ability to stimulate the osteoblasts, in addition, to increase 

the apposition of bone around the implant and enhance the bone-implant interface. 

One of these potential materials is a bioactive glass.  

Bioactive glasses have shown several advantages over HAP, such as, the ability of 

the material to form a chemical bond with bone and the soft tissue. This is due to the 

attachment of collagen fibres to the silica rich layer and the migration of the 

osteogenic cells to the material surface (Hench and Wilson, 1993, Höland, 2012). 
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Also, bioactive glass has a fast degradation rate in comparison to the pure HAP 

material, particularly when the silica content in the bioactive glass is less than 60 

wt%. This is due to the rapid surface reactivity of the bioactive glass when it comes 

in contact with the physiological body fluid which leads to the fast bonding with the 

adjacent tissues. Furthermore, bioactive glasses have the ability to release several 

ions, such as, sodium and calcium to the body fluid during their reaction with the 

adjacent structures. This ionic exchange will elevate the pH of the surrounding 

solution which in turn forms an alkaline environment that is preferable for the 

enhancement of apatite formation and decreasing the susceptibility of bacterial 

infection (Stoor et al., 1998). Furthermore, there are possibilities in modifying the 

chemical composition of the glass by the addition of fluoride and strontium in the 

glass structure to gain the benefits from the release of these ions in the body fluid. 

(Gentleman et al., 2010) stated that substituting strontium for calcium in the glass 

composition showed enhancement in osteoblast cell proliferation and an increase in 

the alkaline phosphatase activity in addition to the inhibition of the osteoclast cell 

activity. Therefore, the addition of strontium to the glass improves the process of 

bone formation and decrease bone resorption. Moreover, the addition of fluoride in 

the structure of the glass showed enhancement in the osteoblast differentiation and 

proliferation which leads to improving the bone formation rates (Gentleman et al., 

2013). Besides, bioactive glasses have shown an ability to form a good bone-implant 

interface via enhancing the osteoinduction and osteoconduction processes.  

The main drawback for the bioactive glass is a low strength and fracture toughness. 

This is attributed to the structure of the bioactive glass which is composed of 2-

dimensional networks. Therefore, this material is either used in non-loading bearing 

areas or as a coating material for metal implants (Hench and Wilson, 1993). 
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2.3.3  Coating techniques for titanium implant with bioactive glasses 

The technical trials for implant coating with the bioactive glasses have shown limited 

success due to the poor bond that has been developed between this material and 

the bulk implant material during the coating procedure. Generally, there are two 

main techniques used for coating of dental implants with bioactive glasses, these are 

enamelling and plasma spraying techniques (Hench and Wilson, 1993).  

The enamelling technique is an inexpensive and simple technique for coating of the 

implant surface with bioactive glasses and it can provide a variable coating layer 

thicknesses. This technique is carried out by dipping the implant in a suspension of 

glass powder and then the formed coating layer is dried and glazed by subjecting 

the material to a high temperature. The temperature should be controlled in order 

not to cause an adverse effect on the glass coating material and on the implant 

material (Sola et al., 2011). However, there is a clear problem with this technique, 

which is the mismatching of the coefficient of thermal expansion of the bioactive 

glass with that of the implant material. This mismatching causes chipping and 

delamination of the glass coating material from the implant surface during the 

fabrication process. This is because of the thermal stresses which are applied from 

the coating material to the substrate, which possesses a lower coefficient of thermal 

expansion than the glass material (Lopez-Esteban et al., 2003, Ylänen, 2011). 

Therefore, there have been many attempts to overcome this problem. One of them 

is increasing the SiO2 content in the glass composition as suggested by (Hench and 

Wilson, 1993). However, this method demonstrated a significant reduction in the 

bioactivity of the glass. This is due to the considerable increases in the crosslinking 

of the glass network by the formation of a more Q3 structure, which reduces the 

ability of the glass to dissolve in the solution. The second attempt is performed by 

the substitution of CaO by MgO and Na2O by K2O (Lopez-Esteban et al., 2003) and 

the substitution of CaO by MgO depending on the molar percent (Al-Noaman et al., 
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2012b). Although both studies showed a thermal expansion coefficient matching 

between the glass and the titanium, however a clear retardation is detected in the 

process of apatite formation. This is attributed to the presence of the Mg2+ ion in the 

glass composition which causes retardation in the deposition of the calcium and 

phosphate ions in the test solutions. The third method is achieved by the use of an 

intermediate coating layer, which possesses a thermal expansion coefficient similar 

to that of the implant substrate, but between the bioactive glass coating and the 

titanium implant. This layer is advantageous in reducing the mismatching between 

the two materials and in the same time not eliciting an adverse effect on the 

bioactivity of the top bioactive coating layer (Gomez-Vega et al., 2000, Kim and Lee, 

2005). However, this technique is complicated and time-consuming. The second 

technique, which is used for coating of the implant with bioactive glasses, is known 

as plasma spraying. This technique showed a good deposition rate of the glass 

particles to the metal substrate and a controlled coating thickness in comparison to 

the previous technique (Sola et al., 2011). Moreover, it does not cause any changes 

in the composition of the bioactive glass and does not influence its bioactivity, 

because it will not elicit any crystallisation in the coating material (Bolelli et al., 

2009). However, this method is expensive and it may produce a residual micro or 

macro-porosity in the coating material (Hench and Wilson, 1993, Höland, 2012). 

Also, there is a poor mechanical adhesion between the glass coating material and 

the titanium surface (Sola et al., 2011). 

Due to the limitations of the two previous techniques in providing a successful 

coating for the implants with bioactive glasses, grit blast technique was introduced. 

(Koller et al., 2007) used the 45S5 glass as an abrasive material in modifying the 

surface of the titanium and increasing its roughness. Their idea was originated from 

previous studies, which showed that the abrasive alumina particles embedded into 

the implant surface after blasting, despite treating the surface with acids. Therefore, 
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(Koller et al., 2007) used the Bioglass® with this technique in order to produce a 

biological active surface. The investigation was done by using the light 

interferometry and scanning electron microscopy (SEM) to test the surface 

roughness and the topography respectively. This study showed successful results, 

however the preparation parameters were not defined. Another study was also used 

the same method in the surface modification, but with Sylc® and silica-modified 

alumina oxide (Vasankari, 2011). They found that there is a low percentage of glass 

particles embedded in the titanium surface when analysed by scanning electron 

microscopy coupled to energy dispersive X-ray (SEM-EDX). This study was 

performed under static conditions using a fixed distance and time; therefore, it is not 

mimicking potential manufacturing conditions.  

In this study, glasses with different hardness values will be used in conjunction with 

different grit blasting parameters. This is to optimise the conditions for the surface 

modification. Additionally, the effectiveness of the surface in enhancing the apatite 

formation and cell responses in vitro will also be investigated.     

    



Chapter 3     Materials and Methods 
 

83 | P a g e  

 

 Materials and Methods 3

 Diagram of the experimental work 3.1
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 Glass synthesis 3.2

Three bioactive glasses in the SiO2-P2O5-CaO-Na2O-CaF2 system were designed 

based on the QMMM1 glass (B2 glass, as named in (Mneimne et al., 2011) with 

decreasing sodium oxide and increasing calcium oxide mole percentages. All the 

glasses have constant network connectivity. The glass compositions and their NC 

are shown in Table (3.1). 

Table 3.1: Chemical composition of the bioactive glasses in (mole %) with 

decreasing Na2O content and increasing CaO content, glasses network 

connectivity and the temperature of glasses preparation. 

Glass 
(Code) 

SiO2 P2O5 CaO Na2O CaF2 NC 
Temperature 

of 
preparation 

QMMM1 36.41 6.04 24.74 28.28 4.53 2.08 1350 ºC 

QMFA1 36.41 6.04 31.81 21.21 4.53 2.08 1390 ºC 

QMFA2 36.41 6.04 38.88 14.14 4.53 2.08 1450 ºC 

QMFA3 36.41 6.04 45.95 7.07 4.53 2.08 1490 ºC 

 

The reagents SiO2 (Prince Minerals Ltd., Stoke-on-Trent, UK), P2O5, CaCO3, 

Na2CO3 and CaF2 (all Sigma-Aldrich, Gillingham, UK) were weighed by using a 

balance accurate to ±0.01 g and mixed vigorously in a sealed glass container to 

prepare 200 g batch for each glass composition. Each batch was placed in a clean 

platinum-rhodium crucible and inserted into an electric furnace (Hope Valley, Lenton 

Thermal Designs, UK) at temperatures between 1390 ºC and 1490 ºC for 1 h. The 

melted glass was rapidly quenched into deionised water to prevent crystallisation 

and dried at a temperature of 80 ºC for 12 h. The preparation procedure was 

repeated 8 times for each glass composition in order to produce a big batch of glass 

frits of around 800 g. 
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After drying, the glass frits (100 g each) were ground in a gyro-mill (Gyro mill, Glen 

Creston, London, UK) Figure (3.1) for 45 s in order to produce glass powder with 

coarse particles.  

 

 

Figure 3.1: Gyro-mill. 

 

Then, every 100 g of ground powder was sieved through three different mesh size 

sieves (Endecotts Ltd., London, UK) 90 μm, 63 μm and 38 μm for 45 min by using a 

shaking machine (Retsch vs 1000). The powders with particle size 63-90 μm and ≤ 

38 μm were collected, kept separately in re-sealable plastic bags and stored in a 

desiccator to prevent them absorbing water from the atmosphere. The sieving 

procedure was repeated till all the 800 g powder finished. The amount of the 

collected glass powder of particle size range 63-90 μm was around 250 g and this 

was used for the grit blast coating process. While, the finer particle size powder was 

used for the glass characterisation, bioactivity study and cell culture studies.  
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For the hardness measurements, glass monoliths were used and they were 

prepared by re-melting 100 g from each glass powder composition of particle size ≥ 

90 μm for 30 min at a temperature range between 1390 ºC and 1490 ºC. The melted 

glass was poured into a preheated cylindrical graphite mould with 15 mm diameter 

and 20 mm length, which was then immediately placed in a furnace (ELF 11/6B, 

Carbolite, Hope Valley, U.K) set to a temperature 30 ºC below the glass transition 

temperature. After 15 min, the furnace was switched off allowing the mould to cool 

slowly to room temperature overnight. 

3.2.1  Glass characterisation 

3.2.1.1 X-Ray Diffraction (XRD)  

XRD is a non-destructive technique used to study the structure of the amorphous 

materials and to determine the crystalline phase and the orientation of the crystals of 

solid materials (Fultz and Howe, 2012). This technique was conducted on the 

prepared glass powders to check that they are all in an amorphous state. In 

addition, treated glass powders after bioactivity study were also examined by this 

technique. This is to confirm the formation of the apatite layer on their surfaces.  

A glass powder with particle size ≤ 38 μm from each composition was run in X Pert 

Pro X-ray diffractometer (Panalytical, Netherlands) using Ni-filtered Cu-Kα radiation 

at 40 kV/40 mA and with scan range 2θ of 5° to 70° and a step size of 0.334°.  

3.2.1.2 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a technique used to measure the vibrations of the active groups in the 

molecular structure of the material which is responsible for the chemical reaction 

(Doyle, 1992). The material molecules have the ability to absorb the energy from the 

infrared beams and this absorbance will cause either stretching or vibration to the 

molecules. The remaining energy from the incident beam will be detected and 

plotted against the radiation wavelength. This will lead to the detection and the 
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categorisation of the vibrational and the stretched band that absorb the radiation 

energy (Siesler and Holland-Moritz, 1980).  

In this study, FTIR was used to detect the activities of the Si-O groups and the NBO 

bands in the glasses. In addition, it can determine the formation of apatite on the 

glass surface by detecting the P-O vibration bands after the bioactivity study. 

Therefore, this technique was applied to both untreated and treated glass powders. 

This is to compare the changes in the chemical structure of the glasses before and 

after the bioactivity study. 

A background measurement was conducted before the actual measurements in 

order to avoid any artefacts from the instrument. About 10-20 mg of glass powder 

from each formulation was examined by Perkin–Elmer Spectrum GX IR 

spectrometer Figure (3.2). The powder was pressed against the lens of the machine 

and then, approximately 10 scans for each tested sample were taken. The 

absorbance spectra were collected in the range of 500-1800 cm-1 at a resolution of 4 

cm-1.  

 

 

Figure 3.2: FTIR spectrometer. 
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3.2.1.3 19F and 31P Magic Angle Spinning-Nuclear Magnetic Resonance 

Spectroscopy (MAS-NMR) 

MAS-NMR is a sensitive technique used to describe and study the atomic and 

molecular structure of the glasses in addition to the dynamics of the oxide in the 

glasses (Massiot et al., 2008).19F and 31P MAS-NMR were both used to investigate 

the interactions of both fluoride and phosphorus ions respectively in the solutions 

treated glass powders and compare them with the original glasses.  

This technique was done by using a 14.1 Tesla spectrometer (600 MHz Bruker, 

Coventry, UK) Figure (3.3). The untreated and treated glass powders were packed 

in zirconia rotors of 2.5 mm diameter, spun at MAS frequency 22 kHz and the 

spectra were collected with 60 seconds recycle time with the accumulation of 32 

scans. The 19F and 31P chemical shift were referenced to the -120 ppm peak and the 

0 ppm peak of a 1 M NaF solution and H3PO4 solution respectively. 

 

Figure 3.3: MAS-NMR spectrometer. 
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3.2.1.4 Differential Scanning Calorimetry (DSC) 

DSC is an analytical technique used to evaluate the thermal behaviour of the 

materials by measuring the heat flow difference between the reference material and 

the tested material. The glass is usually subjected to physical and chemical changes 

which may develop exothermic or endothermic reactions and this can be 

investigated by calorimetry techniques. There are two essential temperatures in 

bioactive glasses and these are glass transition temperature (Tg) and crystallisation 

temperature (Tc) Figure (3.4). Tg is considered as an important factor in optimising 

the composition of the glass and understanding its physical properties (Rajendran et 

al., 2002).  

 

Figure 3.4: DSC Plot of a bioactive glass showing the glass transition 

temperature and crystallisation temperature. 

 

A Stanton–Redcroft DSC 1500 (Rheometric Scientific, Epsom, UK) was used for the 

thermal analysis of the bioactive glasses. 50 mg of glass powder with particle size 

≤38 µm was placed in a platinum crucible and then transferred to the stage of the 

machine beside a reference alumina material of the same weight. The experiment 

was conducted from room temperature to 1000 ºC, with a heating rate 10 ºC /min 

and conducted in an air atmosphere. 
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3.2.1.5 Particle size analysis 

Particle size analysis was used to measure the distribution of the particle size of the 

material. This technique depends on measuring the intensity of the scattered light 

from the suspension when it is exposed to the laser beam. The angle of the 

scattered light increases relatively when the size of the particles decreases. It is 

simple and reproducible technique and it can cover a wide range of particle sizes 

(Beuselinck et al., 1998).   

The coarse glass powder, which was collected for the grit blast technique, was 

tested by using Mastersizer 2000 (Mastersizer/E, Malvern Instruments Ltd, UK). The 

procedure was performed by taking a background measurement as a control 

reading prior to the sample measurements. Then, around 5-6 mL of the tested glass 

powder suspension in water was added gradually into the tank of the machine until 

achieving the optimum obscuration level which is around 15%. Five measurements 

were taken for each sample and the results were expressed in numerical values as 

percentiles D (10), D (50) and D (90). The final results were presented as mean ± 

standard deviation (SD) besides a graph showing the particle size distribution 

profile.   

3.2.1.6 Scanning Electron Microscopy (SEM)  

The surface morphologies and the elemental compositions of the coarse glass 

powder, as well as the solutions treated glass powder were examined by SEM-EDX 

(FEI Inspect F Oxford Instruments, UK) Figure (3.5). Each glass powder was fixed 

on a stub by double sided adhesive tape and sputter coated with carbon (Balzers 

CED030, UK) in order to avoid the sample charging and facilitate the conduction of 

the electron beam current. The samples were examined by using an accelerating 

voltage of 10 kV and a working distance of 10 mm. EDX was utilised to show the 

elemental composition of the surface of the treated glass powders after their 

immersion in different solutions and confirm the formation of apatite layer.    
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Figure 3.5: A scanning electron microscope. 

3.2.1.7 Glass Hardness and Density 

3.2.1.7.1 Hardness 

Glass monoliths were cut by a diamond cutting machine Accutom-5 diamond saw 

(Streurs, Willich, Germany) to produce 7 mm length cylindrical blocks. Each glass 

block was embedded in an epoxy resin; finished with (p 320, p 600, p 800, p 1000, p 

2500 and p 4000) carbide papers (Kemet International Ltd, Kent, UK) and polished 

to 0.25 μm using alumina micro polishes (Buehler, USA). The hardness 

measurement was performed for the glass monoliths and for the polished titanium 

discs.  

A Vickers hardness (HV) test was carried out at room temperature by using a 

Zwick/Roell hardness test machine (Zwick/ZHU- universal hardness tester, 

Germany). A pyramid diamond indenter with an angle of 136° and a static load of 30 

N was applied on the glass sample for 10 s. The diagonal lengths of each 
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indentation were recorded, as shown in Figure (3.6). The readings were calculated 

automatically by the testing machine, and then the values were converted to GPa by 

multiplying the HV readings by 0.009807. Ten indents were taken for each glass 

composition and the results were analysed by one-way analysis of variance 

(ANOVA) followed by Tukey post-hoc test with a statistical significance at (p≤0.05) 

using IBM-SPSS version 24 software program.  

 

 

Figure 3.6: Measuring the diagonal indentation a) d1 first diagonal 

measurement b) d2 second diagonal measurement. 

 

3.2.1.7.2 Glass density and oxygen density 

The glass density was measured depending on Archimede’s principle by using an 

analytical balance accurate to ± 0.001 g (Denver Instrument, SI-403, UK) fitted with 

a density determination kit (Mettler ME-33360, Mettler instruments Ltd, UK). The 

glass density measurements were taken for each composition at a temperature of 

20 ºC by weighing bubble-free sample blocks in air and in distilled water, as the 

latter has a known density of 0.998 g/cm3. The density (ρ) of the glass sample was 

then calculated using the equation (3.1) below (Rajendran et al., 2002): 

Equation 3.1 

𝜌 = 𝐴/(𝐴 − 𝐵) ∗ 𝜌° 
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Where A is the weight of the glass block sample in air, B is the weight of the block in 

distilled water, and ρo is the water density at a given temperature. 

The oxygen density, on the other hand, was calculated by the following equation 

(3.2): 

Equation 3.2 

 

𝑂𝑥𝑦𝑔𝑒𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 𝑔𝑙𝑎𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑔𝑙𝑎𝑠𝑠
 

 

The oxygen density value can provide information about the compactness of glass 

network and the crosslinking structure of the glass after ions substitution. 

Moreover, the density of the abrasive glass powder of particle size 63-90 µm was 

also measured. This is to determine the degree of compactness of the glass powder 

and its effect on the powder flow rate when using the grit blast machine. The 

procedure was carried out by weighing a 10 mL glass cylindrical tube before and 

after the addition of 5 mL of glass powder using a balance accurate to ±0.01 g. Five 

measurements were taken for each glass powder composition and the density of the 

powder was calculated by the equation (3.3). The compactness of the powder and 

amount of air included between the glass particles was then calculated by dividing 

the density of the glass powder on the density of the glass block. The glass powder 

density data were analysed for significant difference (p≤0.05) by using one way 

ANOVA followed by Tukey post-hoc test. 

  

Equation 3.3 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑀𝑎𝑠𝑠 (𝑔)

𝑉𝑜𝑙𝑢𝑚𝑒 (𝑐𝑚³)
 



 

94 | P a g e  

 

3.2.2 Bioactivity Study 

This study was used to assess the ability of the glasses to dissolve and form an 

apatite layer on their surfaces when immersed in four different solutions. These 

solutions varied in their ion concentrations and these include Tris buffer, SBF, serum 

free cell culture medium (SFα-MEM) and serum containing cell culture medium (Sα-

MEM). The glass powders were immersed in the previously mentioned solutions for 

a specific time period reaching up to 7 days in Tris and SBF, while for both cell 

culture media the immersion time reached to two months. 

3.2.2.1 Preparation of testing solutions 

3.2.2.1.1 Tris buffer  

This solution is ions free and it is used for the purpose of detecting the dissolution 

behaviour of the glass and its ability to release ions (Aina et al., 2009).  

Tris solution was prepared in two steps. The first step includes the addition of 

15.090 g Tris (hydroxymethyl aminomethane) (Sigma-Aldrich, Gillingham, UK) to 

800 mL of deionised water in a 2 L polyethylene bottle. Then, 44.2 mL of 1 M HCl 

(Sigma-Aldrich, Gillingham, UK) was added slowly to the mixture and the prepared 

solution was kept in a shaking incubator for 12 h at a constant temperature 37 ºC. In 

the second step, the pH of the prepared solution was adjusted by adding 1 M HCl 

slowly until the pH of the solution reaches about 7.35-7.36. Finally, the prepared 

solution was transferred to a glass flask, filled up to 2 L, then poured again in the 

polyethylene bottle and placed in a shaking incubator at 37 ºC for two hours. 

3.2.2.1.2 SBF  

SBF was used to investigate the bioactivity of the glass powder in vitro. This solution 

consists of ions, whose concentrations are similar to that of the human body plasma. 

In addition, it is free of proteins, hormones and other organic components. 
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Therefore, SBF only mimics the inorganic composition of the body fluid (Müller and 

Müller, 2006).  

According to the Kokubo method (Kokubo et al., 1990), this solution was prepared in 

two stages. In the first stage, the chemical reagents which are listed in Table (3.2) 

(all Sigma-Aldrich, Gillingham, UK) were sequentially added to 1500 mL of 

deionised water. The mixture was stored in a 2 L polyethylene bottle for 12 h in a 

shaking incubator at a temperature 37 ºC. On the second day, the pH was adjusted 

to 7.35 by adding a small amount of 1 M HCl to the mixture. Then, a specific amount 

of deionised water was added to prepare 2 L of SBF.  

Table 3.2: Chemical composition of (SBF).  

 

3.2.2.1.3 Cell culture media 

The in vitro bioactivity of the glasses was further studied in Alpha Eagle’s Minimum 

Essential Medium (α-MEM) cell culture medium. This is due to the limitations of the 

SBF, such as, the absence of proteins and other organic components. In addition, 

SBF contained uncontrolled carbonate content and this showed an influence on the 

pH buffering of the solution (Bohner and Lemaitre, 2009). Therefore, α-MEM was 

used in the bioactivity study, as this medium simulated the human body environment 

by containing amino acids, organic components and inorganic components. 

Serum free α-MEM (SFα-MEM) and serum containing α-MEM (Sα-MEM) were both 

used to test the ability of the glasses to form apatite. The Sα-MEM medium was also 

used for culturing and for the nutrition of the cell line MC3T3-E1, as it will be 

Chemical 

reagents 

Tris 

aminomethane 
NaCl NaHCO3 KCl K2HPO4.3H2O MgCl2 CaCl2.2H2O Na2SO4 

1N HCl 

Aqueous 

Solution 

Concentration 12.114g 15.992g 0.700g 0.448g 0.456g 0.610g 0.736g 0.142g 70mL 
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discussed later in this Chapter. The Sα-MEM medium was prepared by the 

supplementation of the α-MEM medium (Lonza, London, UK) with 10% foetal calf 

serum (FCS, First Link Ltd, UK), 1% penicillin streptomycin antibiotic and 1% L-

glutamine (all Invitrogen, UK).  The proteins supplementation was carried out for the 

purpose of enriching the organic parts of the α-MEM, while the addition of the 

antibiotics was done for preventing the degradation of the medium during the 

experiment (Rohanová et al., 2014). 

3.2.2.2 Glass dissolution process 

This procedure was carried out by weighing 75 mg of QMFA1, QMFA2 and QMFA3 

glass powders with particle size ≤38 µm and placing them in plastic containers. 50 

mL of each testing solution (Tris buffer, SBF, 10% Sα-MEM and SFα-MEM) was 

added to each container after measuring its pH by a pH meter (Oakton Instruments, 

Nijkerk, Netherlands). Then, all the containers were kept in a shaking incubator at a 

constant temperature 37 ºC with a rotation rate 60 rpm for a specific time period 

ranging from 3 h to 7 days for Tris and SBF samples, whereas for all the α-MEM 

samples the immersion time was lasted for two months. 

After each time point, the glass powders were filtered through (5-13 µm particle 

retention, VWR International) filter paper and the solution’s pH were measured.  The 

collected powders were kept in Petri dishes and stored in an incubator at 37 ºC for 

12 h to dry. While, the collected solutions were kept in Falcon tubes and stored in a 

fridge at 4 ºC. 

3.2.2.3 Characterisation of solutions treated glass powder 

After complete drying, the collected glass powders were analysed by using FTIR, 

XRD and 19F, 31P MAS-NMR. This is to evaluate the formation of apatite like phase 

on their surfaces. Furthermore, the treated glass powders were examined by SEM-

EDX in order to identify the morphological and chemical changes that occurred on 

their surfaces after the immersion process.   
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3.2.2.4 Characterisation of filtered Solutions: 

To measure the chemical composition of the filtered solutions, as well as the ions 

exchange between the glass powders and the solutions, two techniques were used. 

3.2.2.4.1   Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-

OES) 

The changes in the concentrations of silicon, calcium and phosphorus in the filtered 

solutions were quantitatively analysed by ICP-OES (Varian Vista-PRO, Varian Ltd., 

Oxford, UK). ICP-OES is a sensitive technique used to provide qualitative and 

quantitative information about the tested material.  It can determine the elemental 

compositions of the material and their concentrations by measuring the amount of 

emitted and/or absorbed wavelength radiation and electromagnetic radiation 

respectively. The tested material is subjected to high heat and this can cause 

decomposition of the material into atoms and ionisation of the atoms. Both of which 

will produce emission of electromagnetic radiation of specific wavelength. The 

emitted radiation will be detected by a photo-electric detector and the data will be 

processed by a computer to provide the analytic results. The intensity of the emitted 

radiation represents the concentration of the element, while the specific wavelength 

refers to the element of interest (Boss and Fredeen, 1999, Moore, 2012). 

In this study, three replicates from each sample were measured and the mean 

values ± standard deviations were determined. The process was carried out by 

diluting the filtered Tris buffer and SBF samples (1:5) with de ionised water, while α-

MEM samples were diluted (1:10). This is because of the difference in the ions 

concentration that exists in the original solutions. For all samples, 2% of 96% Nitric 

acid (VWR International Ltd) was added to facilitate the detection of the ions by the 

machine and to prevent the precipitation of ions during the experiment. 
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3.2.2.4.2 Fluoride Ion-Selective Electrode (F--ISE) 

Fluoride concentration in the filtered solutions was measured by F--ISE (NICO2000 

Ltd, Middlesex, UK). F--ISE is a membrane electrode, which responds selectively to 

F-ion in the presence of other ions in the tested solution. This membrane electrode 

will measure the potential of F-ion in solution against a constant reference electrode 

of persistent potential. The activity of the F- in the solution will produce a potential 

difference between the two electrodes. This will lead to a net charge, the strength of 

which is related to the concentration of the fluoride ion in the testing solution. 

Standard solutions were prepared first for calibrating the ion strength by diluting 

10,000 ppm F- solution in deionised water to form four standard solutions 5, 20, 30 

and 50 ppm. The potentials of these solutions were measured in (mV) and plotted 

against the F- concentration to obtain a standard calibration curve. Then, 5 mL of 

each sample solution was measured and the amount of F- released from the glasses 

was calculated by using the calibrating curve and presented in ppm. 

 

 Titanium discs preparation and coating procedure  3.3

3.3.1 Discs preparation 

400 discs of 10 mm diameter and 1 mm thickness were cut from grade II 

commercially pure titanium sheet (Advent Research Materials, Oxford, UK) using a 

laser cut machine (Doncaster laser services, Carcroft, UK). This cutting technique 

was recommended in this study, as the pilot study results showed that the manually 

punched discs demonstrated uneven surfaces when scanned by the white light 

profilometer (WLP). The curved surface of the punched disc resulted in an uneven 

abrasion across the sample as shown in Figure (3.7 a). The abrasion was more 

deeply detected on the edges of the sample than the middle part and this resulted in 

false measurements. Thus for more accurate measurements, the manual punching 

technique was replaced by the laser cut technique. Laser cutting produced samples 
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with flat and even surfaces, as seen in Figure (3.7 b). The flat surface resulted into a 

standardised sample-nozzle distance and a homogenised abrasion across the 

sample surface. Furthermore, this cutting method can give more accurate and 

objective analysis when using the WLP.    

