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ABSTRACT 
 

The aim of this study was to develop a novel injectable bioactive glass (BG) based 

calcium phosphate cement (CPC) that would address some of the limitations of current 

bone grafting materials. The cement was prepared by mixing a glass powder and a 

calcium phosphate salt with a 2.5% solution of Na2HPO4.  

In the first part of the thesis, the effects of substituting strontium for calcium in the glass 

composition are investigated. Setting time and compressive strength of the resultant 

cement increased proportionally with strontium substitution in the glass up to 25%, 

whereas for higher substitutions they decreased. The presence of strontium influenced the 

rate and morphology of the crystal phases formed. Octacalcium Phosphate was the main 

phase present at 1 h and 1 d of immersion in either Tris buffer or SBF, whereas by 28 d 

it had completely transformed to strontium-containing hydroxyapatite (HA). Cements 

were not cytotoxic and osteoblast proliferation increased when cells were cultured with 

cement dissolution products compared with the control (non-conditioned) media.  

The second part of the thesis investigates the optimization and characterization of a 

strontium free formulation which was chosen with the aim of developing a product for 

potential CE mark approval. While having strontium proved to be beneficial in vitro, from 

a regulatory point of view, its addition in the cement shifts the category from a medical 

device to a drug, making the process for approval more challenging and costly.   

Raw materials were fully evaluated for risk assessment and quality assurance purposes. 

The cement produced, using a mixing and delivery device, was characterized by in vitro 

methods to ensure properties of the material were reproducible and in line with set 

specifications.  

In the third part, the in vivo performance, and local effects, of the new formulation in a 

minipig alveolar bone model demonstrated that the material was a moderate irritant at 3 

and 6 weeks, but a slight irritant at 12 weeks. Low levels of new bone were present at 

early time points, but extensive new bone formation was seen by 12 weeks.  

A safe, novel injectable in situ setting BG based CPC has been developed and used in 

vivo. Further investigations are needed to elucidate the variability of the local effects.  

 
 

 



6 

 

 

ACKNOWLEDGMENTS  
 

I would like to thank my supervisors Dr Simon Rawlinson, Professor Robert Hill and 

Professor Shakeel Shahdad for the expert guidance, endless encouragement and constant 

support provided throughout my PhD studies.  

I would like to thank my colleagues PhD students for providing a great friendly working 

environment and for their help whenever I needed it.  

I would like to express my sincere gratitude to Professor Mangala Patel for her 

encouraging words and unconditional support since I started my studies.  

A special thanks goes to my colleague and friend Amani, for the great moments and 

experiences shared together, for her support in the most difficult times and the amazing 

friendship that still bonds us together.  

I would like to thank my family, my mother and my sister for their love, support and 

understanding of my choices. It has been and still is difficult to be apart from them.   

A special thanks goes to my best friends that have shared with me the ups and downs of 

this entire journey. I feel lucky and grateful to have them on my side.  

Finally I would like to give the most gratitude to my partner Niall, who has been next to 

me since this journey started. His confidence in me was fundamental in completing this 

work and achieving my career goals.   

For the various funding I have received during my PhD I would like to thank:  

The Medical Research Council for providing funding related to the development and in 

vivo characterization of one of the cement formulations developed throughout the study.  

The Bart’s Charity for providing funding to support my final year as a PhD student.  

 

 

 

 

 

 

 



7 

 

TABLE OF CONTENTS 

Abstract ...................................................................................................................... 5	

Acknowledgments ....................................................................................................... 6	

Chapter 1	 Introduction ....................................................................................... 29	

Chapter 2 Literature review .................................................................................... 32	

2.1	 Bone ......................................................................................................................32	
2.1.1	 Bone anatomy ............................................................................................................... 32	
2.1.2	 Bone development......................................................................................................... 35	
2.1.3	 Bone cells ..................................................................................................................... 35	
2.1.4	 Bone remodelling .......................................................................................................... 38	
2.1.5	 Bone healing ................................................................................................................. 40	

2.2	 Alveolar bone .........................................................................................................41	
2.2.1	 Anatomical considerations of alveolar bone ................................................................... 41	
2.2.2	 Alveolar bone healing in post-extraction sockets ............................................................ 42	

2.3	 Bone grafts .............................................................................................................43	
2.3.1	 Bone grafts and bone substitutes currently used in dentistry ........................................... 46	
2.3.2	 Allografts ...................................................................................................................... 47	
2.3.3	 Xenografts .................................................................................................................... 47	
2.3.4	 Alloplasts ...................................................................................................................... 49	

2.4	 Bioactive glass .......................................................................................................52	
2.4.1	 Glass structure and network connectivity ....................................................................... 52	
2.4.2	 Mechanism of bioactivity .............................................................................................. 54	
2.4.3	 Biological properties of bioactive glasses ....................................................................... 55	
2.4.4	 Use of bioactive glass as a bone substitute in dentistry ................................................... 56	

2.5	 Calcium phosphates................................................................................................58	
2.5.1	 Hydroxyapatite.............................................................................................................. 58	
2.5.2	 Octacalcium phosphate .................................................................................................. 59	

2.6	 Calcium phosphate cements....................................................................................61	
2.6.1	 Advantages and disadvantages of CPCs. ........................................................................ 62	
2.6.2	 Setting reaction of CPCs................................................................................................ 63	
2.6.3	 Mechanical properties of CPCs ...................................................................................... 65	
2.6.4	 Biodegradation of CPCs ................................................................................................ 66	
2.6.5	 Clinical applications of CPCs ........................................................................................ 68	

2.7	 Novel bioactive glass based calcium phosphate cement ..........................................71	
2.7.1	 Advantages of using a BG based CPC ........................................................................... 72	

2.8	 Strontium ...............................................................................................................74	
2.8.1	 Mechanisms of action of strontium on osteoblasts .......................................................... 74	



8 

 

2.8.2	 Mechanisms of action of strontium on osteoclasts .......................................................... 75	
2.8.3	 Strontium effect on bone related gene expression ........................................................... 75	
2.8.4	 Strontium safety issues .................................................................................................. 76	
2.8.5	 Strontium substitutions in hydroxyapatite ...................................................................... 77	
2.8.6	 Previous use of strontium in CPCs ................................................................................. 78	
2.8.7	 Strontium containing bioactive glasses........................................................................... 79	

Chapter 3 Development and characterization of novel strontium containing 

bioactive glass based calcium phosphate cements ................................................... 83	

3.1	 Aim and objectives .................................................................................................83	
3.2	 Material and methods .............................................................................................84	

3.2.1	 Glass compositions........................................................................................................ 84	
3.2.2	 Glass production and characterization ............................................................................ 85	
3.2.3	 Ca(H2PO4)2 processing .................................................................................................. 88	
3.2.4	 Cement production ........................................................................................................ 88	
3.2.5	 Immersion studies ......................................................................................................... 89	
3.2.6	 Cement properties characterization ................................................................................ 90	
3.2.7	 Cell culture studies ........................................................................................................ 95	

3.3	 Results ................................................................................................................. 103	
3.3.1	 Glass characterization.................................................................................................. 103	
3.3.2	 Cement characterization .............................................................................................. 106	
3.3.3	 Cell culture studies ...................................................................................................... 149	

3.4	 Discussions .......................................................................................................... 160	
3.4.1	 Glass characterisation .................................................................................................. 160	
3.4.2	 Cement characterisation .............................................................................................. 161	
3.4.3	 Cell studies ................................................................................................................. 170	

Chapter 4	 Novel formulation of bioactive glass based calcium phosphate 

cement: cement development and characterization ...............................................178	

4.1	 Aim of the study ................................................................................................... 179	
4.2	 Material and methods ........................................................................................... 180	

4.2.1	 PaG15 glass specification and outsource of raw materials ............................................ 181	
4.2.2	 Characterization of raw materials................................................................................. 183	
4.2.3	 Mixing and delivery device ......................................................................................... 185	
4.2.4	 PaG15 cement specification and formulation ............................................................... 187	
4.2.5	 Investigation of stability of cement powder .................................................................. 189	
4.2.6	 Evaluation of polymer content in the cement powder ................................................... 190	
4.2.7	 Dry mixing regime ...................................................................................................... 192	
4.2.8	 Production of PaG15 powder and liquid for in vitro and in vivo analysis ...................... 192	
4.2.9	 In vitro characterization of PaG15 cement ................................................................... 193	



9 

 

4.3	 Results and discussion .......................................................................................... 198	
4.3.1	 Characterization of raw materials................................................................................. 198	
4.3.2	 Optimisation of cement formulation............................................................................. 215	
4.3.3	 Investigation of stability of cement powder .................................................................. 217	
4.3.4	 Evaluation of polymer content in the cement powder ................................................... 222	
4.3.5	 Dry mixing regime validation ...................................................................................... 224	
4.3.6	 Analysis of PaG15 powder produced for in vitro and in vivo analysis ........................... 226	
4.3.7	 Analysis of PaG15 liquid produced for in vitro and in vivo analysis ............................. 228	
4.3.8	 In vitro characterization of PaG15 cement ................................................................... 231	
4.3.9	 Cell culture studies ...................................................................................................... 244	
4.3.10	 Discussion .............................................................................................................. 248	

Chapter 5	 Implantation study: preliminary results .........................................250	

5.1	 Aim ...................................................................................................................... 250	
5.2	 Materials and methods .......................................................................................... 250	

5.2.1	 Experimental model .................................................................................................... 250	
5.2.2	 Surgical treatments ...................................................................................................... 251	
5.2.3	 First surgery: teeth extraction ...................................................................................... 251	
5.2.4	 Second surgery: creation of standardized surgical defects ............................................. 252	
5.2.5	 XMT and histological analysis .................................................................................... 253	

5.3	 Results ................................................................................................................. 258	
5.3.1	 Descriptive XMT and histology ................................................................................... 259	
5.3.2	 Histopathology ............................................................................................................ 274	
5.3.3	 Histomorphometry ...................................................................................................... 276	

5.4	 Discussion ............................................................................................................ 279	

Chapter 6	 General summary and concluding remarks ....................................288	

Chapter 7 Future work ...........................................................................................294	

References ................................................................................................................296	

Appendix A ..............................................................................................................311	

Appendix B ..............................................................................................................313	

Appendix C ..............................................................................................................316	

Appendix D ..............................................................................................................320	

Appendix E ..............................................................................................................321	

Appendix F ..............................................................................................................327	

Appendix G ..............................................................................................................336	



10 

 

 

LIST OF TABLES 
 

Table 3-1: Composition of glasses produced in mol%..............................................................84	
Table 3-2: Composition of cement powder (values are reported in grams) and calculated % of Sr2+ 

substitution for Ca2+ in the final cement. ..................................................................................88	
Table 3-3: Particle size analysis: the mean value of the equivalent spherical diameter at the 

cumulative volume percentage of 10% (D10), 50% (D50) and 90% (D90) measured by laser 

diffraction analysis, showed as mean and standard deviation (µm). ........................................ 105	
Table 3-4: Comparison between crystal phases formation after cement immersion in Tris buffer 

and SBF for 1 h, 1 d, 7 d and 28 days. OCP-octacalciumphosphate; HA-hydroxyapatite; NSr-

nastrophite; X- unknown phase. ............................................................................................ 115	
Table 3-5: FTIR band assignment for cement immersed in Tris buffer solution (Fowler et al., 

1993) (Elliott, 1994). ............................................................................................................. 120	
Table 3-6: Cytotoxicity of experimental extracts. Values represent cell viability percentages as 

normalized data against NC. Mean and standard deviation of three independent experiments are 

reported. ............................................................................................................................... 152	
Table 4-1: PaG15 glass specification ..................................................................................... 182	
Table 4-2: Raw materials used for final cement formulation divided into its powder and liquid 

components. .......................................................................................................................... 183	
Table 4-3: Mixing and delivery device components. .............................................................. 187	
Table 4-4: PaG15 cement specification ................................................................................. 188	
Table 4-5: Table shows cement formulations in which proportions of glass:CPM were changed 

(formulations 1 to 5), CPA was added (formulation 6), LPR (liquid to powder ratio) was adjusted 

(formulation 7) and PVP was added . Setting time of each formulation was measured using a 

Gilmore needle test. .............................................................................................................. 189	
Table 4-6: Particle size distribution reported as d10, d50 and d90 percentiles of the three batches 

of PaG15 glass produced at Noraker. Mean ± standard deviation of 5 measurements. Laser 

diffraction analysis using dry dispersion. ............................................................................... 201	
Table 4-7: Determination of trace elements for the 3 glass batches produced at Noraker. Analysis 

conducted by Lucideon. ........................................................................................................ 202	
Table 4-8: Elemental composition of the 3 glass batches manufactured at Noraker obtained by 

XRF analysis conducted at Lucideon. .................................................................................... 202	
Table 4-9: FTIR band assignment for CPA from Sigma Aldrich  and CPM and CPA from 

Innophos. Band assignment based on reference  (Xu et al., 1998). ......................................... 205	



11 

 

Table 4-10: Particle size distribution reported as D10, D50 and D90 percentiles of the three 

calcium phosphate salts analysed. Mean and standard deviation of 5 measurements. Laser 

diffraction analysis using dry dispersion. ............................................................................... 207	
Table 4-11: Determination of trace elements for the CP salts purchased from Innophos. Analysis 

conducted by Lucideon. ........................................................................................................ 207	
Table 4-12: Elemental composition of the CP salts purchased from Innophos obtained by XRF 

analysis conducted at Lucideon. ............................................................................................ 208	
Table 4-13: FTIR band assignment for PlasdoneÔ Povidone purchased from Ashland. Band 

assignment based on reference (Koczkur et al., 2015). ........................................................... 209	
Table 4-14: Determination of trace elements for the Na2HPO4 salt purchased from Innophos. 

Analysis conducted by Lucideon. .......................................................................................... 211	
Table 4-15: Elemental composition of the Na2HPO4 salt purchased from Innophos obtained by 

XRF analysis conducted at Lucideon. .................................................................................... 212	
Table 4-16: Effect of change in weight % of cement powder reagents and liquid powder ratio 

(LPR) on initial and final setting time of different cement formulations. Setting time was recorded 

using the Gilmore needle test. CPM: Monocalcium Phosphate Monohydrate. CPA: Monocalcium 

Phosphate Anhydrous. PVP: Polyvinylpyrrolidone ................................................................ 215	
Table 4-17: Initial setting time of the cements in which powders were stored for 2 months or 

stored and irradiated. Setting time recorded with the Gilmore needle test. 5 syringes (powder and 

liquid) were analysed for each group. .................................................................................... 219	
Table 4-18: FTIR band assignment for cement immersed in Tris buffer and SBF solutions. ... 236	
Table 5-1: Scoring System used for histopathology examination adapted from ISO 10993-

6:2016(E). hpf: high powered (400x) field. ............................................................................ 256	
Table 5-2: Summarized Scores according to ISO 10993-6:2007(E) Combined Right and Left Side

 ............................................................................................................................................. 274	
Table 5-3: Descriptive statistics obtained from histomorphometric analysis categorized by 

treatment group and endpoint ................................................................................................ 276	
 

Table C-1: Particle size distribution reported as d10, d50 and d90 percentiles of the three batches 

of PaG15 glass produced at Mo-SCI. Mean and standard deviation of 5 measurements. Laser 

diffraction analysis using dry dispersion. ............................................................................... 317	
Table C-2: Determination of trace elements for the 3 glass batches produced at Mo-SCI. Analysis 

conducted by Lucideon. ........................................................................................................ 319	
Table C-3: Elemental composition of the 3 glass batches manufactured at Mo-SCI obtained by 

XRF analysis conducted at Lucideon. .................................................................................... 319	
Table F-1:NC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993 6:2016). Right Side..................................................................................................... 327	



12 

 

Table F-2: NC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993 6:2016).  Left Side ...................................................................................................... 327	
Table F-3: BC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 328	
Table F-4: BC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 328	
Table F-5: PaG15.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 329	
Table F-6: PaG15.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 329	
Table F-7: NC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 330	
Table F-8: NC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 330	
Table F-9: BC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 331	
Table F-10: BC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 331	
Table F-11: PaG15.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 332	
Table F-12: PaG15. 6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 332	
Table F-13: NC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 333	
Table F-14: NC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 333	
Table F-15: BC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 334	
Table F-16: BC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 334	
Table F-17: PaG15. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Right Side .................................................................................................... 335	
Table F-18: PaG15. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 

10993-6:2016). Left Side ...................................................................................................... 335	

 
 



13 

 

LIST OF FIGURES 
 

Figure 2-1: Schematic representation of the microstructure of a long bone. From: 

http://morganmusumeciaphonors.weebly.com/skeletal-system.html ........................................33	
Figure 2-2: Human cortical lamellar bone formed of  osteons with concentric lamellae around 

central canals. Lamellae appear as alternating bright and dark bands as viewed using transmitted 

polarized light. Magnification X100. From: https://basicmedicalkey.com/bone-3/. ..................34	
Figure 2-3: Scanning electron microscope image of trabecula showing a mosaic of bone packets. 

Pairs of parallel lines highlight the orientation of lamellae: white solid the newest lamellar 

packets, co-oriented with the trabecular axis; black dashed, truncated older lamellar packets not 

aligned with the trabecular axis; black dotted, the most truncated and the oldest lamellar packets, 

not aligned with the trabecular axis. Scale bar 40 µm (Reznikov et al., 2015)...........................35	
Figure 2-4: Schematic illustration of a transverse section of human bone. Osteocytes are 

connected to each other through the canaliculi system where their cytoplasmic processes are 

hosted. From: https://en.wikipedia.org/wiki/Osteon. ................................................................37	
Figure 2-5: Diagram illustrating the pathway of differentiation of hematopoietic stem cells 

through the osteoclast lineage. From: Bone Physiology, Osteology Foundation. Reihnard Gruber.

 ...............................................................................................................................................38	
Figure 2-6: Schematic representation of a cutter cone. From http://pocketdentistry.com/4-bone-

physiology-metabolism-and-biomechanics-in-implant-therapy/. ..............................................39	
Figure 2-7: Light microscopy image of human periodontal ligament (PDL). Sharpey’s fibres 

(arrowheads) connect the PDL to the alveolar bone (b) and the cementum (c). Magnification x250. 

(Beertsen et al., 1997) .............................................................................................................41	
Figure 2-8: Structure of a glass network (Coleman and Nicholson, 2006). ...............................53	
Figure 2-9: Schematic atomic structure of hydroxyapatite in the (001) plane (Cazalbou et al., 

2004). .....................................................................................................................................59	
Figure 2-10: Solubility phase diagram (Chow, 2009) ...............................................................64	
Figure 3-1: Steps for research methodology presented in this chapter. .....................................84	
Figure 3-2: Schematic representation of constructive interference of X-ray scattering from 

crystalline planes. ...................................................................................................................86	
Figure 3-3: XRD pattern and relative intensities of Hydroxyapatite ICSD reference code 01-074-

0565 from (Sudarsanan and Young, 1969). ..............................................................................92	
Figure 3-4: Infrared and Raman Band assignments for hydroxyapatite from (Elliott, 1994). vs, 

very sharp; vw, very weak; w, weak; m, medium; s, strong; vs, very strong; sh, shoulder ........93	
Figure 3-5: XRD patterns of the PaG15Sr glass series studied. Data normalized. ................... 103	
Figure 3-6: FTIR spectra of the PaG15Sr glass series studied. Data normalized. .................... 104	
Figure 3-7: Glass transition temperature plotted against % of Sr2+ substitution in the glass..... 105	



14 

 

Figure 3-8: Initial and final setting times (mean ± standard deviation of three measurements) of 

PaG15Sr cement compositions. ............................................................................................. 106	
Figure 3-9: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer 

solution for 1 hour. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * 

Octacalcium Phosphate; */● indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite.

 ............................................................................................................................................. 107	
Figure 3-10: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer 

solution for 1 day. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * 

Octacalcium Phosphate; */● indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite.

 ............................................................................................................................................. 108	
Figure 3-11: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer 

solution for 7 days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * 

Octacalcium Phosphate; */● indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified 

phase. ................................................................................................................................... 109	
Figure 3-12: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer 

solution for 28 days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. ● Apatite; 

X unidentified phase. ............................................................................................................ 110	
Figure 3-13: X-ray diffraction patterns of all cement compositions after immersion in SBF for 1 

hour. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 

*/● indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite, + Monetite, ° Brushite.

 ............................................................................................................................................. 111	
Figure 3-14: X-ray diffraction patterns of all cement compositions after immersion in SBF for 1 

day. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 

*/● indistinguishable OCP/Hydroxyapatite; ¨ Nastrophite. ................................................... 112	
Figure 3-15: X-ray diffraction patterns of all cement compositions after immersion in SBF for 7 

days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 

*/● indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified phase ......................... 113	
Figure 3-16:X-ray diffraction patterns of all cement compositions after immersion in SBF for 28 

days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 

*/● indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified phase. ........................ 114	
Figure 3-17: Shift of the 002 diffraction line as function of the % Sr2+ substitution for Ca2+ in the 

glasses after immersion in Tris buffer (a) and SBF (b) at 1 h, 1 d, 7 d and 28 d. ..................... 116	
Figure 3-18: Shift of the 002 peak as function of the % of strontium stoichiometric content in 

different strontium containing apatites. Trend line equation and R-squared value are shown. . 117	
Figure 3-19: % of strontium stoichiometric content in the apatite lattice formed as end product of 

cements as function of the % strontium content in the cement composition after 1, 24, 168 and 



15 

 

672 hours (1 hour, 1 day, 7 days and 28 days respectively).   A) Immersion in Tris; b) Immersion 

in SBF. ................................................................................................................................. 117	
Figure 3-20: Fourier transform infrared spectra of all cement compositions after immersion in 

Tris buffer solution for 1 hour, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 

1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units)................. 118	
Figure 3-21: Fourier transform infrared spectra of all cement compositions after immersion in 

Tris buffer solution for 1 day, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 to 

1150 wavenumber cm-1 (right).  Y axis shows relative absorbance (arbitrary units). ............... 119	
Figure 3-22: Fourier transform infrared spectra of all cement compositions after immersion in 

Tris buffer solution for 7 days, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 to 

1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units)................. 119	
Figure 3-23: Fourier transform infrared spectra of all cement compositions after immersion in 

Tris buffer solution for 28 days, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 

to 1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units). ............ 119	
Figure 3-24: Crystallites size (nm) of apatite after immersion of the cements in Tris buffer solution 

(left) and SBF (right) for 1 hour, 1 day, 7 days and 28 days for all cement compositions. ....... 121	
Figure 3-25: Scanning electron micrographs of PaG15Sr0 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution.

 ............................................................................................................................................. 122	
Figure 3-26: Scanning electron micrographs of PaG15Sr5 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution.

 ............................................................................................................................................. 123	
Figure 3-27: Scanning electron micrographs of PaG15Sr10 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution.

 ............................................................................................................................................. 124	
Figure 3-28: Scanning electron micrographs of PaG15Sr25 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution.

 ............................................................................................................................................. 125	
Figure 3-29: Scanning electron micrographs of PaG15Sr50 cement at 1 hour after immersion in 

Tris buffer solution. .............................................................................................................. 126	
Figure 3-30: Scanning electron micrographs of PaG15Sr50 cement at 1 day after immersion in 

Tris buffer solution. .............................................................................................................. 126	
Figure 3-31: Scanning electron micrographs of PaG15Sr50 cement at 7 days after immersion in 

Tris buffer solution. .............................................................................................................. 127	
Figure 3-32: Scanning electron micrographs of PaG15Sr50 cement at 28 days after immersion in 

Tris buffer solution. .............................................................................................................. 127	



16 

 

Figure 3-33: Scanning electron micrographs of PaG15Sr75 cement at 1 hour after immersion in 

Tris buffer solution. .............................................................................................................. 128	
Figure 3-34: Scanning electron micrographs of PaG15Sr75 cement at 1 day after immersion in 

Tris buffer solution. .............................................................................................................. 128	
Figure 3-35: Scanning electron micrographs of PaG15Sr75 cement at 7 days after immersion in 

Tris buffer solution. .............................................................................................................. 129	
Figure 3-36: Scanning electron micrographs of PaG15Sr75 cement at 28 days after immersion in 

Tris buffer solution. .............................................................................................................. 129	
Figure 3-37: Scanning electron micrographs of PaG15Sr100 cement at 1 hour after immersion in 

Tris buffer solution. .............................................................................................................. 130	
Figure 3-38: Scanning electron micrographs of PaG15Sr100 cement at 1 day after immersion in 

Tris buffer solution. .............................................................................................................. 130	
Figure 3-39: Scanning electron micrographs of PaG15Sr100 cement at 7 days after immersion in 

Tris buffer solution. .............................................................................................................. 131	
Figure 3-40: Scanning electron micrographs of PaG15Sr100 cement at 28 days after immersion 

in Tris buffer solution. .......................................................................................................... 131	
Figure 3-41: Scanning electron micrographs of PaG15Sr0 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in SBF. ..................... 132	
Figure 3-42: Scanning electron micrographs of PaG15Sr5 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in SBF. ..................... 133	
Figure 3-43: Scanning electron micrographs of PaG15Sr10 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in SBF. ..................... 134	
Figure 3-44: Scanning electron micrographs of PaG15Sr25 cement at 1 hour (top left), 1 day (top 

right), 7 days (bottom left) and 28 days (bottom right) after immersion in SBF. ..................... 135	
Figure 3-45: Scanning electron micrographs of PaG15Sr50 cement at 1 hour after immersion in 

SBF solution. ........................................................................................................................ 136	
Figure 3-46: Scanning electron micrographs of PaG15Sr50 cement at 1 day after immersion in 

SBF solution. ........................................................................................................................ 136	
Figure 3-47: Scanning electron micrographs of PaG15Sr50 cement at 7 days after immersion in 

SBF solution. ........................................................................................................................ 137	
Figure 3-48: Scanning electron micrographs of PaG15Sr50 cement at 28 days after immersion in 

SBF solution. ........................................................................................................................ 137	
Figure 3-49: Scanning electron micrographs of PaG15Sr75 cement at 1 hour after immersion in 

SBF solution. ........................................................................................................................ 138	
Figure 3-50: Scanning electron micrographs of PaG15Sr75 cement at 1 day after immersion in 

SBF solution. ........................................................................................................................ 138	



17 

 

Figure 3-51: Scanning electron micrographs of PaG15Sr75 cement at 7 days after immersion in 

SBF solution. ........................................................................................................................ 139	
Figure 3-52: Scanning electron micrographs of PaG15Sr75 cement at 28 days after immersion in 

SBF solution. ........................................................................................................................ 139	
Figure 3-53: Scanning electron micrographs of PaG15Sr100 cement at 1 hour after immersion in 

SBF solution. ........................................................................................................................ 140	
Figure 3-54: Scanning electron micrographs of PaG15Sr100 cement at 1 day after immersion in 

SBF solution. ........................................................................................................................ 140	
Figure 3-55: Scanning electron micrographs of PaG15Sr100 cement at 7 days after immersion in 

SBF solution. ........................................................................................................................ 141	
Figure 3-56: Scanning electron micrographs of PaG15Sr100 cement at 28 days after immersion 

in SBF solution. .................................................................................................................... 141	
Figure 3-57: Compressive strength (mean± standard deviation) of cement cylinders immersed in 

Tris (n=8) for 1 hour, 1 day, 7 days, 28 days. ........................................................................ 142	
Figure 3-58: Compressive strength (mean± standard deviation) of cement cylinders immersed in 

from SBF (n=8) for 1 hour, 1 day, 7 days, 28 days. ............................................................... 143	
Figure 3-59: Elemental concentration (mmol/L) of calcium as determined by ICP-OES in a) Tris 

buffer solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 

days expressed in hours. ........................................................................................................ 144	
Figure 3-60: Elemental concentration (mmol/L) of strontium as determined by ICP-OES in a) 

Tris buffer solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 

28 days expressed in hours. ................................................................................................... 145	
Figure 3-61: Elemental concentration (mmol/L) of phosphorous as determined by ICP-OES in a) 

Tris buffer solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 

28 days expressed in hours. ................................................................................................... 145	
Figure 3-62: Elemental concentration (mmol/L) of silicon as determined by ICP-OES in a) Tris 

buffer solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 

days expressed in hours. ........................................................................................................ 146	
Figure 3-63: Elemental concentration (mmol/L) of sodium as determined by ICP-OES in a) Tris 

buffer solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 

days expressed in hours. ........................................................................................................ 147	
Figure 3-64: Effect of increase strontium substitution in the glass on radiopacity of cements, 

expressed as equivalent thickness of Aluminium (mm, mean ± standard deviation of three 

measurements). ..................................................................................................................... 148	
Figure 3-65: Elemental concentration (mmol/L) of calcium (a), strontium(b), phosphorous (c), 

silicon (d), sodium (e) and all elements together (f)  as determined by ICP-OES after cement 



18 

 

immersion in α-MEM for 1 day.  On the x axis all cement compositions and control (α-MEM).

 ............................................................................................................................................. 149	
Figure 3-66: Effect of experimental extracts on the viability of cells measured via the MTT assay. 

Data are presented as optical density (OD) value at 570 nm. Error bars represent standard 

deviation of the mean of six wells per treatment of three independent experiments. * p <0.05 

compared to NC, + p <0.05 compared to Sr0. ........................................................................ 151	
Figure 3-67: Osteoblasts density and morphology as observed under light microscope 1 day 

subsequent to exposure to negative control (NC) and cement conditioned medium with increasing 

strontium concentrations in the glass. Scale bar:20 µm. ......................................................... 153	
Figure 3-68: Osteoblasts density and morphology as observed under light microscope 7 days 

subsequent to exposure to negative control (NC) and cement conditioned medium with increasing 

strontium concentrations in the glass. Scale bar:20 µm. ......................................................... 154	
Figure 3-69: Effect of experimental extracts on the proliferation of MC3T3-E1 cells measured via 

a DNA assay. Data are presented as fluorescence intensity units. Error bars represent standard 

deviation of the mean of six wells per treatment of three independent experiments.* p <0.05 

compared to NC, + p <0.05 compared to Sr0. ........................................................................ 155	
Figure 3-70: Effect of experimental extracts on the differentiation of MC3T3-E1 cells measured 

via the ALP activity assay after 7 days. Data are presented as optical density (OD) values at 405 

nm. Error bars represent standard deviation of the mean of six wells per treatment of three 

independent experiments. ...................................................................................................... 156	
Figure 3-71: Elemental concentration (mmol/L) of strontium, silicon, and phosphorous as 

determined by ICP-OES after cement immersion in α-MEM for 3 days. On the x axis all cement 

compositions and pure a-MEM. ............................................................................................ 157	
Figure 3-72: Effect of direct contact with experimental cements on the proliferation of MC3T3-

E1 cells measured via a DNA assay. Data are presented as fluorescence intensity units. Error bars 

represent standard deviation of the mean of five wells per treatment of one experiment.* p <0.05 

compared to Sr0. ................................................................................................................... 158	
Figure 3-73: SEM micrographs of MC3T3-E1 cells cultured for 7 days on PaG15Sr0 cement disc.