 

Figure 3.7: Proscan 3-D profile showing the surface configuration of the Ti 

disc prepared by two cutting techniques a) manual punching method, where 

the disc surface appears convex and the abrasion line is deep at the edges of 

the disc b) Laser cutting technique, where the surface is flat and the abrasion 

line is even across the entire surface. 

After the cutting procedure, the discs were subjected to sequential polishing and 

cleaning processes. This is to produce a smooth surface of low surface roughness 

value. The prepared discs were polished by an automatic lapping and polishing unit 

(Kemet 300 LVAC, Kemet International Ltd, Kent, UK) to a surface finish of 0.1 µm. 

The process started with silicon carbide paper of decreasing grain sizes P 600-P 

4000 for disc’s levelling and finished with Micro cloth and diamond suspension of 1 

µm and 0.25 µm respectively (Kemet International Ltd, Kent, UK) for shiny mirror 
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surface Figure (3.8). All samples were cleaned ultrasonically in ethanol and 

deionised water for 10 min in total. 

 

Figure 3.8: Prepared Titanium disc of 10 mm diameter and 1 mm thickness a) 

before polishing b) after polishing and cleaning. 

 

3.3.2 Powder flow rate (PFR) calibration 

Prior to the grit blast coating procedure, the glass powders flow rate was calibrated. 

This is to investigate the effect of the propellant air pressure on the PFR and to 

ensure the consistency of the powder flow during the experiment. A constant flow 

rate is important in controlling the abrasion characteristics of the stream and the loss 

of material (Banerjee et al., 2008, Milly et al., 2014).    

The calibration procedure was carried out by using AquaCare-Dental air abrasion 

and polishing unit (Velopex, Harlesden, UK) in which the powder feed rate dial was 

fixed at the middle setting and the pressure was adjusted to 2, 3 and 4 bars.  

The powder reservoir was kept constant during the experiment as its level affects 

the PFR of the glass (Banerjee et al., 2008) and it was refilled after three 

measurements. The nozzle of the grit blast hand piece was inserted into the top of a 

collecting container and the weight of the container was measured by a balance 

accurate to ±0.01 g before and after 1 min of the active air abrasion method. Eight 

measurements were conducted for each composition at each propellant pressure 
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parameter. The results were statistically analysed by IBM SPSS version 24 

statistical software using one-way (ANOVA) followed by Tukey post-hoc test for a 

statistical significance (P≤0.05).  

The collecting container was designed, as described by (Banerjee et al., 2008), by 

inserting a thick sponge layer in the middle part of the container and a thick dry 

facial mask in the bottom Figure (3.9). The sponge layer will act as a pre-filter for the 

glass powder, during the running of the experiment and it will prevent the build-up of 

the internal pressure inside the container. The facial mask was placed to prevent the 

leakage of the powders from the bottom of the container. Moreover, the collecting 

container was held above a black paper during the experiment. This was to ensure 

that there is no leakage of the powder from the facial mask. 

 

 

Figure 3.9: Schematic diagram of the powder flow rate calibration as 

described by (Banerjee et al., 2008).    
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3.3.3 Coating of Ti discs by grit blast technique (dynamic air abrasion 

technique) 

Grit blast is a technique used for abrading the surface of the implant and increasing 

its roughness by using Al3O2 or TiO2 abrasive particles (Rønold and Ellingsen, 2002, 

Koller et al., 2007). In this study, grit blast was used for abrading and coating the 

titanium surface by bioactive glass particles. These particles were introduced to the 

target surface by applying a stream of compressed air. The efficiency of the 

abrading process could be affected by many variables.  

For the dynamic abrading procedure AquaCare-Dental air abrasion and polishing 

unit with a nozzle of 0.6 mm internal diameter was used Figure (3.10). The reason of 

using the dynamic air abrasion instead of the static procedure is to mimic the 

practical procedure that will be used in the coating process of the implants.  

 

 

Figure 3.10: Schematic diagram of AquaCare-Dental air abrasion and 

polishing machine taken from https://www.dentaloperatoryequipment.com. 
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Three operating parameters were changed in this study and these include the air 

pressure (mechanics equipment variables), sample-nozzle distance and sample 

movement velocity (operator variables). However, the other parameters were all 

kept constant during the experiment in order to control the abrasion process. 

Additionally, the hardness of the bioactive glass particles, which is one of the 

relating variables to the powder properties, was also modified in the current 

experiment by changing the composition.  

The nozzle-disc distance was determined by applying microscopic slides of a fixed 

thickness between the disc surface and the nozzle tip. The slides thicknesses were 

measured three times by a digital micrometre of 0.001 mm accuracy (Mitutoyo, 

Japan) in order to ensure the thickness accuracy Table (3.3). The nozzle of the 

hand piece was held by a clamp, fixed at a 90º tip angulation during the experiment 

and the distance was controlled by the gradual addition of the previously measured 

microscopic slides. The nozzle tip was kept in intimate contact with slide surface 

during the distance determination and removed before the abrasion procedure.  

This step was to ensure the standardised distance and the accurate repetition of the 

procedure.  

Table 3.3: Microscopic slides thicknesses. 

Microscopic slide number 1 2 3 4 5 

Thickness (mm) 1.03 1.04 1.03 1.03 1.04 

 

Titanium discs, on the other hand, were fixed on a metal plate by double sided tape, 

placed on a motorised linear stage of 100 mm travel distance (Zaber Technologies, 

Vancouver, Canada) and the velocity was controlled by Zaber’s computer software 

Figure (3.11). For pressure control, the pressure dial was set directly from the 

machine to give an output pressure between 0 and 7 bars.  
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Figure 3.11: The grit blasting procedure. The handpiece nozzle is fixed with a 

clamp at a 90⁰ angle; the titanium discs are fixed to a metal stage by double 

sided tape and placed on a programmed linear moving device. 

 

Before the preparation of each experimental group, the powder plastic cartridge was 

loaded with a fixed amount of glass powder of about 45 g. This is to ensure the 

consistency of the powder flow during the abrasion and to standardise the abrasion 

rate. The cartridge was refilled to the same weight before the abrasion of the next 

group.  

The coarse powder particles of a size range between 63 μm and 90 μm were used 

in this study. This is due to the results from the pilot study, which showed that the 

presence of small particles ≤38 μm causes agglomeration in the powder. This 

agglomeration resulted in an inconsistent powder flow output and this led to a non-

homogenised and uneven abrasion across the titanium surface. Additionally, the 

powder feed rate dial was fixed to the middle value during the preparation of all the 

samples. This is to control the amount of powder emitted during the experiment and 

to control the abrasion efficiency by employing a constant PFR during the abrasion 

procedure.  
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In this study, three operating parameters were evaluated for each glass 

composition. When one variable was examined, the remaining parameters were 

kept constant, as show in Table (3.4).  

Table 3.4: The evaluated operating parameters of the grit blast technique and 

their tested values. 

Parameters 
Nozzle distance 

(mm) 
Sample velocity 

(mm/sec) 
Air pressure 

(bar) 

Nozzle distance 1, 3, 5 0.5 4 

Sample velocity 3 0.25, 0.5, 1.0 4 

Air pressure 3 0.5 2, 3, 4 

 

Nine experimental groups of each glass composition were prepared, each with 4 

samples giving a total number of 36 samples. Therefore, the total number for all 

compositions was 108 abraded samples Figure (3.12). These samples were 

investigated by WLP, SEM (image J) and SEM/EDX analysis. The samples were all 

prepared using a dry air abrasion system. This dry condition will preserve the 

bioactivity of the glass powder, as the bioactive glass is sensitive to water. In 

addition, it enhances the powder scattering on the substrate surface.   

 

Figure 3.12: Titanium disc after grit blasting where the bioactive glass powder 

is embedded in the middle part of the disc leaving the sides intact.   
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The selected distance in this experiment was 3 mm. This is based on the SEM 

results of the pilot study, which showed that the abraded line border was well 

defined at that distance. In addition, there was good area coverage and even 

distribution of the glass particles across the abraded line. Regarding the velocity of 

the moving stage, the 0.5 mm/sec was programmed as the control speed. This was 

the acceptable velocity of the stage at which there was a good coverage of the disc 

without consuming a large amount of glass powder. The output pressure, on the 

other hand, was varied from 2 to 4 bar and with the selection of 4 bar as the control 

pressure during the experiment. This is due to the high efficiency of the glass 

powder to abrade and embed in the titanium surface at that pressure value, as 

concluded from the pilot study findings. 

3.3.4 Abraded discs analysis  

3.3.4.1 White Light Profilometry  

For the analysis of the topographical surface changes of the abraded titanium discs, 

a Scantron, Proscan 2000 profilometer (Scantron industrial products Ltd, Taunton, 

UK) was used. It is a non-contacting optical device consisting of either laser or white 

light distance measuring sensor. This sensor scans the surface of the specimen 

without physical contact; therefore, there is no possible alteration in the surface of 

the samples. In this study S13/1.2 sensor was utilised, where S define as the type of 

the optical technique used which is chromatic light. The number 13 represents the 

maximum distance from which the sensor can measure the target area and its unit is 

in mm.  While the second number is representing the measuring range which is 1.2 

mm. In addition, the scanning resolution for this sensor is 0.025 µm and the spot 

size is 8.0 µm. The abraded discs were scanned by WLP with fixed setting 

parameters, such as, measurement frequency, average scan and step size. The 

recommended frequency for the specimens was 1000 Hz and this was due to the 

high reflectivity of the titanium. The metal surface was assigned 100 % reflected 
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light intensity during the measurements. For the purpose of decreasing the noise in 

the collected data, the average number of the scan was selected as 4. Regarding 

the step size, the sample was scanned with a step size of 20 µm. 

The dimension of the tested area was (8 mm x 4 mm) and this included the abraded 

line and part of the “intact surface”. From the scan, three measurements were 

evaluated, such as, the abraded line width, depth and volume removal. The 

measurement was carried out using Proscan 2000 ver. 2.1.1.8+ software (Scantron 

industrial products Ltd, Taunton, UK). The line width was measured from the edge of 

the groove to the other edge as shown in Figure (3.13). Three measurements were 

taken across the abraded line for each tested disc. While for the depth evaluation, 

five points across the abraded line were measured. This was performed by 

calculating the depth from the edge of the groove to the deepest part as in Figure 

(3.14).  

 

 

Figure 3.13: Cross sectional view of the abraded line showing the way of width 

measurement a) Starting point b) End point. 

 

 

Figure 3.14: Cross sectional view of the abraded line showing the depth 

measurement a) Starting point b) Deepest point. 
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The volume of the titanium removal was calculated directly using the device 

software after determining the lowest and the highest point in the groove area, as 

see in Figure (3.15). Moreover, those measurements were taken for the same five 

points which have been selected for the depth measurements.  

 

Figure 3.15: Cross sectional view of the abraded line and the software will 

calculate the volume automatically after determining the lowest and the 

highest point. 

 

Regarding the measurements of the average surface roughness (Ra), three line 

scans were performed for both the abraded and the polished discs. The scan was 

done in the central part of the abraded line of the abraded discs and on the middle 

portion of the polished disc surface. The readings were taken after applying a filter 

of size 80 and this was to separate the roughness from waviness, which sometimes 

superimposes on each other.  

3.3.4.1.1  Statistical analysis 

The statistical analysis was conducted by using an IBM-SPSS software program 

(version 24). One-way analysis of variance (ANOVA) followed by Tukey post-hoc 

multiple comparison tests to evaluate the statistical significance at (p≤0.05) was 

performed under the assumption of normally distributed measurements and equal 

variance between the groups. 

Lowest point 

Highest point 
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3.3.4.2 SEM-EDX analysis 

The surface topography of the polished and abraded titanium discs was 

characterised by using SEM microscope in a secondary electron (SE) mode. The 

discs were fixed on the stubs and scanned by SEM-SE (FEI Inspect F, Oxford 

Instruments, UK), using accelerating voltage 10 kV and working distance 10 mm.  

For measuring the area coverage of the titanium discs with bioactive glasses, SEM-

back scattered (BSE) images were utilised. The same setting which was used in the 

SEM-SE mode was also used in this mode.  For each disc, four images with 

(1600X) magnification were taken from the central portion of different areas across 

the abraded line, two from the peripheries and two from the middle section. Then, 

those images were analysed for the measurement of the area percentage coverage 

by Image J software (Softonic). As there was a clear contrast between the titanium 

and the glass, the coverage percentage was calculated automatically by the 

program via selecting the black areas. The data were all analysed by one-way 

analysis of variance (ANOVA) followed by Tukey post-hoc multiple comparison tests 

to compare between the groups and to evaluate the statistical significance at 

(p≤0.05). Additionally, the data were tested for normality using Shapiro-Wilk tests. 

For the elemental analysis of the abraded discs, EDX line scans were used. This 

technique was carried out by drawing a line across the disc starting from the intact 

titanium part passing through the abraded line area and ended in the other end of 

the titanium surface. The detected elements were all presented in weight %. 

3.3.5 Glass embedding and retention in Ti surface 

The mechanical attachment of the glass particles to the titanium surface was 

determined by immersing the abraded discs in 0.1 M acetic acid. The solution was 

prepared by adding 6 mL of (100%) acetic acid (Analar normapur, VWR chemicals, 

France) to 900 mL of deionised water. Then, the pH was adjusted to 4.0 by sodium 
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hydroxide tablets (Fisher Scentific UK Limited, UK) and the total volume was filled to 

1 L.  

Six discs from each glass composition and with the abraded variables (distance 3 

mm, velocity 0.5 mm/sec, and pressure 4 bars) were prepared and immersed in six 

tubes each containing 4 mL of 0.1 M acetic acid.  The samples were kept in a 

shaking incubator for 3 to 6 h. Then, the discs were removed, left to dry for overnight 

in an incubator and tested by SEM-EDX analysis. The collected solutions were 

analysed for ions release by ICP-OES and F--ISE.  

3.3.6 Abraded discs bioactivity 

The determination of the apatite formation on the glass abraded discs was 

evaluated in Tris buffer and SBF. Two titanium discs were blasted by QMFA1 glass 

at a distance 3 mm, velocity 0.5 mm/sec and pressure 4 bars. The bioactivity 

procedure was carried out by immersing one glass abraded disc in 4 mL of the 

testing solution. The discs were kept in a shaking incubator at 37 ºC for 3 days 

Figure (3.16). Then, the discs were collected, left to dry in an incubator for 12 h and 

scanned by SEM-EDX. Prior to scanning; the discs were fixed on a stub and coated 

with carbon. Then, the morphology of the apatite layer was evaluated by SEM in 

both SE and BSE modes and the element analysis was performed by SEM-EDX. 

 

Figure 3.16: Schematic diagram of a glass abraded disc bioactivity study 

procedure. 
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 Cell culture studies 3.4

MC3T3-E1 mouse preosteoblast cells (Public Health England, Porton Down, 

Salisbury, UK) was used in this study. This is due to the cell’s ability to differentiate 

to osteoblasts and its responsibility in secreting the bone matrix for mineralisation. 

Moreover, the process of bone matrix calcification by this cell line is closely similar 

to the in vivo intramembranous osteogenesis (Sudo et al., 1983, Wang et al., 1999, 

Jeong and Jeong, 2016). MC3T3-E1 was cultured in T75 culture flasks in an 

incubator maintained at 37 ºC and 5% CO2. The cells were grown in α-MEM media 

supplemented with 10% FCS, 1% penicillin/streptomycin and 1% L- glutamine. For 

the purpose of cell maintenance, the medium was changed every 3 to 4 days until 

confluence was reached. For the glass powder biocompatibility studies the cells 

were seeded at 1x104 cells/mL, while for the titanium discs studies a density of 

2x104 cells/mL was used. 

3.4.1 Glass powder biocompatibility 

3.4.1.1 Quantitative assay of Alkaline Phosphatase (ALP) activity: 

Prior to the ALP and DNA experiments, glass conditioned α-MEM was prepared 

from each glass composition. 75 mg of glass powder with a particle size ≤38 µm 

was immersed in 10% FCS supplemented α-MEM for 72 h at 37 ºC.  After this time 

point, the solutions were centrifuged for 5 min at 800 rpm for glass separation, and 

filtered with 0.2 µm pore size filters for sterilisation. Then, these solutions were 

utilised to maintain the cells during the period of the experiments.  

At 80% cell confluence in T75 flasks, the MC3T3-E1 cells trypsinised and seeded in 

96-wells plate with a density of 1x104 cells/mL and maintained with 2% FCS α-MEM 

for the first 24 h. After that, the media were changed with 10% FCS α-MEM for the 

control samples while for the test samples; 72 h glasses conditioned α-MEM media 

were used.  
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The cells were cultured and treated for specific time periods; 1, 3, 5 and 7 days, 

washed in phosphate buffer solution (PBS) and kept frozen until the assay was 

ready to be performed. This assay depends on the conversion of the p-nitrophenol 

phosphate into p-nitrophenol, which is a yellow coloured product the intensity of 

which is related to the action of alkaline phosphatase enzyme of the cells. The 

reaction solution of 2.5 mg/mL of 4-Nitrophenyl phosphate disodium salt 

hexahydrate in Tris buffer of pH (9.4) and 1 mM magnesium chloride (Sigma-Aldrich 

Company Ltd, Gillingham, UK) were prepared. After 1 h of thawing, 100 µL of the 

prepared reaction solution was added to each well and then the plates were stored 

in a 37 ºC temperature incubator for 45 min. After which the reaction was stopped 

by the addition of 50 µL of 0.5 M NaOH to each well. Then, the intensity of the 

coloured product was quantified by measuring the absorbance spectra at 405 nm. 

This experiment was conducted in triplicate to assess reproducibility. 

3.4.1.2 Quantitative assay of DNA content:  

This assay was used to quantify the number of cells and the proliferation rate by 

determining the DNA quantities in each well with fluorochrome bisbenzimidazole 

Hoechst 33258. The cells were cultured in 96-wells plate at a density of 1x104 

cells/mL, maintained in the same way as in 3.4.1.1 and treated with control or 

conditioned media for 1, 3, 5 and 7 days. Again, cells were washed in PBS and 

stored at -20⁰C 

At the assessment time, 100 µl of deionised water was added to each well after 1 h 

of thawing. This enhances the release of the DNA contents of the cells after their 

rupture due to the hypotonic environment. Then, 1:50 fluorochrome 

bisbenzimidazole Hoechst 33258 in TNE buffer, pH 7.4 with 10 mM Tris, 1mM 

EDTA and 2 M NaCl (Sigma-Aldrich Company Ltd, Gillingham, UK) was added to 

the wells. In the final step, the fluorescence intensity was measured on a plate 

reader at emission and excitation wavelengths of 460 nm and 350 nm respectively.  
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3.4.1.3 Statistical analysis 

The data were reported as means ± SD and analysed by IBM SPSS program using 

one-way analysis of variance (ANOVA) followed by Tukey post-hoc test to evaluate 

the statistical significance at (p≤0.05).   

3.4.2 Titanium discs biocompatibility 

The glass abraded titanium samples were tested and compared for their in vitro 

biocompatibility against the polished titanium discs by using different assays.  Each 

assay was performed to detect and evaluate a fundamental step in the bone 

formation process.  

Due to the similarity in the glass properties and the insignificant difference between 

the abraded discs of different compositions, QMFA2 glass abraded discs were 

tested in the current study. The selected samples for the following experiments were 

prepared by the coating parameters (distance 3 mm, velocity 0.5 mm/sec and 

pressure 4 bars). 100 samples in total were prepared for the biocompatibility studies 

and this included both abraded and un-abraded titanium discs. All the discs were 

sterilised by a dry heat at 160 ⁰C for 1 h prior to the experiments.  

3.4.2.1  Cell morphology 

This study was carried out using SEM to ascertain the morphology of the osteoblast 

cells on both abraded and un-abraded titanium discs. Four samples from both un-

abraded and abraded discs were placed in 24-well plates and seeded at a density of 

2x104 cells/mL. After 72 h, the media were removed and the cells washed twice with 

PBS. Next, the cells fixed with 2% glutaraldehyde (Sigma-Aldrich Company Ltd, 

Gillingham, UK) in PBS (pH 7.30) for 2 h at 4 ºC. After fixation, the cells subjected to 

a dehydration process using graded series of ethanol from 35%, 50%, 60%, 70% 

and 90%, each percentage was used for 5 min and repeated twice. Finally, the discs 

were immersed in 100% ethanol and kept at 4 ºC until they were ready to be used 

for the next step. Before SEM-scanning, the 100% ethanol was removed and 1 mL 
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of Hexamethyldisilazane (HMDS) (Sigma-Aldrich Company Ltd, Gillingham, UK) 

was added to each well plate for 5 min. Then, the discs were transferred to another 

well plate and left to dry for 2 h. The discs were scanned with SEM using SE mode 

at accelerating voltage 10 kV after coating with gold sputter (Agar Scientific, 

Elektron Technology UK Ltd, Essex, UK). 

3.4.2.2 Qualitative and Quantitative assays of ALP activity  

The qualitative ALP activity assay was evaluated by naphthol phosphate method. 

This method was carried out to compare the amount of ALP produced from the cells 

on the abraded part of the disc with that of the un-abraded part, as well as 

comparing the activity of cells on both pure titanium and glass abraded discs. The 

procedure was based on the reaction which takes place between the α-naphthol and 

the fast-blue RR (4-benzoylamino-2.5-diethoxybenzenediazoniumnchloride hemizinc 

chloride salt). This reaction will result in the production of insoluble blue precipitate 

which reflects the site of ALP activity.  

For the qualitative ALP activity assay, three samples from each group were tested 

and this experiment was run in triplicate. The cells were seeded on the polished 

titanium and glass abraded samples with a density of 2x104 and left to grow for 14 

days in 10% α-MEM media which was changed every 3-4 days. After 14 days, each 

disc was washed twice with PBS and stained with 1 mL of fast blue stain solution. 

This solution was prepared by mixing of 0.4 mg/mL 1-Naphthyl phosphate 

monosodium salt monohydrate and 1 mg/mL Fast Blue BB salt (Sigma-Aldrich 

Company Ltd, Gillingham, UK) with a mixture of 8 mL of 0.1 M Tris (pH 9.2) and 15 

µL of (0.05 M) MgCl2. Finally, the samples were covered with aluminium foil at room 

temperature for 45 min. The reaction was stopped by repeated washing and 

samples were examined by reflected light microscope. ALP activity of cells on the 

glass abraded discs and control discs were compared using the quantitative assay. 
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In this experiment, the cells were seeded on the discs in the same manner as above 

and kept at the same time point.  

After 14 days, both titanium and glass abraded discs were washed twice with PBS 

and treated with a solution consisting of 2.5 mg/mL of 4-Nitropheyl phosphate 

disodium salt hexahydrate in Tris buffer of pH (9.5) and 1mM magnesium chloride. 

The discs were transferred to clean 24-well plates and 400 µL of the prepared 

solution was added to each disc. The plates were covered by aluminium foil and 

kept in the incubator for 1 h. Then, 100 µL aliquots were transferred to the 96-well 

plates and the absorbance spectra were measured at 405 nm.   

3.4.2.3 Detection and quantification of collagen type I formation 

The MC3T3-E1 cells were seeded on the abraded and un-abraded titanium discs in 

the same manner as described in the previous studies. Six samples were used from 

both discs and the experiment was run in triplicate. The cells were left to grow for 

two weeks in 10% α-MEM medium. Then, this medium was changed with medium 

further supplemented with 50 µg/mL L-ascorbic acid, 5 mM β-glycerophosphate and 

10 nM dexamethasone (Sigma-Aldrich Company Ltd, Gillingham, UK) to form 

osteogenic medium. The latter medium was used for maintaining the cells for the 

further two weeks and changed every 4-5 days.  

After incubation, the seeded discs were washed twice with PBS and fixed with 4% 

glutaraldehyde for 30 min at room temperature. After fixation, the discs washed 

three times with PBS; stained with 1 mL of 0.1% Sirius red stain in 1.3% saturated 

picric acid (Sigma-Aldrich Company Ltd, Gillingham, UK) and kept in a dark place 

for 1 h at room temperature. Then, the discs transferred to a clean well plate, 

washed three times with deionised water and examined by reflected light 

microscope. 

To quantify the intensity of the stain spectrophotometrically, the discs were treated 

with 0.1 M sodium hydroxide solution for 1 h at room temperature to elute the stain 
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from the samples. 400 µL of the solution was added to each well and then, 100 µL 

aliquots of the solution were transferred to 96-wells plate after disc removal. The 

absorbance was measured at 560 nm.    

3.4.2.4 Detection and quantification of mineralisation nodules  

For the detection of the calcified nodules on the seeded discs, the Alizarin Red S 

Stain was used. The seeding and treating procedure of the discs were performed in 

the same way as collagen formation study. However, in this study the discs were 

treated with the osteogenic medium for three weeks.  After three weeks, the discs 

were washed twice with PBS, fixed with 4% glutaraldehyde for 30 min at room 

temperature and washed with PBS and deionised water each for two times. Then, 

the discs incubated with 1 mL of 40 mM Alizarin Red S (pH 4.1 Sigma-Aldrich 

Company Ltd, Gillingham, UK) in a dark place for 2 h. Later, the discs transferred to 

another plate, washed three times with deionised water and prepared for 

mineralisation nodules examination using reflected light microscope.  

To quantify the amount of the stain in the treated discs, the Alizarin Red S stain was 

extracted. This procedure was carried out by treating the previously stained discs 

with 400 µL of 10% cetylpyridinium chloride in deionised water for 1 h at room 

temperature. Then, 100 µL aliquots were transferred to 96-wells plates and 

absorbance was read at 560 nm. In this study, three abraded discs were used per 

experiment, compared to three polished titanium discs as controls and the 

experiment run in triplicate. 

3.4.2.5 Statistical analysis  

All the data were presented as mean ± SD and they analysed by Excel 2010 

software for statistical significant difference (p≤0.05) using Student’s t-test.  



Chapter 4    Results and Discussion 

of Glass Characterisation 
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 Results and discussion of glass characterisation 4

Modifying the glass composition can alter its physical, mechanical, thermal 

properties and bioactivity. This is due to the roles of each component in the glass 

structure. Therefore, it is essential to investigate the glass structure when designing 

a new glass composition. 

 

 XRD  4.1

From the XRD patterns Figure (4.1), it can be clearly observed that all the prepared 

glasses are amorphous in nature. There is a broad halo centred at around 25º- 35º 

(2θ) which indicates the amorphous structure. In QMFA3 glass, there is a small 

fraction of crystalline peak observed at around 31.5º (2ᶿ) and this might be 

associated with the formation of a crystalline phase. 

The confirmation of the amorphous structure of the glasses by XRD is fundamental 

prior to the bioactivity study. This is to ensure the glass rapid degradation which will 

result in changes that will take place in the XRD diffraction patterns after the 

immersion of the glasses in different testing solutions.  

Optically, all glasses appear homogenous and transparent. This indicates that there 

is no phase separation in the prepared glasses on a light scattering scale (>0.2 

micron).   
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Figure 4.1: XRD patterns of the prepared glass powders showing a broad halo 

which is located between 25º-35º (2θ). The arrow points to the small crystalline 

peak at 31.5º (2θ) in QMFA3 glass (green pattern).     

 

 FTIR 4.2

Figure (4.2) shows the FTIR absorbance spectra of the prepared glasses. There are 

two dominant bands, one at 910 cm-1 and the second at 1020 cm-1 wavenumbers. 

These bands represent the Si-O- alkali+ bands with the NBO bond and the BO 

stretching bands (Si-O-Si) respectively (Kim et al., 1989, Filgueiras et al., 1993b).  

There is also a broad band in the 550-600 cm-1 region, which represents the P-O 

bending vibration of PO4 tetrahedron for the amorphous glasses and the Si-O-Si 

bending vibration band (O’Donnell et al., 2009). The spectra of the three prepared 

glasses are in agreement with those shown in the literature for the unreacted soda-

lime glasses (Kim et al., 1989, O’Donnell et al., 2009, Mneimne et al., 2011). The 

bands are characteristic for the amorphous nature of the bioactive glasses and they 

will undergo distinct changes after the immersion of the glasses in different 

solutions. This will be interpreted and discussed in the bioactivity study in Chapter 5. 
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Figure 4.2: FTIR spectra of the prepared glass powders. The spectra show the 

presence of the prominent bands assigned to the amorphous structure of the 

glass powders.     

   

 19F and 31P MAS-NMR 4.3

31P MAS-NMR spectra of the prepared glasses are shown in Figure (4.3). These 

spectra demonstrate that the phosphate in all glasses exists as a separate 

orthophosphate species. This is due to the presence of a single  symmetric peak in 

all spectra (Brauer et al., 2009). With decreasing the sodium content in the glasses, 

there is a shift in the 31P peak position toward less positive values from 6.9 ppm to 

5.6 ppm and to 4.5 ppm for QMFA1, QMFA2 and QMFA3 respectively. This shift 

suggests that there is a relation between the sodium content in the glasses and the 

orthophosphate species. The glass with more sodium content gives higher positive 

values and shifts the peak position toward the positive side. These results are 

consistent with the results of previous studies (Lockyer et al., 1995, Elgayar et al., 

2005, Brauer et al., 2009). The shift is due to the lower electronic shielding of 

sodium in comparison to calcium and this causes the peak position of the phosphate 

to move toward higher chemical shift values with increase in sodium content.  
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In addition to the previous features, it can be seen that there is no change in the line 

width of all the peaks with changing the glass composition. This indicates that the 

phosphate in the glasses stays amorphous.  

 

Figure 4.3: 31P MAS-NMR spectra of the original glasses showing the presence 

of a broad signal, which represents the presence of a separate 

orthophosphate species.  

Figure (4.4) demonstrates the 19F MAS-NMR spectra of the prepared glasses. The 

peak positions of these glasses are varying between -131.8 ppm and -103.3 ppm 

and this range correlates with the presence of mixed species of sodium calcium 

fluoride (Hayashi et al., 2006).  

Two peaks are clearly seen in QMFA1 glass, one is positioned at -170 ppm and this 

represents F-Ca(2) Na(2) species while the other, is at -131.8 ppm which is 

attributed to F-Ca(3) Na(1) (Brauer et al., 2009). Whereas, in the other two glasses 

QMFA2 and QMFA3, only one peak is present at position -117.4 ppm and -103.3 

ppm respectively. Moreover, there is a clear chemical shift in the 19F peak position 

toward zero value as the sodium content of the glass is decreased. This is related to 
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increase of calcium concentration in the glasses, which pushes the peak position 

towards an F-Ca (4) site (Brauer et al., 2009).  

All signals in these 19F MAS-NMR spectra are quite broad demonstrating an 

amorphous nature of the fluorine species in the glasses. 

 

Figure 4.4: 19F MAS-NMR spectra of the original glasses showing the presence 

of a broad signal, which refers to the amorphous fluorine species.     

  

 DSC 4.4

Glass transition temperature and crystallisation temperature of the unreacted 

glasses were analysed by DSC. Both temperatures were plotted as a function of the 

sodium oxide mole % in the glasses, as demonstrated in Figure (4.5) and Figure 

(4.6) respectively. The Tg of the lowest sodium contained glass (QMFA3) is 605°C 

and this value showed a decrease to 544°C and 488°C for QMFA2 and QMFA1 

respectively. The same trend is also demonstrated with the Tc, where the values 

decrease from 766°C for QMFA3 to 601°C for QMFA1.  
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From both figures, it is clearly seen that there is a linear decrease in both 

temperatures with increasing the sodium content in the glasses. The linear 

correlation coefficient (R2) for both relations is around 0.999 which confirms the 

strong linear relation. This behaviour was also found in the previous studies 

(Andersson, 1992, Wallace et al., 1999, Rajendran et al., 2002, Farooq et al., 2013).  

 

Figure 4.5: Graph illustrating the relationship between Tg (ºC) and Na2O 

content (mole %) in the prepared glasses. The line represents the linear 

regression for Tg versus Na2O content, R2=0.999.  

  

 

Figure 4.6: Graph shows the relationship between Tc (ºC) and Na2O content 

(mole %) in the prepared glasses. The line represents the linear regression for 

Tc versus Na2O content, R2=0.999. 
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From these results, it can be revealed that the substitution of Na2O for CaO has a 

great influence on the thermal properties of the glasses. The reduction in the Tg and 

Tc values is suggested to be related to the nature of the NBO bonds in the glass 

structure. It is known that both sodium and calcium cations are network modifiers 

and are lowering the Tg of the bioactive glass by opening up the glass structure 

(Elgayar et al., 2005). In case of the sodium substitution, there will be a replacement 

of one calcium cation with two sodium cations in the glass network. As sodium 

cation is a monovalent and bond with only one oxygen bond while, the calcium 

cation is a divalent and bond with two oxygen bonds. Therefore, in case of cations 

substitution there will be a consequent higher disruption in the structure of the 

network and a reduction in the crosslinking of the glass network, which will lead to a 

clear decrease in the Tg. This agrees with (Wallace et al., 1999, Farooq et al., 2013).  

The relation of the Tg and the sodium mole % with the glass hardness will be 

discussed later in section (4.7).    

  

 Particle size distribution of the abrasive glass powder 4.5

The means ± the standard deviations (SD) of the glasses particle size used in the 

grit blast technique are expressed as percentiles (10, 50 and 90%) in Figure (4.7). 

Moreover, a line graph presenting the distribution pattern of the glass particle size is 

seen in Figure (4.8).  
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Figure 4.7: Mean ± SD of the glass particle size (µm) used in the grit blast 

technique, expressed as percentile classes. 

 

 

Figure 4.8: The particle size distribution of QMFA1 glass powder in volume %. 

The distribution of the particles is narrow in all glasses and indicates the 

coarse nature of the particles.   

 

Generally, all the prepared glasses demonstrated narrow particle distributions and 

high values of particle size. The median particle size (D 50) of the glasses ranged 

between 86.5±0.0 µm to 88.3±0.2 µm, whereas the (D 90) percentile size of the 

sieved powders showed larger values than the used sieve mesh size. The values 

were between 126 µm and 127.2 µm for the glass particles, while the sieve mesh 
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size was 90 µm. This was suggested to be due to the tendency of the glass particles 

to adhere to each other during the running of the particle size experiment. This is 

because of the presence of particles in the submicron scale which might attach to 

the surface of the main particles and increase the formation of agglomerates. 

However, in these glasses there are not many particles in the submicron scale. 

Therefore, it is more likely to be related to the morphology of the glass particles. The 

glass particles are irregular in shape and they may pass through the mesh of the 

sieve in a longitudinal direction. The particle size analysis machine treats the 

particles as spheres during the analysis of the measurements as suggested by 

(Beuselinck et al., 1998) Figure (4.9). Thus, the machine will measure the irregular 

long glass particle as a sphere with a large diameter and this consequently will 

result in recording higher values of particle size dimension than the mesh size.  

 

  

Figure 4.9: SEM image of QMFA1 glass particle (1600x magnification) showing 

the irregular shape of the particle and its prospective calculation as a sphere 

by the particle size analysis software. 

 

25 µm 



 

126 | P a g e  

 

Regarding the 10th percentile particle sizes of all the glasses, the results also 

exhibited large values which are 59.8±0.2 µm, 57.7±0.1 µm and 60.0±0.1 µm for 

QMFA1, QMFA2 and QMFA3 respectively. All findings indicate that all the glass 

powders are course in nature and they might result in a consistent smooth powder 

flow from the nozzle of the grit blast hand piece. Previous study reported that coarse 

particles enhance the flow of the abrasion stream (Koller et al., 2007). In addition, 

the large size of the powder particles affects the kinetic energy of the transferred 

particles in the air stream. The larger the particle mass, the higher the kinetic energy 

will be, therefore the cutting efficiency will be increased (Mount, 2009).  

 

 Abrasive glass powder morphology 4.6

The SEM micrographs of QMFA1, QMFA2 and QMFA3 glass powders of particle 

size range 63-90 µm are shown in Figures (4.10 a, b and c) respectively. From all 

the micrographs, it can be clearly seen that all the glasses particles have the same 

morphology. The particles are generally coarse in nature and they exhibit irregular 

shape with slightly rounded angular outline profile. However, there are submicron 

particles attached to the surface of the coarse particles. The findings from the SEM 

micrographs are consistent with the particle size data. The angular and the irregular 

shape of the glass particles were suggested to be due to the breakage mode which 

was used in the grinding of the glass frit. The Gyro mill technique depends on 

breaking the glass frit against the walls of the milling pot to produce small particles 

(Mahmood et al., 2014). Therefore, the massive fracture from this technique led to 

the production of irregular shaped particles. Determining the shape of the glass 

particles is considered as an important factor in determining the applications of the 

powder. Sharp and irregular glass particles are suggested to be used as an abrasive 

material and this is essential in this study (Kaya et al., 2002).       
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Figure 4.10: SEM micrographs of a) QMFA1 b) QMFA2 c) QMFA3 glass 

particles before air abrasion. The particles are irregular in shape with round 

angular outline. There are submicron particles attached to the surface of the 

coarse particles. The scan was performed by accelerating voltage: 10 kV, 

working distance: 10 mm and magnifications: 500x and 600x). 

a 

b 

c 



 

128 | P a g e  

 

 Glass hardness and density 4.7

Table (4.1) shows the hardness values of the prepared glasses and the statistical 

differences between the groups (P≤0.001) (see appendix 1 (10.1) for the detailed 

statistical values). The hardness of the high sodium content glass (QMFA1) is 

4.19±0.14 GPa and it is significantly lower than that of the low sodium contained 

glass (QMFA3), which is 5.11±0.33 GPa. The hardness of the QMFA2 glass showed 

a middle value of 4.59±0.12 GPa. Figure (4.11) demonstrates the relation between 

glass hardness and the sodium content in the prepared glass compositions. The 

analysed data indicate that there is a linear relationship between the sodium content 

and the hardness values, as the correlation coefficient is 0.994. The higher the 

sodium content in the glass, the lower is the hardness value. 

 

Table 4.1: Mean ± SD of Vickers hardness values (GPa) with the Na2O mole % 

of the prepared glasses. Different symbols indicate a significant difference 

between the glasses (P≤0.001). 

 

Glasses Na2O mole % 
Mean hardness 

(GPa) 

Standard 

deviation 

QMFA1 21.2 4.2a 0.1 

QMFA2 14.1 4.6b 0.1 

QMFA3 7.1 5.1c 0.3 
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Figure 4.11: Graph demonstrates the relation between the glass hardness 

(GPa) and the Na2O mole% in the glasses. The line represents the linear 

regression for hardness versus Na2O content, R2=0.9994.  

 

The results of the current study are compared to the results of (Farooq et al., 2013) 

study Figure (4.12).  In the previous study the glasses were prepared with sodium 

content from 0-10 mole %. The same trend was also appeared between the 

hardness and the sodium content. The lower the sodium content in the glasses, the 

harder is the glass. However the fluoride content in both studies is slightly different, 

but similar linearity is clearly demonstrated. The fluoride mole % in the Farooq et al. 

study was approximately 3 mole %, while in the present study it  is 4.5 mole %. 
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Figure 4.12: Graph shows the comparison of Vickers hardness relation with 

Na2O between the prepared glasses (blue squares) and the glasses produced 

by (Farooq et al., 2013) (orange diamond-shaped).  

 

As mentioned earlier in section 4.4 that there is an inverse relationship between 

glass Tg and sodium content. The same relationship is also seen with the glass 

hardness. This suggests that there could be a correlation between glass Tg and 

hardness. From Figure (4.13), it can be shown that there is a linear correlation 

between glass Tg and hardness, where the coefficient of correlation is around 0.997. 

This reveals that the glass hardness decreases with decreasing the glass Tg. This 

correlation was also proposed by (Baesso et al., 1999, O’Donnell, 2011, Farooq et 

al., 2013).  
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Figure 4.13: Graph shows the relationship between Vickers hardness (GPa) 

and Tg (ºC) of the prepared glasses. The line represents the linear regression 

for hardness versus Tg, R
2=0.997.  

 

 

In addition to the glass hardness, the glass bulk and oxygen densities are also 

affected by the sodium content in the prepared glasses. Both densities revealed a 

linear decrease with increasing the sodium content Figure (4.14). The correlation 

coefficients of both glass and oxygen densities relations are 0.981 and 0.989 

respectively. QMFA1 has both lower bulk and oxygen densities than QMFA2 and 

QMFA3 glasses. The bulk density of QMFA1 is around 2.78±0.01 gcm-3 while for 

QMFA2 and QMFA3 glasses, the bulk densities are 2.84±0.01 and 2.92±0.01 gcm-3 

respectively. The oxygen densities of the glasses are around 1.19 gcm-3, 1.23 gcm-3 

and 1.27 gcm-3 for QMFA1, QMFA2 and QMFA3 respectively.   
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Figure 4.14: Graph shows the relation between the glass density (g cm-3) (red 

squares) and the oxygen density (g cm-3) (blue diamond-shaped) versus the 

Na2O content in the glasses. The error bars are smaller than the point sizes.  

The red line represents the linear regression for glass density versus Na2O 

content, R2=0.981 and the blue line represents the linear regression for 

oxygen density versus Na2O content, R2=0.989.  

 

These results were compared to the results of (Farooq et al., 2013) Figures (4.15) 

and (4.16). The same trend is seen in both studies. However, the glass density of 

QMFA1 and QMFA2 glasses are less than those of the glasses in the previous 

study. On the other hand, the oxygen densities of the prepared glasses are higher 

than the oxygen density values of Farooq et al study. This might be related to the 

difference in the calcium fluoride concentrations in both studies. Fluoride ions form 

complexes with sodium and calcium ions in the glass structure and not to the silica. 

Therefore, this results in a clear reduction in the density of the current study glasses 

in comparison to the previous glasses. This agrees with what has been reported in 

the literature (Brauer et al., 2008, Brauer et al., 2009, Brauer et al., 2010). 
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Figure 4.15:  Graph shows the comparison between the glass densities (g cm-

3) of the current study (blue squares) and those prepared by (Farooq et al., 

2013) (orange diamond-shaped) with the Na2O content.  

 

 

Figure 4.16: Graph illustrates the comparison between the oxygen densities (g 

cm-3) of the current study (blue squares)  and (Farooq et al., 2013) study 

(orange diamond-shaped) with the Na2O content.  
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The same relation between the sodium concentration and the bulk density is also 

detected in the density and compactness of the abrasive glass powders. These 

properties together with the powder flow rate test are important to be investigated. 

This is because of the direct relation between these properties and the glass powder 

flow through the grit blast hand piece. In Table (4.2), QMFA1 glass powder shows 

the lowest density and compactness values among the three glasses. The powder 

density of QMFA1 is around 1.29±0.01 g/cm3 followed by QMFA2 and QMFA3 with 

1.32±0.02 g/cm3 and 1.43±0.02 g/cm3 respectively. These results are consistent with 

the density values of the glass monoliths.  Therefore, the compactness of QMFA1 is 

lower than the other glasses and it is around 0.46.   

Table 4.2: Mean ± SD of the glass powder densities (g/cm3) and the measured 

compactness of the glass powders. Different symbols indicate a significant 

difference between the glasses (p≤0.05).  

Glasses Powder density (g/cm3) SD 
Compactness of  

glass powder 

QMFA1 1.29a 0.01 0.46 

QMFA2 1.32b 0.02 0.47 

QMFA3 1.43c 0.02 0.49 

 

The substitution of the Na2O for the CaO on molar bases does not modify the glass 

network structure, but it affects the glass density (Elgayar et al., 2005). The glass 

density depends on the compactness of the glass structure and the degree of 

crosslinking. The replacement of one Ca2+ ion by two Na+ ions as an element 

substitution in the designed glasses causes decrease in the glass density and 

oxygen density. This was suggested to be due to the disruption of the silica network 

by the two sodium ions, where these two ions can cause an expansion in the silica 

network and lowering in the degree of packing of the atoms (Ray, 1974, Wallace et 

al., 1999).  
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The glass density showed an effect on the hardness property, as can be seen in the 

results of this study and (Farooq et al., 2013) study. Decreasing the compactness of 

the glass network showed a clear decrease in the hardness values. Moreover, the 

glass hardness and the Tg are also affected by the bond strength of the glass 

network. As more Na2O included in the glass network, there is weaker ionic bond 

between the components of the glass. Therefore, the weak bonds and the low 

atomic packing result in low hardness and Tg.  

 

 Summary 4.8

The designed glasses are characterised by different techniques and they showed an 

amorphous structure. The phosphorus species in the glasses is presented as 

orthophosphate as detected by the 31P MAS-NMR. The 19F MAS-NMR confirms the 

presence of mixed sodium calcium fluoride species in all glass compositions. The 

partial substitution of Na2O for CaO decreases both glass Tg and Tc. The 

compactness of the glasses, as well as the hardness is decreased with increasing 

the Na2O mole %. The glasses, which are sieved between 63 µm and 90 µm mesh 

sizes, are angular and irregular in shape in addition they possess a narrow 

distribution of their particle size. Therefore, these glasses can be used successfully 

in the bioactivity study, as they are amorphous. The course and sharp particle glass 

powders are potentially attractive in the grit blast technique.   

 

 



Chapter 5    Results and Discussion 

of Glass Powder Bioactivity 
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  Results and discussion of glass powder bioactivity 5

Bioactivity refers to the dissolution ability of the glass in the surrounding 

environment and the formation of apatite on its surface. The glass solubility and the 

rate of apatite formation can be affected by the glass structure and composition (Hill, 

1996). Therefore, altering the glass composition might increase or decrease its 

bioactivity and this could affect the rate of osseointegration.        

 Immersion of the glass powders in Tris buffer  5.1

5.1.1 FTIR results: 

The FTIR spectra of the investigated glasses before and after their immersion in Tris 

buffer for 3, 6, 9, 24 h, 3 and 7 days are shown in Figure (5.1 a, b, c). In general, the 

trend of the degradation process is the same for all the glasses. The spectra of the 

treated glasses change significantly compared to the spectrum of the original 

glasses. These changes started after 3 h and became more pronounced with time. 

As mentioned in Chapter 4 that the original glasses had two main bands. These 

bands reveal distinct changes after the immersion of the glasses in Tris buffer. The 

NBO Si-O- stretching band at 910 cm-1 disappears after 3 h immersions, while the P-

O stretching band at 1020 cm-1 shifts and sharpens with the longer reaction times. At 

the same time, another Si-O-Si band also appears in the spectra at 790 cm-1. These 

changes are all related to the dissolution of the glass powder in the testing solution, 

in which the sodium and the calcium ions from the glasses are released. The ions 

are released via ion exchange with the protons (H+ /H3O
+) in the testing solution, 

which will lead to the formation of the Si-OH group. This group acts as a nucleation 

site for the formation of the crystalline apatite (Li et al., 1994, Oliveira et al., 2002, 

Mami et al., 2008). Moreover, the sharpening of the band at 1033 cm-1 and the 
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appearance of Si-O-Si band at 790 cm-1 are also assigned to the development of 

this silica gel layer and the precipitation of the apatite crystals (Hench, 1991, Jones 

et al., 2001, Brauer et al., 2010). Therefore, from this step it can be indicated that all 

the investigated glasses have the ability to dissolve rapidly in this solution enabling 

the early formation of apatite.  

Accompanied with the previous changes, the tetrahedral PO4
-3 or the P-O bending 

band at the region between 550 cm-1 and 600 cm-1 also showed marked changes 

after 3 h. This band demonstrates a minute split at the beginning of the immersion 

time and then the intensity of this split band increases with time. This indicates either 

the replacement of the ACP layer by a crystalline apatite phase or the formation of 

nano-sized apatite crystals on the surface (Fowler, 1974, Kim et al., 1989, Brauer et 

al., 2010, Mneimne et al., 2011, Chen et al., 2014a). Moreover, the high intensity of 

both P-O bending and P-O stretching bands suggests the further formation or the 

growth of the apatite crystals on the surface of the glass powder.  
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Figure 5.1: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 
(bottom) and after immersion in Tris buffer up to 7 days. The spectra are 
compared to the spectrum of the HAP reference (top) and the apatite is 
marked by an asterisk. 
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5.1.2 XRD results: 

The XRD patterns of the glasses immersed in Tris buffer demonstrate a narrowing 

and shifting of the amorphous halo with the appearance of a small diffraction peak at 

26º (2θ) after 3 h immersion. After 6 h, another diffraction peak appears at 32º (2θ) 

in addition to the sharpening of the 26º (2θ) peak Figure (5.2 a, b, c). With longer 

times, these diffraction peaks become more pronounced and are assigned to a 

crystalline apatite, as these patterns are all matched the HAP (ICDD file number 01-

074-0565) and FAP (ICDD file number 00-003-0736) reference patterns. However, 

from these illustrated patterns it can be seen that the peak at 32º (2θ) is broad and 

this represents the superimposition of three diffraction lines of (211), (112) and (300) 

at 31.8 º, 32.19º and 32.9º respectively. This feature was also shown in previous 

studies (Müller and Müller, 2006, Mneimne et al., 2011) and it was explained as the 

formation of disordered or nano-size crystals in the apatite structure (Manjubala et 

al., 2001, Brauer et al., 2010).  

In addition to the above findings, it can also be seen that at the 3 h immersion time 

point, the intensity of the peaks in the low sodium containing glass QMFA3 is slightly 

higher than those in the other two glasses. This suggests the earlier dissolution of 

QMFA3 glass in Tris buffer, where the ions are released at a higher rate within this 

media as it will be discussed in section (5.1.4). This might be due to the slight 

crystallinity of the glass, which initiates the early formation of apatite or due to the 

presence of high calcium content, which provides more calcium to form apatite at a 

faster rate. Therefore; the peaks of the crystalline phase appeared earlier and with a 

distinct intensity in QMFA3 glass. However, at longer immersion periods, the 

intensity of the major crystalline peaks of apatite increases for all the glasses and at 

the same time additional minor diffraction peaks for apatite become more evident. 
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Figure 5.2: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in Tris buffer for 7days. (AP) refers to the apatite 

peaks.  

a 

b 

c 
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From both FTIR and XRD results, it cannot be confirmed whether the apatite crystals 

formed on the surface of the glass powder in this study are HAP or FAP. This is due 

to the similarity between the both diffraction patterns and the FTIR spectra. Some 

authors report that there is a slight difference in the XRD pattern of the FAP and the 

HAP. The FAP pattern showed a shift in both (002) and (300) peaks in which the 

(002) was shifted toward the lower angle value while, the other toward the higher 

angle value (Manjubala et al., 2001). This suggested that these differences were 

represented the substitution of the F- for the OH- in the lattice. However in this study, 

this difference cannot detect by the XRD only. This is because of the formation of 

small nano-sized crystals, as well as the broadening of the peaks and this is in 

agreement with (Nikčević et al., 2004). Therefore, from the above reasons 19F MAS-

NMR was carried out.  

5.1.3 19F MAS-NMR results: 

19F MAS-NMR is a sensitive technique used to confirm the formation of the fluoride-

substituted apatite by the detection of FAP in different phases, such as, amorphous, 

crystalline and adsorbed phase (Yesinowski and Mobley, 1983). From Figure (5.3), it 

can be seen that there is a dominant peak at -102 ppm for all the glasses after their 

immersion in Tris buffer for 7 days. This peak represents the coordination of the F- 

with three calcium cations, F-Ca (3). Therefore, it indicates the presence of the 

fluoride in the apatite structure and confirms the formation of FAP, as this peak 

corresponds to the channel fluoride ions which are assigned to the FAP structure 

(Mason et al., 2009, Mneimne et al., 2011, Yi et al., 2013).  

The investigated glasses contain CaF2 in their composition and this gives a high 

possibility for the formation of FAP. The incorporation of the fluoride can be 

performed by the release of the fluoride ion via its exchange with other ions in the 

solution. This exchange can lead to the contribution of the fluoride in the apatite 

formation (Yesinowski and Mobley, 1983).  
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The detected peak is broad and asymmetric in nature; there is a shoulder at around 

-88 ppm to -90 ppm. This shoulder is also seen in the SBF samples and it 

contributes about 8% of the fluorine content. This peak corresponds to a second 

fluoride environment in the apatite structure (Wang et al., 2009). The -88 ppm signal 

only appeared in carbonate rich apatite structures and it corresponds with a B-type 

carbonate substitution  (Mason et al., 2009) . The F- ion will occupy the vacant space 

of the oxygen site when the CO3
2- replaces the PO4

3- in the apatite structure (GH and 

Lehr, 1969, Reigner et al., 1994, Yi et al., 2013).     

 

 

 

Figure 5.3: 19F MAS-NMR spectra of QMFA1, QMFA2 and QMFA3 glasses after 

7 days immersion in Tris buffer. The main resonance at -102 ppm corresponds 

to the fluoride in the apatite structure (FAP) and the shoulder at -88 ppm 

corresponds to the presence of carbonate in the apatite structure. Spinning 

side bands are marked by an asterisk. 
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5.1.4 pH changes and ion release in Tris buffer: 

It is known from the literature that all the soda-lime bioactive glasses cause a rise in 

the pH of the solutions in which the glasses are immersed. This pH rise is important 

in the process of apatite formation however; sometimes the high alkalinity may bring 

some adverse effect on the surrounding tissues (Aina et al., 2009).  

Figure (5.4) illustrates the pH changes in the Tris buffer with the immersion time. For 

all glasses, it can be observed that the pH of the Tris buffer rises gradually with time 

and this rise starts from the initial value 7.4±0.02 reaching a maximum 7.9±0.03 after 

24 h. Then during the remaining period of the glass immersion, the pH remains 

approximately constant. The initial increase in the solution’s pH during the first 24 h 

immersion can be explained by the ion exchange process that occurs on the surface 

of the glasses. The Na+ and Ca2+ ions in the glass are exchanged with the H+ from 

the solution leading to a clear increase in the pH of the testing solution (Lusvardi et 

al., 2009, Mneimne et al., 2011). It is also observed that, the level of the pH rise is 

slightly higher in the glass with higher sodium content in comparison to the other 

glasses. This might be due to the presence of the larger number of monovalent 

cations that weaken the crosslinking bonds with the network formers (Wallace et al., 

1999). Thus, this leads to more H+ ions from the solution being replaced by Na+ 

cations from the glass surface. This might result in an increase in the hydroxyl group 

concentration in the solution and subsequent rise in its pH level. 
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Figure 5.4: Graph shows the pH changes of Tris buffer after the immersion of 

the glasses for 7 days (Lines are drawn as visual guides).  

 

 However, the pH rise in Tris buffer is not exceeding a value of 8 and this is because 

of the actions of other ions in this solution; such as, the release of the fluoride ions 

from the glasses. As can be seen in Figure (5.5) that, the fluoride concentration in 

the Tris buffer increases rapidly within the first 6 hr of glass immersion reaching to 

10.3±0.02 ppm, 8.7±0.02 ppm and 7.7±0.03 ppm for QMFA1, QMFA2 and QMFA3 

respectively. The fluoride release from the glasses is consequently compensated 

with the hydroxyl group of the solution resulting in a less pronounced rise in the pH.  

At longer immersion times, the fluoride concentration reduces suggesting the 

consumption of the fluoride ion in the formation of the FAP (Mneimne et al., 2011). 

Therefore, besides the action of the fluoride in lowering the pH rise of the solution, it 

contributes to the formation of FAP.    
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Figure 5.5: Elemental concentrations of (F) in Tris buffer after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides). The error bars are 

smaller than the point size. 

 

Calcium concentrations also showed a considerable increase within the first 6 h 

reaching 134±1.7 ppm, 165.7±2.5 ppm and 192.3±1.4 ppm in QMFA1, QMFA2 and 

QMFA3 respectively, as shown in Figure (5.6). This increase is consistent with the 

increase in the pH of the solution. This indicates that the glass is degraded in the 

solution and the released Ca2+ is taking part in the ion exchange process. However, 

the release of the Ca2+ from the QMFA3 glass is slightly higher than that from the 

other two glasses and this is due to the substitution of the Na+ with the Ca2+. These 

findings are consistent with results of the XRD patterns regarding the apatite 

formation. Therefore, it can be indicated that during the first period of immersion, 

there is a consumption of calcium ions for the formation of apatite. With the 

immersion time, the concentration of Ca2+ reaches a constant level and this level is 

above the baseline. This suggests the presence of an excess calcium content in the 

compositions of the glasses which is not taking part in the apatite formation process.   
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Figure 5.6: Elemental concentrations ± SD of (Ca) in Tris buffer after the 

immersion of the glasses for 7 days (Lines are drawn as visual guides). 

 

Phosphorus, on the other hand, shows an evident high release within the first 6 h of 

glasses immersion and after that it sharply drops as in Figure (5.7). This might 

indicate the consumption of phosphate from the glass compositions in the 

precipitation of the apatite crystals. Therefore, the amount of phosphate was 

considered as a critical factor in the formation of apatite as suggested by (Mneimne 

et al., 2011). 