 ............................................................................................................................................. 159	
Figure 3-74: SEM micrographs of MC3T3-E1 cells cultured for 7 days on PaG15Sr25 cement 

disc. ...................................................................................................................................... 159	
Figure 4-1: Flow chart of research methodology presented in this chapter. The methods and results 

related to the implantation study are reported in Chapter 5..................................................... 180	
Figure 4-2: Component A of the mixing and delivery device with single parts and assembled 

syringe. ................................................................................................................................. 186	
Figure 4-3: Component B of the mixing and delivery device. ................................................ 186	



19 

 

Figure 4-4: DSC trace of PaG15 cement powder with 0.33% of PVP. Insert: Integrated area of 

peak at 425 °C measured from 394 and 456 °C with QuickPeaks tool in OriginPro2016. ....... 191	
Figure 4-5: XRD patterns of the three batches of PaG15 glass produced at Noraker............... 198	
Figure 4-6: FTIR spectra of the three batches of PaG15 glass produced at Noraker. ............... 199	
Figure 4-7: DSC plot of the three batches of PaG15 glass produced at Noraker and glass transition 

temperature extrapolated. ...................................................................................................... 200	
Figure 4-8: Particle size distributions of PaG15 glasses produced at Noraker. ........................ 201	
Figure 4-9: XRD patterns of the CP powders supplied by Sigma Aldrich (left) and Innophos (right) 

with ICDD patterns of CPM (left) and CPA (right) references overlaid in red. ....................... 204	
Figure 4-10: FTIR spectra of the CPA powders supplied by Sigma Aldrich (left) and Innophos 

(right). .................................................................................................................................. 204	
Figure 4-11: Left: XRD pattern of the CPM supplied by Innophos with ICDD reference pattern 

of CPM overlaid in red.  Right: FTIR spectra of the CPM supplied by Innophos. ................... 206	
Figure 4-12: Particle size distribution of the CPM and CPA from Innophos and CPA from Sigma 

Aldrich used in previous experiments. Laser diffraction analysis in dry dispersion. ................ 206	
Figure 4-13: FTIR spectra of PlasdoneÔ Povidone purchased from Ashland. ........................ 209	
Figure 4-14: Particle size distribution of the PVP purchased from Ashland. Laser diffraction 

analysis in dry dispersion was used. D10, D50 and D90 percentiles of 5 measurements reported 

as mean±standard deviation. ................................................................................................. 210	
Figure 4-15: XRD of Na2HPO4 salt supplied by Innophos. ................................................... 211	
Figure 4-16: XRD patterns of the cement powder after mixing, mixing+storage for 60 days (Mix 

stored)  and mixing+ storage + gamma irradiated (Mix stored & g-irr.). At the bottom XRD 

patterns of salts used as reagents. .......................................................................................... 217	
Figure 4-17: XRD patterns of  salts used as reagents (CPA and CPM) and a mixture of the salts 

with same ratio that in cement powder................................................................................... 218	
Figure 4-18: Normalized DSC traces of cement powder components and cement powder mixture 

containing 0.33% of PVP. ..................................................................................................... 222	
Figure 4-19: Left: DSC traces of cement powder mixtures with increasing amount of PVP. Right: 

calibration curve of PVP content from cement powder mixtures with increasing amount of PVP 

content (from 0 weight % to 1.32 weight %).......................................................................... 223	
Figure 4-20: DSC traces of cement powder mixed for 10, 20 and 30 minutes in a Turbula mixer 

system. Insert: calculated weight % of PVP content based on equation extrapolated from the DSC 

calibration curve. .................................................................................................................. 224	
Figure 4-21: Left: Particle size distribution of the single cement powder components and cement 

powder mixed for 20 minutes with Turbula mixer. Right: particle size distribution of the single 

cement powder components and cement powder mixed for 20 minutes adjusted by the weight% 

in the mixture. ....................................................................................................................... 225	



20 

 

Figure 4-22: XRD patterns of the produced cement powder batches after mixing for 20 minutes 

in the Turbula mixer. At the bottom XRD patterns of salts used as reagents. .......................... 226	
Figure 4-23: Particle size distribution of the cement powder batches mixed for 20 minutes. ... 227	
Figure 4-24: Left: DSC traces of cement powder batches mixed for 20 minutes in a Turbula mixer 

system. Right: calculated weight % of PVP content based on equation extrapolated from the DSC 

calibration curve (Figure 4-19). ............................................................................................. 227	
Figure 4-25: Elemental concentration (mmol/L) of sodium and phosphorous as determined by 

ICP/OES in prepared 2.5% Na2HPO4 solutions. Five batches were analysed and compared 

against calculated concentrations. .......................................................................................... 228	
Figure 4-26: Initial and final setting time of PaG15 cement (powder and liquid batch 001) 

measured using a Gilmore needle test. 5 syringes of packaged and gamma irradiated cement were 

used. ..................................................................................................................................... 231	
Figure 4-27: X-ray diffraction patterns of PaG15 cement (powder and liquid batch 001) after 

immersion in Tris buffer solution for 1 hour, 1 day, 7 days and 28 days. * Octacalcium Phosphate 

(Ca8(HPO4)2(PO4)4·5H2O); ● Hydroxyapatite (Ca10(PO4)6(OH)2); */● indistinguishable 

OCP/Hydroxyapatite; ° Monetite (CaHPO4). ......................................................................... 232	
Figure 4-28: X-ray diffraction patterns of PaG15 cement (powder and liquid batch 001) after 

immersion in SBF for  1 hour, 1 day, 7 days and 28 days. * Octacalcium Phosphate 

(Ca8(HPO4)2(PO4)4·5H2O); ● Hydroxyapatite (Ca10(PO4)6(OH)2); */● indistinguishable 

OCP/Hydroxyapatite; ° Monetite (CaHPO4). ......................................................................... 233	
Figure 4-29: Fourier transform infrared spectra of PaG15 cement (powder and liquid batch 001) 

after immersion in Tris buffer solution for 1 hour, 1 day, 7 days and 28 days plotted between 500 

to 4000 wavenumber cm-1 and 500 to 900 wavenumber cm-1 (insert). Y axis shows relative 

absorbance (arbitrary units). .................................................................................................. 234	
Figure 4-30: Fourier transform infrared spectra of PaG15 cement (powder and liquid batch 001) 

after immersion in SBF for 1 hour, 1 day, 7 days and 28 days plotted between 500 to 4000 

wavenumber cm-1 and 500 to 900 wavenumber cm-1 (insert). Y axis shows relative absorbance 

(arbitrary units). .................................................................................................................... 235	
Figure 4-31: Scanning electron micrographs of PaG15 cement at 1 hour after immersion in Tris 

buffer. ................................................................................................................................... 237	
Figure 4-32: Scanning electron micrographs of PaG15 cement at 1 day after immersion in Tris 

buffer. ................................................................................................................................... 237	
Figure 4-33: Scanning electron micrographs of PaG15 cement at 7 days after immersion in Tris 

buffer. ................................................................................................................................... 238	
Figure 4-34: Scanning electron micrographs of PaG15 cement at 28 days after immersion in Tris 

buffer. ................................................................................................................................... 238	



21 

 

Figure 4-35: Scanning electron micrographs of PaG15 cement at 1 hour after immersion in SBF.

 ............................................................................................................................................. 238	
Figure 4-36: Scanning electron micrographs of PaG15 cement at 1 day after immersion in SBF.

 ............................................................................................................................................. 239	
Figure 4-37: Scanning electron micrographs of PaG15 cement at 7 days after immersion in SBF.

 ............................................................................................................................................. 239	
Figure 4-38: Scanning electron micrographs of PaG15 cement at 28 days after immersion in SBF.

 ............................................................................................................................................. 239	
Figure 4-39: Compressive strength (mean± standard deviation, n=8) of cement cylinders 

immersed in Tris buffer and SBF solutions for 1 hour, 1 day, 7 days, 28 days. ....................... 240	
Figure 4-40: Elemental concentration (mmol/L) of calcium, phosphorous, silicon and sodium as 

determined by ICP-OES after PaG15 cement immersion in Tris and SBF for 1 hour, 1 day, 7 days 

and 28 days. Time is expressed in hours. ............................................................................... 242	
Figure 4-41: Effect of PaG15 cement extract (cell culture medium conditioned with the cement 

for 1 day) on the viability of fibroblast cells measured via an MTT assay (left Y axis) and on the 

fibroblasts proliferation measured via a DNA assay (right Y axis). NC: negative control, non 

conditioned culture medium; SLS: positive control, 0.1 mg/ml solution of SLS in DMEM. Error 

bars represent standard deviation of the mean of six wells per treatment of three independent 

experiments.* p <0.05 compared to NC. + p<0.05 compared to PaG15. Unpaired t test was used.

 ............................................................................................................................................. 244	
Figure 4-42: Fibroblasts density and morphology as observed under light microscope 24 hours 

subsequent to exsposure to negative control (NC), cement conditioned medium (PaG15) and 

positive control (SLS). Scale bar:20 µm ................................................................................ 244	
Figure 4-43: Effect of cement extracts on the viability of cells measured via an MTT assay at 1 

day and 7 days. Data are presented as optical density (OD) value at 570 nm. Error bars represent 

standard deviation of the mean of six wells per treatment of three independent experiments. * p 

<0.05 compared to NC. + p<0.05 compared to PaG15. Mann Whitney U test used for 1 d results, 

unpaired t test used for 7 d results. ........................................................................................ 245	
Figure 4-44: Osteoblasts density and morphology as observed under light microscope 1 day and 

7 days subsequent to exposure to negative control (NC), cement conditioned medium (PaG15) 

and positive control (SLS). Scale bar:20 µm .......................................................................... 246	
Figure 4-45: Effect of experimental extracts on the proliferation of MC3T3-E1 cells measured via 

a DNA assay. Data are presented as fluorescence intensity units. Error bars represent standard 

deviation of the mean of six wells per treatment of three independent experiments.* p <0.05 

compared to NC. + p<0.05 compared to PaG15. Unpaired t test was used.............................. 247	
Figure 4-46: Effect of  PaG15 extract on the differentiation of osteoblasts measured via an ALP 

activity assay (left Y axis) and on their proliferation measured via a DNA assay (right Y axis) 



22 

 

after 7 days.  NC: negative control, non conditioned culture medium; SLS: positive control, 0.1 

mg/ml solution of sodium lauryl sulphate in α-MEM. Error bars represent standard deviation of 

the mean of six wells per treatment of three independent experiments ................................... 248	
Figure 5-1: Clinical images showing the steps  involved in the second surgery. (a): Incision of the 

edentulous area; (b): flattening of the alveolar ridge exposed; (c): creation of surgical defects (6 

x 6 mm); (d): from left to right defect filled Bone CeramicÒ, empty defect, defect filled with 

PaG15 cement; (e): defects covered by collagen membrane (BioGideÒ); (f): wounds sutured. 252	
Figure 5-2: Examples of ROIs definition and segmentation for evaluation of new bone formation 

and graft left in situ. a) Site left untreated (NC) after 3 weeks. b) Site treated with PaG15 after 6 

weeks. c) Site treated with BC after 12 weeks. ...................................................................... 255	
Figure 5-3:Axial view of XMT of all the samples at 3 weeks divided by left and right side of the 

mandible. Each animal is identified by a unique number (on the left column). Sites marked with 

a yellow asterisk were grafted with PaG15 cement. Of these only one site (325326, right side) 

didn’t show any sign of cement, presenting an enlarged radiolucent area instead. The XMT scan 

of the left hemimandible of the same animal was not available. Sites marked with a white arrow 

were left untreated (NC). The sites filled with particulate radiodense material (not marked) were 

grafted with BC. New bone is visible within the NC and the BC defects where it appears as a less 

radiopaque trabecular bone compared to the outer old bone, filling the NC defect or the space 

between the particles of the BC, mainly at the periphery of the defect.................................... 259	
Figure 5-4: Site grafted with Pag15 cement after 3 weeks of healing. Animal n° 325224, right 

side of the mandible. (a) Histological image from the centre of the defect in a bucco-lingual 

direction. Arrows indicate new bone formation. The cement is represented by a dark stain. The 

crack visible at the centre of the graft is probably an artefact due to the histological processing. 

(b) XMT image of the same specimen in a bucco-lingual direction. The cement is well in contact 

with the host bone and fills its trabecular space. New bone at the outer edge of the cortical bone 

of the mandible formed as a result of the surgical raising of the full thickness flaps. .............. 260	
Figure 5-5: Site grafted with Pag15 cement after 3 weeks of healing. Animal n° 325218, right 

side of the mandible. a) Histological image from the centre of the defect in a bucco-lingual 

direction. Arrow indicates resorption of bone at Howship’s lacunae. Asterisks indicate areas of 

bone degeneration. The cement is represented by a dark stain. Soft tissue covers the coronal 

portion of the graft with no clear membrane visible. b) and c): regions of interest in red and blue 

in (a) respectively. Arrows indicate resorption of bone at Howship’s lacunae. In c) granulocytes 

are represented by blue cellular stain. d) XMT image of the same specimen. The periphery of the 

cement is covered by a radiodense layer probably due to a higher precipitation of HA in contact 

with body fluids. ................................................................................................................... 261	
Figure 5-6: Site grafted with PaG15 cement after 3 weeks of healing. Animal n° 325326, right 

side of the mandible. (a) Histological image from the centre of the defect in a bucco-lingual 



23 

 

direction. Arrows indicate scalloped outline of bone probably due to bone resorption. Asterisks 

indicate areas of purulent inflammation filled with granulocytes. PaG15 cement is not visible in 

the defect site. (b) Magnification of highlighted area in a) representing degenerated newly formed 

bone. (c) XMT image of the same specimen. Soft tissues fill the defect area and surround two 

strings of bone, probably detached from the edge of the defect. ............................................. 261	
Figure 5-7: Site grafted with BC after 3 weeks. Animal n° 325269, right side of the mandible. (a) 

Histological image from the centre of the defect in a bucco-lingual direction. Arrows indicate new 

bone formation within the defect. (b) Focus on region of interest highlighted in red in a). Arrows 

indicate new bone. G indicates graft particles filling the defect cavity. Asterisks indicate osteoid. 

(c) XMT image of the same specimen. New bone is visible protruding from the edge of the defect 

in the cavity, filling the intergranular space. It appears with a lower radiopacity compared to old 

bone. ..................................................................................................................................... 262	
Figure 5-8: Site grafted with BC  after 3 weeks. Animal n° 325326, left side of the mandible. (a) 

Histological image from the center of the defect in a bucco-lingual direction. Arrows indicate 

migrated particles surrounded by soft tissue. G indicates graft particles filling the defect. (b) XMT 

image of the same specimen. The BC particles have higher radiopacity compared to the bone. 

This makes easy to distinguish between old/new bone and graft material. .............................. 263	
Figure 5-9: Site after 3 weeks. Animal n° 325269, right side of the mandible. (a) Histological 

image from the centre of the defect in a bucco-lingual direction. The asterisk indicates the 

collagen membrane covering the coronal portion of the defect. Arrows indicate new bone 

formation from the walls of the defect. (b) Region of interest from (a): Focus of bone necrosis 

within newly formed bone or osteoid as a precursor of woven bone formation. The asterisk 

indicates osteoid. (c) XMT image of the same specimen. Arrows indicate newly formed bone. 

New bone formation is more pronounced on the lingual side of the defect (left side) compared to 

the buccal wall of the defect (right side). ............................................................................... 264	
Figure 5-10: Axial view of XMT of all the samples at 6 weeks divided by left and right side of 

the mandible. Each animal is identified by a unique number (on the left column). Sites marked 

with a yellow asterisk were grafted with PaG15 cement.  Three sites (325216 left, 325307 right, 

225263 left) didn’t show any sign of cement, while an enlarged radiolucent area was present 

instead. Sites marked with a white arrow were left untreated (NC). The sites filled with particulate 

radiodense material (not marked) were grafted with BC. New bone fills most of the NC defects 

and the intergranular space of the BC defects where it appears as small interconnected trabeculae.

 ............................................................................................................................................. 265	
Figure 5-11: Site grafted with PaG15 cement after 6 weeks. Animal n° 324369, left side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new 

bone formation, asterisk indicates areas of bone resorption with scalloped outline of bone. 

Irregular margin of the cement and fading in colour possibly related to dissolution/degradation. 



24 

 

(b) Region of interest from a): arrow indicates new bone formed in contact with the graft material 

at the edge of the defect. (c) XMT image of the same specimen at the centre of the defect in a 

bucco-lingual direction. Islands of new bone formation are visible on the coronal portion of the 

defect. The periphery of the cement has a radiodense layer due to the higher precipitation of 

calcium phosphate in this area more in contact with body fluids. ........................................... 266	
Figure 5-12: Site grafted with PaG15 cement after 6 weeks. Animal n° 324927, left side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new 

bone formation, asterisks indicate fragments of cement surrounded by new bone. Irregular margin 

of the cement and fading in colour possibly related to dissolution/degradation. (b) XMT image of 

the same specimen in a bucco-lingual direction. Differences in radiopacities between new and old 

bone are visible in the XMT with trabeculae of new bone projecting from the old bone towards 

the cement. The periphery of the cement is marked by a radiopaque white layer which is also 

reflected in the different colour (purple) in the histological section (a). .................................. 267	
Figure 5-13: Site grafted with PaG15 cement after 6 weeks. Animal n° 324927, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new 

defect margin with new bone formation. Defect is larger than the one surgical created. Asterisks 

indicate fragments of cement. Irregular margin of the cement and fading in colour possibly related 

to dissolution/degradation. (b) Magnification of the area in red marked in (a): granulocytes filled 

the space and surround a fragment of degenerated bone. (c) XMT image of the same specimen at 

the centre of the defect in a bucco-lingual direction. Asterisks indicate fragments of cement. The 

enlarged defect area can be detected as a difference in radiopacity is seen between old and new 

bone (old bone more radiopaque than new bone). .................................................................. 267	
Figure 5-14: Site grafted with PaG15 cement after 6 weeks. Animal n° 325307, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new 

defect margin with newly formed bone growing from the walls. Defect is larger than the one 

surgically created. Asterisks indicate fragments of cement. (b) Magnification of the area in red 

marked in (a): visible area of fibrosis with newly degenerated formed bone (arrows). (c) XMT 

image of the same specimen at the centre of the defect in a bucco-lingual direction. The 

degenerated bone can be seen at the edge of the defect as very thin and  radiopaque trabeculae 

projecting into the defect area. .............................................................................................. 268	
Figure 5-15: Site grafted with BC after 6 weeks. Animal n° 324927, left side of the mandible. (a) 

Histological image of the defect in a bucco-lingual direction. At the top of the image, particles 

not integrated are surrounded by soft tissue (black arrow). New bone formation at the margins of 

the defect (white arrows) and within the defect surrounding the graft particles (G). (b) XMT image 

of the same specimen at the centre of the defect in a bucco-lingual direction. Notice the highly 

radiopaque graft particles. ..................................................................................................... 268	



25 

 

Figure 5-16: NC defect site after 6 weeks of healing. Animal n° 324927, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Defect filled with 

newly formed bone, arrows indicate defect margins. (b) XMT image of the same specimen in a 

bucco-lingual direction. The newly formed bone at the periphery of the surgical defect has a 

similar radiopacity compared to the old bone, indicating its maturation, while at the centre is less 

radiopaque, indicating a less mature bone due to formation developing from the sides to the centre 

of the defect. ......................................................................................................................... 269	
Figure 5-17: Axial view of XMT of all the samples at 12 weeks of healing divided by left and 

right side of the mandible. Each animal is identified by a unique number (on the left column). 

Sites marked with a yellow asterisk were grafted with PaG15 cement. Only one site (animal 

225244, right side) showed presence of cement, while in all other samples an enlarged area filled 

with new bone was present. Sites marked with a white arrow were left untreated (NC). The sites 

filled with particulate radiodense material (not marked) were grafted with BC....................... 270	
Figure 5-18: Site grafted with PaG15 cement after 12 weeks. Animal n° 225244, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate 

new bone formation in contact with surface of cement. White arrow indicates new bone formation 

within a crack developed in the cement. Slight irregular margin of the cement and fading in colour 

are possibly related to dissolution/degradation. (b) XMT image of the same specimen at the centre 

of the defect in a bucco-lingual direction. Note area of higher radiopacity around the cement 

indicating new bone formation and an increase in HA mineral formed. .................................. 271	
Figure 5-19: Site grafted with PaG15 cement after 12 weeks. Animal n° 225247, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate 

enlarged and irregular defect margins. (b) XMT image of the same specimen at the centre of the 

defect in a bucco-lingual direction. The new defect margin can be detected from the difference in 

radiopacity between newly formed bone and old bone. .......................................................... 272	
Figure 5-20: Site grafted with PaG15 cement after 12 weeks. Animal n° 225249, right side of the 

mandible. (a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate 

enlarged defect margins. (b) Magnification of the area marked in (a): Purulent inflammation with 

presence of granulocytes and degenerated bone. Arrows indicate scalloped outline of bone. (c) 

XMT image of the same specimen at the centre of the defect in a bucco-lingual direction. The 

new defect margin can be detected from the difference in radiopacity between newly formed bone 

and old bone. The new bone is projecting from the sides to the centre of the defect. .............. 272	
Figure 5-21: Site grafted with BC after 12 weeks. Animal n° 225247, left side of the mandible. 

(a) Histological image of the defect in a bucco-lingual direction. G: graft particle.  (b) XMT image 

of the same specimen at the centre of the defect in a bucco-lingual direction. Graft particles (white 

particles in the defect) are surrounded by newly formed bone. ............................................... 273	



26 

 

Figure 5-22: Defect site after 12 weeks of healing. Animal n° 224247, right side of the mandible. 

(a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate margin of 

the defect. (b) XMT image of the same specimen in a bucco-lingual direction. The new and old 

bone are difficult to distinguish based on the radiopacity compared to earlier time points. ..... 274	
Figure 5-23: Histomorphometric analysis showing % of Bone area/Tissue Area (BA/TA) of the 

different groups at different time points reported as mean ± SD. ⁎ indicates a significant difference 

of the three group within the same time point. † indicates a significant difference in group PaG15 

at the three different time points. # indicates a significant difference in group BC at the three 

different time points . + indicates a significant difference in group NC at the three different time 

points. All p < 0.05. .............................................................................................................. 277	
Figure 5-24: Histomorphometric analysis showing % of Bone Substitute/Tissue Area (BS/TA) 

for the different groups at different time points reported as mean ± SD. ⁎ indicates a significant 

difference of the two groups within the same time point. † indicates a significant difference in 

group PaG15 at the three different time points. # indicates a significant difference in group BC at 

12 weeks compared to 3 and 6 weeks.  All p < 0.05. .............................................................. 278	
 

Figure A-1: Fourier transform infrared spectra of all PaG15Sr cement compositions after 

immersion in SBF for 1 hour, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 

1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units). ................ 311	
Figure A-2: Fourier transform infrared spectra of all PaG15Sr cement compositions after 

immersion in SBF for 1 day, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 

wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units). ........................ 311	
Figure A-3: Fourier transform infrared spectra of all PaG15Sr cement compositions after 

immersion in SBF for 7 days, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 

1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units)................. 312	
Figure A-4: Fourier transform infrared spectra of all PaG15Sr cement compositions after 

immersion in SBF for 28 days, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 

1150 wavenumber cm-1 (right). Y axis shows relative absorbance (arbitrary units)................. 312	
Figure B-1: 3D Reconstruction of PaG15Sr0 cement with Drishti Paint. On the left segmented 

cement matrix, on the right segmented pores within the cement. ............................................ 313	
Figure B-2: Left: N2 adsorption/desorption isotherms for PaG15Sr0 cement. Right: Pore size 

distribution of PaG15Sr0 calculated from the adsorption isotherm according to the Non-Local 

Density Functional Theory (NLDFT) and assuming a cylindrical pore shape. ........................ 314	
Figure C-1: Graph showing temperature as function of time for the manufacture of one batch of 

glass with decarbonation and melting stages. Graph provided by Noraker (melting temperature 

1480°C instead of 1400°C )................................................................................................... 316	



27 

 

Figure C-2 :Particle size distribution diagram of the PaG15 glass produced at Mo-SCI using laser 

diffraction analysis in dry mode. ........................................................................................... 318	
Figure C-3: Left: XRD patterns of the three batches of PaG15 glass produced at Mo-SCI. Right: 

FTIR spectra of the three batches of PaG15 glass produced at Mo-SCI. ................................. 318	
Figure C-4: DSC plot of the three batches of PaG15 glass produced at Mo-SCI and glass transition 

temperature extrapolated. ...................................................................................................... 318	
Figure E-1:Graph shows weight of powder introduced in the syringes (device A) during 

packaging. A tolerance of 10 weight %  was given (represented by minimum and maximum in 

the graph).............................................................................................................................. 326	
Figure E-2: Graph shows weight of liquid introduced in the syringes (device B) during packaging. 

A tolerance of 10 weight %  was given (represented by minimum and maximum in the graph).

 ............................................................................................................................................. 326	
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

LIST OF ABBREVIATIONS  
ALP: Alkaline Phosphatase 
ATR: Attenuated Total Reflectance 
BG: Bioactive Glass 
BMPs: Bone Morphogenetic Proteins 
CDHA: Calcium Deficient Hydroxyapatite 
CP: Calcium Phosphate  
CPA: Monocalcium Phosphate Anhydrous 
CPC: Calcium Phosphate Cement 
CPM: Monocalcium Phosphate Monohydrate   
DBB: Deproteinized Bovine Bone  
DBM: Demineralized Bone Matrix 
DCPA: Dicalcium Phosphate Anhydrous  
DCPD: Dicalcium Phosphate Dihydrate 
DMEM: Dulbecco’s Modified Eagle Medium 
DSC: Differential Scanning Calorimetry 
FBS: Foetal Bovine Serum  
FTIR: Fourier Transform Infrared Spectroscopy  
HA: Hydroxyapatite  
HCA: Hydroxycarbonated Apatite  
ICP-OES: Inductively Coupled Plasma Optical Emission Spectrometry 
LPR: Liquid-To-Powder Ratio 
NBO: Non Bridging Oxygen  
NC: Negative Control 
NSr: Nastrophite  
OCP: Octacalciumphosphate 
OPG: Osteoprotegerin  
PBS: Phosphate Buffered Saline 
PVP: Polyvinylpyrrolidone 
RANKL: Receptor Activator Of Nuclear Factor Kappa-B Ligand 
Tg: Glass Transition Temperature 
TGFb: Transforming Growth Factor Beta 
TRAP: Tartrate-Resistant Acid Phosphatase  
TTCP: Tetracalcium Phosphate  
XMT: X-Ray Microtomography 
XRD: X-Ray Diffraction  
XRF: X-Ray Fluorescence 
a-MEM:  Minimum Essential Medium Eagle Alpha Modification 
b-TCP:  Beta-Tricalcium Phosphate  



29 

 

Chapter 1 Introduction  

Bone grafts and bone substitutes are used in dentistry to promote bone regeneration 

following bone loss due to trauma, periodontal disease, chronic or acute infections or after 

tooth extraction before an implant placement. For a predictable implant osseointegration 

and optimal aesthetic outcomes, an adequate amount of bone is needed at the implant site. 

If the dimensions of the alveolar ridge are reduced, bone augmentation procedures are 

needed to allow for an implant to be placed either concomitant to the implant placement 

or at a previous stage. As alveolar bone defects can be caused by the simple loss of 

mechanical function after tooth extraction, one of the clinical approach is to use bone 

grafts or substitutes to fill the extraction socket in order to preserve existing bone and 

prevent its loss. The aims of bone grafting procedures are to either maintain the alveolar 

three-dimensional space or to promote regeneration of new bone where is lacking with 

the intention of maintaining its volume over time.      

The current bone grafts and substitutes commercially available are mainly 

osteoconductive particulate materials that act as scaffolds for bone cell proliferation. 

These materials suffer from a number of disadvantages:  

- Low resorption rate: complete replacement by new bone usually is not achieved 

in 6 to 12 months and therefore implants placed in grafted sites are in contact with 

graft particles which may not be fully integrated with the host bone. A complete 

resorption and replacement by new bone would be ideal for an implant to achieve 

complete osseointegration; 

- Handling properties: easy implantation of the graft in the bone defect and the 

moulding of the graft around the bone defect walls are limited by their granular 

form. Although putty-like versions of these particulate materials have been 
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developed to allow for an easier manipulation, their clinical indication is limited 

to self-contained defects as they do not set once implanted. 

- Migration of the particles: grafted particles can easily migrate from the site. This 

increases the chances for epithelial colonization and inflammatory reactions to 

occur due to instability of the graft.  

Although there are several bone substitutes available in the dental market, very little 

innovation has been achieved so far, with deproteinized bovine bone and synthetic 

calcium phosphate ceramics dominating the market. Therefore there is a clear need for 

new biomaterials to address this market and the limitations of its products. 

In orthopaedic and maxillofacial fields calcium phosphate cements (CPCs) are currently 

used as bone grafts materials. These are synthetic bioactive materials obtained by mixing 

reactive calcium phosphate powders with an aqueous solution to form a paste that sets as 

calcium phosphate phases form, including hydroxyapatite. They possess excellent 

mouldability and can be injected directly into bone defects where they set in-situ 

intimately adapting to the features of the bone cavity. The introduction in dentistry of a 

bone substitute with similar properties would address the limitations seen in the current 

materials. 

Recently a novel group of injectable CPCs have been developed at the Institute of 

Dentistry, Queen Mary University of London. The novelty of these materials relies on the 

use of a bioactive glass (BG) as one of the reactive precursors in the cement powder as 

the glass can dissolve and release ions important for the formation of calcium phosphate 

crystal phases. When the BG powder and a calcium phosphate salt are mixed with an 

aqueous solvent, it sets to form hydroxyapatite. By using a BG in the formation of a CPC, 

the properties of the material can be easily controlled by tuning the glass composition 

compared to a traditional CPC where the changing in composition is restricted by the 



31 

 

stoichiometry of the salts used. The inclusion of therapeutic ions in the glass composition 

will favour their release in situ once the material is implanted, promoting a local 

beneficial effect like favouring bone cells differentiation and proliferation, promoting 

angiogenesis etc.   

The scope of this project was to develop new formulations of bioactive glass based CPCs 

for clinical applications.  

The thesis is divided in two main sections. The first (Chapter 3) looks at the development 

of novel strontium containing bioactive glass based CPCs and the effects of the addition 

of strontium on the material properties and cellular response. The choice of introducing 

strontium in the BG was related to the already known beneficial effects on bone cells. 

Some of these results have already been published in the Journal of Dental Materials 

(D'Onofrio et al., 2016). A copy of the article can be found in Appendix G.  

The second section of the thesis (Chapters 4 and 5) examines optimization of one of the 

cement formulations studied and validation of a manufacturing process for the 

development of a commercially exploitable product. The raw materials and the cement 

were characterized according to regulations set for medical devices and an implantation 

study was conducted to evaluate local effects of the new biomaterial in an animal model.  

The potential commercialisation of this product would introduce a new synthetic option 

for bone grafting in dentistry with possible future exploitation in the orthopaedic and 

maxillofacial markets. Bioactivity, injectability and self-setting ability are the properties 

that differentiate this product from those currently available in the dental market.  
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Chapter 2 Literature review  
 

This chapter aims to provide the reader with an introduction to bone structure and 

physiology, emphasising healing patterns of alveolar bone. Different bone grafts 

available, their functions and interactions with the host bone will be discussed. The 

literature review will then focus on calcium phosphate cements, their properties and 

clinical applications. The development of a novel group of calcium phosphate cements, 

bioactive glass based, will be discussed, with particular emphasis on the  potential role of 

strontium in modulating material properties and its biological responses upon 

implantation.  

2.1 Bone  
2.1.1 Bone anatomy 
Bone is a mineralized connective tissue characterized by: 

• 65% inorganic mineralized matrix, mainly substituted hydroxyapatite (HA, 

Ca10(PO4)6(OH)2); 

• 25% organic matrix, mostly type I collagen fibres, non-collagenous matrix 

proteins like osteocalcin and osteopontin,  and proteoglycans, carbohydrates and 

lipids; 

• 10% water. 

The mineral component provides mechanical rigidity and load-bearing compressive 

strength to the bone, whereas the organic matrix provides elasticity and flexibility 

(Clarke, 2008). Macroscopically two types of bone can be distinguished: cortical and 

trabecular bone (Figure 2-1). Cortical bone is a dense structure that forms the external 

layer of the bone surrounding the marrow space. It provides load bearing functions and 

strength to the bone. Trabecular bone is characterized by a honeycomb like structure of 
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rods and plates dispersed within the bone marrow. The periosteum covers the outer 

surface of the cortical bone. It is a membrane made of two layers of connective tissue: the 

outer layer composed of dense fibrous tissue and the inner layer containing cells, 

osteoprecursors and blood vessels (Nanci, 2007). The endosteum covers the internal 

surface of the cortical and trabecular bone and is made of a less dense connective tissue 

with osteogenic cells. 

 

Figure 2-1: Schematic representation of the microstructure of a long bone. From: 
http://morganmusumeciaphonors.weebly.com/skeletal-system.html 
 

Based on the orientation of the collagen fibres, microscopically three types of bone can 

be defined: woven, lamellar and parallel-fibered bone. In woven bone the collagen fibrils 

are randomly orientated. This type of bone is characterised by a high number and large 

osteocytes and high mineral density (Buckwalter et al., 1995). Recent findings have 

shown that osteocyte density in woven bone varies at different sites and is increased in 

endochondrally derived woven bone (Hernandez et al., 2004). Woven bone is 

characteristic of embryos and growing children and is gradually replaced by lamellar 

bone. In the adult woven bone forms when accelerated bone formation is required as 

consequence of a fracture or pathological conditions like Paget’s disease, 
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hyperparathyroidism and fluorosis (Schenk, 1994).  

Mature cortical (Figure 2-2) and trabecular bone consist of lamellar bone. This type of 

bone is characterized by 3 to 5 µm layers of parallel collagen fibrils (lamella). Each 

lamella has a different orientation similar to plywood, which give high strength and 

rigidity (Clarke, 2008). Lamellar bone is laid down much more slowly compared to 

woven bone (less than 1 µm per day). 

 
Figure 2-2: Human cortical lamellar bone formed of  osteons with concentric lamellae around central 
canals. Lamellae appear as alternating bright and dark bands as viewed using transmitted polarized light. 
Magnification X100. From: https://basicmedicalkey.com/bone-3/.  

 

In cortical bone the lamellae are organized to form basic structural units (BSUs) called 

osteons (Figure 2-2) or Haversian systems which are cylindrical structures built around a 

vascular supply (Haversian canal). In the trabecular bone these BSUs are called bone 

packets (Figure 2-3) and consist of layers of lamellae separated from others from a cement 

line, with lamellae of different packets having different orientations. Primary BSUs form 

during growth while secondary BSUs originate from resorption of primary units followed 

by formation of new ones as a consequence of secondary remodelling (Schenk, 1994).  
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Figure 2-3: Scanning electron microscope image of trabecula showing a mosaic of bone packets. Pairs of 
parallel lines highlight the orientation of lamellae: white solid the newest lamellar packets, co-oriented with 
the trabecular axis; black dashed, truncated older lamellar packets not aligned with the trabecular axis; 
black dotted, the most truncated and the oldest lamellar packets, not aligned with the trabecular axis. Scale 
bar 40 µm (Reznikov et al., 2015).  

Parallel-fibered bone is a structurally intermediate between woven bone and lamellar 

bone (Ascenzi et al., 1967). It is formed during the early stages of bone formation and 

during periosteal and endosteal bone apposition. It consists of collagen fibrils that run 

parallel between them and to the bone surface, not organized in lamellae.  