 

Figure 5.7: Elemental concentrations ± SD of (P) in Tris buffer after the 

immersion of the glasses for 7 days (Lines are drawn as visual guides). 
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The silicon concentration as a function of immersion time for all the prepared 

glasses is shown in Figure (5.8). In the previous study by (Brauer et al., 2010), it was 

reported that the silicon has a solubility limit which is about 60 ppm. In case of the 

glass dissolution, if the silicon concentration in the tested solution reached that limit, 

there will be a drop in the phosphate concentration. This drop indicates the formation 

of apatite phase and related to the formation of the silica- gel layer. In this study, the 

silicon concentration reaches the solubility limit at the 9 h immersion for all the 

glasses.  

 

Figure 5.8: Elemental concentrations ± SD of (Si) in Tris buffer after the 

immersion of the glasses for 7 days (Lines are drawn as visual guides). 

 

All of the above findings are consistent with the findings from the FTIR and XRD. 

The rise in the solution’s pH is accompanied with the increase in the concentrations 

of the calcium, phosphate, fluoride and silicate ions during the first hours of the glass 

immersion correspond with the disappearance of the NBO bands in the FTIR 

spectra. Also, at the same time there are narrowing of the amorphous halo signal 

and appearance of the apatite diffraction peaks in the XRD patterns.  Therefore, it 

can be confirmed that all the investigated glasses dissolve in Tris buffer and release 

all their ions. At longer immersion time, there is a clear stability in the pH 
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accompanied with the stability in the calcium, fluoride ions and silicon species level. 

However, the concentration of the phosphate ion shows a sharp reduction in its 

level. All these features match with the prominence and the splitting of the P-O 

bands in the FTIR spectra and the sharpness of the apatite peaks at 26º and 32º 

(2θ) in the XRD patterns. Thus, the second findings confirm the participation of the 

ions in the precipitation and the formation of the crystalline apatite layer on the 

surface of the glass powder. The formation of the FAP phase was demonstrated by 

the 19F MAS-NMR.   

  

5.1.5 SEM results: 

Figure (5.9 a and b) shows the SEM micrographs of QMFA1 glass powder at 

different magnifications after soaking in Tris buffer for 7 days. A needle-like apatite 

structure is seen on the surface of the glass powder. This needle structure is 

compacted as flowers with small and highly numerous crystals. The same features 

are also detected when the glasses are immersed in SBF. The presence of fluoride 

ions in the soaking solution has a considerable effect on the configuration of the 

crystal structure. If the fluoride was added to the SBF solution this gives rise to a 

needle-like apatite structure (Li et al., 1993). Moreover, the addition of the fluoride in 

the bioactive glass composition can result in the formation of FAP species directly 

without forming the octacalcium phosphate (OCP) as a first precursor phase in the 

process of apatite formation (Shah et al., 2014). 
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Figure 5.9: SEM micrographs of QMFA1 glass powder after immersion in Tris 

buffer for 7 days a) at 12000x magnification b) at 24000x magnification. The 

arrow points to the needle-like apatite structure, which consists of a flower 

like arrangement with small and highly numerous crystals on the surface of 

the glass powder.  

 

 Immersion of the glass powders in SBF  5.2

5.2.1  FTIR results: 

Figure (5.10 a, b, c) shows the FTIR absorbance spectra of the untreated and 

treated glasses for 3, 6, 9, 24 h, 3 and 7 days. Generally, the dissolution features of 

the glasses immersed in SBF are similar to that of the glasses soaked in Tris buffer. 

However, the rate of the degradation process of the glass powders in the former 

solution is considerably slower than that in the latter solution.  

The NBO Si-O- alkali band at 910 cm-1 displays gradual disappearance within the 

first 9 h of soaking time until it totally disappears at 24 h. At the same time, the 

phosphate band at 1033 cm-1 shows a progressive increase in its intensity with the 

longer immersion time. The first finding is suggested to be related to the depletion of 

the silica gel layer for the formation of the apatite crystals at the 24 hr time point, 

therefore; the band is completely disappeared at that time point. 

a b 
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Figure 5.10: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 
(bottom) and after immersion in SBF solution up to 7 days. The spectra are 
compared to the spectrum of the HAP reference (top) and the apatite is 
marked by an asterisk. 
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On the other hand, the sharpening of the other band corresponds to the precipitation 

and the crystallisation of the Ca-P layer (Mami et al., 2008). Moreover, the P-O 

bending vibration band at the region between 560 cm-1 and 602 cm-1 appears as a 

single broad peak during the first 9 h immersion, which indicates the existence of 

ACP or nano-sized crystals. Subsequently, this band starts to split into two peaks 

and become more evident after 24 h. This split indicates the growth of the apatite 

crystals on the glass surface (Karlsson et al., 1989). Some authors stated that the 

split of this peak is typical for the existence of the orthophosphate lattice and not the 

HAP phase (Maçon et al., 2015). 

In addition to the previous findings, there is also another interesting feature in the 

FTIR spectra of the glasses immersed in SBF, which is the presence of the 

carbonate group. However, this feature is less pronounced in this solution in 

comparison to the cell culture media as SBF has much lower carbonate content than 

the α-MEM media. Therefore, it can be seen from the spectra that there is an 

existence of two carbonate bands. The C-O bending and C-O stretching bands at 

around 870 cm-1, 1426 cm-1 and 1457 cm-1 respectively (Mami et al., 2008, Maçon et 

al., 2015). These bands are assigned to the existence of the B-type carbonated 

apatite as the orthophosphate is substituted by carbonate.  

From the above results, it can be concluded that the investigated glasses slowly 

dissolve in the SBF solution and form apatite crystals at a slower rate than in Tris 

buffer. The suggested reason for this phenomenon is related to the existence of the 

magnesium ions in SBF. This ion exhibits a retardation effect on the process of 

apatite layer formation. This occurs by blocking of the active sites on the surface of 

the crystals preventing the further growth of the apatite crystals (Hench and Wilson, 

1993, Filgueiras et al., 1993a, Diba et al., 2012). The retardation effect of the Mg2+ 

ion can lead to the formation of a poorly crystalline Ca-P layer  as reported by 

(Habibovic et al., 2002). 
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5.2.2 XRD results: 

Figure (5.11 a, b, c) shows the XRD patterns of the three glass powders before and 

after their immersion in SBF solution for 7 days. Generally, it can be seen that there 

is no appearance of any diffraction peaks during the first 9 h of immersion. However, 

there is a slight shift in the amorphous halo position toward higher (2θ) accompanied 

with the appearance of a small hump at around 22º (2θ). This suggests the slow 

reaction of the glass powder in this solution and this finding is consistent with the 

FTIR results. After 24 h immersion, a small Bragg peak (002) is noticeable at 26º 

(2θ) besides the subsequent narrowing and shifting of the amorphous halo peak at 

32º (2θ). These features indicate the formation of small nano-sized crystals of 

apatite on the surfaces of the glass powders (Mneimne et al., 2011). With time, the 

major Bragg peaks at 26º (2θ) and 32º (2θ) demonstrate a significant sharpening in 

their intensities in addition to the appearance of the other diffraction apatite peaks, 

which all indicate the subsequent growth of apatite crystals with time.  

In addition to the above findings, it can also be seen that the rate of apatite formation 

is slightly higher in the low sodium contained glass. The shift of the amorphous halo 

peak and the sharpening of the (002) apatite peak are more prominent in QMFA3 

glass in comparison to the other glasses. These features were also detected in Tris 

buffer results, although the features are more pronounced in SBF. This finding might 

be related to the presence of a higher calcium content in comparison to the others, 

which in turn reveals a noticeable enhancement in the precipitation of apatite 

crystals on the glass surfaces. 
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Figure 5.11: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SBF for 7 days. (AP) refers to the apatite 

peaks.  

a 

b 

c 
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The results of this study are in agreement with (Mneimne et al., 2011) study, in 

which it has been reported that the precipitation of apatite crystals was faster in the 

high calcium content glasses. Kokubo proposed that the nucleation and the apatite 

crystal growth are triggered by the interaction of the calcium cation of the glass with 

the H3O
+ of the solution. This interaction could lead to the formation of the silica gel 

layer at a faster rate, which in turn accelerates the nucleation process of the apatite 

formation process (Rámila and Vallet-Regı, 2001).  

Previous studies reported that the presence of a high sodium concentration in the 

glass composition had a noticeable effect on the solubility of the glass and they 

explained their results depending on the role of the sodium ion in the silica network. 

Sodium acts as a modifier in the glass network and it can cause a reduction in the 

crosslinking of the network and consequent rise in solution pH. Therefore, it 

accelerates the reaction of the glasses in the immersion solutions (Elgayar et al., 

2005, Brauer et al., 2010). In contrast, this study showed that the high sodium glass 

has a slight deceleration in the dissolution rate in comparison to the others. The 

sharpening of the apatite peaks at 26º (2θ) and 32º (2θ) for QMFA1 is slightly lower 

than QMFA2 and the latter is lower than QMFA3 and this feature is only pronounced 

at 24 h immersion time point. However, after that period all the glasses show the 

same trend and intensity rise.   

Besides the above results, there is another detected feature in the XRD patterns, 

which is the slow rate of apatite formation in SBF. This finding was also mentioned in 

the FTIR results. Although Tris buffer is ion free and the SBF is saturated with ions, 

the apatite peaks appeared earlier in Tris buffer.  The results of the current study 

disagree with what has been stated by (Chen et al., 2014a), in which the SBF 

supported the apatite precipitation. Therefore, it can be concluded that the glasses 

with high phosphate and calcium contents in their compositions can form apatite 

earlier in the SBF. However, the rate of apatite detection is slower in SBF in 
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comparison to Tris buffer. The apatite is formed at 24 h immersion in SBF while, in 

Tris the apatite was detected at 3 h immersion. The reason for this might to be 

related to the presence of Mg2+ in the SBF , which was reported to have a 

retardation effect on apatite formation (Brauer, 2015). Thus, despite from the 

presence of calcium and phosphate ions in the SBF, the apatite features were more 

obvious in Tris buffer. 

 

5.2.3 19F MAS-NMR results: 

The 19F NMR spectra of the glasses immersed in SBF for 7 days are presented in 

Figure (5.12). The spectra show a distinct chemical shift at the position ~ -102 ppm 

which is close to the FAP apatite peak position. The slight deviations in the positon 

is suggested to be due to the substitution of some ions with other ions from the glass 

structure, such as, the substitution of the fluoride with the hydroxyl group and the 

carbonate with the phosphate group (Hill et al., 2015). Besides the chemical shift, 

the fluorine signal is prominent and asymmetric in nature and there is a shoulder at 

around -88 to -90 ppm. This shoulder also appeared in the 19F NMR spectra of the 

glasses immersed in Tris buffer. This indicates the existence of the carbonate type B 

substitution as reported by (Mason et al., 2009, Yi et al., 2013). However (Chen et 

al., 2014b) stated that this signal represents the presence of different fluoride 

species in the residual glass. Moreover, (Brauer et al., 2010) reported that the 

appearance of a single peak at the position of -89 is related to the presence of the F-

Ca (n) group in the glass network.     
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Figure 5.12:19F MAS-NMR spectra of QMFA1, QMFA2 and QMFA3 glasses after 

7 days immersion in SBF. The main resonance at about -102 ppm is 

corresponds to the fluoride in the apatite structure (FAP) with minor ion 

substitution. Spinning side bands are marked by an asterisk.  

 

5.2.4 pH changes and ion release in SBF: 

All the bioactive glasses show a pH rise during their immersion in SBF from about 

7.4±0.02, which is the initial pH of the solution, to about 7.8±0.03 at 24 h. The pH 

continues to increase slightly to about 7.9±0.03 at day 3 and stays constant for the 

remaining time of the experiment Figure (5.13). This pH rise trend is nearly similar to 

that in Tris buffer however; the level of the rise is slightly higher in SBF than Tris 

buffer. This may be due to the buffering action of the Tris buffer. It was reported that 

the pH rise depends on several factors; one of them is the buffering capacity of the 

testing solution. Therefore, the pH rise in Tris is less pronounced than that in SBF 

(Mneimne et al., 2011). Interestingly, it can also be seen that the pH level of the 

solution is not decreasing at longer times instead; it stays constant at a high value of 

about 7.9±0.03. This might be related to the cation content in the composition of the 

original glasses (Maçon et al., 2015).   
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Figure 5.13: Graph shows the pH changes of SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). 

 

In a previous study by (Lu and Leng, 2005), it was stated that the rate of apatite 

nucleation and formation was highly depended on the value of the pH rise. However, 

the presence of ions in the testing solution might also have an effect on the rate of 

apatite formation.  As SBF solution has Ca2+ and PO4
3- ions and their concentrations 

are nearly similar to that in human body plasma. Therefore, the release of Ca2+ is 

started form a baseline value of 141 ppm unlike Tris buffer where the release starts 

from 0 ppm. Moreover, the release profile of the Ca2+ in SBF involves both the 

calcium from the solution and the calcium from the glass composition. Thus, the 

concentration of the calcium release in SBF is appeared higher than that in Tris. 

Also, from the above finding it can be suggested that the higher calcium release 

form the glass can cause higher rise in the pH. Figure (5.14) shows the calcium 

release profile in SBF for 7 days. There is a general rise in the Ca2+ concentration 

during the period of glasses immersion reaching the maximum of 236.5±4.3, 313±0.8 

and 402±32.3 ppm in QMFA1, QMFA2 and QMFA3 respectively at day 3. Then, 

these concentrations demonstrate a slight decrease at day 7. However at 9 h 
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immersion time, there is a slight drop in the calcium level and this indicates the 

consumption of the calcium for the precipitation of the Ca-P layer (Sepulveda et al., 

2002).    

    

 

Figure 5.14: Elemental concentrations ± SD of (Ca) in SBF after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides).  

 

At the same time period, the phosphorus concentrations of all the reacted glasses 

show an overall continuous decrease in their values with immersion time in SBF as 

in Figure (5.15). This decrease might indicate the uptake of the phosphorus ion from 

the solution for the precipitation of the apatite layer on the surface of the glass 

powders (Maçon et al., 2015). Interestingly, from the above finding, it can be seen 

that there is a clear difference in the trend of phosphorus release in Tris buffer and 

SBF. This is suggested to be due to the deficiency of the ions in Tris buffer, where 

the ions are entirely derived from the glasses and not from the media. However this 

difference is clearly detected between the two solutions, the rate of apatite formation 

is faster in Tris than in SBF as described previously by FTIR and XRD techniques. 
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This delay might again be related to the presence of the Mg2+ in the SBF (Hench and 

Wilson, 1993, Brauer, 2015).   

 

 

Figure 5.15: Elemental concentrations ± SD of (P) in SBF after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides). 

 

Furthermore, the profile of phosphorus release in SBF is similar for all the reacted 

glasses unlike the Ca2+ release. This is due to the presence of the same phosphate 

content in their compositions. While, the calcium content in the QMFA3 glass is 

relatively higher than that in the other glasses. Therefore, the trends of the ions 

release are different for both ions.  

The depletion in the phosphorus concentration with the longer immersion time 

suggests the formation of the Ca-P layer on the surface of the glasses. This layer 

promotes the nucleation process of the apatite and leads to the consumption of the 

phosphate from both the glasses and the solution to form the crystalline apatite. This 

finding is consistent with the findings from the Si concentrations in SBF Figure 

(5.16). During the soaking time, the silicon concentration in all glasses increases 
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continuously and it reaches the solubility limit at 24 h immersion. Therefore, the 

formation of the silica gel layer is clearly detected after that time period.     

 

 

Figure 5.16: Elemental concentrations ± SD of (Si) in SBF after the immersion 

of the glasses for 7 days (Lines are drawn as visual guides). 

 

Regarding the fluoride release in SBF, the same trend is clearly seen in this solution 

as that in Tris buffer Figure (5.17). However, the concentration of the F- ions is much 

lower in the SBF solution where, the concentrations reach to the maximum of 

8.3±0.03, 7.3±0.05 and 6.2±0.02 ppm for QMFA1, QMFA2 and QMFA3 respectively 

after 9 h. While in Tris buffer, the concentrations reach to 1.5 ppm more than that in 

SBF and for the same time period. Moreover, in SBF there is a continuous reduction 

in the fluoride concentration after 9 h immersion unlike the fluoride profile in Tris, 

where there is a slight increase after the dipping point. This feature might be related 

to the presence of other ions in SBF, which could take part in the ion exchange 

process and slow down the action of the fluoride ion in the formation of apatite.  
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Figure 5.17: Elemental concentrations of (F) in SBF after the immersion of the 

glasses for 7 days (Lines are drawn as visual guides). The error bars are 

smaller than the point size. 

 

5.2.5 SEM results: 

SEM observation shows clear changes in the surface morphology of the QMFA1 

glass after immersion in SBF for 7 days. In Figure (5.18 a and b), the micrographs 

show the formation of needle-like apatite structure on the surface of the glass 

powder. The crystals are small and numerous in natures. Thus, it can be concluded 

that the FAP species are successfully formed on the glass surfaces when they 

immersed in SBF. This is because of the high weight % of the Ca, P and F ions 

which are deposited on the surface of the glass particles as detected by the EDX 

Table (5.1). However, the characteristic FAP flower configuration is less obvious in 

SBF than in Tris buffer. This might be due to the slow rate of glass degradation and 

the late formation of the apatite phase in this solution. Consequently, there might be 

a large chance for the apatite crystals to grow enormously and become more 

oriented in Tris buffer in comparison to SBF, as the former showed apatite 

precipitation within the first 3 h immersion.    
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Figure 5.18: SEM micrographs of QMFA1 glass powder after immersion in SBF 

for 7 days a) at 12000x magnification b) at 24000x magnification. The needle-

like apatite crystals are spread on the entire surface of the glass powder.  

 

Table 5.1: SEM/EDX analysis of QMFA1 powder before and after its immersion 

in Tris buffer, SBF, SFα-MEM and Sα-MEM testing solutions for 7 days and 1 

month. All the concentrations are in weight %. 

Solution media C O F Na Mg Si P Ca Cl S 

Original glass 

QMFA1 
0.0 41.4 4.4 14.9 0.0 15.7 5.6 18 0.0 0.0 

Tris buffer (7 Days) 5.2 45.2 6.3 0.0 0.0 11.9 9.6 21.5 0.3 0.0 

SBF (7 Days) 0.0 38.0 4.5 0.9 0.6 11.9 13.3 29.4 1.1 0.3 

SFα-MEM (7 days) 8.5 29.0 1.0 2.7 0.3 18.4 10.2 30.0 0.0 0.0 

SFα-MEM (1 month) 14.1 42.4 0.7 0.0 0.6 0.2 1.2 40.7 0.0 0.0 

Sα-MEM (7 days) 2.4 37.6 3.7 4.0 0.2 19.8 7.7 24.5 0.0 0.0 

Sα-MEM (1 month) 4.8 31.7 1.9 3.4 0.4 17.8 10.6 29.5 0.0 0.0 

 

 

a b 
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 Immersion of the glass powders in SFα-MEM media   5.3

5.3.1  FTIR results: 

The use of SBF as an in vitro media to predict the in vivo bioactivity of the materials 

is controversial. The soaking of the glass powder in SBF might give false negative 

and false positive results (Bohner and Lemaitre, 2009). Previous studies reported 

that the structure of the apatite formed in SBF is different in its composition to that 

formed in the human body tissue and this is due to the lower carbonate content of 

the SBF (Kim et al., 1999, Kim et al., 2001). Thus for these reasons, cell culture 

medium was used.  The FTIR absorbance spectra of the glasses immersed in a 

SFα-MEM medium show several changes within the two months immersion period, 

as seen in Figure (5.19 a, b, c). These changes are relatively similar to that in Tris 

buffer and SBF solutions however, the period of the glass degradation and Ca-P 

crystallisation are distinctly delayed in this media. 

The complete disappearance of the NBO band is detected after 14 days immersion 

time. The P-O stretch peak at 1035 cm-1 starts a gradual increase in its intensity 

from day 3 and continues within the rest period of the experiment. At day 14, the 

single P-O bending vibration band is splits into two peaks at the 560cm-1 and 602cm-

1 region, indicating the formation of the crystalline apatite.  
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Figure 5.19: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SFα- MEM up to 2 months. (ӿ) represents 

apatite and (●) represents carbonate band. 
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As α-MEM is rich in carbonate content Table (5.2), therefore the carbonate bands 

clearly exist in the absorbance spectra. However, these bands also appeared in the 

FTIR spectra of the SBF solution but, they are more pronounced in the cell culture 

media. The carbonate concentration in the cell media is 1571.4 ppm and it is 

approximately four times more than the carbonate concentration in the SBF solution, 

which is 256.2 ppm. Thus, the intensity of the carbonate bands in the cell media is 

higher than that in the SBF. These bands were reported to be an indicator of the 

formation of carbonated apatite by the substitution of either the (PO4)
3- group or the 

(OH-) group by (CO3)
2- group (Heughebaert et al., 1988, Radin and Ducheyne, 1993, 

Müller and Müller, 2006, Mami et al., 2008). Previous studies suggest that there are 

two different carbonated fluorapatite structures and these are type-A and type-B. 

This depends on the site of the CO3
2- substitution, if it is substituted for the OH- then, 

it is known as type-A. If the substitution is for the PO4
3- group thus, the apatite type is 

B. The indication of which type of apatite is formed in this study can be related to the 

location and the intensity of the C-O bands in the spectra. The CO3 stretching bands 

appeared at 1411 cm-1 and 1492 cm-1 and they are accompanied with high peak 

intensities. Besides, there is also a CO3 bending band which is detected at 874 cm-1. 

These findings indicate the formation of type-B carbonated fluorapatite as more 

carbonate groups are present in the solution and this leads to more carbonate at the 

B-site of the apatite structure (Reigner et al., 1994, Yi et al., 2013). Additionally, 

there is another C-O absorption band in these spectra which is at around 716 cm-1. 

(Reigner et al., 1994) found that the presence of this band in the FTIR spectra of the 

synthetic the carbonated fluorapatite indicates the occurrence of the CaCO3 

precipitates. This finding agrees with the results of this study as the CaCO3 is clearly 

formed in the association with the carbonated fluorapatite structure as this band is 

clearly detected. From the above features it can be concluded that the type of the 

formed apatite in this media is different from the previous immersion solutions in 

which more carbonate groups are substituted at the B-site of the apatite structure.  
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In addition to the above, it can also be concluded that the cell media has a 

considerable effect on the glass dissolution process, where it can cause a distinct 

delay in the glass degradation. This might be related to the presence of Mg2+ and 

other ions in its composition or the adsorption of the solution amino acids on the 

glass surface, both of which can slow down the apatite precipitation (Radin et al., 

1994, Radin et al., 1997)  .  

Table 5.2: Concentrations of some ions in SBF and SFα-MEM Cell Culture 

media presented in (ppm) and (mmole/L). 

 

Elements 
Ion Conc. in SBF  Ion Conc. in Cell media  

(ppm) (mmole/L) (ppm) (mmole/L) 

Ca
2+

 100.0 2.5 72.2 1.8 

P
+5

 31 1.0 31.5 1.0 

Mg
2+

 36. 5 1.5 19.8 0.8 

K
+

 195.0 5.0 209.7 5.4 

Na
+

 3266.0 142.0 3245.6 141.1 

HCO
3

-

 256.2 4.2 1571.4 25.8 

 

5.3.2 XRD results: 

The XRD analyses of the glasses immersed in SF α-MEM medium for 2 months are 

presented in Figure (5.20 a, b, c). The X-ray diffraction patterns demonstrate no 

clear shifts in the position of the amorphous halos during the first 14 days of glass 

immersion. However, at this time point few diffraction peaks are appeared in the 

spectra of the QMFA1glass. These peaks are located at 29.4º, 36º, 40º and 43.2º 

(2θ) and corresponded to the crystalline calcite (CaCO3) peaks, as these patterns 

are compared to the calcium carbonate reference (ICDD file number 00-005-0586). 

Therefore, the appearance of these peaks may indicate the formation of carbonate 

substituted hydroxyapatite. After 21 days immersion, the characteristic apatite 
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diffraction peaks are present at 26º (2θ) and 32º (2θ) besides the subsequent 

increase in the intensities of the previously identified calcite peaks.  These results 

matched with the FTIR spectra, where the carbonated bands became more 

pronounced after 21 days immersion in addition to the split in the apatite peaks. With 

the longer immersion time, all the apatite diffraction peaks show a considerable 

increase in their intensities and this suggests the significant growth of the apatite 

crystals.  

The delay in the appearance of the apatite diffraction peaks and the prominence of 

the calcite peaks when the glasses are immersed in SFα-MEM are likely related to 

the calcium, phosphate and carbonate quantities in the testing medium. The calcium 

content in the culture media is around 1.8 mM and it is lower than that in the blood 

plasma and the SBF, which is around 2.5 mM. While, the carbonate content in α-

MEM is nearly similar to the blood plasma at around 27 mM. This concentration level 

is higher than that in the SBF which is around 4.2 mM. Therefore, it can be 

suggested that Ca/P ratio in the cell media is not supersaturated to produce HAP; in 

contrast it is supersaturated to produce calcite and ACP as reported by (Rohanová 

et al., 2014). This is because of the lower Ca/P ratio in the cell media in comparison 

to the human blood plasma. The presence of high carbonate content in the solution 

of about 27 mM may lead to the formation of the CaCO3 precipitate. This is because 

of the competition between the HPO4
2- and the CO3

2- for the PO4
3- position. This 

competition in turn lead to the charge imbalance and this can be compensated by 

the formation of the CaCO3 (Jalota et al., 2006).        
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Figure 5.20: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in SFα- MEM up to 2 months. (AP) refers to the 

apatite peaks and (Cal) refers to the calcite peaks. 
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5.3.3 19F and 31P MAS-NMR: 

19F MAS-NMR was run on the SFα-MEM treated glasses for specific time periods up 

to 2 months. Figure (5.21) displays the 19F MAS-NMR spectra of the untreated and 

treated QMFA1 glass. After 3 days immersion the spectra show the appearance of a 

shoulder at -101 ppm besides the original two peaks of -132 and -170 ppm. With the 

longer immersion time, this shoulder peak transformed into a clearer peak at the 

position slightly shifted towards zero ppm accompanied with a noticeable decrease 

in peak width and increase in intensity. The peak position after 2 months immersion 

is at -97 ppm and this in turn becomes the main peak in the spectra. At the same 

time, the peak at -132 ppm shows reduction in its intensity. This indicates the 

existence of the remaining amount of the original glass besides the apatite crystals. 

The same changes are also taken place in the 19F MAS-NMR spectra of the QMFA2 

and QMFA3 glasses after their immersion in this media; however the original 

glasses spectra show the existence of one main peak unlike the QMFA1 glass, 

which has a shoulder peak accompanied with the main peak. This was related to the 

presence of higher sodium content in the structure of the QMFA1 glass in 

comparison to the other glasses. The peaks in QMFA2 and QMFA3 are gradually 

shifted and reach the same -97 ppm peak position after 2 months immersion Figure 

(5.22) and (5.23). The shifting in the peak position towards -97 ppm is related to the 

glass reaction and the formation of the carbonated type-B fluoroapatite. As 

mentioned earlier that the peak around -88 ppm is corresponded to the presence of 

fluoride associated with a carbonate group in the apatite lattice at the B-site. 

However, the carbonate content in this media is relatively high therefore; the 

formation of carbonate substituted fluorapatite is likely. The presence of high 

carbonate content in the solution will give the possibility to the F- ion to bond with the 

Ca2+ to form CaF2. Also, F- ion combines with the carbonate of the solution and form 

fluorocarbonated apatite. As these two peaks are close to each other, there will be a 
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chance of the peaks overlapping. This overlapping may lead to the presence of one 

peak at -97 ppm as opposed to two peaks at -88 ppm and -102 ppm.    

 

Figure 5.21:19F MAS-NMR spectra of QMFA1glass before immersion (bottom) 
and after immersion in SFα-MEM for 2 months. The peak position is shifted 
from-101 ppm to -97 ppm, which is related to the presence of carbonate in the 
apatite structure. 

 

 

Figure 5.22:19F MAS-NMR spectra of QMFA2 before immersion (bottom) and 
after immersion in SFα-MEM for 2 months. The peak position is shifted from-
112 ppm to -97 ppm, which is related to the presence of carbonate in the 
apatite structure. 
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Figure 5.23:19F MAS-NMR spectra of QMFA3 before immersion (bottom) and 

after immersion in SFα-MEM for 2 months. The peak position is shifted from-

103 ppm to -96.8 ppm, which is related to the presence of carbonate in the 

apatite structure. 