2.1.2 Bone development  
Bone development occurs mainly by two mechanisms that involve transformation of 

mesenchymal tissue into bone tissue: intramembranous and endochondral ossification. 

Intramembranous bone formation occurs when bone forms directly within the 

mesenchyme. This process occurs primarily in the cranial vault, maxilla and body of the 

mandible and midshaft of long bones. Endochondral bone formation occurs when first a 

cartilage intermediate is formed and then replaced by bone. This process takes place in 

long bones, vertebrae, ribs and the mandibular condyle. Although two different pathways 

of development exist, they both lead to identical histological structure of bone.  

2.1.3 Bone cells 
There are three different types of bone cells responsible for bone formation, resorption 

and tissue homeostasis. Osteoblasts are mononucleated cells that derive from 

mesenchymal stem cells, which differentiate in osteoprogenitor and pre-osteoblasts 
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before becoming fully mature osteoblasts. They produce non-collagenous and 

collagenous bone matrix proteins. These form osteoid, a non-mineralized matrix mainly 

constituted by collagen that acts as a scaffold for the precipitation of HA crystallites. 

Osteoblasts mineralize bone matrix by promoting HA crystal formation and growth in 

matrix vesicles and by propagating the crystals onto the collagenous extracellular matrix.  

While mineralization of woven bone is mediated by matrix vesicles released by 

osteoblasts, in lamellar bone calcium and phosphate ions available in body fluids may be 

responsible of the mineralization of the osteoid, where collagen fibres would act as 

nucleating agents (Landis et al., 1993).  

Pre-osteoblasts and osteoblasts exhibit high level of alkaline phosphatase (ALP) on their 

membranes. This is an enzyme which catalyses the hydrolysis of phosphomonoesters 

releasing inorganic phosphates responsible for the precipitation of HA crystals. Mutations 

in the ALP gene result in hypophosphatasia, characterized by poorly mineralized bones, 

spontaneous fractures and elevated extracellular concentrations of inorganic 

pyrophosphate, responsible for the inhibition of formation and growth of HA crystals 

(Henthorn and Whyte, 1992). ALP is often used as a marker of osteoblastic development, 

especially in culture models, as well as a serum parameter of anabolic processes in the 

skeleton (Bilezikian et al., 2008).  

After producing bone, osteoblasts may be entrapped in the bone structure becoming 

osteocytes or may rest on the bone surface where they flatten out becoming bone lining 

periosteal cells. Bone lining cells control the ion exchange between extracellular space 

and bone matrix fluid. They seem to retain the ability to re-differentiate into osteoblasts 

upon exposure to parathyroid hormone or mechanical forces (Dobnig and Turner, 1995).  

They also may participate to the initiation of bone resorption by releasing osteoclast 
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activating factors or by contraction, exposing the bone surface which facilitates 

attachment of osteoclasts (Boyde et al., 1976).  

The number of osteoblasts that are entrapped and retained in the bone matrix as osteocytes 

depends on the rate of bone formation: the quicker it is the more osteocytes are entrapped 

(Hernandez et al., 2004). Osteocyte metabolism is ensured through the canaliculi system 

(Figure 2-4) which hosts their cytoplasmic processes and those of bone lining cells 

through which metabolic supply is offered. The osteocytes function is still unclear. They 

are responsive to mechanical loading of the bone and appear to act as mechanosensors in 

bone remodelling (Lanyon, 1993). Further, they seem to maintain the bone matrix 

integrity and are responsible for the calcium homeostasis of the body fluids (Feng et al., 

2006).  

 

Figure 2-4: Schematic illustration of a transverse section of human bone. Osteocytes are connected to each 
other through the canaliculi system where their cytoplasmic processes are hosted. From: 
https://en.wikipedia.org/wiki/Osteon. 

 

Osteoclasts are multinucleated cells responsible for bone resorption. They originate from 

hematopoietic stem cells which differentiate in macrophage progenitor cells before fully 

differentiating into mature osteoclasts (Figure 2-5). Their formation, activation and 

function are regulated by different factors. The receptor activator of nuclear factor kappa-

B ligand (RANKL) is amongst them. RANKL is produced mainly by marrow stromal 
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cells and osteoblasts in membrane-bound and soluble forms (Yasuda et al., 1998) and 

recognizes its receptor, RANK, on marrow macrophages inducing fusion of multiple cells 

and differentiation towards an osteoclast phenotype. RANKL activity is negatively 

regulated in the circulation by osteoprotegerin (OPG), also synthesized by osteoblasts 

which competes with RANK as a soluble receptor (Teitelbaum, 2007). When osteoclasts 

are activated, they adhere to the bone surface forming concavities called Howship’s 

lacunae. In this area H+ ions are pumped out to acidify the environment and dissolve the 

bone minerals. The collagen fibres exposed are then digested through proteases. 

Osteoclasts are positive to tartrate-resistant acid phosphatase (TRAP), an enzyme used to 

digest the organic matrix and which is used to distinguish them from multinucleated giant 

cells.  

 

 

 

 

 

 

 

 

2.1.4 Bone remodelling  
Bone is a dynamic tissue capable of changing its structure and mass in response to 

different requirements. Bone remodelling and bone healing are the ways this is achieved. 

Bone remodelling refers to the process of tissue replacement, wherein old bone is 

substituted with new bone, thus improving the quality of the tissues without a change in 

the architecture. The main functions of bone remodelling are (1) preservation of bone 

Figure 2-5: Diagram illustrating the pathway of differentiation of hematopoietic stem cells through the 
osteoclast lineage. From: Bone Physiology, Osteology Foundation. Reihnard Gruber. 
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mechanical strength by replacing older, microdamaged bone with newer, healthier bone 

and (2) calcium and phosphate homeostasis (Turner, 1998). The normal bone remodelling 

cycle requires that the process of bone resorption and bone formation takes place in a 

coordinated fashion. This process involves the activation of basic multicellular units that 

consist of osteoclasts and osteoblasts that sequentially carry out resorption of old bone 

and formation of new bone respectively. Bone remodelling consists of four sequential 

phases: osteoclast activation, bone resorption, reversal phase and new bone formation. 

After being activated, osteoclasts start resorbing the old/damaged bone. They are 

assembled in a cutting cone where they advance, widening the resorption canal to its final 

diameter (Figure 2-6). A blood vessel follows at the centre of the canal. During the 

reversal phase osteoblast precursors are recruited and differentiate into osteoblasts. Then 

osteoblasts populate the canal to produce new lamellar bone. Cement lines separate newly 

formed osteons from the bone matrix and they form when resorption stops and new bone 

formation is taking place. Resorption in long bones takes about 2 weeks, the reversal 

phase may last up to 4 or 5 weeks, while bone formation can continue for 4 months until 

the new BSU is completed (Hadjidakis and Androulakis, 2006).  

 

Figure 2-6: Schematic representation of a cutter cone. From http://pocketdentistry.com/4-bone-physiology-
metabolism-and-biomechanics-in-implant-therapy/. 
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Bone remodelling is regulated by different systemic and local factors. Growth hormone, 

thyroid and parathyroid hormones promote bone remodelling systemically while 

calcitonin and cortisone inhibit the process. Locally, any traumatic interruption of the 

vascularization causes bone remodelling, like a microdamage or application of 

inappropriate mechanical forces.  

 

2.1.5 Bone healing  
When tissues are lost due to disease or trauma, bone undergoes a reparative regeneration, 

restoring its original structure although within some limits. A good blood supply and 

mechanical stability need to be provided for bone regeneration to occur. Bone healing 

takes place in three distinct stages (Planell et al., 2009):  

1) inflammatory phase (hematoma formation, inflammation and angiogenesis);  

2) repair phase (early callus formation and replacement of callus with woven bone);  

3) remodelling phase.   

During the inflammatory stage a haematoma forms and growth factors and cytokines are 

released to promote migration of inflammatory cells and fibroblasts towards the injured 

site. Granulation tissue is then formed, blood vessels start to grow in and mesenchymal 

stem cells migrate to the site. The use of anti-inflammatory drugs during the first week of 

healing is thought to alter the inflammatory response and inhibit at this stage bone healing 

(Kalfas, 2001).  

During the repair phase, fibroblasts lay down a collagen matrix while osteoid is secreted 

and mineralized by differentiated osteoblasts, which leads to the formation of a soft and 

weak callus in the repair site. With time the callus ossifies, forming a bridge of woven 

bone between the fracture fragments. If proper immobilization is not achieved, 

ossification of the callus may not occur and an unstable fibrous healing may develop 

instead.  
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Bone healing is completed during the remodelling stage in which woven bone is replaced 

with lamellar bone and the bone is restored to its original shape, structure, and mechanical 

strength.   

2.2 Alveolar bone 
2.2.1 Anatomical considerations of alveolar bone 
The alveolar bone is the tissue that surrounds a fully erupted tooth. It is comprised of 

trabecular bone enclosed in a cortical envelope. The portion of the cortical bone that faces 

the periodontal ligament is called bundle bone. The bundle bone is in continuity with the 

alveolar process and forms the thin bony plate (0.2-0.44 mm width) that lines the socket 

of the tooth. Sharpey’s fibres connect the periodontal ligament to the bone through the 

bundle bone (Figure 2-7). The bundle bone is a tooth-dependent structure, meaning that 

when the tooth is lost the bundle bone progressively resorbs.  

 

Figure 2-7: Light microscopy image of human periodontal ligament (PDL). Sharpey’s fibres (arrowheads) 
connect the PDL to the alveolar bone (b) and the cementum (c). Magnification x250. (Beertsen et al., 1997)   

 

The buccal bone plate at the anterior front region is often very thin and frequently mostly 

made of bundle bone, which might explain why after tooth extraction the buccal bone is 

often lost (Januário et al., 2011). 
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2.2.2 Alveolar bone healing in post-extraction sockets  
Following a tooth extraction, the alveolar process undergoes dimensional alterations. In 

particular, after a single tooth extraction it is common to see (1) up to 50% reduction of 

the alveolar process width, (2) a more pronounced buccal bone loss and (3) a greater bone 

resorption in the molar regions. Clinically, after 10-20 days of healing, the coronal portion 

of the socket is closed by epithelial tissue and after 3 to 6 months new bone fill can be 

noticed radiographically (Araújo et al., 2015a). Histologically, the process of healing in 

a post-extraction socket follows the general principles of bone healing highlighted above, 

with the inflammatory, reparative and remodelling phases. However, the remodelling 

phase is always coupled with a modelling phase. While bone remodelling refers to the 

process by which bone is renewed without a change in shape, bone modelling results in 

a change of the overall shape and architecture of the bone. In the extraction sockets the 

replacement of woven bone with lamellar bone or bone marrow is due to bone 

remodelling, whereas the bone resorption that takes place on the socket walls leading to 

a dimensional alteration of the alveolar process is the result of bone modelling. Bone 

modelling takes place on buccal and lingual walls of the socket, but because the lingual 

bone is usually wider than the buccal bone, modelling results in greater contour change 

at the buccal plate. 

A clinical study (Schropp et al., 2003) reported that the alveolar ridge was reduced by 

50% in width after 1 year and two thirds of this reduction occurred within the first 3 

months of healing after tooth extraction. However great variability exists between people 

with respect to hard tissue formation within extraction sockets (Trombelli et al., 2008).  

The importance of this process in dentistry is that the reduction of alveolar bone following 

tooth extraction may interfere with placement of dental implants and impair the success 

of fixed or removable dentures with regard to function and aesthetics. Therefore, 
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procedures have been suggested to prevent bone resorption and facilitate bone 

regeneration in extraction sockets. Grafting sockets with different bone substitutes and 

the use of mechanical barriers have been proposed to prevent alveolar ridge resorption. 

A recent randomized clinical trial, evaluated through CBCT scans the dimensional 

alterations of the alveolar ridge following socket grafting with deproteinized bovine bone 

(Araújo et al., 2015b). The authors found that after 4 months the buccal bone wall at the 

grafted and non-grafted sockets was reduced in height. However the grafted sites showed 

a ridge reduction of only 3% of their initial dimensions compared with 25% of reduction 

in the control sites. The authors observed that, radiographically, the marginal portion of 

the hard tissue walls of the grafted sites had a different appearance from that of a cortical 

plate, hypothesising that a trabecular bone/woven bone could have formed which 

counteracted for ridge reduction. This trabecular/woven bone portion was not included in 

the radiographic measurements and so resulting in crestal bone loss. A separate 

randomized clinical trial (Cardaropoli et al., 2012) showed that socket preservation using 

deproteinized bovine bone and porcine collagen membrane considerably reduced the 

amount of horizontal and vertical bone resorption when compared with extraction alone 

(width reduction 1.04 ± 1.08 mm vs 4.48 ± 0.65 mm, height reduction 0.46 ± 0.46 mm vs 

1.54 ± 0.33 mm respectively). 

2.3 Bone grafts  
Although bone is a dynamic tissue, its regeneration is limited by different factors like loss 

of blood supply, mechanical instability, inappropriate colonization of the bone defect with 

highly proliferative tissue like fibrous connective tissue or epithelial tissue and large 

defect size. 

Bone grafts and bone substitutes have been used to repair bone defects and promote bone 

regeneration. An ideal bone graft should be at the same time osteogenic, osteoinductive 
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and osteoconductive, and should tightly bond to the host bone, a property called 

osseointegration (Giannoudis et al., 2005). Osteogenic bone graft materials have the 

intrinsic capacity to stimulate bone regeneration. Mesenchymal stem cells or 

osteoprogenitors within the donor graft may survive during transplantation and 

potentially differentiate to osteoblasts once implanted in the host site (Cypher and 

Grossman, 1996). Osteoinduction on the other hand refers to the stimulation and 

activation of host mesenchymal stem cells which differentiate into osteoblasts producing 

new bone (Urist et al., 1983). This induction is mediated by factors including bone 

morphogenetic proteins (BMPs) and transforming growth factor beta (TGFβ). 

Osteoprecursor cells can be found in proximity of bone surfaces or in different tissues 

like connective subcutaneous tissues and muscular tissues. In a review (Miron and Zhang, 

2012) of the osteoinduction ability of bone grafts, the authors highlighted the principles 

for defining a biomaterial as osteoinductive. The criteria for an osteoinductive material 

included (1) to recruit mesenchymal osteoprogenitor cells, (2) to induce an 

undifferentiated mesenchymal cell into a mature osteoblast and (3) to induce ectopic bone 

formation when implanted in extraskeletal locations. However there is still a lot of 

confusion regarding the actual meaning of osteoinduction. Several bone substitutes are 

marketed as osteoinductive on the basis of animal experiments that show that the 

materials possess the ability to form bone at ectopic sites although they lack 

osteoinductive factors (Miron et al., 2015). It is hypothesized that the osteoinductive 

properties of these materials are related to their structural features (like porosity, 

topography) which allow adsorption of circulating BMPs, inducing bone formation 

(LeGeros, 2002). Therefore the osteoinduction process is mediated by BMPs naturally 

occurring in the body through the bone graft acting as a scaffold.  

Osteoconduction refers to the ability of a biomaterial to support the attachment, migration 
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and growth of vascular and osteogenic cells over the material’s surface and therefore 

providing a scaffold for bone formation (Blokhuis and Arts, 2011). In order for a material 

to be successfully osteoconductive certain requirements need to be fulfilled. The shape 

of its internal and external surfaces should favour tissue and vascular ingrowth. An ideal 

biomaterial should have a high degree of porosity, with an optimal pore size between 50 

and 400 µm, although different studies have shown higher bone formation with pores 

larger than 300 µm (Karageorgiou and Kaplan, 2005). Large pore interconnections should 

be present to ensure continuous ingrowth of new bone. However, a high increase in 

porosity and pore size results in a reduction in mechanical strength, which can be critical 

for regeneration in load-bearing sites or for bone substitutes with high biodegradation 

rate, since rapid dissolution of the material will compromise the mechanical and structural 

integrity before substitution by newly formed bone occurs (Karageorgiou and Kaplan, 

2005).  

An ideal bone substitute should also be bioactive. Bioactivity is defined as the property 

of materials to develop a direct and strong bond with the bone tissue through the 

formation of an apatite like layer on their surfaces (Hench, 2006). Finally an ideal bone 

substitute should be replaced by new bone during the remodelling stage. In vivo 

biodegradability of a bone graft material can be achieved by dissolution or cell mediated 

process. The speed of biodegradability and the cell type involved in the resorption process 

are determined by different factors like material type, structural features, processing of 

the material and pH (LeGeros, 2002). The resorption rate of the graft ideally should match 

the bone formation rate, as too rapid a resorbing material might create a void in the bone 

defect and not sustain bone apposition, while too slow a resorbing one would inhibit bone 

formation and could enhance risk of fibrous encapsulation.  

When a biomaterial is implanted in a surgical site, the host responds with formation of a 
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coagulum and activation of the immune system (inflammatory phase) within the first 24 

hours. The immune cells can either activate a foreign body reaction or promote 

vascularisation and initiate bone formation. Factors like ions released by the biomaterial, 

its surface characteristics and porosity will influence the type of host response upon 

implantation of the biomaterial. Within the first 4 weeks after implantation, an initial soft 

callus is formed in contact with the biomaterial, mainly produced by fibroblasts, which 

supports vessel ingrowth. Pre-osteoblasts, either from the periphery of the surgical site or 

from the blood supply (differentiating from MSCs), colonize the site and produce osteoid 

which then mineralises into woven bone. In the next 6 to 12 months the woven bone 

undergoes a remodelling process to be replaced by lamellar bone (Kohli et al., 2018).   

2.3.1 Bone grafts and bone substitutes currently used in dentistry  
Several materials for bone grafting are used in dentistry. Surgical procedures requiring a 

bone graft are alveolar socket or ridge preservation, horizontal and vertical ridge 

augmentation, periodontal regeneration, sinus augmentation and repair of bone defect 

around implants. Autogenous bone (bone harvested from the same individual receiving 

the graft) is considered an ideal graft as it is osteoconductive, osteogenic and 

osteoinductive. Usually an adequate number of osteoprecursors survive the 

transplantation while only few mature osteoblasts do so. The osteogenic potential of the 

bone graft is derived from these osteoprecursors (Moore et al., 2001). The graft can 

include cortical, cancellous or cortico-cancellous bone, in block or in particulate form and 

can be harvested from intraoral or extraoral sites. The harvesting procedure is usually 

associated with pain, operative complications and cosmetic consequences for patients. 

Other drawbacks that limit its use are the increased operative time, limited availability 

and unpredictable graft resorption (Kurz et al., 1989).  

In the next paragraphs an overview of different bone substitutes available for dental 
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applications is given.  

2.3.2 Allografts  
Allografts consist of bone tissue from a living or deceased donor of the same species. It 

is osteoconductive and may exhibit osteoinductive potential, but it is not osteogenic as no 

viable cells are contained within the graft. Advantages of allograft include availability 

and avoidance of morbidity associated with harvesting autogenous graft. However 

allografts carry a potential risk of transferring infection diseases. Their processing lowers 

this risk but it can significantly weaken the biologic and mechanical properties of the 

material. Also the quality of bone is variable and usually unknown to the surgeon before 

surgery. Allografts available in the dental market are mineralized or demineralized bone, 

cortical, cancellous or a mixture of both and demineralized bone matrix (DBM). DBM is 

produced through demineralization of cortical bone and undergoes chemical and radiation 

treatments in order to reduce the potential transmission of disease. Growth factors and 

BMPs are thought to survive the processing and contribute to the osteoinductive action 

of the graft although great variability exists between allograft samples. Clinical results 

are not uniformly good, attributed partially to different processing methods used (Khan 

et al., 2000). DBM is supplied as a gel, malleable putty, flexible strips, mouldable paste 

with bone chips or as an injectable paste. 

2.3.3 Xenografts 
Xenografts are bone grafts derived from non-human species. Currently, there are three 

available sources of xenografts used as bone substitutes in dentistry: bovine bone, equine 

bone and natural coral or algae. Deproteinized bovine bone (DBB) is the most popular 

and widely supported by the scientific literature. Geistlich is the leading manufacturer of 

dental bone substitutes in Europe with its Bio-Oss® xenograft (MilleniumResearchGroup, 

2003). Bio-Oss® is a bovine bone graft material that undergoes a low heat chemical 
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extraction process by which organic components are removed, maintaining the natural 

architecture of the inorganic bone (Baldini et al., 2011). The reason why proteins are 

extracted is to avoid immunological reactions after implantation and reduce possible 

disease transmission. The possibility of disease transmission is still open and 

controversial: some studies suggest that the low heat processing doesn’t remove all the 

organic components in the bovine bone (Accorsi-Mendonça et al., 2008) and a systematic 

review indicates that bovine bone substitutes may carry a risk for bovine spongiform 

encephalopathy (BSE) prion transmission (Kim et al., 2013b). BSE concerns led to a 

decrease in sales of xenografts in 1999 and 2000 (MilleniumResearchGroup, 2003), 

however, now dentists are returning to use xenografts because of the good bone 

regenerative capacity of these materials, especially for sinus augmentation procedures for 

which this material is considered the standard of care (Esposito et al., 2006). The 

macroporosity and microporosity (75-80% in volume) of DBB is maintained through low 

heat treatment (Piattelli et al., 1999) and this is probably the reason why this type of 

material works well for osteoconduction purposes (Figueiredo et al., 2010). The presence 

of pores in the granules increases the surface area of the material favouring 

osteoconduction and enabling bone growth.  

Different opinions have been expressed about the resorption of DBB. Piattelli et al. 

observed osteoclastic activity around DBB particles implanted for sinus augmentation in 

humans after 4 years (Piattelli et al., 1999). However no histomorphometric data were 

obtained to quantify amount of graft left compared to amount of newly formed bone.  In 

another study (Schlegel and Donath, 1997), after 6 years of ridge augmentation in humans 

using DBB, bone biopsies and radiological findings showed no signs of resorption of 

DBB. Other studies failed to detect evidence of DBB resorption in humans  (Hallman and 

Thor, 2008). The variation in resorption of DBB particles may arise from differences in 
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surgical procedure, biopsy technique and histological preparation. The decalcification of 

the bone core retrieved causes shrinkage of the DBB particles, which might be wrongly 

interpreted as resorption. Also biopsies may not be the best tool to histologically analyse 

the specimens. Different pitfalls are associated with trephine biopsies, like the difficulty 

to distinguish the border between the old bone and the new regenerated bone, heat 

necrosis of the biopsy, incorrect position of the trephine, destruction of the specimen 

during the drilling. Also whether a single biopsy can be representative of the entire area 

regenerated is debatable.  

2.3.4 Alloplasts 
Alloplastic bone substitutes are characterized by a large group of synthetic biomaterials. 

They represent the fastest growing segment of the bone substitutes dental market with 

sales accounting for 40.1% of the total market (MilleniumResearchGroup, 2003). Most 

of the alloplastic materials used in dentistry are calcium phosphate (CP) based materials, 

like calcium phosphate ceramics and bioactive glasses. Both are described in more details 

over the next paragraphs.  

CP ceramics are similar in composition to the mineral phase of bone. They are bioactive 

and osteoconductive but do not possess osteoinductive properties. In vivo, biodegradation 

of CP ceramics occurs via a dual mechanism mediated by cells such as osteoclasts or 

macrophages resorption and physiochemical dissolution (Legeros, 1993). Crystallinity, 

particle size, surface area, porosity of the material, calcium to phosphorous ratio as well 

as the in vivo mechanical and biological environment play a role in the degradation 

process influencing both dissolution and cell mediated resorption (Blokhuis and Arts, 

2011). CP ceramics are mainly used for non-load bearing applications as they are brittle 

and possess low tensile strength (Blokhuis and Arts, 2011). Based on their composition, 

CP ceramics are classified as synthetic HA, beta-tricalcium phosphate (β-TCP; Ca3(PO4)2 
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) and biphasic calcium phosphate (a mixture of HA and β-TCP with different ratios). Both 

β-TCP and HA are highly biocompatible and bioactive but their in vivo biodegradation 

differs: while β-TCP is quickly resorbed mainly via dissolution, HA is the most 

thermodynamically stable of the CPs ceramics at pH 7.4 and its resorption is slow. In a 

minipig study (Jensen et al., 2006) the performance of a β-TCP graft was compared 

against DBB (Bio-Oss®) using autologous bone as a positive control. The authors created 

standardized defects (9 mm diameter x 5 mm depth) in the lateral aspect of the mandible, 

which were grafted and covered with an e-PTFE membrane. Less new bone formation 

was found in the sites treated with Bio-Oss® (42%) compared to β-TCP (57%) and the 

control (55%) after 8 weeks. β-TCP showed a higher rate of resorption compared to DBB. 

The presence of multinucleated giant cells around dissolved β-TCP particles suggested 

that its resorption is mainly due to a combination of dissolution and cell mediated 

resorption. The authors concluded that on the basis of those results β-TCP should be used 

in contained-type defects as its high resorption rate hampers its use in onlay grafting or 

as volume expander around autologous blocks. Due to the mismatch between resorption 

of β-TCP and new bone formation in humans (Moore et al., 2001) β-TCP is mainly used 

as an adjunctive with other less resorbable ceramics like HA, forming a biphasic CP 

ceramic. This biphasic mixture is produced by sintering HA and β-TCP to a chemically 

united material with different ratios. In a randomized clinical trial (Cordaro et al., 2008) 

a biphasic CP (60% HA / 40% β-TCP, weight%, Bone Ceramic®) was compared with 

DBB (Bio-Oss®) in sinus floor augmentation. After 6 to 8 months biopsies harvested from 

the sinus cavities were analysed and similar amount of newly formed bone was found in 

both groups with less residual graft in the sites treated with Bone Ceramic®. The authors 

found no difference in primary stability achieved when implants were placed in the 

augmented area in both groups but no long-term evaluation of the implants was reported 



51 

 

in the study. The authors concluded that the two grafts performed similarly in terms of 

bone formation with a higher remodelling for the biphasic synthetic graft compared with 

the xenograft. This is probably due to the presence of β-TCP which increases the 

resorption rate of the graft compared to pure HA.  

Whether the use of a DBB in oral bone regeneration leads to better outcomes compared 

with synthetic biphasic CPs is still questionable. Biphasic CPs seem to be more resorbable 

compared to DBB however in some clinical scenarios resorbability is not desired, but 

rather a more permanent material is required for aesthetic purposes. Therefore the choice 

of bone substitute used has to be guided by the clinical need.  

Glass ionomer cements represents another class of synthetic materials. Their use as bone 

grafts is limited to specific surgical otolaryngology procedures (reconstruction of the 

ossicular chain and cementation of cochlear implants), while in dentistry they are mainly 

used as restorative materials for their ability to chemically bond to tooth mineral and their 

release of fluoride ions. They consist of calcium/aluminium/fluorosilicate glass powder 

mixed with polycarboxylic acid to produce a cement paste. During the setting reaction 

protons released by the ionisation of the carboxylic acid react with the glass, initiating 

degradation and release of ions. Ca2+ and Al3+ released from the glass cross-link the 

ionised carboxylic acid groups in the polymer chains, causing the cement to set. Their 

wider adoption as bone graft materials in orthopaedics and maxillofacial/neurosurgical 

applications has however been limited since it was discovered that these cements released 

aluminium ions into the body that both inhibited mineralization of bone (Blades et al., 

1998)  and were associated with neurotoxicity (Reusche et al., 2001). Novel formulations 

of GIC with low levels (Hurrell-Gillingham et al., 2006) or absence of aluminium (Miller 

et al., 2015) in the glass have been produced and represents promising materials for wider 

bone grafting applications.  
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2.4 Bioactive glass 
Bioactive glasses (BGs) are silicate-based materials that in contact with physiological 

fluids after dissolution form a hydroxycarbonated apatite (HCA) layer on their surface. 

This HCA is responsible for the strong bond between the glass and the hard tissues in the 

body through interaction with collagen fibrils of the damaged bone, a property called 

bioactivity. The first BG composition was introduced in 1969 by Larry Hench and 

included 46.1 mol.% SiO2, 24.4 mol.% Na2O, 26.9 mol.% CaO and 2.6 mol.% P2O5 a 

composition known as 45S5 Bioglass® (Hench, 2006).  Since then research has been 

focused on developing new compositions with improved dissolution and bioactivity 

properties.  

2.4.1 Glass structure and network connectivity  
Silicate glasses are amorphous solids characterized by silica tetrahedron connected by Si–

O–Si covalent bonds, called bridging oxygen bonds. Silica tetrahedron is the unit that 

builds the three-dimensional network of the glass and therefore SiO2 acts as a network 

former (Figure 2-8). Other components like CaO and Na2O enter the glass structure by 

forming non-bridging oxygen bonds, such as Si–O+Na bonds, and they are called network 

modifiers (Vogel et al., 1985). For each network modifier added, one bridging oxygen is 

broken into two non-bridging oxygens, causing a disruption of the glass network. This 

increases the solubility of the glass and ultimately influences its bioactivity.   
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Figure 2-8: Structure of a glass network (Coleman and Nicholson, 2006).  

31P MAS NMR data showed that phosphorus exists as orthophosphate (PO4)3- within the 

glass network (Brauer et al., 2009). It acts as a network former, isolated from the silica 

network, charged balanced by cations like calcium or sodium.  

The network connectivity of a glass is the average number of bridging oxygens atoms per 

network forming unit. It is a measure of the degree of cross-linking of the glass and can 

be quantified based on the equation below (Hill and Brauer, 2011):  

																																															NC = %['()*],-./*
0 )1/00)213[4*)5]
['()*]

																						(Equation 2-1)	

where NC is the network connectivity and M2IO and M2IIO are the mono and divalent 

network modifiers in the glass. High silica content results in a highly connected network 

and low dissolution rates. The presence of network modifiers like sodium and calcium 

lowers the network connectivity, increasing the dissolution rate. As phosphate content 

increases, the network connectivity increases if sufficient modifiers are not introduced to 

charge balance the orthophosphate units (Jones, 2013). BGs with a network connectivity 

between 2.0 and 2.4 are thought to be optimal for apatite formation in vitro and in vivo 

(Fujibayashi et al., 2003). Although network connectivity is useful in predicting 

dissolution behaviour, caution needs to be taken in predicting bioactivity based only on 

its value (Hill and Brauer, 2011). Indeed dissolution and ability to form apatite not always 
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correlates, as the ions released in a highly soluble glass may not necessarily all contribute 

to apatite formation. For apatite formation to occur the glass has to rapidly dissolve and 

release calcium and phosphorous in solution. Also,                       (Equation 2-1 does not 

take into account the nature of the modifying cations or the charge to size ratio and the 

influence they might have on the glass network and dissolution behaviour of the glass.  

2.4.2 Mechanism of bioactivity  
The dissolution and bone bonding ability of BGs have been explained by Hench, who 

proposed a mechanism of bioactivity characterized by different stages (Hench, 1991): 

1. Rapid cation exchange of Na+ with H+ or H3O+ from the solution. The pH of the 

solution increases due to the build-up of OH- hydroxyl ions, providing an optimal 

environment for apatite precipitation. 

2. High local pH leads to attack of the silica glass network by OH- breaking Si–O–

Si bonds. Soluble silica is lost in the form of Si(OH)4 to the solution, leaving Si–

OH groups at the glass–solution interface. 

3. Condensation of Si–OH groups near the glass surface and consequent formation 

of a silica-rich gel.  

4. Breakage of the silicate network allows migration of Ca2+and PO43- groups to the 

surface of the glass, forming a film of amorphous CaO–P2O5 on the silica rich 

layer, followed by its growth through incorporation of soluble Ca2+ and PO43- 

groups from solution.  

5. Incorporation of hydroxyls and carbonate groups from solution and crystallization 

of the CaO–P2O5 film to HCA.  

Collagen fibrils adsorption onto the HCA layer, cell attachment and bone matrix 

production are the next steps which allow the strong bond between HCA and new bone 
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formed. 

Based on this mechanism it would be expected sodium free glasses not to be bioactive as 

the first step of cation exchange would be inhibited. However it has been found that 

sodium-free glasses are bioactive (Chen et al., 2014). On the light of these findings then 

it could be that the bioactivity mechanism is slightly different from what Hench has 

postulated. We know that PO43- acts as a network former isolated from the silicate 

backbone of the glass. It is also know that calcium and sodium are evenly distributed 

between the silicate and phosphate phases (Elgayar et al., 2005). Therefore it could be 

hypothesised that the orthophosphate phase is rapidly released in solution with the 

associated calcium and sodium cations. Increasing calcium concentration would increase 

apatite formation and reducing or eliminating sodium would not influence apatite 

formation, maintaining the bioactivity of the glass.  

2.4.3 Biological properties of bioactive glasses 
In vivo animal studies suggested that BGs are osteoinductive, as new bone can form away 

from the graft–bone interface (Wilson and Low, 1992). It seems that the ionic dissolution 

products of BGs are responsible for the osteoinductive behaviour. Xynos et al. showed 

that 45S5 Bioglass® dissolution products are able to up-regulate human osteoblast genes 

expression important for osteoblast metabolism, proliferation and intercellular and 

matrix-cell adhesion (Xynos et al., 2001). The dissolution of calcium ions and soluble 

silica from the BG has shown to stimulate osteoblast cell division, production of growth 

factors and bone nodule formation in human osteoblasts cultured on different BGs 

(Bosetti and Cannas, 2005). A study by Jell at al. showed six and threefold up-regulation 

of osteogenic markers, respectively bone sialoprotein and ALP, in osteoblasts treated with 

BG conditioned medium resulting in enhanced cell differentiation (Jell et al., 2008). 