 

Regarding the 31P MAS-NMR, Figure (5.24 a, b, c) demonstrates the changes in the 

phosphorus peak position in the untreated and treated glass powders. The width of 

the 31P NMR lines for all the glasses shows a gradual narrowing with the immersion 

time where the signal becomes sharper and narrower after 2 months immersion in 

comparison to the original spectra. This sharper peak indicates the consumption of 

the phosphates from both the glasses and the medium for the formation of the 

apatite phase (Brauer et al., 2010). Moreover, the sharp peaks in all glasses show 

relative shift in position toward the lower values and the centres of the peaks are 

located at around 2.9-3.05 ppm. This peak position with the reduced linewidth 

corresponds to the formation of crystalline apatite phase (Chen et al., 2014a).  



 

172 | P a g e  

 

 

Figure 5.24:31P chemical shift spectra of a) QMFA1, b) QMFA2, c) QMFA3 
glasses before immersion (bottom) and after immersion in SFα-MEM up to 2 
months. The main resonance at -2.92 to -3.06 ppm corresponds to the 
presence of fluoride substituted apatite. 

a 

c 

b 
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5.3.4 pH changes and ion release in SFα-MEM: 

The medium pH changes over time of the experiment when all the glasses are 

immersed in SFα- MEM as shown in Figure (5.25). During the first 3 to 14 days of 

the immersion period, the pH of the SFα- MEM shows a noticeable rise in its value 

and this rise reaches to about 8.5±0.04 for QMFA1 and 8.4±0.05 for both QMFA2 

and QMFA3 glasses. This higher pH level promotes the existence of the CO3
2- ions 

in the media (Cerruti et al., 2005). This is due to the existence of a high 

concentration of HCO3
- in this medium in comparison to the previous solutions. The 

HCO3
- decomposes with time releasing the CO3

2- in the media and raising the pH of 

the solution (Müller and Müller, 2006). Thus, the pH rise in this media is higher than 

Tris and SBF and the values reach to 8. After this time point, the pH show a sharp 

drop in its level and this might be related to the formation of the calcium carbonate. 

This is due to the reaction between the calcium hydroxide and HCO3
-, which leads to 

the formation of CaCO3+H2O and causes the sharp reduction in the solution pH.  

Other studies suggest that the drop in the solution pH is related to the precipitation 

of the Ca-P layer and the CaCO3 layer by the uptake of the CO3
2- and the PO4

3- from 

the HCO3
- and HPO4

2- respectively. This ion uptake process pushes the equilibrium 

to the apatite and the calcite side, where more H+ is present in the solution and this 

in turn decreases the pH of the media (Cerruti et al., 2005).  

These results are consistent with the previous results from the FTIR, XRD and NMR, 

where the formation of apatite phase is clearly detected after 14 days.  
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Figure 5.25: Graph shows the pH changes of SFα-MEM after the immersion of 

the glasses for 2 months (Lines are drawn as visual guides).  

 

The pH changes are also consistent with the changes in the release profiles of all 

the ions within this media. The concentration of calcium cation shows a considerable 

increase during the first 7 days, where it reaches the maximum values of about 

80.0±3.6 ppm, 98.5±2.3 ppm and 118.9±4.5 ppm for QMFA1, QMFA2 and QMFA3 

respectively Figure (5.26). This indicates the release of this cation in the solution for 

the ion exchange process. Then at 14 days, the calcium concentration in all the 

glasses demonstrates a noticeable drop in values. This signifies the consumption of 

the calcium for the formation of the calcite phase. 
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Figure 5.26: Elemental concentrations ± SD of (Ca) in SFα-MEM after the 

immersion of the glasses for 2 months (Lines are drawn as visual guides).  

 

During the same time period, the phosphorus concentration shows a clear decrease 

Figure (5.27). The concentrations reach the lowest values at 21 days, where the 

values approximate to 6.4±0.1 ppm, 5.0±0.2 ppm and 4.1±0.1 ppm for QMFA1, 

QMFA2 and QMFA3 respectively. Then, after this time point the concentrations 

demonstrate a constant level for all the glasses for the rest of the experimental 

period. This release profile is nearly similar to the phosphorus release profile in SBF 

solution. However, in the former solution there is a clear delay in the period of the 

phosphorus drop. This drop, as mentioned earlier in the SBF section, is attributed to 

the incorporation of phosphate to form the Ca-P layer on the surface of the glass 

powder. 
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Figure 5.27: Elemental concentrations ± SD of (P) in SFα-MEM after the 

immersion of the glasses for 2 months (Lines are drawn as visual guides).  

 

The Si concentration in the SFα-MEM, on the other hand, shows a continuous 

increase with the immersion time as seen in Figure (5.28). However at the day 14 of 

glasses immersion, QMFA2 and QMFA3 glasses demonstrates a slight decrease in 

the concentration values, the values reaches 37±0.4 ppm and 39±0.9 ppm 

respectively and this is around 6-7 ppm lower than the values at day 7. This might 

be corresponded to the earlier formation of the CaCO3 phase in the QMFA1 glass. 

As this glass reaches the Si solubility limit, which is around 60 ppm, at that time 

period. While, for the other two glasses the solubility limit is reached after this time 

point.  

Interestingly, it can also be noticed from the Si release profile that the Si release 

concentration in this medium is higher than in the other testing solutions. This is 

related to the higher pH of this medium which reaches to approximately 8.5. In this 

high pH level the formation of the supersaturated solution of silicic acid can be 

promoted and the excess of this acid is can be polymerised to colloidal particles. 

Therefore, higher concentration of Si is clearly detected in this medium (Iler, 1979).   
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The solubility of the Si species is correlated with the pH level of the solution. The pH 

drop at day 21 causes the solubility of the Si species to decrease. This reduction 

can consequently result in the presence of high Si concentration. 

 

Figure 5.28: Elemental concentrations ± SD of (Si) in SFα-MEM after the 

immersion of the glasses for 2 months (Lines are drawn as visual guides). 

 

The same trend is also seen with the fluoride release in SFα-MEM. The 

concentration of the fluoride in all glasses rises with time, though there is slight 

decrease in the values at days 7 and 14 and this is clearer in QMFA2 and QMFA3 

Figure (5.29). This slight dip might be related to consumption of fluoride in the 

formation of the FAP crystals. At day 21, the fluoride concentration rises and 

reaches the maximum value of 11.4±0.3 ppm, 9.0±0.2 ppm and 8.5±0.2 ppm for 

QMFA1, QMFA2 and QMFA3 respectively. With the longer time the concentration 

drops sharply, and this might suggest the depletion of the fluoride ion in the solution 

for the formation of the fluorcarbonated FCO3 apatite. 
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Figure 5.29: Elemental concentrations ± SD of (F) in SFα-MEM after the 

immersion of the glasses for 2 months (Lines are drawn as visual guides). The 

error bars are smaller than the point size. 

 

5.3.5 SEM results: 

The changes on the surfaces of the glass powders after their immersion in SFα-

MEM media for 7 days and 1 month are demonstrated as SEM micrographs of two 

different magnifications in Figure (5.30 a, b, c and d).  

In day 7, it can be seen that there is a deposition of small crystals on the surface of 

the glass powder and these crystals grow with longer immersion time Figure (5.30 a 

and b). After one month, these crystals undergo subsequent changes in their 

morphologies, where they become more numerous and packed in nature Figure (5. 

30 c and d). Moreover, these crystals grow as a cauliflower-like morphology and this 

is in agreement with (Rohanová et al., 2014), who detected the same morphology of 

the deposited crystals, but on the surface of a glass-ceramic scaffold immersed in 

serum containing DMEM cell media.  
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Figure 5.30: SEM micrographs of QMFA1 glass powder after immersion in 

SFα-MEM for a, b) 7 days (12000x and 24000x magnification) where small 

crystals are deposited on the glass surface. c, d) 1 month immersion (12000x 

and 24000x magnification, the crystals grow as a cauliflower-like morphology.  

 

It was suggested that the white aggregated globules were ACP depositions covered 

with CaCO3 phase and this related to the high Ca concentration on the surface of 

the scaffold as detected by EDX. The same result is also appeared in this study, 

where the detected calcium concentration on the surfaces of the glass powders is 

higher in values in one month immersion than that in day 7, as can be seen by the 

EDX analysis in Table (5.1, page 160). Subsequently, the detected phosphate 

concentration is depleting at the longer immersion time and this might indicate the 

a b 

c d 
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formation of the Ca-P phase underneath the CaCO3 phase. All the findings from the 

SEM and EDX are coincide with the apatite formation and ICP-OES results.  

Interestingly, the morphology of the crystals which are aggregated on the surface of 

the glass powder after their immersion in SFα-MEM media are different than the 

shape of the crystals formed in Tris and SBF. In the former solution the morphology 

of the crystals are cauliflower in shape with packed globules while, in Tris and SBF 

the crystals are flower in shape with needle-like nature. This corresponds to the 

formation of the CaCO3 phase in the former solution and not in the latter solutions. 

Moreover, the detected concentration of calcium on the surface of the glass powder 

by the EDX is higher in this solution than the other two solutions which confirm the 

precipitation of the calcite layer. However, the immersed glasses are known to 

release fluoride ion in the surrounding solution during their dissolution process and 

this in turn promote the formation of the needle like shape. This feature is not clearly 

demonstrated in the culture media. This might be due to the presence of high 

carbonate content in the solution, which might hide the needle structure of the FAP. 

Therefore, the cauliflower shape is abundant in this media.  It can be also seen that 

the detected fluoride concentration is higher on the surface of the glass powders 

when they immersed in Tris and SBF while; in the SFα-MEM media the 

concentration is low. This might indicate the incorporation of the fluoride in the 

formation of the outer layer of the deposited crystals.    
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 Immersion of the glass powders in Sα-MEM  5.4

5.4.1  FTIR results: 

The FTIR spectra of the glasses immersed in Sα-MEM for a time period ranged from 

3 h to 2 months are displayed in Figure (5.31 a, b, c). Generally, it can be clearly 

seen that there is a noticeable delay in the process of glass degradation and 

dissolution with no clear appearance of the characteristic peaks for apatite 

formation.  

The NBO peak at 910 cm-1 shows partial disappearance during the two months 

period, while the P-O stretching band at 1033 cm-1 exhibits a slight increase in its 

intensity. Furthermore, there is an existence of a broad hump at 560-602 cm-1 region 

which is related to the presence of the ACP layer (Pereira et al., 1994, Radin et al., 

1997). Therefore, it can be indicated that the glasses are not dissolved completely in 

the Sα-MEM. Although, the glasses are releasing their sodium and calcium ions in 

the media to form the silica gel layer, the complete features of apatite formation is 

not clearly seen. These features are true for QMFA1 and QMFA2 glasses. However, 

in QMFA3 the P-O bending shows a minute split at the 2 months with the 

disappearance of the NBO peak and the appearance of the carbonate peak at 870 

cm-1. This suggests the starting of the apatite formation in this prepared glass.  

The reason for the delayed apatite formation in all glasses is related to the presence 

of the serum proteins in the media. These proteins cause substantial interference to 

the process of apatite formation by their adsorption on the surface of the glass 

particles during their first stages of reaction with the media. This phenomenon can 

occur due to the presence of differences in the surface charges between these two 

materials. Thus, a clear delay in the formation of apatite layer is carried out (Radin 

et al., 1997, Lobel and Hench, 1998, Sepulveda et al., 2002). The dissolution 

behaviour of the glasses in this medium is different than in SBF and the same 

feature is also appeared in (Sepulveda et al., 2002) study.  
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Figure 5.31: FTIR spectra of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in in Sα- MEM media up to 2 months. (ӿ) 

represents apatite and (●) represents carbonate band in QMFA3 glass only. 

a 

b 

c ● 

* 
● * 
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Regarding the carbonate group in the Sα-MEM, the C-O bending peak at the lower 

energy region is not detected in QMFA1 and QMFA2, while the C-O stretching peak 

at the higher energy region 1411 cm-1 and 1492 cm-1 is clearly shown in all glasses. 

However, they are not as prominent as that in the SFα-MEM. Another difference 

between the Sα-MEM and SFα-MEM is the appearance of new bands at 

approximately 1650 cm-1, 1500 cm-1 and 1442 cm-1 region. These bands are slightly 

overlapped and they represent the C=O bonds, C-N-H band and CH2 bands 

respectively. These bands are reported to be related to the presence of proteins and 

the organic phases on the surface of the powder particles (Sauer and Wuthier, 

1988, Radin et al., 1997, Gebhardt et al., 2012).   

5.4.2 XRD results: 

The XRD patterns of the immersed QMFA1 and QMFA2 glasses in Sα-MEM 

demonstrate no appearance of any diffraction peaks for apatite during the whole 

period of immersion Figure (5.32 a and b). However, at the range of 20º- 23º (2θ) 

there is an appearance of a slight hump. This intensity hump is suggested to be 

related to the degradation of the glasses in the media and the formation of the silica 

gel layer (Al-Noaman et al., 2012b, Miola et al., 2015). The XRD pattern of the low 

sodium containing glass QMFA3 at 2 months shows a slight shift in the amorphous 

halo towards the higher (2θ) values with a subsequent prominence in its intensity. 

Moreover, a low intensity calcite peaks are also become evident in this pattern 

Figure (5.32 c). This might be related to the high calcium content in the QMFA3 

glass which enhances the deposition of apatite crystals as discussed before in 

section (5.2.2).  Therefore, these features suggest the formation of nano-crystalline 

apatite as the silica gel layer is enriched in calcium and phosphate and it can act as 

a starting point for the apatite deposition and nucleation. The presence of the serum 

in the culture media could suppress the dissolution of the glass-ceramic but not the 

crystallisation of calcite and the formation of ACP (Rohanová et al., 2014).   
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Figure 5.32: XRD patterns of a) QMFA1 b) QMFA2 c) QMFA3 before immersion 

(bottom) and after immersion in Sα-MEM up to 2 months. (ӿ) represents 

crystalline phase in QMFA3 glass. 

a 

b 

c 
* 

* 
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5.4.3 19F and 31P MAS-NMR results: 

19F MAS-NMR spectra in Sα-MEM show small changes in both peak positions and 

signal widths for all the glasses during the whole period of immersion. In QMFA1 

glass Figure (5.33), there is an appearance of a small shoulder peak at -101 ppm 

with increase in immersion time in addition to the slight shift of the other peaks 

toward the left side compared to the ones in the unreacted glass. In QMFA2 and 

QMFA3 glasses Figure (5.34) and (5.35), the peak positions at -117.4 ppm and -

103.3 ppm are also shifted slightly toward the positive side. However, the width of 

the spectra line for all the glasses is stayed wide during the experiment. These 

findings suggest that there is a reaction between the solution and the glasses, but 

there is a great amount of unreacted glass powder which is remaining. These peaks 

could contribute to a mixed sodium calcium fluoride species or a complex of calcium 

sodium fluorine species adsorbed on the original glass powder (Brauer et al., 2009, 

Mneimne et al., 2011). 

 

Figure 5.33: 19F chemical shift spectra of QMFA1 before immersion (bottom) 

and after immersion in Sα-MEM for up to 2 months. Peak at -225 ppm 

corresponds to the contamination of the zirconia rotor by NaF solution. 
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Figure 5.34: 19F chemical shift spectra of QMFA2 before immersion (bottom) 

and after immersion in Sα-MEM for up to 2 months. 

 

 

Figure 5.35: 19F chemical shift spectra of QMFA3 before immersion (bottom) 

and after immersion in Sα-MEM for up to 2 months. 
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Figure (5.36 a, b, c) displays the 31P MAS-NMR spectra of the three treated glasses. 

The spectra reveal relatively broad peaks with positions shifted from 6.94, 5.6 and 

4.5 ppm to 4.46, 4.1 and 3.11 ppm for QMFA1, QMFA2 and QMFA3 glass 

respectively within the 2 months immersion time. The broad line widths might be 

corresponding to the presence of the orthophosphate species of the original glasses. 

While, the shifted peak position indicates the slow glass disintegration in the 

modified cell media. However in the third glass, the centre of the peak position is 

located at 3.11 ppm and this value is close to the peak position of the crystalline 

apatite which is about 3.0 ppm. Therefore, this peak suggests the formation of the 

amorphous calcium orthophosphate (Chen et al., 2014b). 
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Figure 5.36:31P chemical shift spectra of a) QMFA1, b) QMFA2, c) QMFA3 

glasses before immersion (bottom) and after immersion in Sα-MEM up to 2 

months. 

a 

b 

c 
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5.4.4 pH changes and ion release in Sα-MEM: 

Figure (5.37) demonstrates the pH changes of the Sα-MEM medium after the 

immersion of the glass powders at different time points. The general trend is similar 

for all the treated glasses. After 3 days immersion, the pH of all solutions shows a 

distinct increase in value from 7.4±0.03 to 8.2±0.05 for QMFA1 and to 8.0±0.04 for 

QMFA2 and QMFA3. Then, the pH level stays nearly constant afterword until 1 

month immersion, where the value rises again to the maximum level of about 

8.5±0.03-8.4±0.05. This trend is relatively different than that in the SFα-MEM in 

which the latter showed a sharp decrease in the pH value after 21 days and it 

reached to 7.35±0.04. At that time point the features of the apatite deposition 

appeared clearly with the formation of the CaCO3 phase. However, in this media 

there are no noticeable features of apatite formation appear in the XRD and FTIR 

spectra during the period of the experiment. The difference between these two 

media can be corresponded to the addition of the 10% of the serum protein to the 

SFα-MEM. This in turn suggests that there is an evidence of the ion release in the 

serum contained medium, but with no clear participation of the ions in the apatite 

precipitation.  

 

Figure 5.37: Graph shows the pH changes of Sα-MEM after the immersion of 
the glasses for up to 2 months (Lines are drawn as visual guides).  
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The pH change features are in agreement with the ion release data. Both calcium 

and fluoride concentrations show a slight dip at the 21 days of the immersion period 

and this dip appears after the maximum rise level. This might be related to the 

consumption of some of the released ions in the formation of the ACP phase Figure 

(5.38 and 5.39).  

 

Figure 5.38: Elemental concentrations ± SD of (Ca) in Sα-MEM after the 

immersion of the glasses for up to 2 months (Lines are drawn as visual 

guides).  

 

 

Figure 5.39: Elemental concentrations ± SD of (F) in Sα-MEM after the 

immersion of the glasses for up to 2 months (Lines are drawn as visual 

guides). The error bars are smaller than the point size. 
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At the same time, the phosphorus concentrations demonstrate decrease in values 

during the immersion time which also indicate the release of the ion in the solution. 

However, their concentrations do not reach the same minimum level at the longer 

immersion period as was seen before in the previous solutions Figure (5.40). This 

signifies that the phosphorus is consumed in the previous solutions and not in this 

medium. Moreover, it can be seen that the concentration of the calcium release in 

the SFα-MEM media is much lower than the concentration in this media which 

indicates the clear retardation of the release process in the latter media. 

 

Figure 5.40: Elemental concentrations ± SD of (P) in Sα-MEM after the 

immersion of the glasses for up to 2 months (Lines are drawn as visual 

guides).  

 

Regarding the Si release, the solubility limit is reached at day 7 of the glasses 

immersion, where the concentrations are about 60±2.9, 69±5.9 and 66±1.5 ppm for 

QMFA1, QMFA2 and QMFA3 respectively, as seen in Figure (5.41). This indicates 

the formation of the silica gel layer as reported by (Brauer et al., 2010). However, in 

this study there is no evidence of apatite formation on the surface of the QMFA1 and 

QMFA2 glass powders with the formation of this layer. Therefore, it can be 
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suggested that the serum has a retardation effect on the deposition of the ions on 

this layer which cause delay in the apatite formation process.   

 

Figure 5.41: Elemental concentrations ± SD of silicon in Sα-MEM after the 

immersion of the glasses for up to 2 months (Lines are drawn as visual 

guides). 

 

5.4.5 SEM results: 

Figure (5.42) shows SEM micrographs of the surfaces of the bioactive glass powder 

after soaking in Sα-MEM for 7 days and 1 month. It can be noticed from the 7 days 

immersion micrographs Figures (5.42 a and b) that there is no appearance of the 

typical globular apatite-like structures on the surfaces during the period of the 

experiment. The surfaces are relatively smooth with no existence of the crystals 

agglomeration. However, after 1 month immersion the concentrations of the calcium 

and phosphorous on the surface of the glass particles show an increase in values to 

approximately 29.45 and 10.64 weight % as detected by the EDX analysis Table 

(5.1, page 160). This indicates the formation of the reaction layer which is the Ca-P 

rich layer on the surface of the glass powder.  
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Figure 5.42: SEM micrographs of QMFA1 glass powder after immersion in Sα-

MEM for a, b) 7 days (12000x and 24000x magnification) c, d) 1 month 

immersion (12000x and 24000x magnification). There is no appearance of the 

apatite-like structure on the surface of the glass particles. 

 

 Summary: 5.5

Glass composition has an important role in determining the glass bioactivity. The 

prepared glasses are immersed in four different solutions. These solutions are 

varied in their ions content, in addition to the serum protein which is added to the cell 

culture media. After immersion, the glasses cause a clear rise in the solutions pH as 

they release ions into the tested solutions. These ions are participating in the 

formation and crystallisation of the apatite layer.  In Tris buffer the apatite formation 

d 

b 

c 

a 
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is detected after 3 h immersion while, in SBF the glasses start to form apatite after 

24 h. In SFα-MEM, the formation of apatite is extensively delayed and it is identified 

after 21 days. However, the picture is completely different in the Sα-MEM where the 

glasses show limited evidence of apatite formation during the 2 months immersion. 

The apatite, which formed in these solutions, is much less obvious due to the 

different composition of the solutions. The apatite in Tris and SBF is predominantly 

FAP with minor proportion of carbonate substitution as can be seen from the 19F 

NMR results. The asymmetric peak is related to the existence of the carbonate 

group in the lattice. In SFα-MEM, the apatite demonstrates the formation of 

carbonated B-type FAP, where the carbonate group is more dominant in the 

structure of this apatite. The SEM micrographs are consistent with the all findings 

where the shape of the formed apatite in the cell media is relatively cauliflower in 

shape, while in Tris and SBF the crystals are needle-like in nature. All glasses show 

the same trend in dissolution process in each medium, though QMFA3 glass shows 

earlier features of apatite formation than the other two glasses.     

 



Chapter 6     Results and Discussion 

of Titanium Discs Study 
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 Results and discussion of titanium discs study 6

Coating the titanium implants with bioactive glasses using grit blast technique 

depends on their ability to embed physically into the surface. This can potentially be 

related to the hardness of the glass particles. Investigating the glass ability to 

abrade the titanium surface and their successful retention within the surface is the 

primary aim of this chapter. 

 Powder flow rate results 6.1

The PFR is one of the effective parameters in controlling the cutting characteristics 

of the abrasive stream and determining the quality of abrasion (Banerjee and 

Watson, 2002, Banerjee et al., 2008). Therefore, it is important to measure the 

amount of particles output at every pressure parameter during the blasting process. 

This is to ensure a constant flow of the glass powder through the grit blast nozzle 

during the experiment time. Moreover, it can help in predicting the titanium removal 

from the surface.  

The means and the SD of the glass PFR according to the propellant air pressure are 

illustrated in Figure (6.1). The results show that there is a small reduction in the PFR 

with increasing the air pressure for each glass composition. The difference is 

insignificant between all the groups within QMFA2 and QMFA3 compositions 

(P≥0.05) see appendix 1 (10.2). However, the PFR in QMFA1 at pressure 2 bars is 

around 2.11±0.14 g/min and this is significantly higher than that at pressure 4 bars. 

By comparing the three glass compositions at the same pressure variable, the 

results show that the flow rate is significantly higher in QMFA1 glass in comparison 

to the other two glasses at all pressures. However, the difference is insignificant 

between the QMFA2 and QMFA3 glasses at pressure 2 and 3 bars.  
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Figure 6.1: Mean ± SD (g/min) of the glass powder flow rates according to 

different propellant air pressures (feed rate dial was fixed at the middle 

setting).  

From these results, it can be concluded that all the glass powders are flowing easily 

through the nozzle of the grit blast hand piece. This is due to the high flow rate 

values and the small standard deviation. The smooth powder stream output could 

be related to the particle size distribution of the glass powder. As mentioned earlier 

in Chapter 4 section 4.5, that the distribution pattern of the particle size was narrow 

in all glass compositions. The average particle size ranged between 58 and 127 µm 

and this gives rise to a smooth and consistent flow output. This is due to the 

absence of small particles in the glass powder, which can cause clogging of the 

powder stream. Moreover, the glass composition might have an effect on the PFR, 

as higher sodium content glasses are sensitive to the humid atmosphere and it can 

cause clogging in the powder output. Thus, the glass powders were subjected to 

high temperature drying at 120 ⁰C before sieving to ensure complete dryness.           
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Regarding the relation between the PFR and the propellant air pressure, this study 

shows that the PFR of the glass powders decreases with increasing the pressure. 

These results disagree with what had been reported by (Milly et al., 2014). They 

stated that the PFR of the 45S5 glass remained constant at different propellant 

pressures and this is related to the mode of mixing of the powder with the air 

stream. The AquacutTM air abrasion machine relies on the vibrational mode of 

mixing and this could not be affected by changing the air pressure. Although, the 

AquaCare unit is a new version of air abrasion machine designed by the same 

company (Velopex), different findings were obtained. This difference might be 

correlated to the shape of the glass particles. As the shape and size of the glass 

particles have a major effect on the cutting abilities of the powder stream and the 

flow rate (Horiguchi et al., 1998). The high air pressure might cause the particles to 

compete with each other during their passage through the narrow nozzle opening. 

These competitive forces result in fewer particles being emitted from the nozzle.  

By decreasing the pressure dial of the machine less competitive forces are 

generated between the glass particles and this increases the field for the particles to 

pass. Therefore, the PFR increases by lowering the pressure dial of the machine.  

Glass composition also shows a considerable effect on the PFR, where QMFA1 

glass powder gives the highest PFR values at all pressures. The reason for this 

might be related to the powder density and compactness. As mentioned in Chapter 

4 section 4.7 that the QMFA1 has the lowest powder compactness among the 

glasses. This means that there are large spaces between the glass particles and 

this may lead to an increase in the powder flow, whereas QMFA3 showed the 

highest compactness and lowest flow.   
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 WLP results: 6.2

The cutting efficiency of the abrasive powder can be controlled by many parameters. 

These parameters determine the amount of material deposition on the surface  and 

the amount of substrate removal (Paolinelis et al., 2008). The selected operating 

parameters in the study were sample-nozzle distance, substrate movement velocity 

and propellant air pressure. By modifying these parameters, it is possible to modify 

the surface of the titanium substrate and to control the amount of the glass 

deposition and the titanium abrasion. The novelty of this study is in designing new 

bioactive glasses which differ in their hardness and investigating the effect of glass 

hardness’s on the abrasion and embedding characteristics.  

The effect of each operating parameter on the abrasion efficiency and its 

subsequent relation to the dimension of the abraded trough and/or line and the 

surface roughness were all examined by the WLP. 

All the statistics regarding this section are included in the appendix 1 (10.3). This is 

to provide easy and subsequent flow of information.   

6.2.1 Effect of sample-nozzle distance on the abraded line width 

Figure (6.2) shows the means and SD of the abraded line width as a function of the 

substrate-nozzle distance for all glass compositions. By changing this parameter 

intensive changes are clearly seen in the width of the abraded lines. The line width 

in QMFA1 glass abraded samples is significantly increased from 0.75±0.02 mm to 

1.21±0.02 mm when the nozzle distance increased from 1 mm to 5 mm. The same 

profile is also seen with QMFA2 and QMFA3 glass abraded samples, but with width 

range between 0.78±0.01 mm and 1.31-1.30±0.03 mm respectively. This increase is 

both statistically and clinically significant (p≤0.05) Figure (6.3). This result suggests 

that there is a relation between changing the distance of the substrate and the 

spread pattern of the glass particles on the sample surface.  
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Figure 6.2: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample-nozzle 

distance.  

 

 

Figure 6.3: Image shows the spread pattern or the width of the abraded line by 

QMFA1 glass powder on the titanium discs at sample-nozzle distance a) 1 mm 

b) 3 mm c) 5 mm.  

a b c 
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Figure (6.4) demonstrates that there is a proportional linear correlation between the 

distance and the abraded line width. The correlation coefficient (R2) is around 0.976, 

0.999 and 0.968 for QMFA1, QMFA2 and QMFA3 glass abraded discs respectively. 

 

Figure 6.4: Graph shows the relation between the abraded line width (mm) and 

the distance parameter (mm) in all glass abraded compositions. The lines 

represent the linear regression for line width versus distance, R2=0.976, 0.999 

and 0.968 in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. 