Furthermore, BGs were shown to stimulate angiogenesis. An in vitro study (Day, 2005) 
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suggests that BG dissolution products can stimulate the secretion of vascular endothelial 

growth factor from human fibroblasts cells. Subsequent culturing of endothelial cells in 

the conditioned medium increased endothelial cell proliferation and formation of 

anastomosed vascular networks indicating enhanced angiogenesis.  

Antibacterial effects of BGs have also been investigated. 45S5 Bioglass® showed an 

antibacterial effect on a range of oral microbes (Allan et al., 2001), possibly due to the 

pH rise caused by cations release during dissolution and subsequent osmotic effect.  

In vivo BG degradation is related to different factors, like glass composition, particle size, 

morphology, surface area and implantation site. By varying the composition, a vast range 

of glasses can be produced, from rapidly degradable to non resorbable. Studies suggest 

that Bioglass® 45S5 particles smaller than 300 µm in diameter are likely to become shells 

of HCA within 4 weeks after implantation, initially by dissolution and then by osteoclastic 

action (Vogel et al., 2001, Wheeler et al., 1998) while larger particles may remain longer.  

2.4.4 Use of bioactive glass as a bone substitute in dentistry  
The first particulate 45S5 BG introduced in the dental market was PerioGlas® , which was 

released in 1993 as a synthetic bone graft for repair of periodontal defects. PerioGlas® 

has a particle size range of 90–710 µm. Early success was supported by in vivo studies 

(Schepers and Ducheyne, 1997) and clinical studies (Zamet et al., 1997) (Clozza et al., 

2012). A clinical study (Zamet et al., 1997) suggested that the use of PerioGlas® as a bone 

substitute was effective as an adjunctive to conventional surgery in the treatment of 

infrabony defects. The study relied on radiological findings based on bone density after 

one year. The authors suggested that the radiodensity of the defect treated with PerioGlas® 

increased over time and they hypothesized this was due to regeneration of new bone. 

However no histological examination was conducted to confirm that. Perioglas® particles 

were still in the defect after one year based on the comparison between the density of 
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adjacent bone and grafted sites. Schepers et al. found that BG 45S5 mixed with blood 

stimulates more bone growth than HA in the jaw of Beagle dogs (Schepers and Ducheyne, 

1997). They observed that particles with diameters in the range of 300–355 µm 

(Biogran®, Biomet 3i) hollowed out within four weeks of implantation. Phagocytic cells 

were thought to have assisted silica degradation, but the evidence for this occurring rather 

than solution-mediated dissolution was not found. New bone formed on top of the 

particles that were in contact with the host bone and new bone also formed inside the 

hollowed particles after two months of implantation. 

A recent systematic review (Ioannou et al., 2015) investigating the use of BG in ridge 

preservation procedures found only 2 randomized clinical studies with histological 

outcomes. At 6-8 months post extraction, sites treated with Biogran® showed 59.5% of 

new bone compared to demineralized freeze-dried bone treated sites, which showed 

34.7% of new bone (Froum et al., 2002). Non grafted sites showed 32% of new bone 

formed. The amount of BG left was 5.5% compared to 13.5% for the allograft. In a study 

where post-extraction sockets were grafted with either a BG putty or a particulate DBB, 

the authors found that after 4-6 months of healing a higher amount of new bone was 

regenerated in the sockets treated with BG putty (47.15% vs 22.2%). The amount of 

biomaterial left at the grafted site was less for the BG putty compared to the DBB  (17.4% 

vs 25.6% respectively) (Mahesh et al., 2015).  

Recently Bioglass 45S5 has been developed in putty like form with BG particles (69%) 

dispersed in a polyethylene glycol and glycerine binder (31%). In an ovine study, 6 weeks 

after implantation into 10 mm diameter critical size defects in the sheep spine, the defect 

grafted with the putty was filled with 42% of bone, compared to 20% of bone in the defect 

grafted with the same BG in a particulate form and 5% of new bone in the empty control 

defect (Wang et al., 2011). The authors explained that the addition of the binder allows 
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for the creation of more space between the particles and after degradation of the binder 

(48-72 hours) new bone can grow between them compared to the tightly packed particles 

without binder. An alternative explanation (not given by the authors) is that the pH 

environment created by the putty was more suitable (less alkaline) for bone ingrowth than 

that produced by the tightly packed particles. Indeed one of the main disadvantages of 

using BG as bone substitute is the rise in pH due to the dissolution ionic products seen in 

in vitro experiments. The alkalinisation of the extracellular fluid has been shown to have 

an adverse effect on bone cell metabolism and function (Wallace et al., 1999). In 

particular a high pH rise (> 7.9) induced by BG scaffolds has shown to have adverse 

effects on the osteogenic differentiation of mesenchymal stem cells, in contrast with the 

beneficial effect obtained with moderate alkalosis (up to 7.56) (Monfoulet et al., 2014).  

2.5 Calcium phosphates 
There are different calcium phosphate (CP) phases used and studied as bone repair 

materials. For the purpose of this report only few of the known CP phases will be 

reviewed which are relevant to the present study.  

2.5.1 Hydroxyapatite  
Hydroxyapatite is a calcium phosphate phase with chemical formula Ca10(PO4)6(OH)2 

and Ca/P ratio of 1.67. When HA forms in a biological tissue, like bone or teeth, it is 

usually referred to calcium-deficient HA as its chemical structure is modified by different 

ionic substitutions (like carbonate or fluoride) which have an influence on stability, 

crystal morphology and mechanical properties (Mostafa and Brown, 2007). The most 

frequent form of HA in nature is the non-stoichiometric hexagonal form, compared to the 

stoichiometric monoclinic form. It consists of a column of OH- groups extending along 

the c-axis. This column is surrounded by calcium ions, in their Ca(II) site position (six 

atoms per unit cells), forming equilateral triangles. Other four atoms of calcium are 

located in the Ca(I) site and are coordinated by PO4 tetrahedron (Figure 2-9). 
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Figure 2-9: Schematic atomic structure of hydroxyapatite in the (001) plane (Cazalbou et al., 2004).   

 

HA is the most stable calcium phosphate ceramic at physiological pH. However, its 

stability decreases as the non-stoichiometry increases and when ionic substitutions occur 

in the apatite lattice, such as carbonate (LeGeros, 2002). A change in crystal size to a 

nanoscale also contributes to a change in its stability, leading to an increase dissolution 

of the HA under physiological conditions (Detsch et al., 2010).   

 

2.5.2 Octacalcium phosphate  
Octacalcium phosphate is a calcium phosphate with chemical formula Ca8(HPO4)2(PO4)4 

.5H2O and Ca/P ratio of 1.33. Its crystal structure consists of “apatite” layers stacked 

alternatively with hydrated layers or “water” layers. The apatite layer resembles the 

structure of HA as it consists of PO43- groups scattered among Ca2+ ions. Therefore 

distinction between the two phases is possible on detection of the hydrated layer, which 

consists of more spaced PO43- groups and Ca2+ ions with water molecules between them 

(Elliott, 1994). At the junction between the two layers there are three phosphate ions, of 

which two are protonated. 
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It has been suggested that OCP acts as a precursor of HA in vitro and in vivo in biological 

tissues like bone and enamel (Brown et al., 1962), although detection of pure OCP in 

these tissues is not always possible due to transitory characteristics of OCP at 

physiological condition. In vitro conversion of OCP to HA has been shown to promote a 

Ca-deficient HA formation, with lower Ca/P ratio and higher acidic phosphate content 

and a plate like morphology (Ouizat et al., 1999). Under physiological conditions OCP is 

thermodynamically a metastable phase compared to HA. However it nucleates and grows 

more readily compared to HA due to a lower activation energy of nucleation, as a result 

of the water layer in its structure which reduces the interfacial energy and therefore 

favours nucleation. The pH conditions of the environment affect nucleation and stability 

of the two phases. When the pH is between 5.0-9.0 OCP forms preferentially and 

gradually transforms to HA, whereas when pH is above 9.0 HA precipitates directly 

without an OCP as intermediate (Chow and Eanes, 2001). OCP converts to HA through 

a hydrolysis process influenced by the Ca2+ availability in solution, PO4 concentrations, 

small amount of fluoride ions and inhibited by Mg2+, CO32-and pyrophosphate ions 

(Elliott, 1994). During the hydrolysis, calcium is consumed from the surrounding solution 

and phosphate ions are released in solution. 

In a previous study it was suggested that the process of conversion from OCP to Ca-

deficient HA might enhance bone formation in vivo, through activation of  osteoblastic 

differentiation (Suzuki et al., 2006). When mouse bone marrow stromal cells were 

cultured on plates coated with OCP, it significantly stimulated the differentiation of the 

cells into osteoblastic cells more than the Ca-deficient HA. OCP granules implanted in 

rat calvaria defects promoted superior bone formation compared to Ca-deficient HA and 

non-grafted sites. Conversion of OCP to HA was confirmed by X-ray Diffraction both in 

vitro and in vivo, although a mixed OCP/HA was always found in vivo. From these 
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findings it can be deducted that the conversion from OCP to HA plays a positive effect 

on the osteoblastic activity in vivo. Suzuki hypothesised that after implantation, bone 

marrow stromal cells attach on the surface of the OCP (Suzuki, 2013). The presence of 

OCP promotes proliferation and differentiation of these cells into osteoblasts, therefore 

favouring bone formation. OCP induced up-regulation of RANKL on osteoblasts 

promoting differentiation of osteoclasts from bone marrow osteoclast precursors (Takami 

et al., 2009). These cellular responses advance during the OCP conversion into HA, in 

which calcium from the solution is consumed, phosphate ions are released and proteins 

(including those involved in bone metabolism) are adsorbed onto the crystal surface 

(Kaneko et al., 2011).  

2.6 Calcium phosphate cements  
The desire for faster resorbing materials, greater bone to graft contact, improved handling 

properties and a compressive strength that could allow for some degree of local 

stabilization has led to the development of a variety of calcium phosphate cements (CPCs) 

(Eppley et al., 2005). CPCs are bioactive materials that set as CP phases. They are used 

as bone grafts for orthopaedics and craniofacial applications while their use in dentistry 

is limited. They are obtained by mixing reactive crystalline CP powders with an aqueous 

solution to form a self-hardening paste. During the setting reaction, depending on the pH 

value, the cement may form a poorly crystalline HA or dicalcium phosphate dihydrate 

(DCPD, also called brushite) (Dorozhkin, 2008). Therefore two type of CPCs exist: 

apatite and brushite cements. Knowing the end product of the cement is important because 

it determines the solubility and, therefore, in vivo bioresorbability. 

The first CPC was discovered by Brown and Chow (Brown and Chow, 1983) who 

demonstrated that an equimolar mixture of tetracalcium phosphate (TTCP) and dicalcium 
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phosphate anhydrous (DCPA) or dihydrate (DCPD)  mixed with water led to the 

formation of HA at room temperature. This CPC composition received FDA approval in 

1996, becoming the first commercially available apatite based CPC. Since then novel 

formulations using different CP salts and different type of solutions have been 

investigated (Bohner et al., 2005a).  

2.6.1 Advantages and disadvantages of CPCs.  
The major advantages of CPCs include the ability to harden in vivo at body temperature, 

excellent mouldability and easy manipulation. They can be injected directly into bone 

defects where they set in-situ intimately adapting to the bone cavity ensuring complete 

void filling. Therefore, CPCs are more versatile in handling characteristics than 

prefabricated CP granules or blocks. These cements possess excellent osteoconductive 

properties and biocompatibility. Once set they form chemical bonds to the host bone and 

have the chemical composition of the mineral phase of the bone (Dorozhkin, 2008). The 

setting process is only slightly exothermic compared with acrylic bone cements used in 

orthopaedics, which is important for the incorporation of biological molecules and drugs 

(Zhang et al., 2014). After setting, micropores are left in the CPC by the extra aqueous 

solution. The microporosity is useful for the impregnation of biological fluids into the 

cement and increases the CPC’s surface area available for reaction, enhancing its ability 

to load growth factors or drugs (Espanol et al., 2009). However, it would also be desirable 

to create macropores in CPCs to favour blood vessel ingrowth, accelerating the 

remodelling and replacement of CPCs by bone.  

Poor mechanical properties are the main disadvantages, as the resulting cement is weak 

under tensile forces, limiting their use to non-load bearing applications or in combination 
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with metal implants (Ambard and Swider, 2006). CPCs suffer from low water stability, 

meaning that on incomplete setting they tend to disintegrate upon early contact with blood 

or body fluids. The in vivo biodegradation of many formulations is slower than the growth 

rate of the newly forming bone. Finally, the CP salts used as their reactive precursors are 

restricted in their stoichiometry, meaning that alterations of CPCs formulations to 

improve their properties are limited to the salts that can be used.  

2.6.2 Setting reaction of CPCs 
Setting of CPCs is a continuous process that starts with dissolution of the initial CP 

powders in an aqueous solution. The dissolution supplies calcium and orthophosphate 

ions into the solution, where they chemically interact and precipitate in the form of either 

the end products or precursor phases. The entanglement of the precipitated crystals is 

responsible for the hardening of the paste. The driving force controlling the dissolution 

and precipitation is the relative solubility and stability of the reactants and product of the 

setting reaction, meaning that the reactants should be more soluble and therefore less 

stable than the end product phase. The relative stability of the different CP salts used in 

CPCs can be predicted by using the solution phase diagram (Figure 2-10). It describes the 

solubility of a range of CP salts, expressed as calcium concentration of the saturated 

solution, as a function of the pH at fixed temperature and pressure.  It can be seen that 

HA is the least soluble and most stable CP for pH > 4.2 and therefore its formation in 

most neutral CPCs formulations is generally thermodynamically favoured. 
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In addition to thermodynamics factors, kinetics factors control reactant dissolution and 

precipitation of new phases during the setting reaction such as stoichiometry, 

temperature, composition, particle size and crystallinity. According to the Ostwald- 

Lussac law of stages, in a system where a number of crystalline phases can potentially 

form, the initial phase formed is the one with the highest solubility (the most kinetically 

favourable) followed by other crystalline phases in order of decreasing solubility, until 

the most stable phase is formed (De Yoreo and Vekilov, 2003). 

Apatite CPCs can form either precipitated HA or calcium deficient HA (CDHA) with the 

incorporation of different ions in the lattice depending on the compositions of the 

reagents. The chemistry involved in the setting reactions depends on the chemical 

compositions of the reactants. Mainly two types of chemical reactions can occur, being 

an acid-base reaction and hydrolysis. For an acid-base reaction two reactants are needed: 

an acidic CP reacts with a basic CP to produce a relatively neutral compound. A typical 

example of this type of reaction is the Brown and Chow (Brown and Chow, 1983) cement, 

a combination of TTCP+DCPD or TTCP+DCPA where TTCP is the basic component 

and DCPD and DCPA are the acidic ones. They react according to the equations below:  

Figure 2-10: Solubility phase diagram (Chow, 2009) 
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Ca%(PO%)-O + CaHPO% 	→ 	Ca>(PO%)?OH                                                                  (Equation 2-2) 

Ca%(PO%)-O + CaHPO% ∙ 2H-O	 → 	 Ca>(PO%)?OH	 + 2H-O                                  (Equation 2-3) 

 

Different CP salts combinations can be used with the end products being mainly a CDHA 

(Brown and Fulmer, 1991) or brushite (Mirtchi et al., 1989).  

Hydrolysis reactions require a single metastable CP salt in aqueous media. A slightly 

basic CP (i.e. α-tricalcium phosphate, α-TCP) is converted via dissolution-precipitation 

to a slightly basic CP (CDHA) without pH change and release of by-products according 

to the equation below (Ginebra et al., 1997):  

3α − Ca?(PO%)- + H-O → CaE(HPO%)(PO%)>(OH)                                                 (Equation 2-4) 

 

2.6.3 Mechanical properties of CPCs 
Compressive strength is the property most often studied for the characterization of the 

mechanical behaviour of CPCs. This is because CPCs have been shown to have low 

tensile strengths (within 1-10 MPa) while compressive strength values on average 

between 20 and 50 MPa can be achieved (Charriere et al., 2001). The compressive 

strength of human cortical bone ranges between 130 and 180 MPa and that of trabecular 

bone between 1.5 and 12 MPa (Johnson and Herschler, 2011) and therefore CPCs are 

currently used only in non load-bearing applications. In vivo studies showed that the 

compressive strength of CPCs increases after implantation and this is probably due to 

new bone formation at the surface and within the cement implanted (Ikenaga et al., 1998).  

The strength of CPCs is strongly correlated to the microstructure of the cement, which is 

influenced by other factors like chemical composition, addition of accelerators and 

retarders of the setting reaction, particle size of the reactants, liquid to powder ratio (L/P) 

and porosity. Porosity in particular is one of the main parameters that affects mechanical 
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behaviour as well as biological activity of the cement. While porosity affects negatively 

the strength of the material, it enables bone and blood vessels ingrowth, enhancing the 

remodelling of the cement. In a recent review (Zhang et al., 2014), mechanical properties 

of CPCs were found to decrease with an increase of porosity. The authors compared 

different studies and found compressive strength values between 0.2 to 184 MPa for 

porosities of 84 to 11 % respectively. They observed that the presence of macropores 

reduced significantly the strength of the cements. Mechanical properties of CPCs can be 

controlled by adjusting particle size and L/P ratio. Stronger cements can be obtained by 

adjusting the L/P ratio, as less liquid is used to mix the cement, the lower will be the 

porosity and therefore higher strength values can be obtained (Bohner, 2001). Besides the 

smaller the particle size of the reactants, the quicker will be their dissolution and 

precipitation of the new phase, allowing for the formation of small and dense entangled 

crystals (Liu et al., 2003).  

As the microporosity of CPCs (8 to 12 µm) does not allow for vessel infiltration, research 

is now focused on methods to develop macropores within the hardened cement. 

Macroporosity has been introduced into CPCs by using soluble particles like mannitol 

(Xu et al., 2006), resorbable polymers like poly(lactic-co-glycolic acid) (Ruhé et al., 

2006) or foaming agents (formation of CO2 bubbles using NaHCO3 as precursor) (Del 

Real et al., 2002). A macroporous structure of the cement will allow for higher surface 

contact with body fluid (and consequent higher dissolution rates), enhance blood vessels 

ingrowth and cell mediated biodegradation.  

2.6.4 Biodegradation of CPCs 
In vivo resorption of CPCs occurs via two mechanisms: dissolution of the cement in 

contact with body fluids and active resorption by osteoclasts and macrophages. 

Dissolution occurs faster if the solubility product of the phase is higher than the 
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corresponding ion concentration in body fluid. This is the case for β-TCP and brushite, 

while apatite is insoluble at neutral pH. However as the pH drops (due to osteoclastic 

activity) the dissolution of apatite increases. Compared to sintered ceramic, crystallites in 

the CPCs are weakly bonded to each other and therefore can easily be detached and 

digested by the cells (Dorozhkin, 2008). Besides CDHA is often the end product of the 

setting reaction and its solubility is higher than that of sintered HA and more similar to 

the biological apatite.  

The dissolution-mediated resorption of CPCs is affected by different factors like porosity, 

as was previously discussed, ionic substitution of the end product and degree of 

crystallinity. Besides, the biodegradation of CPCs may be influenced by implantation 

sites, animal model and methodology used. Therefore it is difficult to compare different 

in vivo studies regarding biodegradation of CPCs.  A wide range of resorption times (from 

3 to 36 months) have been found in the literature (Ambard and Mueninghoff, 2006). A 

study by Lu et al. compared the biodegradation of two CP ceramic (HA and β-TCP) and 

a brushite CPC in a rabbit model (Lu et al., 2002). The authors investigated the new bone 

formation and material degradation rate after four time points up to 24 weeks. 

Histomorphometry confirmed that biodegradation of β-TCP and CPC was faster 

compared to HA in which very little disintegration of the graft occurred. In the CPC 

samples, material particles were found at the cement-bone interface associated with 

macrophages cells, suggesting that dissolution and subsequent phagocytosis are 

responsible for CPC degradation in vivo. Osteoclasts were not found, but images after 2 

weeks of implantation showed an irregular cement-bone interface probably due to 

formation of Howship’s lacunae. After 24 weeks only 5% of HA ceramic resorbed 

compared to 55% of β-TCP and 60% of CPC. Ceramic HA and β-TCP were manufactured 

with a similar porosity and pore size suggesting that the high solubility product of β-TCP 
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is the main factor affecting its biodegradation. The authors did not report any porosity 

value for the CPC, although a lower porosity might be expected. The higher degradation 

rate of CPC can be attributed to its end product, being brushite, which has a higher 

solubility compared to apatite.  

2.6.5 Clinical applications of CPCs 
CPCs are currently indicated for craniofacial applications for which the ability to mould 

and easily shape the material before setting is important. CPCs are also used in a wide 

range of non-load bearing orthopaedic applications and vertebroplasty and kyphoplasty. 

The use of CPCs for dental bone grafting applications is still lacking and little research 

has been conducted both on animals and humans. A study (Sugawara et al., 2002) 

investigated the use of an apatitic CPC (TTCP+DCPA) for bone augmentation around 

implants in a beagle model. The authors created circumferential defects around implants 

which were grafted with a pre-set CPC block previously prepared on a model of the 

alveolar ridge obtained 1 month after extraction of mandibular premolars. The CPC block 

was customized to fit the alveolar ridge and had holes for guiding implant placement. At 

the time of the surgery implants were placed so that only the apical 4 mm were in contact 

with bone and the coronal portion was in contact with the CPC block. The authors showed 

that the CPC block was gradually replaced by newly formed bone within 1 month and 

after 6 months the area grafted was almost completely regenerated with new bone. The 

authors suggested that the high remodelling rate seen was due to the porosity within the 

cement which would allow for blood vessel infiltration. However the porosity of these 

CPCs (mean diameter pore = 2nm) is generally too small to allow for vessel ingrowth 

within the cement. Also, a histological study performed to evaluate the remodelling rate 

of CPC had been conducted on decalcified sections, which means that the interface 

between CPC and bone as well as parts of the CPC block had been probably lost through 
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the decalcification process. In a study (Shirakata et al., 2002) on beagle dogs, the authors 

investigated the potential of a CPC (composition: monocalcium phosphate monohydrate, 

α-TCP and calcium carbonate mixed with a sodium phosphate solution) for periodontal 

regeneration at fenestration and three-walled bone defects. They found that after 12 weeks 

the CPC appeared to be detached from the root surface, therefore providing the space 

necessary for periodontal regeneration. The authors suggested that CPC may act similarly 

to a barrier membrane, inhibiting gingival connective tissue infiltration and aiding the 

migration of periodontal ligament cells. New cementum and periodontal-like tissue was 

found both on the test and control sites (untreated sites). The cement was partially 

resorbed with substantial amount of graft still noted after 12 weeks. In all the specimens 

the cement was in contact with new bone revealing the good osteoconductive potential of 

the material.  

Studies on CPCs in humans are less numerous in the literature, usually case reports or 

case series. Also the results that come from these studies are conflicting with respect to 

the new bone formation provided by the CPC and its suitability for dental applications. 

In a case series study by Mazor et al., the authors investigated the efficacy of a CPC 

(TTCP+DCPD) in simultaneous implant placement and sinus augmentation procedure 

(Mazor et al., 2000). Panoramic radiographs and CT scans were used to assess the bone 

height pre-operatively and up to 18 months after the surgery. Undecalcified histology was 

performed on core biopsies retrieved after 9 months from the sites adjacent to the 

implants. The authors found that the graft had been replaced by bone across most of the 

length of the biopsies, with an apical area occupied by cement. However no information 

were given regarding length of the core biopsies and no histomorphometry was 

performed. Also, post-operative scans after 9 months showed a high radiopaque area all 

around the implants, suggesting the CPC was still in place. Clinically no signs of 
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complications and implant failure after 1 year were observed. Proper implant location and 

parallelism was achieved in all the 10 cases. Based on these findings the authors 

concluded that CPCs may have potential use as a bone graft for sinus augmentation due 

to its ability to provide an initial implant stability as a consequence of its hardening 

mechanism of setting. In a more recent study (Sverzut et al., 2015) the authors used a 

CPC (BoneSource®) for sinus augmentation in 10 patients. 9 to 16 months after the sinus 

lift, core biopsies were taken and implants were placed. The authors found that at the time 

of the implant placement abundant graft material was still present and resulted friable 

when implant insertion was attempted. Histological analysis revealed woven bone in 

contact with the graft. The authors suggested that new bone formation and replacement 

of the CPC was minimal probably due to a lack of porosity and therefore they concluded 

that the use of this CPC was not indicated in cases of sinus lift and implant placement. 

These findings were found to be controversial compared to the study by Mazor et al. The 

authors explained such a difference in results based on design of the study and surgical 

protocol used. The initial presence of a bone height of 5mm in the study by Mazor and 

the simultaneous placement of implants and bone graft may have contributed to better 

clinical outcomes.  

The lack of clinical randomized controlled studies for oral surgery applications is 

probably one of the main reasons why these CPCs are not in use in dentistry. However 

the suitability of these materials for bone grafting in in maxillofacial and orthopaedics 

applications is well supported by clinical studies which proved that these materials have 

the ability of supporting new bone growth. Therefore the combination of a self-setting 

nature, mouldability, biocompatibility, lack of any by-products and a potential for being 

replaced by bone make calcium phosphate cements very promising materials for dental 

applications. More studies are needed in order to evaluate the efficacy of these materials 
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for oral bone regeneration.  

2.7 Novel bioactive glass based calcium phosphate cement  
Recently a novel injectable bone substitute has been developed and patented 

(US20150328364A1 WO2013/093101A1 “A composition for making a cement or 

implant”) by the research group led by Professor Robert Hill. A BG is used as one of the 

reactive precursor to develop a CPC. A BG powder is mixed with a CP salt and a 2.5% 

Na2HPO4 solution to form HA. The BG is used as precursor as it is a source of Ca2+ and 

PO43- ions important for the formation of HA. In the cement compositions studied the 

reaction pathway led to the formation of DCPD in first instance, then OCP and then HA. 

When fluoride is added during the setting reaction DCPD forms followed by direct 

precipitation of HA (Kent, 2014).  

By changing the glass composition, the rate of the setting reaction and phases formed can 

be controlled. In a glass composition of SiO2 42.00, P2O5 4.00, CaO 49.00 and Na2O 5.00 

(all values in mol %) the effect of sodium substitution for calcium has been investigated 

(Kent et al., 2016). The setting reaction changed from DCPDèOCPèHA to OCPèHA. 

The increase in sodium content might raise the pH during the setting reaction after the 

initial acidity caused by the dissolution of the salt. The pH might reach values outside the 

stability range of DCPD causing a direct precipitation of OCP.  

The first step in the setting reaction of this novel bioactive glass based CPC is the rapid 

dissolution of the highly soluble CP salt in solution, which creates an acidic environment. 

The H+, Ca2+ and PO43- ions released during the dissolution precipitate forming DCPD, 

which according to calcium phosphate solubility diagrams is favoured due to the acidity 

of the reaction solution (Elliott, 1994).  

Ca(H2PO4)2.H2O +H2O ® CaHPO4.2H2O + H3PO4                                              (Equation 2-5) 
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The H3PO4 species produced will dissociate to different protonated phosphate species of 

varying degrees between completely protonated to fully deprotonated.  

H3PO4 ® 3H+ + PO43-                                                                                  (Equation 2-6)                                                                                                      

In an acidic environment faster degradation of the glass occurs (Bingel et al., 2015). The 

glass dissolves through an ion exchange between protons in solution and calcium and 

sodium ions in the glass network which results in an increase in pH of the solution and 

formation of silanol groups on the silicate layer of the glass.  

2 (Si-O)Ca +2 H+ ® 2 SiOH + Ca2+                                                            (Equation 2-7)                                                                         

R-(Si-O)Na + H+ ® R-SiOH + Na+                                                              (Equation 2-8)                                                                                 

Due to the rise in pH a dissolution/precipitation process occurs, leading to dissolution of 

DCPD and precipitation of OCP.  

10 CaHPO4.2H2O ®  Ca8(HPO4)2 (PO4)4.5H2O +2 Ca2+ + 4H2PO4- + 15H2O      (Equation 2-9) 

The time point at which this process occurs and the rate at which it happens is dependent 

on the glass compositions.  

OCP over time is transformed to HA via a solid-state phase transition according to 

Equation 2-10. This process is thermodynamically driven as HA is more stable than OCP 

(Fernandez et al., 1999).  

Ca8(HPO4)2 (PO4)4.5H2O + 2(OH)- + 2 Ca2+ ® Ca10(PO4)6(OH)2 + 5 H2O + 2H+ 

                                                                                                                                                                              (Equation 2-10)  

2.7.1 Advantages of using a BG based CPC  
In the past, attempts to introduce BG in a CPC have been made (Sadiasa et al., 2014, 

Renno et al., 2013). However the BG functions as a filler in the cement matrix and does 

not take part in the cement setting reaction. The addition of BG to create a composite 
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CPC has been shown to improve biocompatibility and degradation in vivo of the cement.  

The use of a BG as reactive precursor for the formation of a CPC gives advantages 

compared to traditional CPCs:  

1. The setting reaction rate, phases formed and material properties can be controlled 

by the glass composition, with no stoichiometric and solubility restrictions as for 

salts used in conventional CPCs. Conventional CPCs’ properties can be only 

manipulated via changes in particle size, ratios of the components or with the use 

of accelerators or retarders.  

2. Using BG introduces the silicate phase, which is a potential site for heterogeneous 

nucleation (Hench, 2006) leading to a more rapid nucleation than conventional 

CPCs.  

3. Dissolution products like silicon and calcium have been shown to stimulate 

collagen type I formation and osteoblastic differentiation (Reffitt et al., 2003, 

Maeno et al., 2005).   

4. Therapeutic ions like strontium, fluoride, zinc can be introduced in the glass 

composition to improve biological and physical properties of the cement.  

A recent ovine study has demonstrated that this novel BG based CPC is osteoconductive 

and can be successfully osseointegrated with the host bone. Besides, it showed a higher 

degree of osseointegration and new bone formation when compared to a commercial CPC 

(Kent N, Hill R.G, Karpukhina N., unpublished work).   
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2.8 Strontium  
It is desirable in certain applications to deliver a steady supply of therapeutical ions in the 

bone defect or to produce substituted HA phases in the bone graft material. The use of 

trace elements is a valid alternative to growth factors for bone regeneration. Among the 

bivalent cations that can replace calcium in the structure of HA, strontium has attracted a 

remarkable interest for its biological role. Strontium is present in the mineral phase of the 

bone, especially at the regions of high metabolic turnover (Blake et al., 1986). It has been 

shown that strontium stimulates in vitro and in vivo replication of pre-osteoblasts and 

collagen synthesis so increasing the rate of new bone formation. It has also been shown 

to inhibit osteoclasts differentiation and activity decreasing in this way bone resorption 

(Marie et al., 2001) without exerting toxic effects on these cells. 

The molecular mechanisms by which strontium affects bone cells are still unclear. 

However different hypotheses have been proposed and investigated.  

2.8.1 Mechanisms of action of strontium on osteoblasts  
1. Activation of signalling pathways through a Ca2+-sensing receptor (CaSR). CaSR 

is expressed on pre-osteoblasts and osteoblasts. Strontium is an agonist of this 

receptor although with a lower affinity compared to calcium. The activation of the 

CaSR results in an increase in cell replication (Chattopadhyay et al., 2007).  

2. The activation of the CaSR is also responsible for increasing OPG and decreasing 

RANKL expression in osteoblasts, two molecules important for the regulation of 

the osteoclastic activity mediated by osteoblasts (Brennan et al., 2009).  

3. Activation of different cation-sensing receptors still to be determined. This 

hypothesis was the result of a study (Fromigué et al., 2009) in which was shown 

that mice osteoblasts deficient of CaSR responded to strontium ranelate with 

increased cell proliferation, suggesting that other strontium sensing receptors 
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could be involved in the mechanism of action of strontium. 

4. Increase of intracellular strontium level may induce activation of transcription 

factors like nuclear factor of activated T cells, associated with signalling pathways 

that promote cells differentiation and survival (Fromigué et al., 2010).  

2.8.2 Mechanisms of action of strontium on osteoclasts 
1. Increase of OPG and decrease of RANKL expression by osteoblasts. RANKL is 

a molecule that binds RANK receptor on osteoclast precursors and induces 

osteoclast differentiation. OPG is a protein released by pre-osteoblasts and 

osteoblasts that inhibits osteoclast differentiation by binding to RANK receptor 

on osteoclast precursors, thereby acting as an antagonist to RANKL. Therefore 

the decrease of RANKL expression and increase in production of OPG results in 

an overall inhibition of osteoclast differentiation (Marie et al., 2011).  

2. Activation of CaSR on osteoclasts which mediates cell apoptosis (Hurtel-Lemaire 

et al., 2009).  