 

These findings agree with (Al-Ani, 2013) study, who found that the furthest distance 

forms a broad area of abrasion. However, the condition of samples preparation is 

totally different in both studies, the same outcome is observed. In this study, the 

samples prepared by dynamic abrasion method, while in Al-Ani study a static 

abrasion condition was used. Furthermore, the particle size and the powder 

composition are different in both studies. 

The reason for the wide abrasion might be related to the divergence of the particles 

from the nozzle opening. The spread pattern of the powder from the nozzle of the 

sandblasting machine is cone in shape. The diameter of this cone shape will 

increase with the far nozzle distance. This means that the particles will scatter over 

a wider area (Ishikawa et al., 1997) Figure (6.5).  



 

201 | P a g e  

 

 

Figure 6.5: Schematic diagram illustrates the shape of the blasting pattern of 

the particles on the titanium surface by sandblaster (Ishikawa et al., 1997).  

 

However, the spread pattern of the powder by using air abrasion method is different 

from that of the sandblasting technique. The spread pattern in the former technique 

is more focussed and well defined in comparison to the latter method (Black, 1945). 

To confirm this finding, the relation between the cone diameter and the nozzle 

distance were plotted Figure (6.6). We assumed that the cone diameter at distance 

0 mm is 0.6 mm, which is the actual nozzle diameter. The correlation coefficient (R2) 

of this relation is 0.994 and this indicates the proportional linear relationship 

between the line width and the distance. The results of this study agree with what 

have been stated in the literature. However, the findings from the literature all 

related to human teeth and not on titanium substrate, but the same outcome is 

detected. The width of the cavity preparation in primary teeth by using the air 

abrasion is affected by the diameter of the nozzle and the distance from the nozzle. 

The width of the cavity showed a significant increase when the distance from the 

tooth surface increased from 2 mm to 5 mm (Peruchi et al., 2002). 
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Figure 6.6: Graph shows the relation between the average cone diameter of 

the abrasion pattern in all glasses abraded samples (mm) and the sample-

nozzle distance (mm). The line represents the linear regression for cone 

diameter versus distance, R2=0.994. 

 

Regarding the glass composition and its effect on the abraded line width, it can be 

seen that the QMFA1 abraded samples demonstrate the lowest values of line width 

in comparison to QMFA2 and QMFA3 abraded discs. This indicates that the 

scattering pattern of the harder glass (QMFA3) is wider and more divergent in 

comparison to the others. This difference is statistically significant with (p≤0.05), but 

it can be considered clinically as small and negligible. This is because of the 

extremely small difference between all the groups, in which the differences are less 

than 0.1 mm. Therefore, practically this small difference cannot be critical in the 

abrasion process regarding the scattering patterns of the particles.   
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6.2.2 Effect of sample-nozzle distance on the abraded line depth  

Besides measuring the width of the abraded line, it is essential to quantify the depth 

of that line. This is because of the importance of this scale in determining the 

abrasivity of the glass particles. Depth measurement can give information whether 

the designed glass powder is abrasive and hard enough to remove material from the 

titanium surface.  

The hardness of the titanium discs is around 3.9±0.2 GPa, as measured by 

Zwick/Roell hardness test machine. This value is lower than the hardness values of 

the designed glasses. The glass hardness is around 4.2 GPa, 4.6 GPa and 5.1 GPa 

for QMFA1, QMFA2 and QMFA3 respectively. Thus, from these measurements it 

can be hypothesised that the glasses are able to abrade the surface of the titanium 

discs. 

In Figure (6.7) it can be seen that the means of the line depth in all glass abraded 

groups are decreasing significantly with increasing the nozzle distance. The mean 

line depth in QMFA1 glass abraded discs is decreasing from 14.70±0.61 µm to 

12.74±1.07 µm when increasing the sample-nozzle distance from 1 mm to 5 mm. 

QMFA2 and QMFA3 abraded discs also demonstrated the same trend, but with 

lower values in comparison to QMFA1 samples. The means of the line depth are 

around 12.98±0.74 µm and 12.49±0.87 µm and 12.40±0.85 µm and 11.22±0.48 µm 

for QMFA2 and QMFA3 abraded discs at distances 1 and 5 mm respectively. 

Additionally, there is a correlation between the mean abraded line depth and the 

nozzle distance. The coefficient values of the relation are around 0.851, 0.998 and 

0.810 in QMFA1 QMFA2 and QMFA3 abraded discs respectively Figure (6.8). This 

indicates the linear relationship between this operating parameter and the extent of 

the abrasion.   
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Figure 6.7: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), QMFA2 

(red) and QMFA3 (green) glass abraded samples with varying sample-nozzle 

distance.  

 

 

Figure 6.8: Graph demonstrates the relation between the mean abraded line 

depth (µm) and the nozzle distance parameter (mm) in all glass abraded 

compositions. The lines represent the linear regression for line depth versus 

distance, R2=0.851, 0.998 and 0.810 in QMFA1 (blue), QMFA2 (red) and QMFA3 

(green) abraded samples respectively. 
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The reason for depth reduction when increasing the distance parameter might be 

related to the particles velocity. According to the principle of the grit blast method, 

the powder particles are carried by a stream of compressed air. This particles 

stream bombards the substrate surface and creates an abrasion or a deformation to 

the target surface. The particles will obtain a high velocity when leaving the abrasion 

nozzle. This velocity will decelerate when the target distance increases. Therefore, 

the cutting efficiency of the particles will decrease. This is due to the lower ability of 

the particles to further penetrate into the substrate surface. Thus, a consequent 

reduction in depth values is recorded. The results of this study agree with (Bailey 

and Phillips, 1950), who found that the particles cutting efficiency decreases with 

increasing the distance from the tooth surface. Moreover, the same findings are also 

seen by (Al-Ani, 2013), but with strontium containing glass composition of high 

hardness. Some studies, relate this reduction to the spread pattern of the powder 

particles (White and Eakle, 2000). The wider the spread pattern of the particles the 

less their cutting efficiency and this is consistent with our results regarding the 

abraded line width. The wide spread pattern will reduce the impact of the particles 

on the surface, as the force is going to be distributed over a wide area. This is true 

because it agrees with the cross sectional view results of the abraded line. The 

abrasion pattern of the substrate surface at distance 1 mm is relatively sharp and 

narrow Figure (6.9 a). However, the profile of the abrasion is becoming gradually 

wider and with a less well-defined border when the distance increases to 3 mm and 

5 mm Figure (6.9 b and c).       
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Figure 6.9: 2-D profile showing the cross section of the abraded line in QMFA1 

samples and its relation to the nozzle distance a) at distance 1mm, the cutting 

profile is narrow and well-defined b) at distance 3mm, the abrasion is wider 

than distance 1mm c) at distance 5mm, the profile of the abrasion are wider at 

the top with a poorly defined margin.  

 

Regarding the change in glass composition and its relation to the depth of the 

abraded line, the results show that the difference in glass hardness is effective in 

controlling the extent of material removal from the titanium surface. QMFA1 glass 

powder produces the highest depth at all distances followed by QMFA2 and 

QMFA3. The difference between the three glass compositions at each distance is 

statistically significant with (P≤0.001). This finding indicates that the glass with the 

lowest hardness is abrading more from the titanium surface. However, this finding is 

counter intuitive and this is due to the fact that the harder the material the more the 

abrasion of the substrate surface is expected. This could be due to the kinetic 

energy of the particles. Modifying the mass of the particles will modify their kinetic 

energy and this can cause either decrease or increase in the particles impact on the 

target surface. All the designed glasses obtained the same particle size and 
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distribution profiles. However, the composition is different where the calcium oxide is 

substituted by the sodium oxide. The atomic mass of the calcium is about 40 and for 

the sodium the atomic mass is about 23. In total, the atomic mass of QMFA1 glass 

powder is the highest among the other glasses followed by QMFA2 and QMFA3. 

Thus, according to the equation (6.1) the QMFA1 particles will have the highest 

kinetic energy and will produce the highest abraded line depth.  

   Equation 6.1 

𝐾𝑖𝑛𝑒𝑡𝑖𝑐 𝑒𝑛𝑒𝑟𝑔𝑦 =
1

2
𝑚𝑎𝑠𝑠 × 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦2 

However, there is another fact about the grit blast process which is the concept of 

embedding the particles into the substrate surface besides its abrasion. From this 

concept the idea of using the bioactive glass in the grit blast technique was created 

by (Koller et al., 2007). When the abrasive stream strikes the target surface, the 

glass particles will embed into that surface. The exposed part of the embedded 

particles will be subjected to a drastic cleavage, when the second line particles hit 

them. Therefore, this embedded part will protect the substrate surface from further 

abrasion Figure (6.10). This feature suggests that QMFA3 composition has the 

ability to embed deeply into the titanium surface thus protecting it from further 

abrasion. 
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Figure 6.10: Schematic diagram showing the sequence of the abrasion 

process on the titanium surface and the cleavage of the embedded particles 

by the second line particles.  

 



 

209 | P a g e  

 

Regarding this suggestion it can be seen that the cross section of the abrasion is 

different between the three glasses Figure (6.11). This difference is more clearly 

seen at distance 1 mm than the other distances. The cross section of the abraded 

line, when QMFA1 glass powder was used, appears narrow with a pointed bottom 

Figure (6.11 a). While, in QMFA3 abraded samples the profile of the abrasion is 

more U-shape and with wide rounded bottom Figure (6.11 b). QMFA2 powder 

produces a profile in between. This difference is somehow small, but it might 

suggest that the particles are embedding more in case of the QMFA3 abraded 

samples, as the bottom of the abraded line is with round cut profile.        

     

 

 

Figure 6.11: 2-D profile showing the cross section of the abraded line at 

distance 1 mm in a) QMFA1 abraded sample b) QMFA2 abraded sample c) 

QMFA3 abraded sample. The bottom of the abraded line is becoming more 

rounded with QMFA3 abraded samples. 
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6.2.3 Effect of sample-nozzle distance on the titanium removal 

volume  

Measuring the volume of the titanium loss is substantially associated with the depth 

measurements. From both measurements, it is possible to evaluate the glass 

efficiency in abrading the surface of the titanium discs in the association with the 

changing in the operating parameters.   

The means and SD of the abraded line volume according to the substrate-nozzle 

distances are demonstrated in Figure (6.12). From this bar chart, it can be clearly 

seen that in each glass composition there is a small reduction in the amount of 

volume removed when increasing the distance from 1 mm to 5 mm. This reduction is 

statistically significant between the tested groups of the same composition. These 

results are consistent with the line depth measurements. There is an inverse 

relationship between the glass abrasion efficiency and the sample-nozzle distance. 

The further the distance from the substrate surface the less the material loss from 

the sample and the less the powder abrasion efficiency. This agrees with (Bailey 

and Phillips, 1950), who found that the enamel loss is higher with the closer 

distance. However, an opposite relation was found by (Paolinelis et al., 2009, Milly 

et al., 2014), who reported that the volume of the substrate removal is increasing 

with increasing the nozzle distance. The first study used alumina as an abrasive 

agent and the tooth enamel as a substrate material. While Milly et al, used both 

alumina and 45S5 glass as abrasive agents and Macor® as a substrate material. 

Moreover, the measurement methodologies in the previous studies are different to 

what have been used in the current study. Thus, it can be concluded that due to the 

presence of many differences between the previous studies and the current study 

making comparisons relatively difficult to perform.             
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Figure 6.12: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying sample-

nozzle distance.  

The volume of titanium removal is also affected by changing the composition of the 

glass. Similar to what has been reported in the abraded line depth measurements. 

The glass of the lowest hardness produces the highest volume removal values. This 

finding is clearly seen at all sample-nozzle distances. The volume of titanium lost in 

the QMFA1 glass abraded samples is ranged between 0.39±0.02 mm3 and 

0.32±0.03 mm3 at distance 1 mm and 5 mm respectively. While, QMFA3 glass 

powder produces the lowest values of titanium volume removal. The measurement 

values are between 0.31±0.05 mm3 and 0.28±0.25 mm3. These differences are 

statistically significantly between both QMFA1 and QMFA2 glass abraded samples 

with the QMFA3 glass abraded groups at all distances with (p≤0.001). While, there 

is an insignificant difference between QMFA1 and QMFA2 glass abraded groups at 

all nozzle distances (p ≥0.05). 
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These findings together with the abraded line depth results suggest the possibility of 

the presence of two processes, which are the abrasion process and the embedding 

process. The incidence of both processes might take place at the same time of the 

coating procedure. Therefore, the recorded measurements are not only reflecting 

the results of the abrasion process, but it might reflect the results of the embedding 

process. This hypothetical suggestion could be confirmed by measuring the surface 

coverage of the titanium with the glass particles i.e. investigating the coverage of the 

particles embedded in the titanium surface after the abrasion.  

       

6.2.4 Effect of sample movement velocity on the abraded line width, 

depth and titanium removal volume  

The velocity of the moving stage, where the titanium samples were placed, is the 

second operating parameter in the abrasion process. This parameter represents the 

exposure time at which the sample will be subjected to the abrasive particles. It can 

be used in controlling the dimension of the abraded line and in modifying the 

abrasion rate of the abrasive stream. Thus, from this parameter we can estimate the 

minimum time, which is effective in the abrasion and the embedding processes.  

Figure (6.13) illustrates the mean ± SD of the abraded line width by changing the 

substrate velocity with the three glasses. Generally, increasing the velocity of the 

moving stage, results in a decrease in the width of the abraded line in all samples. 

The measured width in the QMFA1 abraded samples is decreasing from 1.04±0.02 

mm at velocity 0.25 mm/sec to 0.86±0.01 mm when the velocity increased to 1 

mm/sec. The same profile is also demonstrated with QMFA2 and QMFA3 abraded 

samples, but with slightly higher abrasion width values. The differences between the 

groups in each glass composition are statistically significant with (p≤ 0.0001). Also, 

this difference is clear and effective clinically.  
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Figure 6.13: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded with varying sample 

movement velocity.  

 

The spread pattern of the particles is wider in samples prepared with the slowest 

velocity in comparison to that of the same composition, but with highest substrate 

velocity Figure (6.14). This suggests that the more the time the samples are 

subjected to the abrasive particles, the wider is the spread pattern of the particles on 

the surfaces. This is due to the sample surface exposure to large number of 

particles per second and this can lead to a wide spread of the particles on the target 

surface. 
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Figure 6.14: Image shows the spread pattern or the width of the abraded line 

by QMFA1 glass powder on the titanium discs at sample movement velocity of 

a) 0.25 mm/sec b) 0.5 mm/sec c) 1 mm/sec.  

 

The relationship between this operating parameter and the line width is an inverse 

linear relationship Figure (6.15). The R2 of this correlation is around 0.982, 0.998 

and 0.931 for QMFA1, QMFA2 and QMFA3 glass abraded discs respectively. This 

indicates the effectiveness of this parameter on determining the spread pattern of 

the glass particles. The higher the advancement rate, the lower the width of the 

abrade line across the sample surface.  

 

Figure 6.15: Graph shows the relation between the abraded line width (mm) 

and the velocity of the moving stage (mm/sec) in all glass abraded 

compositions. The lines represent the linear regression for line width versus 

velocity, R2=0.982, 0.998 and 0.931 in QMFA1 (blue), QMFA2 (red) and QMFA3 

(green) abraded samples respectively. 
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Regarding the change in glass composition and its relation to the abraded line width, 

QMFA3 produces a wider width at all velocities in comparison to the other glasses. 

The width values of this composition at stage velocity 0.25 mm/sec and 1 mm/sec 

are 1.16±0.10 mm and 0.96±0.02 mm respectively. This wider width might be 

related to the difference in the nature of the particles abrasivity, as well as their 

embedding abilities. QMFA3 particles were suggested to embed more and spread 

widely in the titanium surface in all abrasion conditions. The difference between the 

compositions is statistically significant, but not probably clinically relevant. 

Therefore, from this finding it can be suggested that the change in glass composition 

at a fixed exposure time has no critical effect regarding the width of the abraded 

area.   

The effect of the sample velocity and its relation to the abraded line depth and the 

amount of titanium removal were also investigated. Figures (6.16) and (6.17) show 

the mean ± SD of the abraded line depth and volume by changing the apparatus 

velocity for all composition coatings. The results show that there is a massive 

decrease in both measurements with increasing the velocity of the moving stage in 

all samples.  
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Figure 6.16: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), 
QMFA2 (red) and QMFA3 (green) glass abraded samples with varying sample 
movement velocity.  

 

 

Figure 6.17: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), 
QMFA2 (red) and QMFA3 (green) glass abraded samples with varying sample 
movement velocity.  
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The longer the time the sample is exposed to the abrasive particles, the deeper the 

depth of the abraded line produced and the more titanium removed from the 

surface. Increasing the velocity to 1 mm/sec shows a significant reduction in both 

line depth and volume and the values are nearly quarter the values of the samples 

prepared at velocity 0.25 mm/sec stage velocity. This might be related to the fewer 

number of particles impacting the surface of the titanium discs per unit time. 

Therefore, it can be suggested that less particles are embedding into the sample 

surface in case of fast advancement rate. 

Moreover, these findings indicate that there is an inverse relationship between the 

velocity parameter and both measurements, as can be seen in Figure (6.18). This 

relation is not linear, but the effect is quite clear and massive. This low R2 value 

might suggest that there is an inconsistent loss in the amount of material in relation 

to the time of the sample exposure. Again QMFA1 glass produces the highest depth 

and volume removal followed by QMFA2 and QMFA3 at all velocity values. The 

differences between the glass compositions are insignificant specifically at velocity 

value of 1 mm/sec. This insignificance might be due to the short time of the sample 

exposure to the particles in which the effect is becoming less clear in comparison to 

the longer time. The difference in the glass hardness is clearly detected at the 

slowest velocity and this effect is reduced with decreasing the time for the sample 

abrasion.  
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Figure 6.18: Graphs show the relation between the abraded line depth (µm) 

and line volume (mm3) with the velocity of the moving stage (mm/sec) in all 

glass abraded compositions. The lines represent the linear regression for line 

depth and volume versus velocity. 

 

From these results, it can be indicated that the substrate velocity is clinically 

effective in controlling the extent of titanium removal and determining the abrasion 

dimension. This finding disagrees with what has been reported in the literature, in 

which it’s been stated that the time has no effect in determining the dimension of the 

abraded area. The difference in the amount of enamel loss by increasing the time of 

exposure from 5 to 15 min is small and not effective as reported by (Bailey and 

Phillips, 1950).  
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Other authors stated that the change in time is less effective than the change in 

distance on determining the width and depth of the cavity preparation in human 

teeth (Peruchi et al., 2002).  Both studies were performed on human enamel unlike 

this study which accomplished on the titanium of fixed hardness. Additionally, the 

operating distances in those previous studies were greater than 5 mm. Therefore, 

the effect of time is less clear on the cutting rate of the abrasive material. Other 

studies stated that the increase in the advancement rate leads to an increase in the 

amount of abrasion rate (Paolinelis et al., 2009). This result is opposite to what have 

been found in this study, in which the decrease in exposure time leads to a less 

extent of material removal and lower preparation dimensions.  

 

6.2.5 Effect of propellant air pressure on the abraded line width, 

depth and titanium removal volume  

The particles abrasion ability depends on their kinetic energy and their travelling 

velocities. These two factors can be controlled by the applied air pressure, the size 

and the mass of the particles, the distance of the abrasion and finally on the 

diameter of the grit blast nozzle (White and Eakle, 2000). Therefore, the effect of the 

propellant pressure on the degree of particles impact on the target surface was 

investigated.  

Figure (6.19) shows the effect of the pressure on the width of the abraded line in all 

glass composition abraded discs. The increase in the pressure dial of the grit blast 

machine results in a minute increase in the width of the abraded line. The mean line 

width of the QMFA1 abraded discs is increasing from 0.88±0.02 mm to 0.95±0.02 

mm when the air pressure dial increases from 2 bars to 4 bars. The same trend is 

also seen with the other two composition abraded discs.    
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Figure 6.19: Mean ± SD of the abraded line width (mm) in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying air 

pressure.  

 

The difference between the tested groups of the same composition is statistically 

significant, but it is not clinically relevant. This suggests that the air pressure has an 

unclear effect regarding the abraded line width. The correlation coefficient (R2) value 

of this relation is quite small and it is around 0.770, 0.662 and 0.703 for QMFA1, 

QMFA2 and QMFA3 glass abraded discs respectively. This small coefficient values 

indicates that this parameter has less effect on the spread of the particles. The 

spread pattern is nearly the same at all pressure values and it is less affected by 

changing the velocity of the particles Figure (6.20). The same finding is also seen 

when changing the composition of the glass powder. However, statistically there is a 

difference between the groups at 2 and 3 bars with those of the higher pressure 4 

bars. Clinically, the spread pattern of the particles across the sample surface is 

nearly similar.  
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Figure 6.20: Graph shows the relation between the abraded line width (mm) 

and the air pressure (bar) in all glass abraded compositions. The lines 

represent the linear regression for line width versus pressure, R2=0.770, 0.662 

and 0.703 in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. 

 

The effect of the air pressure is more clear and effective on the abraded line depth 

and the extent of titanium removal. In all compositions, the increase in the pressure 

causes an increase in both depth and volume measurements Figure (6.21) and 

Figure (6.22). A large amount of material was removed from the titanium surface 

when the pressure dial increased from 2 bars to 4 bars. The range of the line depth 

and volume in QMFA1 glass abraded discs, when increasing the pressure from 2 to 

4 bars, are between 7.57±0.40 µm and 15.76±2.96 µm and between 0.17±0.01 mm3 

and 0.37±0.04 mm3 respectively. This range is significantly higher than the range of 

the other glass composition groups. QMFA3 produces the smallest values in both 

measurements among the other compositions. The depth ranges between 

4.79±0.38 µm and 13.83±2.27 µm at 2 and 4 bars respectively. While, the volume 

removal ranges between 0.13±0.01 mm3 and 0.30±0.04 mm3 at the same pressure 

dials. 
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Figure 6.21: Mean ± SD of the abraded line depth (µm) in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying air 

pressure.  

 

 

Figure 6.22: Mean ± SD of the abraded line volume (mm3) in QMFA1 (blue), 

QMFA2 (red) and QMFA3 (green) glass abraded samples with varying air 

pressure.  
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The relationships between this operating parameter and the abraded line depth and 

volume are shown in Figure (6.23) and Figure (6.24). The correlation coefficient 

values in the depth relation are about 0.984, 0.998 and 0.936 for QMFA1, QMFA2 

and QMFA3 abraded discs respectively. The same high R2 is also seen in the 

volume relation. These high R2 values indicate the proportional relationship between 

this parameter and both measurements. The higher the pressure, the deeper the 

depth and the greater the volume removed from the surface. These findings agree 

with (Black, 1945, Banerjee and Watson, 2002, Peruchi et al., 2002).  

 

 

 

Figure 6.23: Graph shows the relation between the abraded line depth (µm) 

and the air pressure (bar) in all glass abraded compositions. The lines 

represent the linear regression for line depth versus pressure, R2=0.984, 0.998 

and 0.936 in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded samples 

respectively. 
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Figure 6.24: Graph shows the relation between the abraded line volume (mm3) 

and the air pressure (bar) in all glass abraded compositions. The lines 

represent the linear regression for line volume versus pressure, R2=0.931, 

0.994 and 0.928 in QMFA1 (blue), QMFA2 (red) and QMFA3 (green) abraded 

samples respectively. 

 

Previous studies found that large powder particle sizes and high air pressure are 

effective in removing more material from the tooth surface (Horiguchi et al., 1998). 

The same relation between the pressure and the cutting depth and volume removal 

on the enamel surface and Macor® material were also reported by (White and 

Eakle, 2000, Paolinelis et al., 2009, Milly et al., 2014). The reason for the higher rate 

of material removal is related to the speed and the kinetic energy of the particles. 

When the pressure of the air stream increases the velocity of the abrasive particles 

will increase. Accelerating the air stream will increase the kinetic energy and the 

velocity of the particles. Therefore, high energy impacts will occur at the target 

surface and this will result in more material being removed from the target surface.   

Regarding the difference in glass composition, again the same profile is seen with 

QMFA1. These higher measurements might be related to the high atomic mass of 

this composition or its low embedding ability. However, there might be another 
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suggestion for this finding, which is the powder flow rate. As mentioned in section 

6.1 that QMFA1 obtains the highest PFR at all pressures parameters. This means 

that large number of particles is ejected from the nozzle opening and more particles 

are striking the target surface. Thus, large extent of material is removed from the 

surface and higher depth measurements are recorded. This disagree with (Farooq 

et al., 2013), who reported that the pressure has a pronounce effect with high 

sodium containing glasses and the cutting time for these glasses was high due to 

the low hardness   

All these are possible suggestions to what has been found in this study; however the 

subsequent experiments might clarify the explanations for these findings.          

6.2.6 Effect of operating parameters on the surface roughness of the 

titanium discs 

The surface roughness of implants plays a crucial role in determining the success of 

the implant in vivo. Investigating the effect of changing the operating parameters on 

the surface roughness is important in determining which factor is more powerful in 

enhancing the roughness. 

Generally, abrading the titanium surface by the glass particles shows a significant 

increase in the surface roughness values. The Ra value of the smooth titanium discs 

before the abrasion is around 0.1 µm and after the abrasion the number increases 

to ≥1 µm. Changing the operating parameters result in a significant increase in the 

Ra values, but to different extents.  

In Figure (6.25), it can be seen that increasing the abrasion distance results in an 

increase in the roughness values. The Ra value of the samples abraded at distance 

1 mm is in the range between 1.34±0.05 µm and 1.36±0.07 µm. This is significantly 

lower than that recorded in samples prepared at distance 5 mm. The roughness 
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ranges between 1.61±0.04 µm and 1.62±0.07 µm. Theoretically, the former group 

should obtain higher roughness in comparison to the group of the further distance.  

This is because of the condense pattern of particles which hit the target surface at 

the close distance. However, the measurements were all taken from the central 

portion of the abraded line and this reflects the area where the particles are 

embedded. The higher roughness might be due to the existence of glass particles 

on the top surface of the disc, as they are less deeply embedded with the greater 

distance.   

 

 

Figure 6.25: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying sample-

nozzle distance.   
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Increasing the stage velocity causes an insignificant reduction in the Ra values of 

the abraded samples. The Ra value decreases from 1.59±0.1 µm to 1.51±0.08 µm 

in QMFA1 abraded discs, when the substrate velocity increased from 0.25 mm/sec 

to 1mm/sec Figure (6.26). This might be related to the less number of particles 

which are hitting the target surface per unit time. Therefore, the roughness is higher 

with the slowest travelling velocity.     

 

Figure 6.26: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying stage 

velocity.  

 

The surface roughness is also increased when increasing the air pressure Figure 

(6.27). The increase is significantly higher in the samples prepared with 4 bar 

pressure in comparison to the other groups. The Ra ranges between 1.58±0.07 µm 

and 1.60±0.09 µm in QMFA1, QMFA2 and QMFA3 abraded discs respectively. This 

increase is suggested to be related to the higher abrasivity of the particles with the 
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higher pressure. As high pressure, the particles causes in an extensive deformation 

to the surface topography, this agrees with (Black, 1950).  

 

Figure 6.27: Mean ± SD of the titanium surface roughness (µm) abraded with 

QMFA1 (blue), QMFA2 (red) and QMFA3 (green) glasses at varying air 

pressure.  

 

Interestingly, at all operating parameters it can be seen that there is small difference 

between the glass abraded compositions regarding the surface roughness. The 

roughness is insignificantly higher in QMFA3 abraded samples in comparison to 

QMFA1 and QMFA2 compositions. All the values are within the same range and this 

may be due to the insignificant difference in the size of the particles. The large 

particle size of the powder can result in a clear increase in the surface roughness 

and percentage of area coverage and this agrees with (Rønold and Ellingsen, 2002, 

Udomlertpreecha et al., 2014).  However, there may be more embedded particles of 

QMFA3 in the surface which give rise to a higher roughness values.  
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 SEM-surface coverage 6.3

The nature and the strength of bond between the implant and bone tissue is highly 

affected by the implant surface topography. The smooth implant surface may lead to 

a formation of weak bond with bone due to the formation of the fibrous tissue. While 

the rough surface forms a strong attachment to the bone by providing a wide area 

for cell attachment (Thomas and Cook, 1985, Feighan et al., 1995). To investigate 

the changes in the surface of the titanium discs after their abrasion by bioactive 

glasses, SEM-SE mode was used. The surface topography of the titanium discs 

demonstrates a plastic deformation after its abrasion by the glass particles. As can 

be seen from Figure (6.28 a) that the disc has a smooth surface before the abrasion 

process. After the abrasion, the surface becomes physically modified by the glass 

particles, as shown in Figure (6.28 b). The abraded surface appears rough with the 

presence of elevations and depressions. These irregularities indicate the 

effectiveness of the glass particles in roughening and modifying the titanium surface.  