2.8.3 Strontium effect on bone related gene expression  
In different studies strontium has been shown to up-regulate expression of genes related 

to bone formation and down regulate gene expression related to inhibition of 

osteogenesis. Strontium has been suggested (Yang et al., 2011) to induce osteoblast 

differentiation from human mesenchymal stem cells by increasing ALP activity, by up-

regulating the extracellular matrix gene expression and activating the Wnt/β-catenin 

pathway which represses mesenchymal stem cell commitment to the chondrogenic and 

adipogenic lineages and enhances commitment to differentiation along the osteoblastic 

lineage (Baron and Kneissel, 2013).	 The effect of strontium on bone related gene 

expression was investigated in a study by Park in which the authors compared gene 

expression in peri-implant sites in rabbit after 2 weeks of implantation (Park et al., 2013). 
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Two types of implant were used: a hydrophilic SLActiveÒ titanium implant as a control 

and a strontium enriched SLAÒ implant as test. Real-time PCR analysis revealed an 

increased mRNA expression of osteoblast genes like Runx2, osterix and osteocalcin in 

the peri-implant bone of the strontium enriched implants compared with the SLActiveÒ 

implants, while osteoclast phenotype gene (TRAP) expression was markedly decreased 

in the strontium enriched SLAÒ implants. 	

The effect of strontium ranelate (a drug containing strontium, approved for the treatment 

of osteoporosis) on gene expression was investigated on three different cell lines in vitro: 

bone marrow-derived stromal cells from mice, pre-osteoblastic cells and osteoblastic cells 

(Zhu et al., 2007). Authors found that strontium ranelate is responsible for osteoblast 

differentiation, although upregulation of gene expression is cell-type specific. Runx2, a 

master gene that encodes for a protein involved in osteogenic differentiation from 

mesenchymal precursors, resulted up-regulated by strontium ranelate in the bone marrow 

stromal and pre-osteoblastic cells but not in the osteoblastic cells.  

 

2.8.4 Strontium safety issues 
A drug containing strontium (strontium ranelate), marketed under the name of Protelos®, 

has been approved for the treatment of osteoporosis, a disease characterized by reduced 

bone mass and alterations in bone microarchitecture which result in higher susceptibility 

to bone fracture. The efficacy of strontium ranelate in reducing incidence of bone fracture 

was investigated in two randomized controlled trials in postmenopausal women. 

Strontium ranelate significantly reduced the incidence of vertebral fractures by 40–50% 

after one and three years of treatment (Meunier et al., 2004) and non-vertebral fractures 

by 16% after three years of treatment in a larger study compared to placebo (Reginster et 

al., 2005).  
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Currently the use of strontium ranelate is limited to the treatment of severe osteoporosis 

in patients at high risk of fracture who cannot use other osteoporosis treatments. These 

recommendations were given by the European Medicines Agency in 2014 after reviewing 

the evidence available for association between use of the drug and increased risk of 

cardiovascular disease, with data showing a 60% increased risk of myocardial infarction 

(MHRA, 2013). This risk is related to its use as a drug and its systemic effects on the 

cardiovascular system. Several in vitro studies have shown that the strontium ranelate 

locally administrated in association with biomaterials is biocompatible and non-cytotoxic 

(Silva et al., 2018) (Querido et al., 2014).  

2.8.5 Strontium substitutions in hydroxyapatite 
As strontium and calcium have similar charge and ionic radius, strontium can substitute 

calcium in the apatite lattice. Results on solubility of strontium containing HA (SrHA) 

are controversial. Some studies have shown that solubility decreases with progressively 

increase in strontium substitution (Dedhiya et al., 1973), while other studies showed a 

higher solubility when strontium replaced calcium in the apatite lattice (Christoffersen et 

al., 1997). The results suggesting a reduction in solubility of the SrHA are explained by 

the formation of a surface complex Ca3Sr2(PO4)3OH which is responsible for such 

dissolution retardation. The increase in solubility has been explained on the basis that the 

presence of strontium introduces a lattice distortion into the HA which affects the rate of 

solubility. This lattice distortion is due to the strontium ion being slightly larger than 

calcium (Ca2+ ionic radius = 0.100 nm; Sr2+ ionic radius= 0.118 nm). The lattice distortion 

due to the strontium cation affects HA lattice parameters, which were found to increase 

linearly with strontium substitution (O’Donnell et al., 2008). Studies on SrHA (Bigi et 

al., 2007, O’Donnell et al., 2008) have shown that crystallite size decreases for strontium 

substitution up to 50% and then progressively increases to reach maximum values in fully 
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strontium substituted HA. 

2.8.6 Previous use of strontium in CPCs 
For its biological properties and effects on HA structure and solubility, strontium has 

attracted attention during the past years and researchers have attempted to incorporate 

strontium in bone substitutes.  

The presence of strontium in a biomaterial increases its radiopacity (Romieu et al., 2010) 

due to a higher atomic number, allowing the implanted material to be observed 

radiographically and enabling the surgeon to follow its resorption during the healing. To 

date, the use of strontium carbonate (SrCO3) appears the most suitable choice to obtain a 

sufficient degree of radiopacity (Bohner et al., 2005b).  

In previous work, addition of strontium in CPCs has been achieved via different methods: 

1) producing strontium substituted salts as the powdered precursor (Saint-Jean et al., 

2005) 2) by adding a separate strontium containing powder apart from the initial 

precursors, as SrHPO4 (Guo et al., 2005) or SrCO3 (Romieu et al., 2010); 3) adding 

soluble strontium salts to the liquid phase used to start the cement reaction (Leroux and 

Lacout, 2001).  

In a study by Romieu (Romieu et al., 2010) SrCO3 was used to enhance the radiopacity 

of the CPC in the system DCPD+(4-x)CaO+xSrCO3 (where 0<x<4). Although 

radiopacity and mechanical properties increased with replacement of CaO with SrCO3, 

the setting reaction rate decreased. In the base CPC (without strontium) after 2 h DCPD 

and CaO disappeared completely, and precipitation of HA occurred. When SrCO3 was 

used to replace CaO, SrCO3 was still present after 4 weeks and had disappeared only after 

3 months.  

In a study by Kuang (Kuang et al., 2015) the effect of strontium on osteoconduction and 
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solubility of implanted CPC was investigated. Three cements were used: a CPC in the 

system TTCP+DCPA as control and 5% and 10% strontium containing CPC (SrCPC) as 

tests where DCPA was partially substituted with strontium hydrogen phosphate. After 

setting in 100% of relative humidity at 37 °C for 24 hours, X-ray diffraction showed no 

sign of HA formed while the precursors were still present. After immersion in simulated 

body fluid, the authors found that the 5% and 10% SrCPCs had a higher loss of weight 

compared to the control suggesting that strontium accelerates degradation via dissolution 

of the cement. However no X-ray diffraction data were shown to assess the formation of 

a SrHA in the system. The authors showed that a higher MC3T3 cell proliferation rate 

and higher ALP activity was observed in the 10% SrCPC group and in a rabbit model, 

earlier endochondral ossification and earlier apposition of new bone on the cement 

surface was observed in the 10% Sr-CPC group compared to the control group.  

2.8.7 Strontium containing bioactive glasses  
Because of their chemical similarity in terms of charge and ionic radius, strontium for 

calcium substitution in BG can be a strategy to develop new glass compositions with 

improved bone growth and regeneration capability while maintaining the general 

chemical and physical behaviour of the base glass composition. Radiopaque glasses can 

be produced as strontium has a higher atomic number compared to calcium, therefore 

scattering more under X-ray. The substitution of calcium with strontium in a glass 

composition leads to expansion of the glass network and increased glass dissolution over 

time. Apatite formation occurs faster when strontium is fully substituted for calcium in 

the glass structure (Fredholm et al., 2012). Therefore in vivo bioactive response of 

strontium containing BG is expected to be greater. In a study by O’Donnell (O’Donnell 

and Hill, 2010) the effect of strontium substitution in Bioglass® 45S5 on human 

osteosarcoma cell line (Saos-2) was investigated by replacing 0–100% of the calcium 
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with strontium on a molar basis. Cell proliferation was assessed through a lactate 

dehydrogenase assay (LDH). After 14 days in culture, cells treated with dissolution ions 

from Sr10% BG (10% of strontium substitution in the glass) had higher LDH activity 

than cells cultured in the other BG groups and positive control. The authors explained 

that with the increase in strontium content a pH rise is expected as strontium enhances 

glass dissolution. This pH rise could lead to a lower LDH activity and cell proliferation 

for glasses with higher strontium content.  The Sr10% glass may be optimal in this system 

in terms of the balance between the positive effect of strontium on osteoblast proliferation 

and the negative effect of pH due to the glass dissolution.  Although the lower cell 

proliferation, the increase in strontium did not have any cytotoxic effects on osteoblast 

cells after 7 days in culture. The same authors (Gentleman et al., 2010) investigated the 

in vitro behaviour of osteoblasts and osteoclasts cultured on a BG (with slightly different 

composition compared to 45S5) in which calcium was systematically replaced by 

strontium up to 100%. Cell proliferation was investigated when cells (Saos-2) were 

cultured directly on BG discs using an LDH assay. More cells were found on Sr100 BG 

(100% strontium substituted BG) discs after 7 days compared to Sr0 (strontium free BG) 

and after 14 days more cells were found on Sr50 (50% strontium substituted BG) and 

Sr100 compared to Sr0 and Sr10 (10% strontium substituted BG). These findings are in 

disagreement with the study by O’Donnell where Sr10% BG was found to increase cell 

proliferation compared to higher strontium substitutions for the same LDH assay and cell 

type. In the study by O’Donnell cells were exposed to ionic dissolution products, while 

in the study by Gentleman cell proliferation on BG discs was investigated. MTT activity 

was assessed in the latter study to estimate metabolic activity and proliferation in cells 

treated with dissolution ions from BG. After 14 days in culture, MTT activity was 

significantly greater in cells treated with dissolution ions from 10, 50 and 100% SrBG 
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compared to Sr0 BG. After 28 days in culture, cells treated with dissolution ions from 

Sr100 BG had significantly higher MTT activity than that in any other group. Moreover 

ALP activity of osteoblasts cultured on BG discs increased with higher strontium 

substitution. The dissolution ions from all BG compositions did not have a negative effect 

on osteoclasts viability meaning that increasing strontium concentration does not have a 

cytotoxic effect. However the TRAP activity (a marker of osteoclast differentiation and 

resorbing activity) reduced with increasing strontium concentration in the glass. In 

another study (Santocildes-Romero et al., 2015), mesenchymal stromal cells obtained 

from rat bone marrow (BM-MSCs) were exposed to increasing amount of BG powders 

based on 45S5 Bioglass compositions in which calcium  was substituted by strontium in 

molar proportions. The amount of BG required to induce a 50% inhibition of cellular 

metabolic activity (measured by a resazurin dye-based assay ) was higher for Sr50 (50% 

of strontium substitution) than for Sr0 (45S5) and Sr100 (fully strontium substituted 

glass). The authors hypothesised that the strontium substitution for calcium in the mid-

range (Sr50) balances the cytotoxic effect due to the increased glass solubility (and 

increase in pH) with the positive effects of strontium on cellular activity. To conclude, 

evidence shows that addition of strontium (up to a certain limit) in a bioactive glass might 

improve regenerative properties and biocompatibility of the biomaterial.   

The scope of this PhD project was to develop new formulations of bioactive glass based 

CPCs for clinical applications. In particular the effects of the addition of strontium into 

the cement on both material properties and in vitro cellular responses were evaluated.   

Deproteinized bovine bone and synthetic calcium phosphate ceramics are the bone 

substitutes that currently dominate the dental market. These materials suffer from 

different disadvantages, like low resorption rate, poor handling properties, granular form 
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susceptible to migration upon implantation.  The development of a novel biomaterial to 

address the limitations of current bone substitutes is therefore advocated.  

The bioactive glass based CPCs  hereby developed offer advantages compared to current 

bone graft materials used in dentistry, like the injectability and easy manipulation of the 

graft in the bony defect, the in situ setting ability and the potential for tailoring properties 

according to the clinical need due to the versatility of the bioactive glass. The potential 

commercialisation of this product would introduce a new synthetic option for bone 

grafting in dentistry with possible future exploitation in the orthopaedic and maxillofacial 

markets. 
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Chapter 3  Development and characterization of novel 
strontium containing bioactive glass based calcium phosphate 
cements 
 

In this chapter the development and characterisation of a novel bioactive glass (BG) based 

calcium phosphate cement (CPC) is described. The effects of the addition of strontium in 

a series of BGs used as precursor for a novel CPC system are analysed and discussed.  

3.1 Aim and objectives  
The aims of this research project were:  

• to develop strontium containing CPCs using a bioactive glass as precursor for 

alveolar bone regeneration; 

• to obtain as the end product of the cement a strontium containing hydroxyapatite 

(HA); 

• to investigate the effect of strontium on the physical, chemical and biological 

properties of the cement.  

The objectives were:  

• to design, produce and characterize a series of strontium containing BGs; 

• to use the BGs to produce CPCs and evaluate the effect of strontium on setting 

time, mechanical properties, phases formed and ions release; 

• to evaluate the effect of two different immersion media (Tris and SBF) on the 

above mentioned cement properties; 

• to evaluate the effect of the material on viability, proliferation and differentiation 

bone forming cells.   
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3.2 Material and methods  
 

 

Figure 3-1: Steps for research methodology presented in this chapter.  

3.2.1 Glass compositions  
A series of glasses were designed in which Sr2+ was substituted for Ca2+ with a ratio of  

Sr2+/Ca2+ of 0.05, 0.10, 0.25, 0.50, 0.75 and 1. The glass compositions prepared are listed 

in (Table 3-1). In all compositions, network connectivity was maintained at 2.00 in order 

to keep the same silicate Q structure in the glass network (Hill and Brauer, 2011).  

Table 3-1: Composition of glasses produced in mol%. 

Glass Code % Sr2+ for 

Ca2+ 

Composition (mol%) 

  SiO2 P2O5 CaO SrO Na2O 

PaG15-Sr0 0 42.00 4.00 39.00 0.00 15.00 

PaG15-Sr5 5 42.00 4.00 37.05 1.95 15.00 

PaG15-Sr10 10 42.00 4.00 35.10 3.90 15.00 

PaG15-Sr25 12 42.00 4.00 29.25 9.75 15.00 

PaG15-Sr50 50 42.00 4.00 19.50 19.5 15.00 

PaG15-Sr75 75 42.00 4.00 9.75 29.25 15.00 

PaG15-Sr100 100 42.00 4.00 0.00 39.00 15.00 

Sr2+ series glass design & production 
Melt-quench route

Grinding 
Sieving 

Glass characterization
XRD

FTIR
DSC

Particle size analysis 

Cement production
Glass + Ca(H2PO4)2 + 2.5% Na2HPO4 sol. 

Immersion studies in Tris and SBF  for 1 h, 1 d, 7 d and 28 d

Cement properties characterization
Setting time

Compressive strength 
XRD, FTIR

SEM
Ion release

Radiopacity

Cell culture studies (MC3T3-E1)
Cytotoxicity (MTT assay)

Cell proliferation (DNA assay) 
Cell differentiation (ALP activity assay)

SEM 

1 2

3

4 5
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3.2.2 Glass production and characterization  
The glasses were prepared via the melt-quench route, using a 150 g batch size. Mixtures 

of analytical grade SiO2 (Prince Minerals Ltd. Stoke-on-Trent, UK), P2O5, CaCO3, 

Na2CO3, SrCO3 (all Sigma-Aldrich, Gillingham, UK) were melted in a platinum-rhodium 

crucible at 1480 ˚C for 1 hour in an electric furnace (EHF 17/3; Lenton, Hope Valley, 

UK). The molten glasses were rapidly quenched into deionized water to prevent 

crystallization. After drying in a oven at 40 ˚C overnight, 100 g of each glass was ground 

using a vibratory mill (GyRo mill/GM100, Glen Creston Ltd., London UK) for 2 x 7 

minutes and sieved using a 38 µm mesh analytical sieve for 1 hour.  The amorphous 

structure of the glasses was confirmed by powder X-ray diffraction (XRD), fourier-

transform infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC).  

XRD is a non-destructive analytical technique for identification of crystal phases. A 

crystalline substance consists of parallel rows of atoms separated by a specific distance, 

d-spacing or inter-planar spacing. When a beam of X-rays hits a crystalline structure, 

secondary diffracted beams of X-rays are generated through interaction with the electrons 

of the atoms in the material. The direction and intensity of the diffraction depends on the 

orientation of crystal lattice and the incident beam. If the scattered beams originated from 

the individual atoms are in phase with one another then constructive interference will 

occur and a sharp diffraction peak will be generated (Figure 3-2). For constructive 

interference to occur conditions need to satisfy Bragg’s law, which relates the wavelength 

of the radiation to the diffraction angle and the inter-planar spacing in a crystalline sample 

according to the equation below:  

                                                                 nλ=2dsinθ                                    (Equation 3-1)                                                                              

where λ is the wavelength of the x-ray, n is an integer number, d is the inter-planar spacing 
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and θ is the incident angle.  

 

Figure 3-2: Schematic representation of constructive interference of X-ray scattering from crystalline 
planes. 

 

For an amorphous material like a glass, with a random arrangement of the atoms, no 

constructive interference will occur, resulting in the absence of diffraction peaks and the 

presence of a broad halo.  

After glass production, XRD was used to assess the amorphous nature of the bioactive 

glasses. The diffraction pattern of the glasses was taken using an XPert Pro X-ray 

diffractometer (Panalytical, The Netherlands) with a CuKα radiation operating at 

45kV/40mA, in the 2θ range of 3° to 70° with a step size of 0.001 º2θ.  

FTIR is a technique that identifies specific functional groups in a molecule. When the 

sample is exposed to an infrared radiation, molecules selectively absorb radiation of 

specific wavelengths, reaching a vibrationally excited state. All these vibrations produce 

a specific fingerprint spectrum for chemical bonds, allowing their identification. For the 

glass characterization FTIR was used as an auxiliary technique for the validation of the 

amorphous nature of the glass, as it allows identification of the bridging and non-bridging 

oxygens within the glass network. The glass powders were analysed using a FrontierTM 

IR/FTIR Spectrometer (PerkinElmer, Waltham, MA, USA) in attenuated total reflectance 

(ATR) mode and data were collected from 4000 to 500 cm-1, with 10 scans per sample 



87 

 

and resolution of 4 cm-1. In the ATR mode the infrared radiation is directed into a crystal 

of relatively high refractive index. The reflection from the internal surface of the crystal 

creates an evanescent wave, which projects orthogonally for few microns into the sample 

positioned in intimate contact with the crystal. The distance that the wave extends from 

the crystal surface depends on the material being used. Good contact between the sample 

and the crystal is important and is ensured using a pressure arm. Some of the energy of 

the evanescent wave is absorbed by the sample and the reflected radiation is returned to 

the detector. ATR spectroscopy is used for opaque samples or samples that are too thick 

for transmission measurements.  

DSC is a thermo-analytical technique that measures material’s heat capacity changes in 

relation to temperature. The difference in the amount of heat required to increase the 

temperature of the sample and reference used is measured as a function of the 

temperature. This allows the detection of transitions such as glass transitions, 

crystallisation and melting of the material studies. In this study DSC (1500 Stanton 

Redcroft, Rheometric Scientific, Epsom, UK) was performed to ascertain the glass 

transition temperature (Tg) of the glass powders and the effect of strontium substitution 

on the Tg. 50 mg of each glass powder was heated from 20-1000˚C at 10°C/min using 50 

mg of alumina powder as reference. The Tg for each glass was then obtained from the 

corresponding traces, with Tg represented by a heat capacity change, corresponding to a 

change in the slope of the baseline.  

Particle size distribution of the glass powders was determined by laser diffraction analysis 

by using the principles of light scattering of the particles suspended in water (LS13320 

Particle Size Analyser, Beckman Coulter, High Wycombe, UK). Samples (3 for each 

glass composition, 2 grams) were submitted to the School of Geography (QMUL) where 
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were analysed for particle size distribution. A detailed explanation of the technique can 

be found in Chapter 4, section 4.2.2. 

 

3.2.3 Ca(H2PO4)2 processing 
The Ca(H2PO4)2 (Sigma-Aldrich, Gillingham, UK) was prepared by grinding 27 g using 

a vibratory mill (GyRo mill/GM100, Glen Creston Ltd., London UK) for 4 minutes.  

 

3.2.4 Cement production 
The cement paste was prepared by mixing the sieved glass powder with the milled 

Ca(H2PO4)2 powder to give an overall calcium+strontium to phosphorus ratio 

(Ca2++Sr2+/P) of 1.3. The amount in grams of each component for each cement 

composition are shown in the table below.   

 

 

Table 3-2: Composition of cement powder (values are reported in grams) and calculated % of Sr2+ 
substitution for Ca2+ in the final cement.  

Cement Code Glass Powder (g) Ca(H2PO4)2 (g) % Sr2+ for Ca2+  

PaG15-Sr0 0.492 0.508 0.00 

PaG15-Sr5 0.496 0.504 2.93 

PaG15-Sr10 0.499 0.501 5.87 

PaG15-Sr25 0.510 0.490 14.70 

PaG15-Sr50 0.527 0.473 29.41 

PaG15-Sr75 0.542 0.458 44.07 

PaG15-Sr100 0.557 0.443 58.81 

 

In order to produce the cement paste, and initiate the cement setting reaction, the powders 

were mixed with a 2.5% Na2HPO4 solution in a liquid to powder ratio of 0.70 ml/g and 

prepared following the methodology described in ISO 9917-1:2007-Water-based 
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cements: Part 1: Powder/liquid acid-base cements (International Organisation for 

Standardisation, 2007). The powders were mixed with a spatula on a glass slab and the 

cement paste left to set in cylindrical steel moulds (6 mm height x 4 mm diameter) 

between 2 steel plates clamped together using a G clamp and placed into a 37°C oven. 

After 120 minutes the clamp and plates were removed and the steel moulds containing 

the samples were abraded against a silicon-carbide paper (Norton, P400) to remove 

excess cement and ensure flat plane parallel surfaces at the top and bottom of the 

cylinders. Seven different compositions of cements were prepared based on the different 

percentage of strontium in the glass. Eight cylinders for each cement composition were 

made. The calculated percentages of Sr2+ substitution for Ca2+ in the cements are listed in 

Table 3-2.  

 

3.2.5 Immersion studies  
The set cement cylinders were then immersed in both 10 ml of Tris buffer solution and 

10 ml of simulated body fluid (SBF) and stored in a 37±1°C shaking incubator (60rpm), 

for 1 hour, 1 day, 7 day or 28 days (n=8 for each cement composition and each time 

point). The choice of using 10 ml of ageing solutions follows the procedures described in 

ISO 23317: Implants for surgery: In vitro evaluation for apatite-forming ability of implant 

materials (International Organization for Standardization, 2014). The volume of solutions 

used was calculated using the equation below:  

                                                          νs= Sa/10                                             (Equation 3-2) 

where� νs is the volume of the solution in ml,�Sa is the apparent surface area of the 

specimen in mm2. For a cylindrical sample of dimensions 6 mm height and 4 mm diameter 

the amount of immersion liquid was calculated to be 10 ml. Tris buffer was prepared by 

dissolving 15.090 g of tris(hydroxymethyl)aminomethane (Sigma Aldrich, UK) in 800 

ml of deionized water. 44.2 ml 1 M HCl (Sigma Aldrich, UK) was then added, and the 
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solution was heated to 37 °C overnight. The pH of the solution was then adjusted to 7.34 

by slowly adding 1M HCl and monitoring the pH change with a pH meter (Oakton 

Instruments, Nijkerk, The Netherlands). The volume of the solution was then adjusted to 

2 L by adding deionised water.  

SBF was prepared based on Kokubo’s recipe (Kokubo and Takadama, 2006): 15.992 g 

of NaCl, followed by 0.70 g of NaHCO3, 0.448g of KCl, 0.456 g of K2HPO4 .3H2O, 0.610 

g of MgCl2 .6H2O, 70 mL of 1.0 M HCl, 0.736g of CaCl2.2H2O, 0.132 g of Na2SO4 and 

12.114g of Tris (all Sigma-Aldrich) were slowly dissolved one after the other in 1500 ml 

of deionized water kept at 37°C. To prevent bacterial contamination 0.4 g of NaN3 was 

added to the solution. The pH of the solution was then adjusted with 1M HCl to reach a 

value of 7.4 at 37°C and the volume adjusted with deionised water to obtain a 2L solution.  

 

3.2.6 Cement properties characterization 

3.2.6.1 Setting time  
Initial and final setting times of the cements were assessed using the Gilmore needle test 

according to ASTM C266-18 (ASTM International, 2018). Setting time is defined as the 

time required for the hardening of the cement paste, which is reflected in a loss of 

plasticity. It is usually measured by assessing the ability of the cement to resist a 

mechanical load applied to its surface. This test uses two needles of different diameters 

and weights to indent the surface of the cement. A light (113 g) and thick (2.12 mm) 

needle is used to measure the initial setting time and a heavy (453 g) and thin (1.06 mm) 

needle is used for the final setting time. If the cement has sufficient strength to withstand 

the applied load, with no visible marks on the surface, it is considered to be set. The 

experiment was repeated three times for each cement composition and results were 

reported as mean ± standard deviation.  
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3.2.6.2 Compressive strength 
Compressive strength is the capacity of the cement to withstand loads tending to reduce 

the size of the specimen along its long axis. With a universal testing machine the 

maximum force applied when the specimen fractures is recorded and the compressive 

strength is calculated by converting the maximum force in MPa, knowing the diameter of 

the specimen.   

In this study compressive strength was measured with an Instron 5567 mechanical 

property testing machine (Instron, High Wycombe, UK) with a 1 kN load cell. Force was 

applied at a crosshead displacement rate of 1 mm/min until fracture. Eight specimens 

were tested for each cement composition for each immersion time. Before being subjected 

to the test, the diameter and height of each cement cylinder were recording using a digital 

micrometer (Mitutoyo Ltd, Andover, UK) in order to calculate the strength in MPa units.   

3.2.6.3 Analysis of crystal phases  
XRD analysis was performed to identify calcium phosphate crystalline phases formed 

after cement immersion by using the instrument and set up used for the glass 

characterisation (paragraph 3.2.2). The XRD reference pattern of hydroxyapatite is shown 

in Figure 3-3. 
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Figure 3-3: XRD pattern and relative intensities of Hydroxyapatite ICSD reference code 01-074-0565 from 
(Sudarsanan and Young, 1969).  

 

Crystallite sizes of apatite formed were calculated from the full width at half maximum 

value (FWHM) at 2θ 25.9° corresponding to the (002) unit cell plane and using the 

equation below:  

 
																																																																				d = kλ/wcosθx                                      (Equation 3-3) 

where d is the crystallite size, λ is the wavelength of the X-rays (λ= 0.154 nm), k is the 

broadening constant varying with crystal habit and chosen as 0.9 for the apatite 

crystallites (Culity and Stock, 1978), w is the FWHM of the peak and θx the angle of the 

Bragg reflection. FWHM was obtained through the function QuickPeaks in OriginPro 

2016 (OriginLab, Northampton, MA). The broadening of a diffraction peak is the product 

of the crystallite dimensions in the direction perpendicular to the planes that produced the 

diffraction peak, therefore the FWHM in this case represents the length of the crystallites 

along the c-axis.  

FTIR (as described in section 3.2.2) was used to confirm crystal phases formed after 

immersion studies. FTIR allows the characterisation of the phosphate groups within the 
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apatite structure (Elliott, 1994) and other calcium phosphate phases. Assignments for a 

typical FTIR spectra of hydroxyapatite are shown in Figure 3-4. 

 

Figure 3-4: Infrared and Raman Band assignments for hydroxyapatite from (Elliott, 1994). vs, very sharp; 
vw, very weak; w, weak; m, medium; s, strong; vs, very strong; sh, shoulder 

 

3.2.6.4 Morphology of crystal phases 
The fracture surfaces of the cement cylinders were examined under Scanning Electron 

Microscope to evaluate morphology of the crystal phases formed. Specimens were gold 

coated using an automatic sputter coater (SC7620, Quorum Technologies, UK). 

Photomicrographs were taken using a Scanning Electron Microscope (FEI Inspect F, 

Oxford Instruments, UK) with the accelerating voltage of 2 kV. 

3.2.6.5 Ion release in immersion solutions 
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Varian Vista-

PRO CCD) was used to detect the concentrations of strontium, calcium, sodium, 

phosphorous, silicon after immersion in Tris and SBF solutions. ICP-OES is an elemental 

analysis technique that uses the emission spectra of a sample to identify and quantify the 

34 
 
 

 

vs, very sharp; vw, very weak; w, weak; m, medium; s, strong; vs, very strong; sh, 
shoulder (Elliott, 1994). 

 

IR performed on apatite and calcium phosphates in general can be a useful 

and fast technique used for their identification. Additional bands to those 

listed above have been used as methods of determining common 

substitutions in apatite structures peaks of note include, 3545 & 3572 cm-1 

which are assigned to fluorohydroxyapatite; 3498 & 3570 cm-1 which are 

assigned to chlorohydroxyapatite; and 872, 879, 1410, 1450, and 1541 cm-1 

indicating presence of carbonate (CO3
2-) substitution in the apatite structure 
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elements present. Liquid samples are introduced into the inductive coupled plasma 

(containing electrons and ionised atoms of Argon) and are decomposed by the intense 

heat to a cloud of hot gases, which causes excitation and ionisation of the sample atoms. 

Each element present in the sample emits light of specific wavelengths during the 

transition from excited energy states to lower energy states. The intensity of the light 

emitted at specific wavelengths is measured and used to determine the concentrations of 

the element of interest.  In this study samples were diluted by a factor of 10 and 100 (the 

latter for measuring the Na+ concentration in SBF immersed samples) with deionized 

water and were acidified by using nitric acid (69%, VWR, Radnor, PA, USA) to obtain a 

2% solution. The acid was added to prevent any precipitation of phases during storage. 

Ion concentrations were measured against a range of prepared multi-element standard 

solutions (Si, Ca, Na, P, Sr; VWR, Radnor, PA, USA) from 0 to 80 ppm prepared with 

deionized water and 2% nitric acid. Three solutions for each immersion point and cement 

composition were measured.    

3.2.6.6 Radiopacity  
The ability to observe the cement by X-rays is an important clinical requirement as it 

allows the clinician to track material position, resorption and replacement by new bone 

throughout time.Cement disc samples were prepared following the same methodology 

described for the cement cylinders (paragraph 3.2.4). Cement pastes were loaded in steel 

moulds of 10 mm diameter and 1 mm height and left to set between 2 steel plates clamped 

together using a G clamp at 37°C for 120 minutes. Radiopacity of samples (3 for each 

cement composition) was assessed using a digital dental X-ray system (HeliodentPLUS, 

Sirona Dental). An Aluminium ‘step-wedge’ (Margraf Dental Mfg. Inc) 9mm thick with 

9 x 1.0 mm steps was used as a reference. Three specimens for each cement composition 

were placed side by side on a periapical imaging plate (Digora imaging plate, size 
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30mmx40mm, Soredex) and exposed to X-rays for 0.08 seconds at 70kV and 7mA, with 

a focus film distance of 10 cm. All plates were processed immediately with a dental 

imaging system (Digora Optime Classic scanner, Soredex) and visualized with DIGORA 

(Soredex) software. Radiographic images were then analysed with Fiji ImageJ software. 

The average of the grey value of specimens was expressed as equivalent thickness of 

Aluminium in mm. 

 

3.2.7 Cell culture studies  
The effect of experimental CPCs on mouse pre-osteoblast cell line (MC3T3-E1) was 

investigated with either liquid extracts of material (conditioned medium) or direct-contact 

tests. The MC3T3-E1 cell line was obtained from the European Collection of Cell 

Cultures (ECACC 99072810). Before conducting the experiments, a mycoplasma 

detection kit MycoAlert Ô (Lonza, Switzerland) was used to ascertain that cells were free 

of mycoplasma contamination.  

For the experiments, MC3T3-E1 pre-osteoblast cells were cultured in T75 plastic flasks 

with Minimum Essential Medium Eagle Alpha Modification (α-MEM, Lonza, 

Switzerland) supplemented with 1% penicillin-streptomycin (10,000 units/mL of 

penicillin and 10 mg/mL streptomycin), 1% L- glutamine and 10% foetal bovine serum 

(FBS) and kept at 37 ºC in a humidified atmosphere of 5% CO2. Cells were passaged 

every 3-4 days when a confluence of 80-90% was reached by splitting them with a ratio 

of 1:3. For passage, cells were washed twice with phosphate buffered saline (PBS), then 

2 ml of trypsin/EDTA (Lonza, Switzerland) was added and cells were incubated at 37 ºC 

and 5% CO2 atmosphere until completely detached from the surface of the flask. 8 ml of 

α-MEM was then added to the cell suspension to deactivate the trypsin. The suspension 

was then transferred to a 30 ml tube and centrifuged at 800 rpm for 5 min. The supernatant 

was removed and the cell pellet was suspended in α-MEM supplemented as above 
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described. Cells were split with a ratio of 1:3 by seeding an aliquot of cell suspension into 

new flasks. Remaining cells were cryopreserved. For cryopreservation cells were treated 

as for passaging up to the centrifugation step. The cell pellet was suspended in “Freeze 

Down Medium” which was prepared by mixing 10% of dimethyl sulfoxide (Sigma 

Aldrich, UK) with 90% FBS. Aliquots of 1ml were then transferred to 2.5 ml cryovials 

and frozen down to -80ºC for 48 hours before being transferred to liquid nitrogen. When 

needed, cryovials were removed from the liquid nitrogen and quickly thawed in a water 

bath at 37ºC. The cell suspension was then transferred to a centrifuge tube in which α-

MEM was added slowly. Cells were centrifuged for 5 min at 800 rpm, the supernatant 

discarded and cells were re-suspended with supplemented α-MEM in T75 plastic flasks.  

3.2.7.1 Tests on extracts: preparation of CPC’s conditioned media 
CPC’s conditioned media was prepared by incubating the test material in α-MEM. 

Cylindrical samples (6mmx4mm) of all experimental compositions of CPC’s were 

prepared and sterilised by UV irradiation for 10 minutes. Each sample was then immersed 

in 10 ml of pure α-MEM to give a mass to volume ratio of 0.01g/ml and stored in a 

shaking incubator (60rpm) at 37 °C for 24 hours. Then the extracts of the test materials 

were aseptically decanted, filter sterilised (pore size 0.22 µm) and supplemented with 

10% FBS, 1% L-glutamine and 1% penicillin/streptomycin. To control for activity of the 

conditioned media, a negative control (NC) was run in parallel with the test material, with 

cells incubated with α-MEM supplemented with 10% FBS 1% L-glutamine and 1% 

penicillin/streptomycin. 

3.2.7.2 Ion release in α-MEM 
The filtered solutions were analysed by ICP-OES to detect concentrations of strontium, 

calcium, silicon, phosphate and sodium in CPC’s conditioned medium. Samples (n 3 for 

each composition) were prepared according to the method described in paragraph 3.2.6.5.  
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3.2.7.3 Cytotoxicity: MTT assay  
The MTT assay was used to assess viability of cells after being exposed to the 

experimental conditioned media following methodology described in ISO10993-5 

(International Organization for Standardization, 2009b). In viable cells with active 

metabolism, water-soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromid) substrate is metabolically reduced by a mitochondrial 

NADH dehydrogenases enzyme to an insoluble blue formazan product. The signal 

collected through the colour intensity is proportional to the number of viable 

mitochondria in cells, as when cells die they rapidly lose the ability to convert the 

substrate to product. The amount of signal generated is dependent on several parameters 

including: the concentration of MTT, the length of the incubation period, the number of 

viable cells and their metabolic activity. It is important to keep in mind that assay 

conditions can alter metabolic activity and thus tetrazolium dye reduction without 

affecting cell viability. If adherent cells in culture approach confluence and growth 

becomes contact inhibited, metabolism may slow down and the amount MTT reduction 

per cell will be lower. 

For this experiment, cells were seeded in a 96 well microtiter plate at a concentration of 

5x103 cells/well in 100 µl of α-MEM supplemented with 1% penicillin/streptomycin, 1% 

L- glutamine and 2% FBS. 100 µl of pure α-MEM was used in the peripheral wells of the 

plate (blanks). Cells were incubated for 24 hours to allow adherence and formation of a 

semi-confluent layer. After 24 hours, the culture medium was aspirated and 100 µl of 

conditioned medium or NC solution was added. For each experimental group 6 wells 

were used. Cells were then incubated for either 1 day and 7 days, changing the medium 

every two days with conditioned media. After 1 day and 7 days, plates were evaluated 

under a light microscope to examine growth characteristics of control and treated cells. 

The culture medium was then aseptically discarded and 50 µl of MTT solution was added 
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to each well. The MTT solution was prepared by adding thiazolyl blue tetrazolium 

bromide (Sigma Aldrich, UK) in pure α-MEM at a concentration of 1 mg/ml. The solution 

was filter sterilized (pore size 0.2 µm) before being added to the wells. Plates were further 

incubated for 2 hours at 37 °C and 5% CO2 atmosphere. Then the MTT solution was 

discarded and 100 µl of 2-isopropanol was added in each well to solubilise any formazan 

crystals formed. The intensity of purple coloured reaction product was quantified by 

measuring the absorbance spectra at 570 nm using an Optima plate reader (BMG Labtech, 

Germany). The average absorbance of the blanks was subtracted from the absorbance 

values of test and control wells. Cell viability was calculated using equation below: 

                                                     Cell viability= PQ(RSTR)
PQ(UVWRXVY)

Z	100                       (Equation 3-4) 

where OD (test) corresponds to the optical density of the experimental medium and OD 

(control) corresponds to that of the NC.  Negative control data were used as 100% cell 

viability and were compared against experimental data. Three independent experiments 

for each time point were performed for assessing reproducibility. Results were presented 

as mean±SD. The Shapiro-Wilk test was used to assess normality of distribution within 

each group. Statistically significant differences were established using the non parametric 

Mann Whitney U test at a significant level of p <0.05.   

3.2.7.4 Cell proliferation: DNA content assay 
MC3T3-E1 cell proliferation was evaluated by quantifying the DNA in culture using the 

fluorochrome bisbenzimide (Hoechst 33258). The fluorescence intensity of the 

fluorochrome is linearly related to DNA concentration (Rago et al., 1990). This assay is 

based on the increased fluorescence and the change in the emission wavelength of the 

fluorochrome Hoechst 33258 upon binding cellular DNA. The reaction is highly specific 

and other cellular components such as RNA and proteins do not cause interference. For 

this assay to work it is important that the fluorochrome comes in contact with the cellular 
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DNA. Therefore cells are incubated with hypotonic distilled water, frozen and thawed to 

lyse the cells and release cell extracts before being exposed to the Hoechst 33258 solution. 

This allows accurate quantification of DNA present, which is found to be correlated to 

cell number (assuming all cells are diploid).  

Cells were prepared as for the MTT test described above (seeding density: 5x103 

cells/well, 6 wells for each group) and treated with conditioned medium and NC for 1 day 

and 7 days, exchanging the medium every two days. After each time point the medium 

was removed, wells were washed with PBS, emptied and plates stored at – 20°C for at 

least 24 hours. Then plates were removed from the freezer and allow to thaw at room 

temperature. 100 µl of deionized water was added in each well and plates were returned 

to -20 °C for 1 hour to rupture the cell membranes and release the DNA. The resulting 

lysate was then incubated with 100 µl of fluorochrome bisbenzimide Hoechst 33258 

solution (20 µg/ml in TNE buffer with 10 mM Tris, 1 mM EDTA and 2 M NaCl at pH 

7.4). The resultant fluorescence intensity was measured in a plate reader at 355 nm 

excitation and 460 nm emission. The average fluorescence intensity of the blanks was 

subtracted from the fluorescence intensities of test and control wells. Three independent 

experiments for each time point were performed. Results were presented as mean±SD. 

The Shapiro-Wilk test was used to assess normality of distribution within each group. 

Statistically significant differences were established using the non parametric Mann 

Whitney U test at a significant level of p <0.05.   

 

3.2.7.5 Cell differentiation: ALP activity assay 
For the cell differentiation assay, ALP activity of MC3T3-E1 cells was studied. 

Osteoblast differentiation can be characterized in three stages: cell proliferation, matrix 

maturation and matrix mineralization. The matrix maturation phase is characterized by 
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high expression of ALP, used as an indicator of early stage osteoblast differentiation 

(Whyte MP, 1983). ALP is an enzyme localized on the cytoplasmic membrane through 

a phosphatidylinositol-glycolipid anchor (Harrison et al., 1995). During bone formation 

ALP is released in the bone matrix in deposits that appear to play an essential role in the 

bone formation process (Christenson, 1997). ALP activity can be measured in vitro 

through an enzyme biochemical assay (Sabokbar et al., 1994). This assay is based on the 

generation of a coloured reaction product by ALP enzymatic action.  A solution of 4-

Nitropheyl phosphate disodium salt hexahydrate in Tris buffer (pH 9.4) is added to the 

cells in culture. If ALP is expressed by the cells, the substrate will be converted into a 

yellow product ρ-Nitrophenol (ρNP). The intensity of the yellow colour product ρNP is 

quantified by measuring the absorbance spectra at 405 nm in a plate reader.  

Cells were seeded and treated as for the cell proliferation and MTT studies described 

above for 7 days. After 7 days cells were washed with PBS and wells emptied and stored 

at -20°C. When all plates were ready for use, they were thawed and 100 µl of working 

solution was added to each well and incubated at 37°C for 45 minutes. Working solution 

was prepared by using 8 ml Tris buffer solution, 15 µl 2M MgCl2 and 20 mg 4-Nitropheyl 

phosphate disodium salt hexahydrate (all Sigma Aldrich) to obtain a 2.5 mg/ml 4-

Nitropheyl phosphate disodium salt hexahydrate solution. After incubation, 0.5M NaOH 

was used to stop the reaction and the intensity of yellow colour (reaction product pNP) 

produced was evaluated measuring the absorbance at 405 nm in a plate reader. The 

average absorbance of the blanks was subtracted from the absorbance values of test and 

control wells. Three independent experiments for each time point were performed. 

Results were presented as mean ± standard deviation for all experimental materials. The 

Shapiro-Wilk test was used to assess normality of distribution within each group. 
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Statistically significant differences were established using the non parametric Mann 

Whitney U test at a significant level of p <0.05.   

3.2.7.6 Direct-contact cell studies: preparation of cement discs and cell culture 
protocol 
Cement discs (10mmx1mm) were prepared according to methodology described in 

paragraph 3.7.6 and were sterilized under UV light for 20 minutes on each side. Cements 

were then pre-conditioned with 1 ml of α-MEM for 3 days in a 24 well plate exchanging 

medium every day.  The initial cell seeding protocol and preparation for assays was 

conducted by Dr Jie Liu at the Institute of Dentistry, Queen Mary University of London. 

Five cement discs (for all cement compositions) were used for cell proliferation while 1 

cement disc  (1 for PaG15Sr0 and 1 for PaG15Sr25) was used for evaluation of cell 

attachment by SEM . Each cement disc was seeded with 25,000 cells/well in 48-well 

plates with 1ml of α-MEM for seven days.  The culture medium was exchanged every 

three days and stored at -20°C. Discs were moved to fresh wells prior to assays to allow 

separation between cells cultured in contact with discs from those only exposed to the 

dissolution products. 

3.2.7.7 Ion release from cement discs 
Culture medium samples (3 for each cement composition) used to culture cells in contact 

with cements for the first three days of the experiments were prepared according to 

methodology described in paragraph 3.2.6.5 and concentrations of strontium, calcium, 

silicon and phosphorous were measured by  ICP-OES.   

3.2.7.8 Cell attachment and morphology  
After seven days in culture, cement discs were rinsed with PBS and fixed for 20 minutes 

in 2.5% (w/v) glutaraldehyde in 0.1M phosphate buffer (pH 7.3) at 4°C. The discs were 

then rinsed with PBS, dehydrated in a graded ethanol series (30%, 50%, 70%, 80%, 90%, 
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95% and 100%, 10 minutes x 2 in each concentration) and air dried. For SEM evaluation 

specimens were gold coated using an automatic sputter coater (SC7620, Quorum 

Technologies, UK). Photomicrographs were taken using a Scanning Electron Microscope 

(FEI Inspect F, Oxford Instruments, UK) with the accelerating voltage of 10 kV. 

3.2.7.9 Cell proliferation  
Proliferation of cells attached to cement discs was determined by quantifying the cell 

DNA content. After seven days, culture medium was removed and cells on discs were 

washed twice with PBS and then stored at -20°C. After 24 hours, plates were transferred 

at room temperature and let to defrost for 1 hour.  200 µl of dH2O was added to each well 

and plate returned at -20°C for 1 hour. The resulting lysate was collected and transferred 

to a 96 well plate where100 µl of fluorochrome bisbenzimide Hoechst 33258 solution (as 

described in paragraph 3.2.7.4) was added to each well and the product fluorescence 

intensity was measured in a plate reader at 355 nm excitation and 460 nm emission.  For 

each experimental group, five cement discs were assessed under the same condition. 

Results were presented as mean±SD for all experimental materials. The Shapiro-Wilk test 

was used to assess normality of distribution within each group. Statistically significant 

differences were established using the unpaired Student’s t test at a significant level of p 

<0.05.   
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3.3 Results  
3.3.1 Glass characterization  

 

Figure 3-5: XRD patterns of the PaG15Sr glass series studied. Data normalized.  

XRD confirmed that all glasses used were free of any crystalline phases. They exhibited 

a characteristic amorphous halo located in the range from 25 to 35 2θ degrees, which 

progressively shifted to lower 2θ values with increasing in strontium substitution in the 

glass (Figure 3-5). 
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Figure 3-6: FTIR spectra of the PaG15Sr glass series studied. Data normalized. 

FTIR showed similar spectra for all the bioactive glass compositions (Figure 3-6). The 

band at 1002 cm-1 was attributed to Si-O-Si bond and the band at 912 cm-1 to Si-O- Ca2+, 

Si-O- Sr2+ (Si-O-NBO). A shoulder at 849 cm-1 was attributed to Si-O- Na+ (Si-O-2NBO) 

as reported in a previous study (Serra et al., 2003). The broad band from 592 to 600 cm-1 

was associated to amorphous PO4 groups. A shift of this band towards lower wavenumber 

values with the increase of strontium substitution in the glass was also seen.  
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Figure 3-7: Glass transition temperature plotted against % of Sr2+ substitution in the glass. 

The glass transition temperature (Tg) decreased with strontium substitution in the glass 

(Figure 3-7). The fully strontium substituted glass showed an increase in Tg.  

 

Table 3-3: Particle size analysis: the mean value of the equivalent spherical diameter at the cumulative 
volume percentage of 10% (D10), 50% (D50) and 90% (D90) measured by laser diffraction analysis, 
showed as mean and standard deviation (µm). 

Glass Particle size (Mean ± SD, µm) 

 D10 D50 D90 

PaG15-Sr0 1.10 ± 0.0131 13.52 ± 0.0426 34.34 ± 0.0293 

PaG15-Sr5 1.05 ± 0.0169 13.41 ± 0.0423 36.20 ± 0.0403 

PaG15-Sr10 0.94 ± 0.0089 12.22 ± 0.1236 31.35 ± 0.0465 

PaG15-Sr25 1.11 ± 0.0160 13.54 ± 0.1760 35.59 ± 0.0418 

PaG15-Sr50 0.65 ± 0.0094 8.96 ± 0.3171 26.86 ± 0.1536 

PaG15-Sr75 0.69 ± 0.0134 9.57 ± 0.1976 27.67 ± 0.0997 

PaG15-Sr100 0.55 ± 0.0354 7.83 ± 0.2288 24.04 ± 0.1372 

Average  0.87 ± 0.2349 11.29 ± 2.4411 30.86 ± 4.7597 
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The particle size distribution was similar for all the glasses, being on average 0.87 ± 

0.23µm (D10), 11.29± 2.45 µm (D50) and 30.86 ± 4.76 µm (D90) (Table 3-3). Sr50, Sr75 

and Sr100 glass compositions showed slightly lower values for D10, D50 and D90 

compared to lower strontium content glass compositions. 

 

3.3.2 Cement characterization 

3.3.2.1 Setting time  

 

Figure 3-8: Initial and final setting times (mean ± standard deviation of three measurements) of PaG15Sr 
cement compositions.  

 

The setting time results showed a clear trend between glass composition and the measured 

setting time (Figure 3-8). As the strontium content increased, the cement composition 

showed an increase in the initial and final setting time up to 25% of strontium substitution 

in the glass. For higher strontium substitutions, a decrease in setting times was noted. A 
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final setting time for the Sr100 cement samples was not determined as the cement was 

too weak to resist to the weight applied with the heavier needle.  

3.3.2.2 Analysis of crystal phases formed 
The XRD patterns of the cements formed after immersion in Tris buffer solution are 

shown in Figures 3-9 to Figure 3-12 and a summary of the phases formed is shown in 

Table 3-4.  

 

Figure 3-9: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer solution 
for 1 hour. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 
*/● indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite.  

 

Cement compositions Sr0, Sr5 and Sr10 showed the initial formation of a mixture of 

octacalciumphosphate (Ca8(HPO4)2(PO4)4·5H2O, OCP; ICSD ref: 00-044-0778) and 

hydroxyapatite (Ca10(PO4)6(OH)2, HA, ICSD ref: 01-074-0565) after 1 hour. At the same 

time, a mixture of OCP/HA and nastrophite (NaSrPO4·9H2O, NSr, ICSD ref: 00-025-
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0993) formed for Sr25, Sr50, Sr75 and Sr100 with NSr being the predominant phase in 

compositions Sr50, Sr75 and Sr100 (Figure 3-9).  

 

Figure 3-10: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer solution 
for 1 day. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; */● 
indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite. 

 

After 1 day OCP/HA were the main phases in composition Sr0 to Sr25 whereas NSr was 

still present at higher strontium content (Figure 3-10).  
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Figure 3-11: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer solution 
for 7 days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; 
*/● indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified phase. 

 

At 7 days, HA was the cement phase in Sr0, Sr5, Sr10 and Sr100 compositions, whereas 

a mixture of OCP/HA was still present in Sr25, Sr50 and Sr75 compositions. NSr was no 

longer detectable (Figure 3-11).  
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Figure 3-12: X-ray diffraction patterns of all cement compositions after immersion in Tris buffer solution 
for 28 days. I) Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. ● Apatite; X unidentified 
phase. 

 

At 28 days, the 4.7˚2θ diffraction line (100) was absent for all the compositions, 

indicating that OCP was no longer present and the cement phase was apatitic (Figure 

3-12).  

Cement compositions Sr75 and Sr100 showed after 7 and 28 days the formation of a 

mixture of OCP/HA phase with a different pattern compared to the other compositions 

(indicated by X in the figures). The diffraction line at 16.4˚ 2θ (101) might correspond to 

a strontium containing apatite with different stoichiometric Ca/Sr ratios (ICSD ref: 34-

0476-78, 34-0480-84) or to an unidentified phase.  

The XRD patterns of cements formed after different immersion times in SBF are shown 

from Figure 3-13  to Figure 3-16 and a summary of the phases formed is given in Table 

3-4.  
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Figure 3-13: X-ray diffraction patterns of all cement compositions after immersion in SBF for 1 hour. I) 
Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; */● 
indistinguishable OCP/Hydroxyapatite; ● Apatite; ¨Nastrophite, + Monetite, ° Brushite. 

 

Cement compositions Sr0, Sr5, Sr10, Sr25 and Sr50 showed the initial formation of a 

mixture of OCP and HA after 1 hour (Figure 3-13). Sr5 showed a few diffraction lines 

for monetite (CaHPO4) and brushite (CaHPO4·2H2O). At the same time, a mixture of 

OCP/HA and NSr formed for compositions Sr75 and Sr100 with NSr being the 

predominant phase. 
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Figure 3-14: X-ray diffraction patterns of all cement compositions after immersion in SBF for 1 day. I) Sr0, 
II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; */● indistinguishable 
OCP/Hydroxyapatite; ¨ Nastrophite. 

 

After 1 day OCP/HA were still the main phases for compositions Sr0 to Sr25 (Figure 

3-14). A mixture of OCP/HA and NSr appeared in composition Sr50 and was still present 

in compositions Sr75 and Sr100.  
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Figure 3-15: X-ray diffraction patterns of all cement compositions after immersion in SBF for 7 days. I) 
Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; */● 
indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified phase 

 

At 7 days (Figure 3-15) a mixture of OCP/HA were the cement phases in compositions 

Sr0 to Sr50. NSr was no longer detectable in Sr50 and Sr75 but was still present in 

composition Sr100 along with the OCP/HA phases. As for Tris buffer immersion, the 

Sr75 and Sr100 XRD patterns showed additional diffraction lines (indicated by X in the 

figure), possibly a Sr-containing apatite or an unidentified phase.  
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Figure 3-16:X-ray diffraction patterns of all cement compositions after immersion in SBF for 28 days. I) 
Sr0, II) Sr5, III) Sr10, IV) Sr25, V) Sr50, VI) Sr75, VII) Sr100. * Octacalcium Phosphate; */● 
indistinguishable OCP/Hydroxyapatite; ● Apatite; X unidentified phase. 

 

At 28 days, the 4.7˚2θ diffraction line (100) typical of OCP was still present in all 

compositions apart from Sr0, where the only phase present was HA. NSr was not 

detectable in any compositions (Figure 3-16). 

 

The three diffraction lines for HA at 2θ° 31.76 (211), 32.19 (112) and 32.89 (300) 

overlapped with strontium incorporation into the glass for both Tris and SBF immersions. 

In SBF, HA showed fewer resolved peaks compared to immersion in Tris.  
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Table 3-4: Comparison between crystal phases formation after cement immersion in Tris buffer and SBF 
for 1 h, 1 d, 7 d and 28 days. OCP-octacalciumphosphate; HA-hydroxyapatite; NSr-nastrophite; X- 
unknown phase. 

Cement TRIS SBF 

PaG15 1 h 1 d 7 d 28 d 1 h 1 d 7 d 28 d 

Sr0 OCP/HA OCP/HA HA HA OCP/HA OCP/HA OCP/HA HA 

Sr5 OCP/HA OCP/HA HA HA OCP/HA OCP/HA OCP/HA OCP/HA 

Sr10 OCP/HA OCP/HA HA HA OCP/HA OCP/HA OCP/HA OCP/HA 

Sr25 
NSr 

OCP/HA 
OCP/HA OCP/HA HA OCP/HA OCP/HA OCP/HA OCP/HA 

Sr50 
NSr 

OCP/HA 

NSr 

OCP/HA 
OCP/HA HA OCP/HA 

NSr 

OCP/HA 
OCP/HA OCP/HA 

Sr75 
NSr     

HA 

NSr     

HA 

OCP/HA 

X 

HA     

X 

NSr 

OCP/HA 

NSr 

OCP/HA 
OCP/HA 

OCP/HA 

X 

Sr100 
NSr     

HA 

NSr     

HA 

HA        

X 

HA     

X 

NSr    

HA 

NSr     

HA 

NSr     

HA         

X 

HA         

X 

 

A summary of the phases formed after immersion in Tris buffer and SBF is shown in 

Table 3-4. Overall formation of NSr occurred at higher strontium substitutions (Sr50, 

Sr75 and Sr100) when cements were immersed in SBF compared to Tris buffer.  

Transformation from OCP to HA was delayed when experiments were performed in SBF.  
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Figure 3-17: Shift of the 002 diffraction line as function of the % Sr2+ substitution for Ca2+ in the glasses 
after immersion in Tris buffer (a) and SBF (b) at 1 h, 1 d, 7 d and 28 d. 

 

The diffraction line at 25.8° 2θ (002) for OCP/HA shifted towards lower 2θ values with 

the increase in strontium substitution in the glass, both in Tris and SBF (Figure 3-17). 

After 1 hour and 1 day in Tris buffer the maximum reduction in 2θ degrees was in 

composition Sr50, with progressively higher 2θ values for Sr75 and Sr100. In SBF, the 

maximum shift was in composition Sr75 at 1 hour and 1 day. After 7 days and 28 days 

the values progressively shifted towards lower 2θ degrees with increasing strontium 

content.  
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Figure 3-18: Shift of the 002 peak as function of the % of strontium stoichiometric content in different 
strontium containing apatites. Trend line equation and R-squared value are shown.  

 

Figure 3-19: % of strontium stoichiometric content in the apatite lattice formed as end product of cements 
as function of the % strontium content in the cement composition after 1, 24, 168 and 672 hours (1 hour, 1 
day, 7 days and 28 days respectively).   A) Immersion in Tris; b) Immersion in SBF. 

 

Based on the equation of the linear regression line found for the shift of the 25.8° 2θ HA 

lines in different calcium strontium apatite references (JCPDS ref: 34-0476 to 34-0484, 

Figure 3-18), the % of strontium substitution in the HA lattice after immersion in Tris 

buffer (Figure 3-19a) and SBF (Figure 3-19b) was calculated through 

interpolation/extrapolation function. The % of strontium content in the apatite increased 
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with the immersion time and was proportional with the overall strontium content in the 

cement both in Tris and SBF. In general, cements immersed in Tris buffer resulted in a 

higher % of strontium substitution in the apatite lattice compared to SBF. A decrease in 

% of strontium content in the apatite lattice was seen at 1 hour and 1 day for compositions 

Sr75 and Sr100 in both immersion media with lower values for Tris buffer compared to 

SBF.  

FTIR was used to confirm crystal phases identified with XRD. The assignments for each 

phase were done using the references identified in the literature review for octacalcium 

phosphate (Fowler et al., 1993) and hydroxyapatite (Elliott, 1994). Figure 3-20 to Figure 

3-23 show FTIR spectra of all compositions after immersion in Tris buffer solution for 

all the time points investigated. FTIR spectra of the cements after immersion in SBF 

showed similar absorption bands positions compared to Tris buffer solution and can be 

found in Appendix A. Assignments for each absorption bands are listed in Table 3-5.  

 

Figure 3-20: Fourier transform infrared spectra of all cement compositions after immersion in Tris buffer 
solution for 1 hour, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 wavenumber cm-

1 (right). Y axis shows relative absorbance (arbitrary units). 
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Figure 3-21: Fourier transform infrared spectra of all cement compositions after immersion in Tris buffer 
solution for 1 day, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 to 1150 wavenumber 
cm-1 (right).  Y axis shows relative absorbance (arbitrary units). 

 

 

Figure 3-22: Fourier transform infrared spectra of all cement compositions after immersion in Tris buffer 
solution for 7 days, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 to 1150 wavenumber 
cm-1 (right). Y axis shows relative absorbance (arbitrary units). 

 

Figure 3-23: Fourier transform infrared spectra of all cement compositions after immersion in Tris buffer 
solution for 28 days, plotted between 500 to 4000 wavenumber (cm-1) (left) and 525 to 1150 wavenumber 
cm-1 (right). Y axis shows relative absorbance (arbitrary units). 
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Table 3-5: FTIR band assignment for cement immersed in Tris buffer solution (Fowler et al., 1993) (Elliott, 
1994).  

Wavenumber (cm-1) Assignment  

555-556 P-O bending   

596-598 P-O bending   

785-787 H2O libration  

854-860 HPO4 P-O(H) stretching  

957-960 P-O stretching  

1006-1012 P-O stretching  

1050 P-O stretching   

1635-1640 H2O bending  

2850 HPO4 (OH stretching) 

Stretching of H2 bonded H2O 

2920-2923 HPO4 (OH stretching) 

Stretching of H2 bonded H2O 

2500-3700  H-bonded H20 Vibration 

 

All the spectra showed a split peak at approximately 555 cm-1 and 596 cm-1. This is the 

most characteristic region for apatite and other orthophosphates, which corresponds to P–

O bending vibrations in a PO4-3 tetrahedron and indicates the presence of crystalline 

calcium phosphates including HA and OCP. This split peak slightly shifted towards lower 

wavenumbers with increasing strontium substitution in the glass.  The band at 860 cm-1 

corresponds to a HPO4 P-O(H) stretching bond in OCP (Elliott, 1994). The PO4 

symmetric stretching band at 957 cm-1 was not well defined in compositions Sr50, Sr75 

and Sr100. The peak at 1006 cm-1 represents a PO4 antisymmetric streching mode and for 

compositions Sr50, Sr75 and Sr100 a clear shift of this band towards lower wavenumbers 

was identified. For these three compositions also a shoulder at 1050 cm-1  was identified 

and might refer to a PO4 strech.  
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3.3.2.3 Crystallites size  

 

Figure 3-24: Crystallites size (nm) of apatite after immersion of the cements in Tris buffer solution (left) 
and SBF (right) for 1 hour, 1 day, 7 days and 28 days for all cement compositions. 

 

The crystallites size after immersion of the cement in Tris buffer solution decreased with 

increasing of strontium content (Figure 3-24). From 1 hour/1 day to 7 days/28 days 

crystallite ssize increased in all compositions apart from Sr50 where the lowest value was 

witnessed at 7 days. After immersion in SBF solution crystallites size decreased with 

increasing of strontium content as per Tris buffer immersion.  From 1 hour to 28 days the 

crystallite size increased in all the compositions apart from compositions Sr75 and Sr100, 

where lowest values were reached at 1 day and 7 days respectively. In general, slightly 

smaller crystallites were formed in SBF compared to Tris buffer solution.  
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3.3.2.4 Crystallites morphology  
 

 

Figure 3-25: Scanning electron micrographs of PaG15Sr0 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution. 

 

Figure 3-25 shows the SEM images for PaG15Sr0 cement at 1 hour, 1 day, 7 days and 28 

days immersion in Tris buffer solution. Crystals at all four time points appear to have a 

thin and long plate shape. This plate morphology is typical of an OCP crystal and a HA 

crystal formed through an OCP phase and is well defined after 1 hour.  After 1 day the 

edges of the crystals start to become more irregular. Smaller and more densely packed 

plate crystals were observed after 7 and 28 days.  

 

1h 1d

7d 28d
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Figure 3-26: Scanning electron micrographs of PaG15Sr5 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution. 

 

Figure 3-26 shows the SEM images for PaG15Sr5 cement at 1 hour, 1 day, 7 days and 28 

days immersion in Tris buffer solution. The plate shaped thin crystals appeared well 

defined and interlocked at 1 hour. At 1 day a mixture of small plate crystals and larger 

crystals is visible, where probably larger crystals grow where space allows. At 7 days the 

crystals assume a more irregular petal like shape and at 28 days a very dense layer of 

elongated petal like crystals cover the cement surface.  

1h 1d

7d 28d
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Figure 3-27: Scanning electron micrographs of PaG15Sr10 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution. 

 

Figure 3-27 shows the SEM images for PaG15Sr10 cement at 1 hour, 1 day, 7 days and 

28 days immersion in Tris buffer solution. The plate shaped thin crystals appeared well 

defined and interlocked at 1 hour and 1 day. Within a pore more elongated crystals 

formed. At 7 and 28 days the densely packed petal shaped crystals cover the surface of 

the cement and the surface of residual glass particles.  

1h 1d 

7d 28d 
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Figure 3-28: Scanning electron micrographs of PaG15Sr25 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in Tris buffer solution. 

 

Figure 3-28 shows the SEM images for PaG15Sr25 cement at 1 hour, 1 day, 7 days and 

28 days immersion in Tris buffer solution. After 1 hour and 1 day crystals assumed a petal 

shaped morphology more irregular compared to the previously shown compositions, with 

bigger crystals growing within pores. Smaller and densely packed petal shaped crystals 

with irregular margins are present at 7 and 28 days. 
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Figure 3-29: Scanning electron micrographs of PaG15Sr50 cement at 1 hour after immersion in Tris buffer 
solution. 

 

Figure 3-30: Scanning electron micrographs of PaG15Sr50 cement at 1 day after immersion in Tris buffer 
solution. 

 

Figure 3-29 and Figure 3-30 show the SEM images of PaG15Sr50 immersed in Tris 

buffer solution for 1 hour and 1 day at different magnifications. At lower magnification 

a polygonal structure can be seen scattered on the surface of the cement. These cube like 

structures represent Nastrophite. EDX analysis showed that these cubic structures are Sr, 

Na and P rich.  This cubic structure is made up of thin plate crystals interlocked together. 

Thin plate crystals cover the surface of the cement around the Nastrophite crystals.  
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Figure 3-31: Scanning electron micrographs of PaG15Sr50 cement at 7 days after immersion in Tris buffer 
solution. 

 

Figure 3-32: Scanning electron micrographs of PaG15Sr50 cement at 28 days after immersion in Tris buffer 
solution. 

 

Figure 3-31 and Figure 3-32 show the SEM images for PaG15Sr50 cement at 7 days and 

28 days after immersion in Tris buffer solution. At 7 days some large cubic crystals are 

still visible, while at 28 days the surface of the cement appears more irregular. A dense 

layer of petal like crystals populates the surface.  
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Figure 3-33: Scanning electron micrographs of PaG15Sr75 cement at 1 hour after immersion in Tris buffer 
solution. 

 

Figure 3-34: Scanning electron micrographs of PaG15Sr75 cement at 1 day after immersion in Tris buffer 
solution. 

 

Figure 3-33 and Figure 3-34 show the SEM image of PaG15Sr75 after 1 hour and 1 day 

immersion in Tris buffer. The cubic structure of the Nastrophite is clearly visible on the 

surface of the cement. These cubic structures are made of plate like/rod crystals. Around 

the surface of the cement more dense thin petal like crystals with irregular margins are 

visible.  
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Figure 3-35: Scanning electron micrographs of PaG15Sr75 cement at 7 days after immersion in Tris buffer 
solution. 

 

Figure 3-36: Scanning electron micrographs of PaG15Sr75 cement at 28 days after immersion in Tris buffer 
solution. 

 

Figure 3-35 and Figure 3-36 show the SEM images of PaG15Sr75 immersed in Tris buffer 

for 7 days and 28 days. The surface of the cement is irregular with cubic structures 

covered by petal like crystals and residual glass particles. At higher magnification very 

small cubes scattered within the petal like crystals are visible.  
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Figure 3-37: Scanning electron micrographs of PaG15Sr100 cement at 1 hour after immersion in Tris buffer 
solution. 

 

Figure 3-38: Scanning electron micrographs of PaG15Sr100 cement at 1 day after immersion in Tris buffer 
solution. 

 

Figure 3-37 and Figure 3-38 show the SEM image of PaG15Sr100 after 1 hour and 1 day 

immersion in Tris buffer. The cement matrix is mainly made up of Nastrophite, cubic 

assemblies of plate like crystals. 

1h 

1d 
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Figure 3-39: Scanning electron micrographs of PaG15Sr100 cement at 7 days after immersion in Tris buffer 
solution. 