This finding is visually confirming the higher Ra values of the samples after the 

abrasion when using the WLP.   

 

Figure 6.28: SEM micrographs of titanium discs in SE mode showing the 

surface morphology of the disc a) before abrasion (polished) b) after abrasion 

(abraded) with magnification (2000x). The surface is smooth with no 

irregularities in the polished discs while, the abraded surface appears 

irregular with multiple elevations and pits.  

a b 
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In the SE mode imaging, it is difficult to differentiate between the glass particles and 

the titanium in the prepared samples: therefore, SEM-BSE mode was carried out. 

The contrast in the BSE mode depends on the difference in the atomic number 

density between the two materials. In Figure (6.29), the glass particles appear as 

black patches spreading through the white titanium surface. This indicates the 

embedding and the spread of the glass particles on the titanium surface in a 

homogenised pattern. Interestingly, the sizes of the embedded particles are much 

smaller than the actual abrasive particles. The size of the prepared particles was 

between 58 µm and 127 µm. After the abrasion, the measured size of the glass 

areas is ≤25 µm. This signifies the suggested principle of the particles cleavage by 

the other particles in the powder stream. 

 

 

Figure 6.29: SEM-BSE micrographs of the titanium disc after abrasion 

showing the embedded glass particles (BG: grey) into the titanium surface (Ti: 

white) and their sizes (1600x magnification).  

 

Ti 

BG 
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However, from these SEM-BSE micrographs, it is possible to measure the 

percentage of area covered by the glass across the abraded line. The percentage 

coverage was calculated by using image J software and the results were presented 

as means ± SD for all the samples with varied parameters (distances, velocities and 

pressures). The central portion of the abraded area was selected for the area 

coverage measurements and four areas were selected across the line. This is 

because of the high abrasion efficiency of the particles ejected from the central part 

of the nozzle cone in comparison to the particles ejected from the peripheral part 

(Watson et al., 2008). It can be hypothesised that by modifying the operating 

parameters the percentage of coverage may be varied. This is because of the 

differences which have been seen in the WLP measurement between the 

investigated groups.  

Figure (6.30) demonstrates the means and SD of the area percentage coverage in 

all abraded samples with varying sample-nozzle distance. There is a significant 

increase in the percentage of the covered area in all compositions when increasing 

the distance from 1 mm to 5 mm, see appendix 1 (10.4.1). Percentage areas in 

QMFA1, QMFA2 and QMFA3 abraded discs are about 52.42±1.60%, 54.55±2.12% 

and 58.26±1.90% respectively at sample distance 1 mm. These values increase at 

distance 5 mm and the range of the increase is between 2%-6% in comparison to 

distance 1 mm.   
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Figure 6.30: Mean ± SD of the surface area percentage coverage in QMFA1 

(blue), QMFA2 (red) and QMFA3 (green) glass abraded samples with varying 

sample-nozzle distances.   

 

The higher coverage at greater sample distances might be related to the low 

abrasion efficiency of the particles and their wide spread on the target area. Figure 

(6.31 a) show the spread of QMFA1 particles on the titanium surface at sample 

distance 1 mm. The particles appear with less surface area, as they might be 

embedded further into the titanium surface or might be cleaved by other close 

particles. The particles on the titanium surface at distance 5 mm appear wide and 

flattened and this indicates the low abrasion efficiency Figure (6.31 b). These results 

are consistent with the surface roughness measurements.  
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Figure 6.31: SEM-BSE micrograph of QMFA1 glass abraded titanium disc 

showing the pattern of particles distribution and coverage at a) distance 1 mm 

b) distance 5 mm (1600x magnification). 

 

The fast sample velocity results in a significant reduction in the percentage of area 

coverage in all composition abraded discs. The covered area percent at velocity 

0.25 mm/sec in QMFA1, QMFA2 and QMFA3 abraded samples is 57.82±2.18%, 

61.47±2.15% and 62.31±2.35% respectively Figure (6.32). These values are 

significantly higher than that at 1 mm/sec (p≤0.05), see appendix 1 (10.4.2). 

However, the difference between the groups at 0.5 mm/sec and that at 1 mm/sec in 

all compositions is statistically insignificant. The highest area coverage with the 

slowest sample velocity might be related to the longer the abrasion and the more the 

particles embedded into the abraded area.  

 

a b 
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Figure 6.32: Mean ± SD of the surface area percentage coverage in QMFA1 

(blue), QMFA2 (red) and QMFA3 (green) glass abraded samples with varying 

stage velocity.  

 

At all velocities, QMFA3 abraded samples show the highest percentages coverage. 

The same result was also seen in the nozzle distance parameter. This suggests that 

the hardest glass has a higher embedding ability into the titanium surface.  

Increasing the air pressure causes an increase in the percentage of area coverage 

in all composition groups Figure (6.33). This is due to the higher abrasion efficiency 

of the particles. Again, the effect is more apparent with the QMFA3 abraded 

samples in comparison to the other compositions. With the pressure rise from 2 bars 

to 4 bars, the coverage percentages of QMFA3 abraded samples are significantly 

increased from 57.03±2.13% to 62.64±%. While, in the QMFA1 and QMFA2 glass 

abraded samples the percentages values are increased from 52.74±1.31%, 

52.52±2.16 % to 53.64±1.98%, and 54.53±2.37%. These results indicate the softer 
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glass gives a lower coverage in comparison to the hardest glass. This agrees with 

the surface roughness findings; however the effect is highly significant in the surface 

coverage, rather than the insignificant difference between the groups in the surface 

roughness.    

 

 

Figure 6.33: Mean ± SD of the surface area percentage coverage in QMFA1 

(blue), QMFA2 (red) and QMFA3 (green) glass abraded samples with varying 

air pressure.  

 

From all the above findings, it can be indicated that the amount of area covered by 

the glass particles is relatively high. Greater than 50% of the abraded area is 

covered by the glass particles and this could be related to the large size of the 

particles. The larger the particle size the greater the percentage of coverage and 

this agrees with (Rønold and Ellingsen, 2002, Udomlertpreecha et al., 2014).    
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 Results of glass embedding and retention in Ti surface 6.4

As the Ti discs were successfully abraded by the glass particles and a good 

percentage of area coverage was detected. Microanalysis by EDX was conducted 

on the abraded surface. This is to confirm the presence of the glass on the disc 

surface and to determine the elemental analysis of the samples depending on the 

characteristic X-Ray peaks for each element. 

SEM-EDX line scans were carried out on the surface of the abraded samples across 

the intact and abraded areas. Figure (6.34) shows EDX-Line scan of the abraded Ti 

disc in SEM-BSE mode where the QMFA1 glass is located in the central part of the 

disc. The results are presented in weight % and they indicate the presence of 

fluoride, sodium, silicon, phosphorus, calcium and oxygen elements in the abraded 

area. These elements represent the chemical composition of the bioactive glass. 

However, in the intact areas titanium becomes the abundant element at these 

regions.  
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Figure 6.34: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after grit blast. The table illustrates the detected elements at the 

selected points all in weight %. 

 

The distribution profile of the glass particles in the titanium surface is also presented 

by plotting the weight percent of the detected elements against the selected points 

Figure (6.35). There is a decline in the weight % of the detected titanium element at 

the central portion of the disc. This part represents the area where the glass 

particles existed. This is clear from the appearance of glass elements at the abraded 

region. Thus, it can be confirmed that the glass is not only abrading the surface of 

the Ti disc, but it is also embedding into it. This embedded glass can result in a 

chemical modification to the titanium surface. Therefore, the surfaces of the titanium 
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discs are altered, both physically and chemically by the abrasion and the embedding 

processes respectively. Both modifications are important in enhancing the 

integration of the implant with bone tissue.  

  

 

Figure 6.35: Graph shows the distribution of the glass elements and the 

titanium at the EDX selected points across the scanned titanium disc.  

 

The results of this study agree with what have been reported regarding the 

embedding of the glass in the titanium surface (Koller et al., 2007, Al-Ani, 2013).  

The EDX mapping in the previous studies showed the presence of the glass 

elements in the abraded area and confirmed their distribution in homogenised form.  

However, the extent of the glass particles embedding and the strength of their 

attachment to the surface were not investigated. The immersion of the abraded 

samples in weak acid was suggested to be as a method for their determination. 

However, this method is not very accurate; there is a possibility to assess the 

resistance of the glass components to the dissolution in weak acid media. The 

resistance might give information about the strength of the particles attachment to 



 

239 | P a g e  

 

the surface. After the first 3 h of the disc immersion, the glass particles show a fast 

dissolution in the acid. This is indicated from the EDX analyses of the immersed 

disc, which demonstrate the absence of the glass elements from the surface. Only 

Si is detected on the surface besides the titanium and oxygen Figure (6.36).  

 

 

 

Figure 6.36: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after immersion in acetic acid for 3 h. The table illustrates the 

detected elements at the selected points all in weight %. 
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After 6 h of immersion, the same results are also seen, but with lower Si 

concentrations across the line scan. The titanium concentrations, on the other hand, 

are becoming higher with the immersion time, as can be seen in Figure (6.37). This 

indicates the exposure of the underneath titanium surface. 

 

 

Figure 6.37: SEM micrograph with the EDX line scan analysis of QMFA1 glass 

abraded disc after immersion in acetic acid for 6 h. The table illustrates the 

detected elements at the selected points all in weight %. 
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Therefore, there is a good retention of the bioactive glass to the titanium surface. 

This is because of the resistance of the Si element to the dissolution as they still 

attached to the surface and this reflects the deep retention of the particles to the 

surface.  

To confirm this finding, ICP-OES analysis was used. This method determines the 

difference in the amount of embedded glass between the three compositions-

abraded samples. Figure (6.38) shows the mean and SD of the concentrations of 

the released Ca, P and Si ions from all compositions of abraded discs after 6 h 

immersion in acetic acid. The results demonstrate that the Ca2+ release is about 

11.10±1.95 ppm in QMFA3 composition abraded samples followed by 8.53±1.31 

and 6.51±0.39 ppm for QMFA2 and QMFA1 abraded samples respectively. The 

same profile is also shown with P and Si species where, the highest values are 

detected in QMFA3 abraded discs of about 1.61±0.35 and 1.54±0.27 ppm 

respectively. For the fluoride release, the concentration in all the composition 

coatings is quite small and it is around 0.0005 ppm. Therefore, the data are not 

shown in the graph.   

From all results, it can be confirmed that the discs, which abraded by QMFA3 glass 

have the highest amount of embedded particles into their surface and this consistent 

with the SEM surface coverage results.  

 

 



 

242 | P a g e  

 

 

Figure 6.38: Mean ± SD of the Ca (blue), P (red), Si (green) concentration (ppm) 

in the three composition coatings after immersion in acetic acid for 6 h. 

Phosphorus and silicon are plotted on the right hand y-axis. 

 

 Abraded discs bioactivity results  6.5

The bioactivity of the glass powders in different solutions were discussed in details 

in Chapter 5. The abrasion process of the titanium discs might affect the glass 

bioactivity, as the glasses are sensitive to the humidity of the atmosphere. Humidity 

causes partial crystallization to the glass powder and this result in a reduction in the 

reactivity. Therefore, the ability of the glass abraded samples to form apatite on their 

surfaces was investigated. The discs were immersed in Tris buffer and SBF for 3 

days. The experiment was conducted by using only one glass composition, which is 

QMFA1. This is due to the similarity in reactivity of all the compositions as described 

previously. The glass abraded titanium discs demonstrate clear changes in the 

surface morphology after their immersion in Tris and SBF. In the SEM-SE mode 

Figure (6.39), the immersed samples show a deposition of a crystal layer on their 

surfaces when compared to the samples before immersion.    
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Figure 6.39: SEM micrographs of the glass abraded titanium discs in SE mode 

showing the surface morphology of the Ti disc (a) before immersion (b) after 

immersion in Tris buffer for 3 days (c) after immersion in SBF for 3 days. The 

arrow points to the apatite deposition.  

 

However, there is a difficulty in detecting whether the crystal layer is formed on the 

whole surface of the sample or on the glass part only. SEM-BSE mode was 

performed for this purpose. In this mode, it is clearly seen that the crystal layer is 

formed on the glass particles and not the pure titanium surface Figure (6.40).  

This indicates that this layer reflects the reaction of the glass particles with the 

testing solution and establishes their bioactivity.      

a 

b c 
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Figure 6.40: SEM micrographs of the QMFA1 glass abraded titanium discs in 

BSE mode showing the formation of apatite on the surface of the glass 

particles (a) after immersion in Tris buffer for 3 days (b) after immersion in 

SBF for 3 days. 

 

To confirm whether this deposited layer is apatite or not, EDX analysis was 

performed. The element scan analysis of the crystal layer on both Tris and SBF 

treated samples revealed that there is a presence of high Ca and P on the surface in 

addition to other elements. The Ca/P ratio in this embedded particle is around 2.0-

2.5 and this ratio is close to the apatite weight ratio of 2.5. This indicates the 

formation of Ca-P rich layer on the surface of the embedded particle Figure (6.41). 

Therefore, the glass coatings still maintained their compositional properties and not 

affected by the abrasion process and the atmosphere.    

a b 
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Figure 6.41: SEM micrograph associated with EDX element analysis of QMFA1 

glass abraded titanium disc immersed in Tris buffer for 3 days. The table 

illustrates the detected elements on the glass particle surface and all of them 

in weight %. 

 

 Summary 6.6

Modifying the surface of the titanium implant is one of the essential aims that many 

implant companies are seeking for in their design of implants. The surface 

topography and roughness are important in providing strong osseointegration. In this 

study, three operating parameters were modified and their effect on the quality of 

the coating was investigated.  

Increasing the sample distance and its travelling velocity both resulted in a 

significant reduction in the dimension of the abrade line and the amount of titanium 
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removal. However, the surface roughness and the percentage of area coverage 

were increased with increasing the distance. In contrast, both features were 

decreased with increasing the sample velocity. On the other hand, all the mentioned 

measurements demonstrated a significant increase by increasing the pressure of 

the machine.  

The existence and the retention of the particles in the surface of the titanium discs 

were investigated by SEM-EDX analysis. The Si, Na, Ca, P, O and F elements were 

all detected in the abraded area and these represent the glass elements. Moreover, 

Ti element was detected in higher weight % at the intact areas. Furthermore, the 

abraded discs were also investigated for their bioactivity in Tris and SBF. The 

results showed that the discs were still conserving good bioactivity by forming 

apatite on the surface after 3 days immersion.   

 

  

 



Chapter 7     Results and Discussion 

of Cell Culture Study 
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 Results and discussion of cell culture study   7

 Glass biocompatibility 7.1

The designed glasses showed good bioactivity in vitro when immersed in 

physiological solutions. However, it is important to obtain thorough information 

regarding the biological responses of the cells to the prepared glasses. Therefore, 

the effect of the glass conditioned media on the cell proliferation and differentiation 

was investigated. 

 

7.1.1 DNA content and ALP activity results of MC3T3-E1 cells 

cultured in glass conditioned media  

These two experiments were performed in order to test the biocompatibility of the 

glass powders in vitro. The DNA content assay reflects the proliferation of the 

seeded cells, while ALP activity is a marker for osteoblasts and it indicates the 

degree of cell differentiation and their response to the treated media.    

The results of the osteoblast cell proliferation in the control α-MEM medium and 72 

h glass conditioned media are presented in Figure (7.1). In general, the number of 

cells which survived during the period of treatment is relatively high. In day 1 

treatment, there is no difference in DNA content between control and conditioned 

media. However with the longer culture time periods, the proliferation of cells 

becomes insignificantly higher in control media in comparison to the conditioned 

media. This may be due to the longer period that the cells are subjected to the glass 

extract. The proliferation of the cells is slightly affected by the type of glass 

conditioned media, specifically at the longer culture period of 7 days.    
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Figure 7.1: Effect of the glass conditioned media on the cell number and 

proliferation of MC3T3-E1 cells at 1, 3, 5 and 7 days. Each bar represents the 

mean of three experiments (each with 10 samples) ± their standard deviations. 

There is no statistical difference between the groups at the same time point 

(P≥0.05). 

 

The same profile is also seen with the ALP cell differentiation experiment. After 

treatment by the three conditioned media for 3, 5 and 7 days, the ALP activity of the 

MC3T3-E1 in these media is becoming lower than that in the control α-MEM. 

However, the ALP activity is higher in the first day of the glass conditioning when 

compared to the control, as see in Figure (7.2). The ALP activity of this cell line is 

known to be as low during the growth phase. However, the activity of ALP becomes 

higher when the cells reach confluence (Sudo et al., 1983). The results of the ALP 

experiment are consistent with the proliferation results, as both are decreased with 

the longer culture time by the effect of the glass condition. This might be related to 

the impact of the medium pH on both processes. As reported previously that the 

local environment, where the cells are grown, can be affected by the dissolution of 

the implanted material (Shen et al., 2012).   
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Figure 7.2: Effect of the glass conditioned medium on the MC3T3-E1 cells 

differentiation at 1, 3, 5 and 7 days. Each bar represents the mean of three 

experiments (each with 10 samples) and their standard deviations. There is no 

statistical difference between the groups at the same time point (P≥0.05). 

The rapid dissolution of the bioactive glass in the in vitro cell environment may 

adversely affect the osteoblast behaviour and function. This is due to the release of 

the ions from the glass surface, which causes an increase in the pH of the in vitro 

environment and this can be cytotoxic to the osteogenic cells (Varanasi et al., 2009). 

Various authors have reported that the alkaline environment of the physiological 

fluid is beneficial in the osteogenesis and mineralisation process, as this condition 

can enhance the function of the osteoblast cells (Chakkalakal et al., 1994, Silver et 

al., 2001, Shen et al., 2012). Others have suggested conditioning the glass powder 

in SBF medium before its usage in the in vitro study. This is to stabilise the medium 

pH and to reduce the effect of the high alkalinity of the glass material (Foppiano et 

al., 2007, Varanasi et al., 2009). Conditioning the glass can lead to a good 

stimulation of the cell markers. Interestingly, in this study the designed glass 

powders did not produce a highly alkaline environment, as they contained 6 mole % 

of phosphate in their compositions. The high phosphate content in the glass 

composition results in reducing the alkalinity of the media by releasing the 
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phosphate into the surrounding medium, which causes buffering to the alkaline 

environment (O’Donnell et al., 2008, O’Donnell et al., 2009). Therefore, the high 

phosphate content was suggested to enhance osteogenesis. Additionally, the glass 

powders were conditioned for 72 h in the cell medium prior to the proliferation and 

differentiation experiments. The pH of the conditioned media at that time period 

ranged between 8.2 and 8.3. This conditioning process was performed based  on 

the results from (Liu et al., 2016), who found that the toxicity of the media that is 

conditioned by the fluoride containing bioactive glass for 72 h is the least for the 

earlier time points (8 and 24 h). Therefore, the conditioning was performed at these 

time points in order to have a stabilised condition. From the results Figure (7.2), it 

can be seen that the ALP activity of the osteoblasts and their proliferation rate are 

increased with the culture time for all treated media. This indicates the 

biocompatibility of the material. In spite of this finding, the ALP activity and the cell 

numbers are lower in the conditioned medium than the control medium in day 3, 5 

and 7 of the cells culture. This might be related to the presence of the high 

concentration of fluoride in the conditioned media. The presence of a high 

concentration of calcium fluoride of about 5-7 mole % in the glass composition was 

reported to suppress the osteogenic response of the MC3T3-E1 cells (Liu et al., 

2016). However, there is a clear difference in the concentration of the fluoride 

between the current study and Liu t al. study; the same finding is also recorded but 

with less effect. The measured fluoride concentration in the QMFA1, QMFA2 and 

QMFA3 media after 72 h conditioning is about 7.9 ppm, 7.2 ppm and 6.6 ppm 

respectively.  These concentrations are significantly lower than the concentration of 

the fluoride found in Liu et al. study where the concentration was 12-16 ppm. 

Therefore, in the present study there is a mild effect on the cells osteogenic 

response unlike the huge cell suppression which found by Liu et al., 2016. Many 

studies have reported that fluoride in low doses is effective in enhancing the 

proliferation of the osteoblast cells. This positive effect would lead to the stimulation 
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of the bone formation and increasing the density of the bone by facilitating the 

retention of the calcium to the bone tissue (Rich and Ensinck, 1961, Kleerekoper 

and Mendlovic, 1993, Aaseth et al., 2004).  

 Titanium discs biocompatibility  7.2

Titanium is a bioinert material due to the presence of the TiO2 layer on its surface. 

This layer is responsible for its biocompatibility in vivo, as it protects the surface 

from corrosion and it minimises the adverse reaction of the body (Okazaki and 

Gotoh, 2005, Lorenzetti et al., 2015, Wang et al., 2016). Modifying the surface of the 

Ti was used to create a functional surface with good surface properties and positive 

biological responses. Thus, it is essential to investigate the effect of the glass 

abrasion on the cell attachment, differentiation and bone matrix formation. 

7.2.1 Cell morphology  

Cell morphology is considered as an effective parameter in understanding the 

biocompatibility of an implant material, as the osteoblasts respond in a different 

manner, depending on the implant surface (Schmidt et al., 2002). The results of this 

study indicate and compare the ‘behaviour’ of the MC3T3 osteoblast cells on the 

pure titanium and the glass abraded titanium discs after 3 days in culture. 

SEM micrographs demonstrate that both abraded and un-abraded discs are suitable 

environments for osteoblast-like adhesion and spreading. The spread pattern of the 

cells on the pure titanium discs is polygonal and flattened in shape Figure (7.3 a and 

b). The cells are well attached to the smooth titanium surface by their lamellar 

protrusions. However, this pattern is quite different from that on the glass abraded 

samples. The cells are attached on the glass surfaces by a thin cytoplasmic 

protrusions or filopodia, which extend from the base of the cells. The cell body is 

spindle shape and it is not attached to the glass surface Figure (7.3 c and d). 
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Additionally, it can be seen that the cells on both surfaces show an enormous 

proliferation and their borders start to connect and form a monolayer Figure (7.4). 

 

 

Figure 7.3: SEM micrographs of MC3T3-E1 osteoblast morphology on smooth 

titanium surface (a) at 2500x magnification (b) at 4000x magnification and on 

QMFA2 glass abraded surface (c) at 2500x magnification (d) at 4000x 

magnification after 3 days incubation. The cells on the smooth surface are flat 

polygonal in shape, while on the abraded rough surface the cells are spindle 

shape with multiple thin cytoplasmic protrusions.  

a b 

c d 
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Figure 7.4: SEM micrographs of MC3T3-E1 osteoblasts spread on (a) smooth 

titanium surface (b) glass abraded surface after 3 days incubation (1000x 

Magnification).  The cells are numerous and start to form a monolayer on both 

surfaces. 

 

However, this feature is more clearly seen on the smooth pure titanium surface than 

on the glass treated surface. The small variation in the cell morphology and the 

attachment on both materials could be due to the difference in the surface 

topography and the surface roughness of the two samples. Apart from the surface 

chemistry of the material, the surface physical characteristic of the sample can affect 

the cells morphology and orientation (Flemming et al., 1999). In the current study, 

the pure titanium discs have smooth surface features with Ra value around 0.1 µm 

and this is quite different from the irregular rough surface of the abraded discs. 

Therefore, the cells on the control samples are spreading randomly and in a flat 

orientation while, the cells on the rough glass surface try to extend in a manner that 

connects the peaks of the surface. This bridging effect was also seen in previous 

studies (Groessner-Schreiber and Tuan, 1992, Locci et al., 1997, Anselme et al., 

2000, Schmidt et al., 2002, Hakki et al., 2012). They reported that the osteoblasts 

grow in a three dimensional morphologies on the rough surface while on the smooth 

surface, they spread in flattened manner and in a morphology similar to the flattened 

fibroblast cells. 

a b 
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Although the findings were the same between the previous studies and this study, 

the direct comparison is relatively difficult. This is due to the differences in the cell 

type and the experimental methods that are used in all studies. 

The presence of a rough surface could provide a preferable environment for the 

cells to produce good osseointegration with the implant material because of the 

formation of the 3-dimensional network (Schmidt et al., 2002). (Locci et al., 1997) 

found that the cells which grow on the titanium surface have the same 

morphological features to those grown on plastic surfaces. Other studies discussed 

the effect of the chemistry of the implant coating on the cell behaviour. The cells 

show high level of cell activation when they grow on 45S5. This was detected from 

the shape of the cells and the multiple microvilli that protruded from the cell bodies, 

as this phenotype is reflecting the good activity and biological response (Xynos et 

al., 2001). In the initial stages of the cell response to bioactive glass, the cells 

proliferate slowly and this mode of growth is similar to the in vivo bone repair 

(Henstock et al., 2015). Therefore, it can be indicated that both abraded and un-

abraded samples are biocompatible and they allow for the attachment and the 

growth of the osteoblast cells. 

7.2.2 Qualitative and quantitative results of ALP, collagen type I and 

mineralised nodule formation assays  

ALP is a marker for cell differentiation, and contributes to the initial stages of the 

hard tissue formation (Harrison et al., 1995). ALP is an enzyme located in the outer 

surface of the plasma membrane of osteoblast cells. This enzyme is known to have 

an important role in the mineralisation process of bone tissues, as it enhances the 

calcification of bone tissues.  However, the exact role, and the absolute mechanism 

of this enzyme in the mineralisation and calcification processes, is still controversial 

and not completely understood (Glimcher, 1986, Yoon et al., 1989, Golub et al., 

1992).  
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Figure (7.5 a and b) shows the light microscopy images of the ALP activity of the 

osteoblast cells on pure titanium and glass abraded titanium discs after 14 days 

incubation. From both images, it can be seen that the osteoblasts are spread as 

clusters across the entire surface of both samples. This is clear from the spread of 

the blue precipitates on the surfaces, as these precipitates represent the ALP 

activity of the seeded cells. Therefore, it can be indicated that both abraded and un-

abraded samples are enhancing the proliferation and differentiation of the 

osteoblasts. However, the intensity of the blue precipitates is slightly different 

between the two surfaces and this might be related to the difference in the surface 

topography of both samples. Moreover, the chemical structures of both surfaces are 

different and this might affect the biological behaviour of the osteoblast cells. The 

surface of the un-abraded disc is composed mainly of pure titanium, while the 

abraded disc is composed of titanium and bioactive glass materials. These 

differences may affect the proliferation and differentiation rates of the osteoblast 

cells. Therefore, in order to determine this difference numerically, and to investigate 

which surface is more simulative to the osteoblasts, a quantitative ALP assay was 

carried out. The results of this assay were collected after 14 days of cells incubation 

and the data were presented as means and SD of the ALP activity of the osteoblast 

cells on abraded and un-abraded samples, as can be seen in Figure (7.6).  
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Figure 7.5: Light microscopy images showing the ALP activity of MC3T3-E1 

osteoblast cells, as blue precipitates on (a) smooth titanium surface (b) glass 

abraded surface after 14 days incubation. The intensity of the blue 

precipitates on smooth Ti surface is slightly higher than the abraded surface. 

 

In general, the results show that the ALP activity of the osteoblasts on the glass 

abraded discs is slightly higher than that on the smooth pure titanium discs. 

However, the t-test analysis shows that the difference between the ALP activities on 

both discs is not significant (P≥0.05). This might be due to the small percentage of 

area coverage by the glass powder, as only 25% of the total titanium surface is 

covered by the glass particles. This partial coating might not give a clear picture to 

a 

b 

Titanium 

Glass 

Titanium 
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the effect of the glass particles on the cells as would be the case with the total 

coverage.  Therefore, this feature can be considered as one of the limitations in this 

study, as the abrasion procedure needs a large amount of glass powder to be 

prepared in order to perform the full coverage of the total area.   

 

 

Figure 7.6:  Quantitative results of ALP activity of MC3T3-E1 cells on smooth 

titanium surface and glass abraded surface after 14 days incubation period. 

Each bar represents the mean of three experiments (each with 3 samples) and 

their standard deviations. Student t-test shows that there is no statistical 

significant difference between the two groups (P≥0.05). 