 

Figure 3-40: Scanning electron micrographs of PaG15Sr100 cement at 28 days after immersion in Tris 
buffer solution. 

 

Figure 3-39 and Figure 3-40 show the SEM images of PaG15Sr100 immersed in Tris 

buffer for 7 days and 28 days. The surface of the cement is irregular with small cubic 

structures interspersed within residual glass particles. At higher magnification very small 

cubes made of needle like crystals are visible.  

7d 

28d 
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Figure 3-41: Scanning electron micrographs of PaG15Sr0 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in SBF. 

 

Figure 3-41 shows the SEM images for PaG15Sr0 cement at 1 hour, 1 day, 7 days and 28 

days immersion in SBF solution. All four time points appear to have thin plate shaped 

crystals. This plate morphology is typical of an OCP crystal and a HA crystal formed 

through an OCP phase and is well defined after 1 hour.  After 1 day the edges of the 

crystals start to become more irregular. Smaller and more densely packed irregular plate 

crystals are observed after 7 and 28 days. The irregularity of the edge of the crystals might 

correlate to their dissolution.  

1h 1d 

7d 28d 
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Figure 3-42: Scanning electron micrographs of PaG15Sr5 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in SBF. 

 

Figure 3-42 shows the SEM images for PaG15Sr5 cement at 1 hour, 1 day, 7 days and 28 

days immersion in SBF solution. The plate shaped thin crystals appeared well defined 

and interlocked at 1 hour and 1 day. At 7 days the edges of the crystals showed more 

irregularity and at 28 days crystals appeared as irregular petals.  

1h 1d 

7d 28d 
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Figure 3-43: Scanning electron micrographs of PaG15Sr10 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in SBF. 

 

Figure 3-43 shows the SEM images for PaG15Sr10 cement at 1 hour, 1 day, 7 days and 

28 days immersion in SBF solution. The plate shaped thin crystals appeared well defined 

and interlocked at 1 hour and 1 day with elongated crystals growing within pores.  At 7 

days the image shows petal shaped crystals with irregular edges within a pore and very 

small and densely packed plate like crystals. The latter morphology is also typical of the 

28 days sample.  In the 28 days image a glass particle is seen covered by small plate like 

crystals.  

 

1h 1d 

7d 28d 
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Figure 3-44: Scanning electron micrographs of PaG15Sr25 cement at 1 hour (top left), 1 day (top right), 7 
days (bottom left) and 28 days (bottom right) after immersion in SBF. 

 

Figure 3-44 shows the SEM images for PaG15Sr25 cement at 1 hour, 1 day, 7 days and 

28 days immersion in SBF solution. After 1 hour and 1 day crystals assumed a petal 

shaped morphology, more irregular compared to previous shown compositions, with 

bigger crystals growing within pores. Smaller and densely packed crystals are present at 

7 and 28 days.  

1h 1d 

7d 28d 
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Figure 3-45: Scanning electron micrographs of PaG15Sr50 cement at 1 hour after immersion in SBF 
solution. 

 

Figure 3-46: Scanning electron micrographs of PaG15Sr50 cement at 1 day after immersion in SBF 
solution. 

 

Figure 3-45 and Figure 3-46 show the SEM images for PaG15Sr50 cement at 1 hour and 

1 day immersion in SBF solution. At lower magnification a cubic structure can be seen 

on the surface of the cement. This cubic structure is covered with very dense thin and 

irregular petal like crystals. These cubic structures represent Nastrophite, although XRD 

doesn’t show after 1 hour the diffraction lines for this phase. This cubic structure is made 

up of elongated needle like crystals interlocked together as it can be seen in the 1 day  

SEM images.  

1h 

1d 
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Figure 3-47: Scanning electron micrographs of PaG15Sr50 cement at 7 days after immersion in SBF 
solution. 

 

Figure 3-48: Scanning electron micrographs of PaG15Sr50 cement at 28 days after immersion in SBF 
solution. 

 

Figure 3-47 and Figure 3-48 show the SEM images for PaG15Sr50 cement at 7 days and 

28 days immersion in SBF solution. The surface of the cement appears irregular with 

dense plate like crystals populating its surface.  

 

 

 

7d 

28d 
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Figure 3-49: Scanning electron micrographs of PaG15Sr75 cement at 1 hour after immersion in SBF 
solution. 

 

Figure 3-50: Scanning electron micrographs of PaG15Sr75 cement at 1 day after immersion in SBF 
solution. 

 

Figure 3-49 and Figure 3-50 show the SEM images of PaG15Sr75 after 1 hour and 1 day 

immersion in SBF. The polygonal/cubic structure of the Nastrophite is clearly visible on 

the surface of the cement. These polygonal/cubic structures are made of plate like/rod 

crystals. Around the surface of the cement more dense thin plate like crystals with 

irregular margins are visible.  

 

1h 

1d 
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Figure 3-51: Scanning electron micrographs of PaG15Sr75 cement at 7 days after immersion in SBF 
solution. 

 

Figure 3-52: Scanning electron micrographs of PaG15Sr75 cement at 28 days after immersion in SBF 
solution. 

 

Figure 3-51 and Figure 3-52 show the SEM images of PaG15Sr75 immersed in SBF for 

7 days and 28 days. The surface of the cement is irregular with cubic structures covered 

by plate like crystals. At 28 days very small cubes are visible at higher magnification 

together with the plate like crystals.  

7d

28d 
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Figure 3-53: Scanning electron micrographs of PaG15Sr100 cement at 1 hour after immersion in SBF 
solution. 

 

Figure 3-54: Scanning electron micrographs of PaG15Sr100 cement at 1 day after immersion in SBF 
solution. 

 

Figure 3-53 and Figure 3-54 show the SEM image of PaG15Sr100 after 1 hour and 1 day 

immersion in SBF. The polygonal/cubic structure of the Nastrophite is visible on the 

surface of the cement scattered within the cement matrix and on the residual glass 

particles. Around the surface of the cement more dense thin plate like crystals with 

irregular margins are visible.  

1h 

1d 
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Figure 3-55: Scanning electron micrographs of PaG15Sr100 cement at 7 days after immersion in SBF 
solution. 

 

Figure 3-56: Scanning electron micrographs of PaG15Sr100 cement at 28 days after immersion in SBF 
solution. 

 

Figure 3-55 and Figure 3-56 show the SEM images of PaG15Sr100 immersed in SBF for 

7 days and 28 days. The surface of the cement is irregular with cubic structures 

surrounded by plate like crystals. At 28 days very small cubes are clearly visible at higher 

magnification scattered within the plate like crystals.  

 

In general both in Tris and SBF solutions, with the increase in  the amount of strontium 

in the glass the plate like crystals became more irregular, assuming a petal like 

7d 

28d 
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morphology. Smaller and less defined crystals were present after 7 and 28 days compared 

to earlier time points.  

3.3.2.5 Compressive strength 

 

Figure 3-57: Compressive strength (mean± standard deviation) of cement cylinders immersed in Tris (n=8) 
for 1 hour, 1 day, 7 days, 28 days. 

 

Compressive strength results for all cement compositions in Tris buffer are shown in 

Figure 3-57. At 1 hour, strength increased proportionally to the strontium content in the 

cement up to a 50% strontium concentration. The highest recorded value was for Sr25 

after 1 day (12.5 MPa). All the values for compressive strength ranged from 0.35 to 12.5 

MPa. Seven days and 28 days samples showed generally lower values of compressive 

strength compared to 1 hour and 1 day samples, the latter showing lower values compared 

to the former, except for Sr25. Sr75 and Sr100 showed a drastic drop of compressive 

strength for longer immersion times. For Sr100, after 28 days none of the samples were 
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available for measuring compressive strength, since they were very brittle and fractured 

during diameter and height recordings.  

 

Figure 3-58: Compressive strength (mean± standard deviation) of cement cylinders immersed in from SBF 
(n=8) for 1 hour, 1 day, 7 days, 28 days. 

 

After 1 hour and 1 day the compressive strength of cements immersed in SBF resulted 

higher compared to results for Tris buffer immersion (Figure 3-58). After 7 days and 28 

days similar values were obtained when the two immersion media were compared. The 

values ranged from 0.2 MPa to 14.9 MPa. The maximum value was obtained again in 

composition Sr25 after 1 hour of immersion. After 7 days and 28 days a drastic drop of 

the strength was seen as for Tris buffer immersion. Compared to the general trend after 

Tris buffer immersion, Sr0 resulted in higher values of compressive strength after 1 hour 

and 1 day, then the compressive strength dropped when the strontium content in the 

cement increased up to 10%. When the concentration of strontium reached 25%, the 

maximum strength in the series was achieved, as for Tris immersion experiments. For 
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higher strontium substitutions the compressive strength dropped, however the values 

were higher than the corresponding values in Tris buffer immersion.  

3.3.2.6 Ion release 

 

Figure 3-59: Elemental concentration (mmol/L) of calcium as determined by ICP-OES in a) Tris buffer 
solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 days expressed in 
hours. 

 

After immersion of the cements in Tris buffer, the levels of Ca2+ in solutions were 

generally very low for all the cement compositions at each time point. In SBF, the Ca2+ 

available in solution was initially consumed after 1 hour and 1 day in all cement 

compositions. After 7 days, some Ca2+ was released into solution from compositions 

Sr50, Sr75 and Sr100, proportional to the strontium content in the cement, while the level 

of Ca2+ in solution for the same compositions reduced after 28 days (Figure 3-59).  
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Figure 3-60: Elemental concentration (mmol/L) of strontium as determined by ICP-OES in a) Tris buffer 
solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 days expressed in 
hours. 

 

The Sr2+ release data in Tris buffer (Figure 3-60a) showed a clear trend based on the glass 

compositions, with increased release for higher strontium content in the glass. The 

maximum release was 0.20 mmol/L for composition Sr100 after 28 days. The Sr2+ release 

in SBF (Figure 3-60b) was proportional to the strontium content in the glass and increased 

with immersion time. For compositions Sr50 and Sr100 at 24 hours there was a decrease 

of Sr2+ concentration in solution, which then increased after 7 days and 28 days. The Sr2+ 

release was lower in SBF then in Tris buffer.  

 

 

Figure 3-61: Elemental concentration (mmol/L) of phosphorous as determined by ICP-OES in a) Tris buffer 
solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 days expressed in 
hours. 
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The P concentration in Tris buffer increased with time for all the cement compositions 

and reduced with increasing strontium content in the cement (Figure 3-61a). A lower 

amount of P was released in SBF solution compared to Tris buffer (Figure 3-61b). The P 

release, as in Tris buffer, reduced with increasing strontium content in the cement at all 

time points.  

 

 

Figure 3-62: Elemental concentration (mmol/L) of silicon as determined by ICP-OES in a) Tris buffer 
solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 days expressed in 
hours. 

 

The Si release in Tris buffer (Figure 3-62a) increased with immersion time and with 

content of strontium in the cement. The Si release in SBF (Figure 3-62b) was lower than 

in Tris buffer and increased with time, but no correlation was found between Si release 

and strontium content in the glass.  
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Figure 3-63: Elemental concentration (mmol/L) of sodium as determined by ICP-OES in a) Tris buffer 
solution and b) SBF. Immersion times of cement samples: 1 hour, 1 day, 7 days and 28 days expressed in 
hours. 

 

The Na+ release in Tris buffer increased with immersion time for all cement compositions 

(Figure 3-63a). Cement compositions Sr75 and Sr100 showed lower Na+ release after 1 

hour and 1 day consistent with the formation of NSr. In SBF (Figure 3-63b) the Na+ 

concentration increased progressively with time, while was almost at a constant level for 

compositions Sr100 between 1 hour and 1 day and increased after 7 days and 28 days.  In 

general, higher Na+ concentrations were found in SBF compared to Tris buffer.  
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3.3.2.7 Radiopacity  
 

 

Figure 3-64: Effect of increase strontium substitution in the glass on radiopacity of cements, expressed as 
equivalent thickness of Aluminium (mm, mean ± standard deviation of three measurements). 

 

The radiopacity of the samples was expressed as equivalent thickness of Aluminium 

(Figure 3-64). Radiopacity showed a linear correlation with strontium content in the 

cement. For the higher strontium content a value of 1.7mm eq of Al was obtained whereas 

the minimum value was obtained with composition Sr5 equivalent to 0.43 mm of Al.  
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3.3.3 Cell culture studies  

3.3.3.1 Ion release in α-MEM 

 

Figure 3-65: Elemental concentration (mmol/L) of calcium (a), strontium(b), phosphorous (c), silicon (d), sodium (e) and all elements together (f)  as determined by ICP-OES after 
cement immersion in α-MEM for 1 day.  On the x axis all cement compositions and control (α-MEM).
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The concentration of Ca2+ in the cement conditioned medium was reduced compared to 

the pure cell culture medium used as control after 1 day of immersion (around 1mmol/L 

for the cement conditioned medium compared to 2 mmol/L for a-MEM).  A slight 

increase in Ca2+ concentration was seen for higher strontium content cements conditioned 

medium (Sr50, Sr75 and Sr100), although the concentration was still lower than the 

amount present in the pure a-MEM. The Sr2+ release data in a-MEM showed a trend 

based on the glass compositions, with increased release for higher strontium content in 

the glass. The amount of Sr2+ release however was very low after 1 day with a maximum 

release for Sr100 cement composition of around 0.04 mmol/L. A higher P concentration 

was found in all cements conditioned medium compared to the control a-MEM. The P 

concentration reduced with increasing strontium content in the cement.  After 1 day of 

immersion an increase in Na+ concentration was found in all the solutions compared to 

pure a-MEM. The additional release witnessed was due to the dissolution of the glass. 

Cement compositions Sr75 and Sr100 showed slightly lower Na+ release compared to the 

other cement conditioned medium. Cements released around 0.2 mmol/L of silicon in 

solution after 1 day. No correlation was found between silicon release and strontium 

content in the cement. In general cells were exposed to low levels of strontium and silicon, 

higher concentrations of calcium, phosphorus and sodium.  
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3.3.3.2 Cells response to cement conditioned medium  

3.3.3.2.1 Cytotoxicity of cement conditioned medium  

 

Figure 3-66: Effect of experimental extracts on the viability of cells measured via the MTT assay. Data are 
presented as optical density (OD) value at 570 nm. Error bars represent standard deviation of the mean of 
six wells per treatment of three independent experiments. * p <0.05 compared to NC, + p <0.05 compared 
to Sr0. 

 

Absorbance values after 1 day for Sr10 and Sr25 were slightly lower than NC but not 

significant. Significant reduction of absorbance for Sr75 and Sr100 compared to NC and 

Sr0 was observed. All experimental compositions maintained cell viability after 7 days 

with no statistical difference when compared to the NC and Sr0 composition. Absorbance 

values at 7 days resulted higher presumably due to cell proliferation compared to 1 day 

results (see Figure 3-67 and Figure 3-68).  
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Table 3-6: Cytotoxicity of experimental extracts. Values represent cell viability percentages as normalized 
data against NC. Mean and standard deviation of three independent experiments are reported.   

 Cell viability (Mean ± SD, %) 

   NC Sr0 Sr5 Sr10 Sr25 Sr50 Sr75 Sr100 

1 d 100 102±38.2 104±30.8 93±26 91±17.3 105±28.9 75±18.3 70±21.7 

7 d 100 95±12.9 93±9.7 101±11.7 95±8 97±6.6 101±9 93±14.7 

 

According to ISO 10993-5 a material is considered cytotoxic when cell viability is 

reduced below 70%. Cell viability was maintained above the limit with all experimental 

compositions at 1 day and 7 days. At 1 day a 75% and 70% of cell viability was obtained 

for compositions Sr75 and Sr100 compared to the NC.  

After 1 day and 7 days cells appeared to have a normal morphological phenotype. No cell 

lysis was visible and discrete amount of intracytoplasmatic granules were observed 

(Figure 3-67 and Figure 3-68).  
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Figure 3-67: Osteoblasts density and morphology as observed under light microscope 1 day subsequent to exposure to negative control (NC) and cement conditioned medium with 
increasing strontium concentrations in the glass. Scale bar:20 µm.  

 

NC Sr0 Sr5 Sr10

Sr25 Sr50 Sr75 Sr100
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Figure 3-68: Osteoblasts density and morphology as observed under light microscope 7 days subsequent to exposure to negative control (NC) and cement conditioned medium with 
increasing strontium concentrations in the glass. Scale bar:20 µm.

NC Sr0 Sr5 Sr10

Sr25 Sr50 Sr75 Sr100
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3.3.3.2.2 Effects of cement conditioned medium on cell proliferation 

 

Figure 3-69: Effect of experimental extracts on the proliferation of MC3T3-E1 cells measured via a DNA 
assay. Data are presented as fluorescence intensity units. Error bars represent standard deviation of the 
mean of six wells per treatment of three independent experiments.* p <0.05 compared to NC, + p <0.05 
compared to Sr0. 

 

After 1 day slightly higher fluorescence intensity values were observed with an increase 

in strontium content from composition Sr5 to Sr75, while a slight decrease of fluorescence 

intensity values for composition Sr0 and Sr100 compared to the NC was determined. No 

statistical differences were found.  An increase in cell proliferation from 1 day to 7 days 

was seen, with a change of 7 fold for cement compositions Sr0 to Sr50, of 6 for NC and 

Sr100 and of 5 for Sr75. After 7 days a statistical significant increase in cell proliferation 

for compositions Sr0 to Sr50 compared to the NC was found. An increase in fluorescence 

intensity for composition Sr75 was found although not statistically significant. The 
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addition of strontium promoted a slight increase in fluorescence intensity for composition 

Sr5 and Sr25 compared to Sr0 composition although not statistically significant. Higher 

substitution of strontium for calcium in the glass influenced negatively cell proliferation 

as the reduction of fluorescence intensity for compositions Sr75 and Sr100 was found to 

be statistically significant when compared to composition Sr0.  

3.3.3.2.3 Effects of cement conditioned medium on cell differentiation 

 

Figure 3-70: Effect of experimental extracts on the differentiation of MC3T3-E1 cells measured via the 
ALP activity assay after 7 days. Data are presented as optical density (OD) values at 405 nm. Error bars 
represent standard deviation of the mean of six wells per treatment of three independent experiments. 

 

No statistical significant differences were found in cell differentiation between the 

experimental materials and the control after 7 days.  
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3.3.3.3 Cell response to cement direct contact  

3.3.3.3.1 Ion release in a-MEM  

 

Figure 3-71: Elemental concentration (mmol/L) of strontium, silicon, and phosphorous as determined by 
ICP-OES after cement immersion in α-MEM for 3 days. On the x axis all cement compositions and pure 
a-MEM.  

 

Figure 3-71 shows the elemental concentrations of the solutions used to culture cells in 

contact with cements for three days. Cells were exposed to higher levels of ions compared 

to tests on extracts. Figures for Ca2+ are not reported as resulted below level of detection. 

Sr2+ release in a-MEM increased proportionally to the strontium content in the glass up 

to 0.6 mmol/L for composition Sr50.  A slight decrease in Sr2+ concentration was found 

for compositions Sr75 and Sr100. Si concentrations in a-MEM increased proportionally 

to the Sr2+ content in the glass ranging from 5.5 to 6.6 mmol/L. P concentrations in a-

MEM increased proportionally to the Sr2+ content in the glass ranging from 11.6 to 50.1 

mmol/L for Sr75 composition. A slight decrease in P concentration was found for Sr100 

composition (41.3 mmol/L).  
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3.3.3.3.2 Effect of cements on cell proliferation and cell morphology 

 

Figure 3-72: Effect of direct contact with experimental cements on the proliferation of MC3T3-E1 cells 
measured via a DNA assay. Data are presented as fluorescence intensity units. Error bars represent standard 
deviation of the mean of five wells per treatment of one experiment.* p <0.05 compared to Sr0. 

 

After 7 days statistically significant higher fluorescence intensities values were found for 

compositions Sr5, Sr10 and Sr25 compared to Sr0. This finding was the same for indirect 

cell studies where the addition of strontium promoted a slight increase in fluorescence 

intensity for composition Sr5 and Sr25 compared to Sr0 composition, although results 

were not statistically significant. Cell proliferation for higher strontium containing 

compositions did not differ from the control (strontium free cement).  

 

Cells attached and spread well on the cement surfaces studied. The typical plate like 

crystal morphology can be identified on the surface of the cements ( Figure 3-73 and 

Figure 3-74).  
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Figure 3-73: SEM micrographs of MC3T3-E1 cells cultured for 7 days on PaG15Sr0 cement disc. 

 

Figure 3-74: SEM micrographs of MC3T3-E1 cells cultured for 7 days on PaG15Sr25 cement disc. 

 

The SEM images showed better adhesion of cells on Sr25 cement disc with more spread 

and flattened cell morphology compared to Sr0 cement disc.  When cells were seeded 

onto the strontium free cement cells appeared elongated with a fusiform shape for isolated 

cells and more triangular shape for more confluent cells. Filopodia extensions are visible 

which suggests good adhesion ability. When cells were seeded onto the Sr25 cement cells 

showed a more flat and polygonal morphology, with filopodia extensions for cell to cell 

connections and cell to cement adhesion.  
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3.4 Discussions  
3.4.1 Glass characterisation 
In this study a bioactive glass was used as precursor for the formation of a CPC.  The 

bioactive glass acts as a source of calcium and phosphate ions in the cement setting 

reaction. The presence of crystallinity in a glass influences the glass properties, in 

particular its dissolution and consequently would be expected to influence the cement 

properties and setting reaction. All the glasses investigated were completely amorphous, 

so the change in cement properties can be attributed to the strontium substitution in the 

glass. In the XRD patterns, the shift of the amorphous halo towards lower 2θ values with 

increasing in strontium substitution in the glass indicates an increase in the average 

spacing in the glass structure, due to the larger size of the Sr2+ cation relative to Ca2+ 

(Greenwood and Earnshaw, 1997, Martin et al., 2012). Similar FTIR spectra were 

obtained for the different glasses, suggesting that the addition of strontium did not 

influence the network connectivity of the glass. The addition of strontium might have 

caused the shift of the band at around 592 cm-1. This band relates to the phosphate groups 

in the glass. The slight larger size of Sr2+ compared to Ca2+ resulted in a change in 

vibrational mode of the P-O- to lower frequencies.  

The expansion of the glass network results in its weakening (Fredholm et al., 2010) and 

an associated decrease in the glass transition temperature (Tg), due to an increased 

disruption of the glass network by the slightly larger Sr2+ cation and the weaker Sr2+–

NBO bond strength. The increase in Tg of the fully strontium substituted glass has already 

been reported in literature (Hill et al., 2004) and might be related to a decrease in the 

entropy of the system. 

The same milling and sieving protocol was used for all the glass compositions to 

minimize differences in particle size distribution. Particle size analysis showed that the 

distribution was similar for Sr0 to Sr25 compositions, while lower values were recorded 
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for compositions with higher strontium content. In the literature, it has been suggested 

that a linear relationship exists between Tg and glass hardness, with a reduced Tg for 

softer glasses (O’Donnell, 2011). The addition of strontium might have reduced the glass 

hardness and a softer glass might grind more easily. This could potentially explain the 

slightly smaller particle size distribution for these glass compositions.  

 

3.4.2 Cement characterisation  
The choice of comparing two immersion media for the in vitro characterization of the 

cement was based on the assumption that the chemical composition of the solution used 

would affect the rate of phases formation and consequently the properties of the cement.  

The evolution from OCP to HA was seen in all compositions when the cements were 

immersed either in Tris buffer or SBF. The presence of OCP in the XRD pattern is 

indicated by the diffraction lines at 4.7˚ 2θ and 9.3˚ 2θ degrees, whereas most of the other 

diffraction lines overlap with those for HA due to the close similarities in their crystal 

structure (Elliott, 1994). The OCP crystal structure is made up of “apatite” layers 

alternated with “water” layers. The apatite layer resembles the structure of HA, therefore 

distinction between the two phases is possible on detection of the water layer, which in 

an XRD pattern corresponds to the 4.7° 2θ degree diffraction line.  

OCP is believed to be a precursor in the formation of HA (Brown et al., 1987): at a pH 

between 5.0-9.0, OCP will be an intermediate phase before HA formation, whereas if 

reaction conditions are above pH 9.0 then HA will precipitate directly (Chow, 2001). It 

has been argued that the reaction from OCP to HA occurs through crystal transition, rather 

than dissolution and reprecipitation (Brown et al., 1987). Crystal phases in CPCs 

generally form via homogeneous nucleation (Abraham and Pound, 1968). The initial 

phase formed is the phase most kinetically favored, which is the one that requires the 

lowest nucleation energy barrier to form. According to the Ostwald-Lussac law (De 
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Yoreo and Vekilov, 2003), the crystallization then proceeds along a series of phases until 

the most stable one is formed. The high water content in the OCP crystal structure 

probably increases the affinity with the surrounding solution and lowers the interfacial 

energy. The smaller interfacial energy of OCP compared to HA probably reduces the 

activation energy for nucleation, even though HA is the most thermodynamically stable 

phase.  

Increasing the strontium content in the cement resulted in a delayed transformation from 

OCP to HA both in Tris and SBF. In Tris, conversion from OCP to HA occurred between 

1 day and 7 days for compositions Sr0 to Sr10 while in cement compositions with higher 

strontium content (from Sr25 to Sr100) the main phase at 7 days was a mixture of 

OCP/HA. In SBF this delay was even more evident. The OCP/HA phase was still present 

at 7 days for all the compositions and hydrolysis of OCP to HA occurred for Sr0 

composition only at 28 days. It has been suggested that strontium substitution for calcium 

in the OCP crystal lattice stabilizes the metastable OCP phase and therefore delays the 

hydrolysis from OCP to HA (Matsunaga and Murata, 2009). The authors in this study 

used a theoretical approach based on first-principles calculations to investigate the effect 

of strontium substitution for calcium in the OCP structure. However these findings were 

not corroborated by experimental data to show a higher stability when calcium is replaced 

by strontium in the OCP.  

The delay in HA formation in SBF might be also related to the presence of Mg2+ in 

solution. In the literature it is reported that Mg2+ inhibits hydrolysis of OCP to HA (Brown 

et al., 1962). It has also been reported that the presence of Mg2+, in combination with 

CO32- and F- ions, suppress growth of OCP along the c-axis and therefore changes in the 

crystal microstructure might be expected (Salimi et al., 1985).  
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The formation of NSr over OCP, seen in higher strontium content cements in Tris buffer, 

could be related to a lower kinetic energy barrier required for NSr formation compared to 

OCP. The higher amount of Sr2+ released by the dissolution of the glass during the setting 

reaction leads preferentially to the formation of a strontium containing phase such as NSr. 

The consumption of phosphate groups for NSr formation could slow down the formation 

of OCP crystallites that require phosphate groups for their formation. However in 

compositions Sr25 up to Sr100, some OCP/HA crystallites were already formed at 1 hour 

and 1 day, but after 7 days, as NSr was no longer present, more OCP/HA formed. 

Octastrontiumphosphate (Sr8(HPO4)2(PO4)4·5H2O), with the complete substitution of 

Sr2+ for Ca2+ in the OCP structure, is not believed to exist and it has not been found 

previously in the literature. It is likely that only partial substitution of Sr2+ for Ca2+ can 

take place in OCP. In this case the formation of NSr might occur as a consequence of the 

partial incorporation of Sr2+ in the OCP lattice, with sufficient Sr2+ left in the solution to 

precipitate as NSr.  

NSr formed at higher strontium concentrations when cements were immersed in SBF 

compared to Tris buffer. SBF is a supersaturated solution with regard to HA and OCP, 

with a Ca/P ratio of 2.50 (Bohner and Lemaitre, 2009) and therefore apatite formation is 

generally favoured. Sr2+ could therefore be preferentially incorporated in the OCP/HA 

phase until higher Sr2+ concentration in solution was achieved to nucleate NSr crystals. 

The release of Sr2+ during the immersion times detected by ICP in SBF solution was lower 

compared to Tris buffer samples, therefore NSr formation could have been reduced or 

delayed due to lack of Sr2+ ions, probably incorporated in the OCP/HA structure.  

The shift of the diffraction line for the 25.8 º2θ (002) towards lower 2θ values with 

strontium addition was shown in both SBF and Tris buffer and indicates an increase in d-
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spacing and lattice parameters due to the incorporation of the larger Sr2+ ion in the apatite 

lattice. Lattice spacing is related to theta by the Bragg equation: d=!/(2"#$%).  

The incorporation of Sr2+ in the apatite lattice suggests that it leads to a more stable phase 

compared to pure Ca2+ because the equilibrium shifts towards the formation of a Sr2+ 

substituted apatite SrxCa10-x(PO4)6(OH)2. Lower 2θ values were obtained with prolonged 

immersion times suggesting that Sr2+ substitution in the apatite lattice was a time 

dependent process. 

In this study the maximum Sr2+ substitution for Ca2+ in the apatite lattice achieved was 

approximately 27% in Tris for composition Sr75 (44.07 % of Sr2+ substitution for Ca2+ 

in the cement) and 25% in SBF for composition Sr100 (58.81% of Sr2+ substitution for 

Ca2+ in the cement). Therefore all the Sr2+ present in the glass was not incorporated in the 

apatite lattice suggesting that some Sr2+ may be still incorporated in some other phase or 

has been released into the solution. The Sr2+ concentration in solution increased with the 

time and with the amount of Sr2+ content in the cement. A decrease in % of Sr2+ content 

in the apatite lattice was witnessed after 1 hour and 1 day for compositions Sr50, Sr75 

and Sr100, which might be due to the formation of the NSr. As the NSr dissolves, more 

Sr2+ is available in the solution and can be incorporated in the apatite lattice.  

The line broadening of the (002) reflection was used to evaluate the mean crystallite size 

as this line is usually well resolved and showed no interferences. In this study the 

crystallite size decreased with an increase of strontium content in both immersion media. 

O’Donnell et al. (O’Donnell et al., 2008) showed within a series of strontium substituted 

hydroxyapatites, synthesized by a wet chemical route with a pH >9, that the crystallite 

size decreased to a minimum as Sr2+ substitution in the apatite lattice approached 50% 

and increased with higher Sr2+ content. This corroborates our findings, as the maximum 

calculated Sr2+ substitution in the apatite lattice was 27%. When the Sr2+ substitution for 
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Ca2+ in the apatite lattice is about 50% the Sr-Ca HA will be at its greatest state of disorder 

and the crystallite size would be expected to approach a minimum (O’Donnell et al., 

2008).  

At all time points, either in Tris and SBF, the FTIR showed bands around 555 and 599 

cm-1 which are crystalline calcium phosphate and can be related to either apatite or 

octacalcium phosphate. A shift of these bands towards lower wavenumbers was seen for 

increased strontium content in the glass. This effect might be related to the Sr2+ 

substitution in the OCP/HA lattice. A more pronounced shift towards lower wavenumbers 

was seen for the band around 1006-1010 cm-1. This band corresponds to a PO4 stretching 

mode. From the literature hydroxyapatite shows a band at 1046 cm-1 while OCP shows 

shoulders at 1023,1038 and 1056 that correspond to PO4 stretching (Elliott, 1994). Lower 

values might be due to the presence of a Ca-deficient OCP/HA. The shift towards lower 

wavenumbers might be related to the Sr2+ incorporation in the OCP lattice or the 

formation of NSr. The band at around 860 cm-1 was also present in all compositions and 

corresponds to a HPO4 P-O(H) stretching bond in octacalcium phosphate (Elliott, 1994).   

As in most clinical applications CPCs are applied in direct contact with trabecular bone, 

an ideal material should match the compressive strength of the bone into which it is 

implanted, being between 8 and 13 MPa (Dorozhkin, 2008). The material itself must have 

sufficient strength to resist deformation and remain coherent after the implantation. The 

strength of a cement is determined by the interlocking of the crystallites (Bohner, 2000). 

In previous studies it has been shown that strontium incorporation in apatite tends to give 

higher compressive strength (Li et al., 2007). In this study the increase of strontium 

content could lead to a higher energy barrier necessary for nucleation, affecting the 

nucleation rate: with increasing strontium substitution fewer nuclei form in a given time 

compared to the strontium free composition. This leads to the formation of smaller 
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number of longer crystallites, associated with a more interlocked microstructure and 

higher values of compressive strength. The increase of the compressive strength can also 

relate to the broadening in the crystallite size distribution with increased strontium 

substitution (Li et al., 2007). The drop found in the compressive strength in Sr75 and 

Sr100 cements both in Tris buffer and SBF is related to NSr crystallites morphology as 

seen under the SEM. NSr has cubic crystal shape that reduces the interlocking of the 

crystallites thereby decreasing the compressive strength of the cement (Fleisher M, 1982). 

A trend exhibited in this cement series was a decrease in compressive strength after 1 day 

in both immersion solutions. The decrease is believed to be due to the gradual conversion 

of OCP to HA. This reaction is likely to cause porosity in the cement cylinders, which 

makes it easier for cracks to nucleate and grow throughout the bulk, decreasing the 

compressive strength. Also the microstructure of the crystals seems to change going from 

1 day to 7 and 28 days. In general there was a trend to form a plate like crystals at early 

time point and smaller irregular petals or plates at longer time points.  