 

Regarding the collagen type I assay, many studies reported that the process of new 

bone formation in the bone-implant interface is affected by the amount of collagen 

fibres formed in this area. Collagen type I is synthesised by the osteoblast cells and 

it forms 90% of the total bone proteins.  Moreover, this protein is considered as an 

important marker in the formation of the bone matrix and it forms the backbone 

protein of the mineralised tissue (Franceschi and Iyer, 1992, Quarles et al., 1992, 

Franceschi et al., 1994, Zambonin et al., 2000). The osteogenic medium, which was 

used for the maintenance of the osteoblast cells for 2-3 weeks during the cell culture 

work, contains ascorbic acid and glycerophosphate. Ascorbic acid is involved in the 
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binding and the crosslinking of the collagen fibrils, while the second component is 

responsible for providing the cells with organic phosphate (DiGirolamo et al., 1999, 

Beck, 2003). This media was used due to the lack of phosphate source in the un-

abraded titanium discs. ALP enzyme in the osteoblasts will extract the phosphate 

from the glycerophosphate and enrich the media with organic phosphate. This 

element will participate in the apatite formation and stimulate bone calcification.  

The qualitative study of Sirius red stain shows that the stain on the glass abraded 

samples is presented as connected beads of collagen nodules across the abraded 

surface. However, on the pure titanium discs the collagen nodules are diffuse and 

separated in comparison to the glass abraded samples, as can be seen in Figure 

(7.7 a and b). Thus from the light microscopy images, it can be suggested that both 

surfaces are suitable for the formation and deposition of collagen and the spread of 

the cells on their surfaces. However, the behaviour of the cells is different between 

the two surfaces. This is again might be related to the difference in the topography 

and chemistry of the sample surfaces.  

Interestingly in Figure (7.7 b), it can be seen that the intensity of the collagen nodule 

staining on the un-abraded titanium part of the glass abraded sample is darker than 

that of the pure titanium. This might be due to the effect of the presence of the 

bioactive glass particles on the surface. This embedded glass showed a subsequent 

dissolution when immersed in Tris and SBF, as discussed previously in Chapter 6 

section 6.5. This dissolution led to the release of multiple ions, such as, Ca2+, Na+, 

PO4
3- and silicate in the media and these ions might have an effect on the cell 

behaviour. Many studies suggest that the ions which are released from the bioactive 

glass may alter different expression markers in the osteoblast cells, as well as 

modifying the osteoblasts function (Beck et al., 2000, Reffitt et al., 2003, Maeno et 

al., 2005).    
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Figure 7.7: Light microscopy images showing the qualitative results of 

collagen type I nodule formation by using Sirius Red Stain on (a) smooth 

titanium surface (b) glass abraded surface after 28 days incubation. The 

collagen nodules are presented as connected beads across the abraded 

surface and as diffuse separated nodules on the pure titanium surface.  

 

The quantification of Sirius red stain on both abraded and un-abraded titanium discs 

are shown in Figure (7.8). The results demonstrate an increase in the collagen 

content of MC3T3-E1 cells on the abraded discs with respect to the control pure 

titanium discs. These results are consistent with the light microscopy images, in 

b 

a 

Titanium Titanium Glass 
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which the number of collagen beads appears more numerous on the abraded 

surface than the control un-abraded surface.  

 

 

Figure 7.8: Quantitative results of Sirius Red Stain of MC3T3-E1 cells after 28 

days incubation on smooth Ti discs and glass abraded discs. Each bar 

represents the mean of three experiments (each with 3 samples) and their 

standard deviations. Student t-test shows that there is no statistical 

significant difference between both groups (P≥0.05). 

 

For the mineralised nodule formation, the microscopy images of the glass abraded 

discs show the presence of small connected beads of mineralised nodules across 

the abraded line. The number of the bone-like nodules appear greater on the 

abraded line in comparison to that on the un-abraded part, as can be seen in Figure 

(7.9 b). The pure titanium disc, on the other hand, shows the presence of diffuse 

isolated mineralised nodules across the whole surface of the sample Figure (7. 9 a). 

The mineralised nodules are detected by the Alizarin red S stain and this stain is 

used for the identification of the calcium precipitation. Mineralised nodules act as 

nucleating agents which enriched with calcium and inorganic phosphate and it 

initiates the formation of the apatite (Wu et al., 1995).    
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Figure 7.9: Light microscopy images showing the qualitative results of 

mineralised nodule formation by using Alizarin red S stain on (a) smooth 

titanium surface (b) glass abraded surface after 35 days incubation. The 

nodules are more numerous and connected on the glass surface than the 

smooth surface.  

 

 

 

b 

a 
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The quantitative analysis agrees with the visual observation and reveals that there is 

an insignificant difference in the amount of stain eluted and thus the level of calcium 

is presumably related to the number of nodules present between both surfaces. The 

nodules are more numerous on the abraded samples than the pure titanium discs 

Figure (7. 10).    

 

Figure 7.10: Quantitative results of Alizarin red S stain after 35 days 

incubation on smooth Ti discs and glass abraded discs. Each bar represents 

the mean of three experiments (each with 3 samples) and their standard 

deviations. Student t-test shows that there is no statistical significant 

difference between both groups (P≥0.05). 

 

These findings are consistent with the ALP and collagen type I results, where the 

nodules are more numerous on the glass abraded area than the pure titanium 

surface.  Again, the bone nodules on the titanium surface of the abraded samples 

are relatively darker compared to that on the pure titanium surface. This feature was 

detected previously in the collagen type I results, as the density of the nodules on 

the former surface is higher than the un-abraded samples.  

From the overall results, it can be seen that the coating of the titanium with the 

bioactive glass is advantageous in promoting the osteogenesis of the osteoblast 
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cells. Commercially pure titanium and its alloys are the material of choice in the 

fabrication of dental and orthopaedic implant. This is because of the good 

biocompatibility of this material in vivo. This material can form a direct bone-implant 

interface without the formation of a fibrous collagen layer, which is an important 

criterion in the implant stability and longevity (Klokkevold et al., 1997, Castellani et 

al., 1999). The modification of the pure titanium implant surface by its abrasion with 

bioactive glass was performed in order to create chemical and physical changes to 

the surface of the samples. These changes might improve the quality and the 

quantity of the bone-implant interface. Previous studies showed that these changes 

result in a significant effect on the biological response of the cultured cells and on 

the rate the cell attachments (Keller et al., 1989, Keller et al., 1990). The coating of 

the titanium implants with bioactive glasses results in a substantial improvement in 

the process of bone apposition on the implant surface and provides good bonding 

between the mineralised tissue and the abraded implant surfaces. This is due to the 

ability of the glass to dissolve in the body fluid and release the ions at the bone 

interface. These ions cause changes in the pH of the environment and result in an 

alkaline media. This environment stimulates the formation of HCA on the implant 

surface. This HCA layer has the affinity to bind to the collagen of the tissue and it 

facilitates the direct bonding to bone. As this material is chemically and structurally 

similar to bone tissue (Hench, 1991, Foppiano et al., 2004, Varanasi et al., 2006, 

O’Donnell et al., 2008, Jones, 2015). Additionally, the released ions Na+, Ca2+, PO4
3- 

and silicate all induce the intracellular and extracellular responses, as these ions 

regulate the genes, which are responsible for stimulating the osteoblasts to secrete 

the bone matrix (Xynos et al., 2000, Jones, 2015). (Varanasi et al., 2009) reported 

that the Ca2+ and silicate which are released from the bioactive glass have a clear 

effect on the osteoblast cells behaviour. They found that the Ca2+ concentration 

between 8-20 ppm can increase the osteocalcin level of the cells and trigger the 

calcium receptors that cause a considerable response of the MC3T3-E1 cells. 
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Osteocalcin expression is increased with elevated Ca2+ levels in the conditioned 

media, and this can cause an increase in bone density (Maeno et al., 2005).  

In addition to calcium, silicon also showed an effect on the osteogenic response of 

the osteoblasts cells. The low concentration of silicate increases the proliferation, 

collagen formation and osteocalcin expression (Gao et al., 2001, Reffitt et al., 2003, 

Varanasi et al., 2009). Therefore, the presence of Si ions in the glass structure could 

enhance the mineralisation process, which is consistent with the finding of the 

current study. Moreover, the designed glasses possess high concentration of 

phosphate in their compositions and this amount is essential in enhancing the bone 

mineralisation. The presence of high concentration of inorganic phosphate in the 

medium may increase the ALP activity of the cells together with increasing the 

collagen content. Additionally, this inorganic phosphate is responsible for the 

mineral deposition and this enhances the mineralisation and the calcification of the 

bone tissue (Beck, 2003). The presence of high phosphate in the glass composition 

is considered as a positive promoting factor in increasing the rate of apatite 

formation in vitro. The apatite layer is important in forming a chemical bond with the 

bone.        

The formation of HAP layer on the surface of the glass material in vivo may promote 

the osseointegration process. This is due to the ability of the collagen fibres to 

adsorb and crosslink to the bone tissue surface (O’Donnell et al., 2008). However, in 

the current study, the designed glasses possess fluoride in their compositions and 

this gives the opportunity for the formation of the FAP. Many studies reported that 

FAP is more resistant to the acid dissolution and also shows good biocompatibility 

(LeGeros et al., 1988, Dhert et al., 1993, Okazaki et al., 1999). It is demonstrated 

previously in Chapter 6.4 that the concentration of fluoride in the abraded area is 

relatively small, and is significantly lower than that in the glass conditioned media. 

Therefore, the results of this part of the study provide positive and effective findings 

regarding the biological and osteogenic response of the MC3T3-E1 cells in vitro. 
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This is clear from the increase in the amount of the differentiation and the nodule 

formation markers. (Qu and Wei, 2006) found that the proliferation and 

differentiation of the SAOS-3 rat osteosarcoma on FAP discs is higher than that on 

the HAP discs and they suggested that it is related to the release of the F- ion from 

the FAP, which causes high stimulation to the cells. 

 

 Summary: 7.3

Evaluating the mechanical and physical properties of the prepared materials is 

essential in the design of dental implants. However, the in vitro biological responses 

to the designed samples and their effect on the osteoblast cells are also necessary 

to be investigated prior to an in vivo study. In this study, the bioactivity of the 

designed glasses was investigated on the MC3T3-E1 cell line by measuring their 

DNA content and ALP activity. The glasses promote both proliferation and 

differentiation processes, however the enhancement effect is relatively small in 

comparison to the cells treated with the control α-MEM media.  

The QMFA2 glass abraded discs were also investigated for their biocompatibility in 

vitro using the same cell line. The osteogenic response of the cells on these discs 

was tested and compared to that on the smooth un-abraded samples. The 

roughness of the implanted surface shows a clear effect on the cell morphology and 

the mineralisation process. The cells on the smooth titanium surface are flat in 

shape, while on the abraded surface they appear as spindle shaped cells with 

multiple microvilli. Moreover, the ALP activity, collagen type I and mineralised 

nodule formations of the cells are slightly higher on the abraded samples in 

comparison to the smooth pure titanium samples. However, this is not statistically 

significant.  

  



Chapter 8 

Conclusions and Future Work 
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 Conclusions and Future Work 8

 Conclusions 8.1

The sodium content in the glass composition is an effective factor in reducing both 

the hardness of the bioactive glass and the glass transition temperature. Both 

parameters are probably dependant on the strength of bonding in the glass network. 

All three glasses show a good bioactivity in vitro as they form apatite within 3 h in 

Tris and within 24 h in SBF, which should ensure excellent osseointegration. 

However, the presence of proteins in the culture media slows the rate of glass 

degradation and decreases their ability to form apatite. The presence of high 

bicarbonate content in the immersion media in addition to the presence of small 

amount of fluoride in the glass composition results in the formation of a new type of 

apatite, which is a fluorocarbonated apatite, in which F- substitutes along with CO3
2- 

for a PO4
3 -in the B-site. 

Regarding the grit blast process and the coating of titanium implants, the designed 

glass particles are coarse in nature with angular sharp edges. These features give 

rise to the abrasive nature of the glass particles and their embedding ability into the 

abraded titanium surface. The novel glasses are successfully modifying the surface 

of the titanium implant. The particles are abrasive enough to significantly increase 

the surface roughness of the titanium samples from Ra 0.1 µm to Ra 1.6 µm. The 

grit blast parameters, such as sample distance, velocity and air propellant pressure 

are all effective parameters in modifying the area covered by the bioactive glass and 

the amount of substrate removal. The spread pattern of the glass particles on the 

titanium surface is represented by the width of the abraded line. This pattern is 

highly controlled by changing the sample-nozzle distance and it is less affected by 
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changing the operating pressure parameter. However, the substrate velocity showed 

a medium effect on the spread pattern of the particles. The volume and depth of the 

abraded area are equally affected by all the operating parameters. The volume and 

depth of the abraded area decrease with increasing hardness of the glass, as more 

glass particles are embedded in the target area. However, the area coverage by the 

glass particles increases with increasing the hardness of the glass. Surface 

roughness is less affected by the glass hardness. Generally, high percentage of 

area coverage is shown with all the glasses and the range is from 52 to 62 %. From 

all these features, it can be concluded that the grit blast parameters together with 

the physical properties of the glass determine the coating process. The rough 

surface together with the good glass coverage is an attractive feature for good 

integrated implants. However the bond strength between the substrate surface and 

the coating material is a critical point, practically this criterion is difficult to measure.  

Therefore, in this study it was decided to measure the glass resistance to dissolution 

in a week acidic condition and determine this as a method of measuring the bond 

strength. The SEM-EDX analysis of the tested samples confirms the resistance of 

the glass to dissolution and the harder glass embeds more in the surface of the 

titanium. This is clear from the high concentrations of ions which were detected by 

the ICP-OES analysis. In addition to the bond strength, the in vitro bioactivity of the 

glass abraded discs was tested by the immersion of the abraded discs in Tris buffer 

and SBF. The formation of apatite on the surface of the discs was observed within 3 

days of immersion and this is a positive sign of good bioactivity. The discs also show 

good bioactivity with the osteoblasts cells, as the abraded discs increase their 

differentiation and proliferation together with stimulating the collagen and nodules 

formation in vitro. Grit blasting with the chosen glasses appears to be a promising 

coating procedure for dental implants.   

  



 

268 | P a g e  

 

 Suggestions for Future work 8.2

 The formation of fluorocarbonated apatite in SFα-MEM and the delay in 

apatite formation in 10% Sα-MEM suggests further studies: immersing the 

glasses in low concentration of serum containing α-MEM (2% and 5%) for 

various time periods and investigating the type of apatite formation, both 

qualitatively and quantitatively by XRD, FTIR, MAS-NMR and Neutron 

diffraction.  

 The abrasive nature of the glass particles and the amount of particles 

embedded in the surface give the opportunity to investigate the effect of 

different particle size range (63-90 µm, 90-125 µm and 125-250 µm) on the 

surface roughness, the extent of glass embedding, the surface area 

coverage and the dimension of the abrasion.  

 The formation of apatite on the titanium surface and its detection by EDX 

suggests the investigation of the surface chemistry of the un-abraded Ti 

discs and the glass abraded Ti discs by X-ray photoelectron spectroscopy 

(XPS) before and after immersion in Tris buffer and SBF for various time 

periods. This is to evaluate the sequential changes to the chemical structure 

of the surface. 

 The composition of the glass has an effect on the amount of particles 

embedded in the abraded surface, as the glass of lower sodium content 

embedded more in the surface. This suggests the elemental evaluation of 

the released ions from the abraded samples prepared by all the parameters 

after their immersion in acetic acid for specific time period by using ICP-OES 

analysis and compare the outcome findings.   
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 It is apparent that the data from the glass abraded samples is diluted by the 

response of the cells on the un-abraded part of the discs; therefore, the 

effect of the whole abraded surface on the proliferation, differentiation and 

mineralisation, as well as on the gene expression is mandatory. 

 It would be anticipated that such glass abraded metals would be implanted in 

the bone tissue to suppress peri-implantitis, it is necessary to investigate the 

antibacterial action of the glass coatings on the supra and sub-gingival 

pathogens.  

 The good bioactivity of the glass coating and its promising results regarding 

osteoblast differentiation and mineralisation in vitro suggest the investigation 

of the effect of the glass coatings on the bone healing by histological 

analysis and on the strength of osseointegration by torque test in vivo.                   
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 Appendices 10

Appendix 1 Statistical Analysis 

10.1 Glass hardness statistics 

Multiple Comparisons (Tukey HSD test)   P value 

QMFA1 vs QMFA2 0.001 

QMFA1 vs QMFA3 0.000 

QMFA2 vs QMFA3 0.000 

 

10.2 PFR statistics 

1. Multiple comparisons (Tukey HSD test) of PFR between the prepared glasses 

at three air pressures and between air pressures of the same glass 

composition.  

Comparison 
PFR 

P value 
2 bar 

PFR 
P value 
3 bar 

PFR 
P value 
4 bar 

PFR 
P value 
QMFA1 

PFR 
P value 
QMFA2 

PFR 
P value 
QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.000 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.421 0.104 0.000 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.275 0.978 0.174 

2 bar vs 4 bar ----------- ---------- ----------- 0.010 0.987 0.100 

3 bar vs 4 bar ----------- ------------- ----------- 0.231 0.999 0.951 
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2. Multiple comparisons (Tukey HSD test) of the abraded line width between the 

glasses abraded disc compositions at three distances and between the 

distances at each glass composition. 

Comparison 

Width 

P value 

D 1mm 

Width 

P value 

D 3 mm 

Width 

P value 

D 5 mm 

Width 

P value 

QMFA1 

Width 

P value 

QMFA2 

Width 

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.000 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.871 0.000 0.710 ----------- ----------- ---------- 

1 mm vs 3 mm ----------- ----------- ----------- 0.000 0.000 0.000 

1 mm vs 5 mm ----------- ---------- ----------- 0.000 0.000 0.000 

3 mm vs 5 mm ----------- ------------- ----------- 0.000 0.000 0.000 

 

10.3 WLP statistics 

1. Multiple comparisons (Tukey HSD test) of the abraded line depth between the 

glasses abraded disc compositions at three distances and between the 

distances at each glass composition. 

Comparison 

Depth 

P value 

D 1mm 

Depth 

P value 

D 3 mm 

Depth 

P value 

D 5 mm 

Depth 

P value 

QMFA1 

Depth 

P value 

QMFA2 

Depth 

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.619 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.042 0.000 0.000 ----------- ----------- ---------- 

1 mm vs 3 mm ----------- ----------- ----------- 0.550 0.660 0.000 

1 mm vs 5 mm ----------- ---------- ----------- 0.000 0.115 0.000 

3 mm vs 5 mm ----------- ------------- ----------- 0.000 0.557 0.900 
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2. Multiple comparisons (Tukey HSD test) of the abraded line volume between the 

glasses abraded disc compositions at three different distances and between the 

distances at each glass composition. 

Comparison 

Volume 

P value 

D 1mm 

Volume 

P value 

D 3 mm 

Volume 

P value 

D 5 mm 

Volume 

P value 

QMFA1 

Volume 

P value 

QMFA2 

Volume 

P value 

QMFA3 

QMFA1 vs QMFA2 0.485 0.370 0.276 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.025 ----------- ----------- ---------- 

1 mm vs 3 mm ----------- ----------- ----------- 0.004 0.141 0.000 

1 mm vs 5 mm ----------- ---------- ----------- 0.000 0.000 0.000 

3 mm vs 5 mm ----------- ------------- ----------- 0.000 0.034 0.009 

 

 

3. Multiple comparisons (Tukey HSD test) of the abraded line width between the 

glasses abraded disc compositions at three sample velocities and between the 

velocities at each glass composition.  

Comparison 

Width 

P value 

 0.25mm/sec 

Width 

P value 

0. 5mm/sec 

Width 

P value 

1mm/sec 

Width 

P value 

QMFA1 

Width 

P value 

QMFA2 

Width 

P value 

QMFA3 

QMFA1 vs QMFA2 0.853 0.359 0.000 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

0.25 vs 0.5 mm/sec ----------- ----------- ----------- 0.000 0.000 0.000 

0.25 vs 1 mm/sec ----------- ---------- ----------- 0.000 0.000 0.000 

0.5 vs 1 mm/sec ----------- ------------- ----------- 0.000 0.000 0.005 
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4. Multiple comparisons (Tukey HSD test) of the abraded line depth between the 

glasses abraded disc compositions at three sample velocities and between the 

velocities at each glass composition. 

Comparison 

Depth 

P value 

 0.25mm/sec 

Depth 

P value 

0. 5mm/sec 

Depth 

P value 

1mm/sec 

Depth 

P value 

QMFA1 

Depth 

P value 

QMFA2 

Depth 

P value 

QMFA3 

QMFA1 vs QMFA2 0.899 0.000 0.639 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.462 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.955 ----------- ----------- ---------- 

0.25 vs 0.5 mm/sec ----------- ----------- ----------- 0.000 0.000 0.000 

0.25 vs 1 mm/sec ----------- ---------- ----------- 0.000 0.000 0.000 

0.5 vs 1 mm/sec ----------- ------------- ----------- 0.000 0.000 0.000 

 

5. Multiple comparisons (Tukey HSD test) of the abraded line volume between the 

glasses abraded disc compositions at three sample velocities and between the 

velocities at each glass composition. 

Comparison 

Volume 

P value 

 0.25mm/sec 

Volume 

P value 

0. 5mm/sec 

Volume 

P value 

1mm/sec 

Volume 

P value 

QMFA1 

Volume 

P value 

QMFA2 

Volume 

P value 

QMFA3 

QMFA1 vs QMFA2 0.050 0.050 0.444 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.019 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.269 ----------- ----------- ---------- 

0.25 vs 0.5 mm/sec ----------- ----------- ----------- 0.000 0.000 0.000 

0.25 vs 1 mm/sec ----------- ---------- ----------- 0.000 0.000 0.000 

0.5 vs 1 mm/sec ----------- ------------- ----------- 0.000 0.001 0.000 
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6. Multiple comparisons (Tukey HSD test) of the abraded line width between the 

glasses abraded disc compositions at three different pressures and between the 

pressures at each glass composition. 

Comparison 

Width 

P value 

 2 bar 

Width 

P value 

3 bar 

Width 

P value 

4 bar 

Width 

P value 

QMFA1 

Width 

P value 

QMFA2 

Width 

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.982 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.023 0.232 0.001 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.042 0.034 0.002 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.973 0.915 0.767 

2 bar vs 4 bar ----------- ---------- ----------- 0.000 0.005 0.000 

3 bar vs 4 bar ----------- ------------- ----------- 0.000 0.002 0.000 

 

7. Multiple comparisons (Tukey HSD test) of the abraded line depth between the 

glasses abraded disc compositions at three different pressures and between the 

pressures at each glass composition. 

Comparison 

Depth 

P value 

 2 bar 

Depth 

P value 

3 bar 

Depth 

P value 

4 bar 

Depth 

P value 

QMFA1 

Depth  

P value 

QMFA2 

Depth  

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.258 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.022 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.448 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.000 0.000 0.000 

2 bar vs 4 bar ----------- ---------- ----------- 0.000 0.000 0.000 

3 bar vs 4 bar ----------- ------------- ----------- 0.000 0.000 0.000 
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8. Multiple comparisons (Tukey HSD test) of the abraded line volume between the 

glasses abraded disc compositions at three different pressures and between the 

pressures at each glass composition. 

Comparison 

Volume 

P value 

 2 bar 

Volume  

P value 

3 bar 

Volume  

P value 

4 bar 

Volume  

P value 

QMFA1 

Volume  

P value 

QMFA2 

Volume  

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.002 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.133 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.000 0.000 0.000 

2 bar vs 4 bar ----------- ---------- ----------- 0.000 0.000 0.000 

3 bar vs 4 bar ----------- ------------- ----------- 0.000 0.000 0.000 

 

9. Multiple comparisons (Tukey HSD test) of the surface roughness between the 

glasses abraded disc compositions at three different distances and between the 

distances at each glass composition. 

Comparison 

Ra 

P value 

D 1mm 

Ra 

P value 

D 3 mm 

Ra 

P value 

D 5 mm 

Ra 

P value 

QMFA1 

Ra 

P value 

QMFA2 

Ra 

P value 

QMFA3 

QMFA1 vs QMFA2 0.689 0.642 1.000 ----------- ----------- --------- 

QMFA1 vs QMFA3 1.000 0.893 0.905 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.689 0.893 0.905 ----------- ----------- ---------- 

1 mm vs 3 mm ----------- ----------- ----------- 0.000 0.000 0.000 

1 mm vs 5 mm ----------- ---------- ----------- 0.000 0.000 0.000 

3 mm vs 5 mm ----------- ------------- ----------- 0.372 0.899 0.468 
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10. Multiple comparisons (Tukey HSD test) of the surface roughness between the 

glasses abraded disc compositions at three sample velocities and between the 

velocities at each glass composition. 

Comparison 

Ra 

P value 

 0.25mm/sec 

Ra 

P value 

0. 5mm/sec 

Ra 

P value 

1mm/sec 

Ra 

P value 

QMFA1 

Ra 

P value 

QMFA2 

Ra 

P value 

QMFA3 

QMFA1 vs QMFA2 0.416 0.0488 0.932 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.416 0.289 0.757 ----------- ----------- ---------- 

QMFA2 vs QMFA3 1.000 0.921 0.932 ----------- ----------- ---------- 

0.25 vs 0.5 mm/sec ----------- ----------- ----------- 0.832 0.511 0.652 

0.25 vs 1 mm/sec ----------- ---------- ----------- 0.215 0.008 0.005 

0.5 vs 1 mm/sec ----------- ------------- ----------- 0.490 0.087 0.037 

 

11. Multiple comparisons (Tukey HSD test) of the surface roughness between the 

glasses abraded disc compositions at three different pressures and between the 

pressures at each glass composition. 

Comparison 

Volume 

P value 

 2 bar 

Volume  

P value 

3 bar 

Volume  

P value 

4 bar 

Volume  

P value 

QMFA1 

Volume  

P value 

QMFA2 

Volume  

P value 

QMFA3 

QMFA1 vs QMFA2 1.000 0.952 0.809 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.929 0.470 0.809 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.929 0.315 1.000 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.735 0.946 0.340 

2 bar vs 4 bar ----------- ---------- ----------- 0.000 0.000 0.000 

3 bar vs 4 bar ----------- ------------- ----------- 0.000 0.000 0.012 
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10.4 Surface coverage statistics 

1. Multiple comparisons (Tukey HSD test) of the area percentage coverage 

between the glasses abraded disc compositions at three different distances and 

between the distances at each glass composition. 

Comparison 

Ra 

P value 

D 1mm 

Ra 

P value 

D 3 mm 

Ra 

P value 

D 5 mm 

Ra 

P value 

QMFA1 

Ra 

P value 

QMFA2 

Ra 

P value 

QMFA3 

QMFA1 vs QMFA2 0.007 0.122 0.872 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

1 mm vs 3 mm ----------- ----------- ----------- 0.063 0.737 0.000 

1 mm vs 5 mm ----------- ---------- ----------- 0.000 0.003 0.000 

3 mm vs 5 mm ----------- ------------- ----------- 0.000 0.023 0.000 

 

 

2. Multiple comparisons (Tukey HSD test) of the area percentage coverage 

between the glasses abraded disc compositions at three sample velocities and 

between the velocities at each glass composition. 

Comparison 

Ra 

P value 

 0.25mm/sec 

Ra 

P value 

0. 5mm/sec 

Ra 

P value 

1mm/sec 

Ra 

P value 

QMFA1 

Ra 

P value 

QMFA2 

Ra 

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.375 0.465 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.000 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.539 0.000 0.000 ----------- ----------- ---------- 

0.25 vs 0.5 mm/sec ----------- ----------- ----------- 0.000 0.000 0.146 

0.25 vs 1 mm/sec ----------- ---------- ----------- 0.000 0.000 0.848 

0.5 vs 1 mm/sec ----------- ------------- ----------- 0.092 0.048 0.046 
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3. Multiple comparisons (Tukey HSD test) of the area percentage coverage 

between the glasses abraded disc compositions at three different pressures and 

between the pressures at each glass composition. 

Comparison 

Volume 

P value 

 2 bar 

Volume  

P value 

3 bar 

Volume  

P value 

4 bar 

Volume  

P value 

QMFA1 

Volume  

P value 

QMFA2 

Volume  

P value 

QMFA3 

QMFA1 vs QMFA2 0.000 0.000 0.002 ----------- ----------- --------- 

QMFA1 vs QMFA3 0.000 0.000 0.022 ----------- ----------- ---------- 

QMFA2 vs QMFA3 0.000 0.000 0.133 ----------- ----------- ---------- 

2 bar vs 3 bar ----------- ----------- ----------- 0.592 0.021 0.000 

2 bar vs 4 bar ----------- ---------- ----------- 0.461 0.051 0.000 

3 bar vs 4 bar ----------- ------------- ----------- 0.975 0.942 0.003 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