The cement samples immersed in SBF resulted in higher compressive strength values 

compared to samples aged in Tris buffer. As the conversion from OCP to HA was delayed 

in these cements, probably less porosity formed within the cement structure, resulting in 

higher strength.  As the maximum strength obtained within the series was 12.5 MPa (in 

Tris) and 15 MPa (in SBF), these cements can meet the clinical requirement for non-

loaded sites of bone (Ginebra et al., 1994). However, the compressive strength values 

should only be interpreted as a way of comparing the different cement compositions, 

rather than values that are applicable to in vivo performance. Many factors will affect the 

strength of the cement in vivo including the amount of cement, morphology of the implant 

site, presence of plentiful sources of Ca2+ and PO4-3 in body fluids, body fluid 

replenishment rate and biological factors associated with osseointegration. A comparison 
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between in vitro values of compressive strength achieved in this study and those from 

different studies available in the literature is also difficult to undertake as different 

methodologies are usually used. Values reported in the literature range from from 10-100 

MPa. The way the cement is mixed and compacted in the moulds to obtain the cylindrical 

specimen affects the results obtained. The mixing methodology affects the porosity 

introduced in the cement and therefore has consequences on the strength achieved. If the 

cement paste is compacted with high pressure (which is often carried out in the literature), 

after setting the cement will be more dense and will show higher strength under 

compression. The values obtained by applying pressure do not reflect those achieved in 

vivo at the time of the implantation as usually the cement is injected without applying 

significant condensation pressure. Immersion media used for soaking the cement samples 

and testing conditions (wet and dry) will also affect the strength values obtained.  

The setting time of a cement can be modified in different ways, including a change of 

particle size, liquid to powder ratio (LPR) and chemical composition of the reagents 

(Bohner et al., 2005b). In this system, the LPR was kept constant for all the compositions 

and the particle size distribution of the powders was approximately the same for all the 

glasses used. Therefore the effect of strontium substitution for calcium on setting time 

has been investigated.  

The delay of the setting time due to the strontium substitution in the apatite lattice has 

already been reported in the literature (Guo et al., 2005). In this study strontium slowed 

the setting reaction but, when more Sr2+ was available in the solution, the kinetics of the 

reaction changed. A change in phase exhibited by the cements as strontium content 

reached more than 25% in the glass appears to be the main factor that caused a drastic 

drop in the setting time. The results from compressive strength test showed lower values 

for NSr forming cements compared to cements forming OCP/HA only. As the Gilmore 
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needle test is based on the strength of the cement, a weaker cement is likely to have a 

longer setting time as a higher proportion of the cement phase has to form to resist the 

needle penetration. Although the microstructure associated with the NSr phase is much 

weaker compared to the apatitic cement, it can still resist the forces applied by the 

Gilmore needles; and because its precipitation and growth are quicker than the formation 

of OCP/HA, the setting time decreased. The only exception being the final setting time 

for Sr100 cement where a value couldn’t be recorded because the cement was too weak 

to resist the force applied.  

In the Gilmore needle test the initial setting time indicates the end of mouldability of the 

paste without damage to the cement and the final setting time is the time beyond which it 

is possible to touch the cement without causing damage (Driessens et al., 1994). Clinically 

this means that the cement should be implanted before the initial setting time and the 

wound should be closed after the final setting time. An initial setting time between 4 and 

8 minutes and a final setting time below 15 minutes are generally accepted as optimal 

values (Dorozhkin, 2008). The experimental cements showed longer setting times 

compared to these recommended values. The use of the Gilmore needle test is appropriate 

when the applied stress is low compared to the maximum compressive strength of the 

cement and when the strength of the cement gradually increases during the setting 

reaction. However if the material examined does not have sufficient strength to withstand 

the load applied, according to this test it will never set, even though the setting reaction 

has been completed. Besides, it is an arbitrary test as it relies on the subjective 

examination of the cement surface. In this project the test was used to examine the trend 

in setting time behaviour between the different cements in the series. The setting reaction 

could be better monitored with non destructive methodology like FTIR or XRD. The 

limitations of these techniques compared to the Gilmore needle are the long times 
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required for each scan, which could be a problem for fast setting cements and the fact that 

the analysis is confined to the surface of the sample and evaporation can affect the 

reaction rate of the surface compared to the bulk. Besides, the results from these tests are 

not clinically relevant for evaluation of setting time and loss of plasticity.  

The overall ion release in SBF was lower when compared to Tris buffer, apart from the 

sodium release. The Sr2+ concentration in SBF and Tris buffer solution showed a clear 

trend based on cement compositions, with increased concentrations for higher strontium 

content cements. A lower concentration of Sr2+ was found in SBF solutions compared to 

Tris buffer solutions, in particular for higher strontium content cements.  Therefore Sr2+ 

must be incorporated in the phases formed.  

In Tris buffer, the Ca2+ concentration after immersion of the cements was generally very 

low and shows that most of the Ca2+ available was incorporated in the phases formed (for 

compositions Sr75 and Sr100, where at early time points NSr is the predominant phase, 

Ca2+ is still consumed to form OCP/HA). The SBF solution prepared had an initial Ca2+ 

concentration of 2.5 mM. The Ca2+ was readily consumed to form OCP/HA phases during 

immersion times.  

The P concentration in solution increased over time in both ageing media. This is due to 

the Ca+Sr/P ratio of cements being 1.3, meaning that more P was available compared to 

Ca+Sr for the formation of OCP/HA and therefore phosphate was in excess and more P 

was released into the solution. The P concentration in solution decreased with higher Sr2+ 

content. It was consumed in the process of the NSr formation and this led to a lower 

release of P at early time points for compositions that formed this phase. During transition 

from OCP to HA, P is normally released and therefore an increase in P concentration in 

solution is expected. The lower level of P in SBF solutions are probably related to the 

delayed conversion from OCP to HA.  
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Cement compositions Sr75 and Sr100 showed in Tris and SBF lower Na+ concentration 

after 1 hour and 1 day due to the formation of NSr. The Si concentration in Tris buffer 

solutions was higher compared to that in SBF solutions. This could have resulted from a 

lower porosity of the SBF immersed cements, leading to a less dissolution of the silica 

within the glass.  

Most of the bone cements incorporate non-resorbable particles to enhance the radiopacity, 

affecting negatively the resorption of the cement (Wang et al., 2007). Besides, the 

addition of such additives can be disadvantageous for the mechanical and physical 

properties of the cement. In this study the radiopacity was an inherent property of the 

cement instead of being related to the addition of radiopacifying fillers in the formulation. 

The radiopacity increased linearly with strontium substitution for calcium in the cement. 

This is because the atomic number of Sr2+ is higher than Ca2+ (38 cf 20) therefore 

adsorption of X-rays is increased.  

 

3.4.3 Cell studies  
MC3T3-E1 pre-osteoblasts are known to have a potential to differentiate to osteoblasts. 

In this study these cells were used to investigate the effects of cements on cell viability, 

proliferation and differentiation.  

The metabolic activity of the cells treated with conditioned media was not significantly 

different from that observed in cells treated with standard culture medium indicating that 

their dissolution ions were not cytotoxic. A significant lower MTT activity compared to 

the control was observed only at 1 day for compositions Sr75 and Sr100. At 7 days, for 

the same compositions, the metabolic activity of the cells was not significantly different 

compared to the control. No significant statistical differences were found in cell 

proliferation after 1 day between the different groups. A significant increase in cell 

proliferation compared to the NC was found after 7 days for either the strontium free and 
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up to 75% of strontium in the glass (although not statistically significant for the Sr75 

composition). High strontium substitutions slightly inhibited cell proliferation, as the 

reduction of fluorescence intensity for compositions Sr 75 and Sr100 was found to be 

statistically significant when compared to the strontium free composition. No statistically 

significant differences were found in cell differentiation between the experimental 

materials and the control after 7 days. Down regulation of proliferation is associated with 

expression of osteoblast functions, including production of ALP (Quarles et al., 1992). In 

our experiment cells might be still in active proliferation therefore failing to express high 

levels of ALP. Culture of cells for longer time points might have demonstrated an increase 

in ALP activity.  

For these experiments cells were treated with conditioned medium obtained by immersing 

the cements in α-MEM for 1 day. Whether the results shown are a strontium related effect 

or are due to a synergistic effect of the dissolution ions it is not clear. The Sr2+ release 

from the cement after 1 day in α-MEM was generally low (maximum value of 0.04 

mmol/L for Sr100) and increased proportionally with the increase of strontium in the 

glass. XRD analysis of the cements immersed in α-MEM (results not shown) revealed 

that strontium was incorporated into the phases formed (OCP/HA and NSr) and therefore 

a minimal amount of Sr2+was left in solution. Gentleman et al. (Gentleman et al., 2010) 

have shown that ion release from strontium containing silicate glasses enhances 

osteoblasts activity. They investigated a series of bioactive glass (BG) in which calcium 

was systematically replaced by strontium up to 100%. Treatment with BG dissolution 

extracts resulted in enhanced osteoblast (Saos-2 cell line) metabolic activity after 14 days 

of culture compared to the control (standard culture medium). The strontium doped 

compositions showed increased values of MTT activity compared to the strontium free 

glass. Ions concentration ranged from 0.06 to 0.26 mmol/L for Sr2+, from 0.05 to 0.50 
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mmol/L for Ca2+, around 5 mmol/L for P and from 0.18 to 0.53 mmol/L for Si. The 

strontium doped glasses also promoted osteoblast proliferation and differentiation 

(measured by ALP activity) when directly applied in contact with cells as solid BG discs. 

After 7 days osteoblasts proliferation and ALP activity was increased for cells in contact 

with high strontium containing glasses compared to the strontium free BG. However ion 

release studies of cell culture medium used to treat cells were not published and therefore 

we do not know which ion concentration ranges cells were exposed to. Furthermore for 

direct studies cells behaviour is also influenced by the physical contact with the material 

and therefore results can’t be explained only by the Sr2+ release. In the present study, cells 

cultured in direct contact with cements Sr5, Sr10 and Sr25 cements showed higher 

proliferation values compared to the strontium free cement after 7 days. In this case cells 

were exposed to higher levels of ions compared to tests performed with extracts. 

In a study conducted by Liu et al. (Liu et al., 2016), the role of strontium on the osteogenic 

responses of MC3T3-E1 cells was investigated. Cells were cultured with extracts of BGs 

in which strontium was progressively substituted to calcium. Cell proliferation in 72 

hours BG conditioned medium was significantly raised by all the compositions (0Sr to 

100Sr) compared to the control (α-MEM) with the highest increase for 5SrBG. Cell 

differentiation (measured through ALP activity) increased for cells treated with the 0Sr 

and 5Sr BG after 7,14 and 21 days compared with the control group, while for the 100Sr 

BG ALP activity was significantly reduced at all the time points. The authors concluded 

that 5Sr BG conditioned medium significantly promoted osteogenic responses of 

MC3T3-E1 due to a release of Sr2+ in the range of 0.18mM. However in this study cell 

viability was negatively influenced by the addition of strontium for experiments 

conducted with BG conditioned medium aged for 2h, 8h and 24h with a cytotoxicity 

effect for compositions 50Sr and 100Sr. After ageing the BG for 72h higher cell viability 



 

173 

 

values were obtained although still lower for 50Sr and 75Sr compositions compared to 

the control. This might be due to the higher concentrations of strontium in the 50Sr 

(1.8mM) and in the 100Sr BG (3.6mM).  

In the present study, after ageing of cement in α-MEM for 1 day, Ca2+ concentrations 

reduced for all the compositions studied (ranging from 1 mmol/L for Sr0 to 1.6 mmol/L 

for Sr100) compared to the control (2 mmol/L). This is because Ca2+ is consumed in the 

conversion of OCP to HA phases, according to the equation below:  

Ca8H2(PO4)6.5H2O + 2Ca2+ → 2Ca5(PO4)3OH + 3H2O + 4H+                   (Equation 3-1)                     

The higher Ca2+ concentrations found for compositions Sr50, Sr75 and Sr100 is consistent 

with the formation of NSr in the cements. Calcium favours osteoblast proliferation, 

differentiation and extracellular matrix mineralization (Hoppe et al., 2011). Maeno et al. 

(Maeno et al., 2005) found that Ca2+ concentrations between 2-6 mM increased osteoblast 

viability (in mouse primary osteoblasts) compared to the control (0 mM) and that higher 

ion concentrations reduced cell viability proportionally, with a clear cytotoxic effect for 

30mM Ca2+. A concentration of 5mM Ca2+ resulted in increased cell number while the 

use of 20 mM Ca2+ resulted in slower cell proliferation rate compared with 0 mM. 

Differentiation of osteoblasts was favoured by Ca2+ concentration in the range between 0 

and 4 mM. The cytotoxicity of higher Ca2+ concentration was confirmed in a study 

conducted by Valerio et al. (Valerio et al., 2004). The authors studied the effect of Ca2+ 

concentrations on cell viability and reported that for concentrations up to 300 mg/L (7.5 

mM) cell viability was not negatively influenced while it decreased for concentrations of 

500 mg/L (12.5 mM).  

In this study (either extracts and direct studies) cements were depleting Ca2+ from the 

medium during immersion or cell culture. This might just happen in in vitro experiments 

where the medium is not continually replenished and exchanged and is due to the 
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evolution from OCP to HA. In vivo a continuous exchange of body fluid occurs and 

therefore Ca2+ concentration might be kept at physiological conditions. From the above 

mentioned study (Valerio et al., 2004), cell viability, proliferation and differentiation are 

negatively influenced by high concentrations of Ca2+ which were not reached in this 

experimental conditions.  

The P concentration in all cement conditioned medium after 1 day was higher compared 

to the control and reduced with increasing strontium content in the glass. This is in line 

with results from Tris buffer and SBF immersion studies and is explained by the Ca+Sr/P 

ratio of cements being 1.3, meaning that more P was available compared to Ca2+ and Sr2+ 

for the formation of OCP/HA and therefore the P in excess was released into the solution. 

The process of the NSr formation consumes some of the P available and therefore a lower 

release of P for compositions Sr50, Sr75 and Sr100 is witnessed. P concentrations of 

medium used to treat cells exposed to the cements were much higher compared to 1 day 

cement conditioned medium and concentrations increased proportionally with the 

increase of strontium in the glass. This trend is different compared to the extract solutions 

and might be related to the fact that medium was exchanged daily and the surface 

area/volume ratio of the two methodologies used were different (0.1 cm2/ml for the 

extracts and 1.8 cm2/ml for direct studies). A study by Meleti et al. (Meleti et al., 2000) 

showed that high concentrations of inorganic phosphate (5 and 7 mmol/L) induced human 

derived osteoblast apoptosis after 2 and 4 days when compared to the control (1mmol/L). 

They estimated that at high concentrations, P can trigger depletion of adenosine 

triphosphate (ATP) stores and activate radical-generating reactions in the cell inducing 

apoptosis. In the present study cells were exposed to P concentration from 5.5 mmol/L 

for Sr0 to around 3.5 mmol/L for Sr100 for studies on extracts and from 11.6 mmol/L for 
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Sr0  to 41 mmol/L for Sr100. A negative effect on cell viability and cell proliferation was 

not found for high P concentrations.  

a-MEM is a silicon free solution. The silicon release from the cements after 1 day was 

therefore due to the dissolution of the glass. Silicon is believed to be an essential element 

for the processes associated with the formation and calcification of bone tissue. In a study 

by Kim et al. (Kim et al., 2013a) the effect of increasing silicon concentrations on 

MC3T3-E1 cells were studied. Cell viability slightly decreased (5~10 %) with Si 

treatment compared to the control and a remarkable cytotoxic effect for Si concentration 

of around 234 mg/L (8.3 mmol/L) was observed. The authors found that ALP activity 

after 7 days was significantly increased when cells were treated with Si concentrations of 

0.1 and 0.3 mg/L (0.004 and 0.011 mmol/L) compared to the control (a-MEM). At 14 

days, only cells treated with Si concentrations of 23.5 mg/L (0.837 mmol/L) showed a 

significant increase in ALP activity compared to the control. In this study, cells treated 

with cement conditioned medium were exposed on average to 0.17 mmol/L of silicon but 

no significant differences were found in ALP activity when compared to the NC after 7 

days. In the study mentioned above (Valerio et al., 2004), the authors suggested that the 

higher osteoblastic proliferation and collagen secretion found after treatment with a BG 

with 60% silica content dissolution products was related to Si content (around 40mg/L, 

1.42 mmol/L), since despite higher Ca2+ concentration no increased osteoblast activity 

was observed in presence of a biphasic calcium phosphate ceramic used as control (from 

which no Si was released). In another study, when cells were exposed to 2 and 4 mM Si 

concentrations cell proliferation increased, while it dropped for concentrations of 6 mM 

(Shie et al., 2011). In the present study, although cells in direct contact with cements were 

exposed to levels of Si ranging from 5.5 to 6.6 mmol/L, a negative effect on cell 

proliferation was not found. The increase in Si release was proportional to the strontium 
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content in the glass and might be explained with the increase in weight % of the glass in 

the cement. The same trend was not noted for the 1 day extracts due to the different 

surface to volume ratio used.  

Sodium is found already in high concentrations in α-MEM solution. The additional 

release witnessed after 1 day is due to the dissolution of the glass. Cement compositions 

Sr75 and Sr100 showed lower Na+ release compared to other compositions studies. This 

is consistent with the formation of NSr phase witnessed in Tris buffer solution and SBF.  

A comparison of the results obtained within these experiments (extracts versus direct 

tests) and studies available in the literature is difficult to conduct. Results will depend on 

how the material is applied (dense substrate, particle suspension or ionic extract) and 

whether cells are seeded directly on the material or are cultured with liquid extracts 

containing the dissolution products. Experiments using extracts from materials do not 

take into account factors like surface roughness, surface energy and porosity of the 

material which all are known to influence cell behavior (Hoppe et al., 2011). On the other 

side, if one wants to focus on the effects of dissolution ions alone on cells, then 

experiments with extracts are required. 

It is generally recognized that the information obtained by in vitro testing (on cells 

response and material properties as well) are limited by the experimental conditions and 

cannot be directly related to the in vivo performance of the material. In vitro testing is 

useful for an initial understanding of the material and screening for potential cytotoxicity. 

However these responses are not tissue related and are confined to individual cells 

removed from their cellular and tissue environment. It is therefore essential to test 

efficacy of a material in vivo using appropriate animal models that could likely predict a 

response in humans.  
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The next chapters will look at the optimization of one of the cement formulation studied 

and will evaluate the in vivo local effects and performance of the material implanted in a 

minipig model used for alveolar bone regeneration.  
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Chapter 4 Novel formulation of bioactive glass based calcium 
phosphate cement: cement development and characterization  

This chapter describes the optimization and characterization of a bioactive glass based 

calcium phosphate cement in a mixing-delivery device, which when mixed results in a 

self-setting injectable cement for use as a medical device in clinical applications within 

the dental field. This section initially focuses on the process of manufacture and 

development of the cement formulation, with validation of the manufacturing processes, 

and then describes the in vitro characterization of the final product.  

The commercialisation of this product would introduce a new synthetic option for bone 

grafting in dentistry with possible future exploitation in the orthopaedic and maxillofacial 

markets. Bioactivity, injectability and self-setting ability are the properties that 

differentiate this product from what is currently available in the dental market.  

While the addition of strontium in the glass proved to be beneficial in vitro, the risks of 

adding strontium into the cement were carefully evaluated. No strontium containing bone 

substitute had been approved so far by the FDA in the USA as the addition of strontium 

shifts the category of the material from a medical device to a drug, and therefore the 

process for approval becomes more challenging and costlier. To be commercially 

exploited a new medical device will need to obtain a CE mark (for approval in Europe) 

and ultimately a FDA 510(k) for approval in USA. The risks of having strontium in the 

composition were considered too great from a regulatory point of view and consequently 

efforts have focused on the optimization of the strontium free version of the cement.  

Funding from the Medical Research Council (MRC ref. project: MR/M025306/1) to 

finalise the cement formulation into a product were obtained. It was necessary therefore 

to manufacture the cement according to regulations set for medical devices and conduct 

an implantation study to evaluate performance of the cement in vivo.  
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4.1 Aim of the study   

The aim of the project was to produce a novel injectable and biocompatible bioactive 

glass based calcium phosphate cement, packaged in a mixing-delivery device, that could 

promote bone regeneration in vivo.  The main hypothesis was whether a gamma irradiated 

calcium phosphate cement could be manufactured reproducibly and met the requirements 

set in the product specifications, such as being injectable, set within an appropriate time 

and being biocompatible.  

The first milestone in this project was to identify suitable suppliers for the raw materials 

and characterise them via techniques such as XRD, FTIR, DSC, particle size analysis and 

chemical analysis. The scope of this first step was to provide a benchmark from which to 

reference in later studies and to assess risks related to production and chemical 

compositions of the raw materials. The identification of suitable suppliers (certified or 

compliant with ISO regulation) for the raw materials (especially the customized glass 

composition) was an important step in this project.  

The second milestone of the project was finalising the cement formulation and 

characterise the cement, providing methods for evaluating reproducibility of cement 

powder and liquid production.  

The final milestone of the project was to carry out an implantation study to assess in vivo 

performance of this new cement formulation in a minipig oral model.  

This chapter focuses on the first two milestones of the project while in the next chapter 

results of the implantation study are reported. 
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4.2 Material and methods  

 

Figure 4-1: Flow chart of research methodology presented in this chapter. The methods and results related 
to the implantation study are reported in Chapter 5.  
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4.2.1 PaG15 glass specification and outsource of raw materials  

A specification for PaG15 glass was created (Table 4-1) to provide guidance for 

production, characterization and analysis of the customized glass manufactured by 

external suppliers. This specification was based on the values for the original laboratory 

synthesised PaG15Sr0 glass composition. Concentration of trace elements levels were 

based on ASTM F1538-03 (Standard specification for glass and glass ceramic 

biomaterials for implantation) (ASTM International, 2017), whilst the variation for the 

major components was based on network connectivity calculations and what was 

practically achievable. 
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Table 4-1: PaG15 glass specification 

Specification Number ProdRMSpec-001 

Product Name PaG15 Glass  

Product Number G15001 

Parameter Value Analysis method 

SiO2 40.63±1 wt.%  Chemical (XRF or ICP) 

Na2O 15.00±1 wt.% Chemical (XRF or ICP) 

CaO 35.21±1 wt.% Chemical (XRF or ICP) 

P2O5 9.16±0.5 wt.% Chemical (XRF or ICP) 

Al2O3 ≤ 0.1 wt% (≤1,000 ppm) Chemical (XRF or ICP) 

BaO ≤ 0.1 wt% (≤1,000 ppm) Chemical (XRF or ICP) 

As ≤ 0.0003 wt% (≤ 3 ppm) Chemical (XRF or ICP) 

Cd ≤ 0.0005 wt% (≤5 ppm) Chemical (XRF or ICP) 

Hg ≤ 0.0005 wt% (≤ 5 ppm) Chemical (XRF or ICP) 

Pb ≤ 0.003 wt% (≤ 30 ppm) Chemical (XRF or ICP) 

Total heavy metal ≤ 0.005 wt% (≤50 ppm) Chemical (XRF or ICP) 

Fe ≤ 0.01 wt% (≤100 ppm) Chemical (XRF or ICP) 

Appearance Frit Colourless, Powder white  Visual Inspection 

Processing  Controlled environment & Pt crucible N/A 

Crystallinity X-Ray amorphous over 2 theta range 10 to 50 ° XRD 

Particle size 

distribution 

D10: 3±0.5 µm 

D50: 12±1 µm 

D90: 31±3 µm 

Particle Size Analysis by 

Laser Diffraction (dry 

dispersion) 

Glass transition 

temperature  

600°C ± 10°C  DSC heating rate 

10°C/min on air 

Network 

connectivity 

Absorbance bands at 849 cm-1 (Si-O-2NBO), 904 cm-

1  (Si-O-NBO) and 993cm-1 (Si-O-Si)± 4 

Intensity ratio of Si-O-NBO/Si-O-Si  absorbance 

bands between 1.20 to 1.26 

ATR-FTIR 

Absence of CO3  Absence of Absorbance bands at 1430 cm-1  ATR-FTIR 

 

Two manufacturers for the customised glass production were identified. Noraker is a 

company based in France specialized in the manufacture of synthetic biomaterials for 

bone substitution. They produce and retail bioactive glass 45S5 for orthopaedic and dental 

applications. Noraker has a quality management system in place certified with ISO 
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13485:2016 (Medical devices-Quality management systems- requirements for regulatory 

purposes) (International Organization for Standardization, 2016). The second 

manufacturer chosen was MoSci Corporation, a company based in USA specialised in 

production of customised glasses for different uses, including bone and wound care 

applications. MoSci Corporation has a quality management system in place certified with 

ISO 9001:2015 (Quality management systems) (International Organization for 

Standardization, 2015) and compliant with ISO 13485:2016 (International Organization 

for Standardization, 2016).   

Detailed procedures for the manufacture of the glass by the two suppliers are provided in 

appendix C. Each company provided three batches of the PaG15 glass composition. 

 

4.2.2 Characterization of raw materials 

A list of all the raw materials used for the cement formulation divided into its powder and 

liquid component can be found in Table 4-2. 

Table 4-2: Raw materials used for final cement formulation divided into its powder and liquid components. 

Raw Material  Chemical Formula  Supplier 

Powder    

PaG15 glass  42.00 SiO2, 4.00 P2O5, 39.00 CaO, 15.00 

Na2O (all in mol%) 

Noraker/ 

Mo-Sci  

Monocalcium Phosphate Anhydrous 

(CPA)   

Ca(H2PO4)2 Innophos 

Monocalcium Phosphate Monohydrate  

(CPM) 

Ca(H2PO4)2·H2O Innophos  

Polyvinylpyrrolidone (PVP, PlasdoneÔ 

Povidone C-30) 

(C6N9NO)n 

 

Ashland  

Liquid    

Disodium hydrogen phosphate  Na2HPO4 Innophos 
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In order to provide a benchmark for further testing, raw materials were characterised  at 

QMUL via XRD, ATR-FTIR, DSC, PSA using the same techniques, instruments and set 

up detailed in Chapter 3, section 3.2.2. XRD was used to assess the amorphous nature of 

the supplied batches of PaG15 glass and to assess crystal composition of salts supplied 

by Innophos against references available. ATR-FTIR was used to further assess the 

amorphous nature of the glass by identifying functional groups related to bridging and 

non-bridging oxygens within the silica network. Intensity ratio of Si-O-NBO/Si-O-Si 

absorbance bands were calculated from the spectra. ATR-FTIR  was also used to obtain 

a reference spectra for CPA and validate composition of CPM and PVP against references 

available. DSC was performed to ascertain the glass transition temperature (Tg) of the 

glass batches supplied by the manufacturers. Particle size analysis (PSA) of the raw 

materials (powder components) was carried out by laser diffraction analysis. This 

technique is based on the principle that as a laser beam passes through a dispersed 

particulate sample, particles will scatter light at an angle that is directly related to their 

size (large particles scatter light at small angles while small particles scatter light at larger 

angles). The angular scattering intensity data is then analysed to calculate the particle size 

distribution using the Mie theory of light scattering and the particle size is reported as a 

volume of equivalent sphere diameter (Malvern, 2018). To simplify the interpretation of 

the data, percentiles for volume weighted particle size distributions are reported as D10, 

D50 and D90. A D50 represents the maximum particle diameter below which half of the 

sample volume exists and similarly for D10 and D90, which represent the fine and coarse 

tails of the distribution respectively. In this study a dry dispersion method was used to 

analyse the particle size distribution of all raw materials (powder components). In a dry 

powder dispersion, the dispersant is usually a flowing gas stream, in this study air. With 

dry dispersion three different type of dispersion mechanisms act upon the sample: 
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velocity gradients caused by shear stress, particle to particle collisions and particle to wall 

collisions. For the particle size analysis a Mastersizer E 3000 (Malvern Panalytical Ltd, 

Malvern, UK) was used. The instrument can measure particles in the size range 0.1-1000 

µm. At least 2 grams of each powder was used to run 5 measurements of 30 seconds on 

each sample. Obscuration limits were set to 0.1% to 5%. The analysis was repeated 

several times to make sure consistent data was obtained. The background was checked 

before each repetition. The samples were then analysed producing a particle size 

distribution for the sample material and percentiles D10, D50 and D90.  

Full chemical analysis of all the glasses manufactured, calcium phosphate salts and 

Na2HPO4 salt was outsourced to Lucideon Ltd (Stoke-on-Trent, UK). Fifteen grams of 

each material were submitted for analysis. Determination of trace elements was 

conducted using ICP while elemental composition was obtained through X-ray 

Fluorescence (XRF). Determination of trace elements for polyvinylpyrrolidone (PVP, 

Plasdone C-30) was supplied by the manufacturer.  

 

4.2.3 Mixing and delivery device  

Most of the mixing devices available for bone cements (acrylic or calcium phosphate 

cement based) are produced for orthopaedic applications.  Not many mixing devices are 

available for dental bone substitutes as most of the bone grafts used are either granular or 

putty like and a mixing process is therefore not required.  

In this study, to allow for a cleaner and easier cement mixing, a mixing device (Medmix 

P-system) was identified and purchased by Medmix (MEDMIX Systems AG, 

Switzerland).  The mixing device (component A, Figure 4-2) consisted of a 3 ml syringe 

with an open bore cap, a mixing rod, a plunger and a female luer cap. All parts were made 
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with medical grade resin compliant with USP VI requirements. The component A was 

filled with the cement powder. 

 

Figure 4-2: Component A of the mixing and delivery device with single parts and assembled syringe. 

 

For the storage of the cement liquid solution, a 1 ml syringe (BD Luer-LokÔ, BD, USA) 

and a female luer cap (Cole-Parmer, UK) were used (component B, Figure 4-3). The 

barrel of the 1 ml syringe was made of polycarbonate and the plunger rod and cap of 

polypropylene.  

 

Figure 4-3: Component B of the mixing and delivery device. 
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A list of all parts of the mixing and delivery device is presented in the table below.  

Table 4-3: Mixing and delivery device components. 

Component  Description  Parts Supplier 

A Mixing device, 3 ml  Syringe 

Open bore cap 

Plunger 

Mixing rod  

Female luer cap  

Medmix 

B Syringe, 1ml  Syringe 

Cap  

BD 

Cole-Parmer 

 

 

The mixing of the cement followed these steps:  

Step 1: Remove the female luer cap from the syringe cap (component A). 

Step 2: Remove the cap from the syringe (component B). 

Step 3: Transfer the solution from component B syringe into the syringe of the mixing 

device (component A). 

Step 4: Close the syringe (component A) by attaching the female luer cap to the open bore 

cap.  

Step 5: Remove the plunger from the mixing device. 

Step 6: Mix the cement by moving the mixing rod back and forth while rotating.  

Step 7: Pull back the mixing rod and attach the plunger. 

Step 8: Remove the female luer cap and inject the cement paste through the open bore.  

 

4.2.4 PaG15 cement specification and formulation  

A specification for PaG15 cement was created to provide guidance for optimization of 

the cement formulation and provide a benchmark for characterization of the cement 

produced in this study and for future reference (Table 4-4). This specification was based 

on the results obtained from previous experiments on similar cements with some 
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variations to account for the change in raw materials used (especially the different 

calcium phosphate salts).  

Table 4-4: PaG15 cement specification  

Specification Number ProdCMSpec-001 

Product Name PaG15 Cement  

Product Number CMG15001 

No. Requirements Validation  

1 Easy mixing and manipulation The mixing of the cement and clinical 

manipulation are easy to perform  

2 Injectable It can be injected through a Medmix syringe. 

4 Cohesive  It doesn’t disintegrate once in contact with body 

fluids. 

5 Apatite forming ability  Formation of apatite after contact with body fluids 

validated with XRD, FTIR after immersion in 

SBF  

6 Physical properties Initial setting time: 8 to 15 min  

Final setting time : 30 min to 35 min  

 

Compressive strength: ³ 8 MPa 

7 Radiopacity It can be visualized on an X-ray 

8 Safe and Biocompatible  Cytotoxicity testing (ISO 10993-5) 

Implantation Testing (ISO 10993-6) 

Full chemical analysis and heavy metals content 

of raw materials (ISO 10993-18) 

 

9 Single use, clean and sterile, gamma 

irradiation (25kGy) SAL<10 -6, bioburden 

<10 c.f.u 

According to ISO 11137 

 

The starting cement formulation was based on the composition PaG15Sr0 (Chapter 3, 

section 3.2.4) with 49.2 weight % of glass and 50.8 weight % of CPM mixed with 0.7 

ml/g of 2.5% Na2HPO4 solution. The 2.5% Na2HPO4 solution was prepared by dissolving 

7.5g of Na2HPO4 salt in 300 ml of deionized water and stirred for 60 minutes until the 

solution was clear. For the following experiments the glass used was the batch n° 2 

produced at Noraker. The effect of change in weight % of the reagents and the addition 
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of CPA on the setting reaction were investigated by measuring the setting time with the 

Gilmore needle test according to the method described in Chapter 3, section 3.3.2.1.  The 

proportions of reagents used and amount of liquid per gram are shown in Table 4-5.   

Table 4-5: Table shows cement formulations in which proportions of glass:CPM were changed 
(formulations 1 to 5), CPA was added (formulation 6), LPR (liquid to powder ratio) was adjusted 
(formulation 7) and PVP was added . Setting time of each formulation was measured using a Gilmore 
needle test. 

 

  

 

 

 

 

 

 

 

 

Based on the setting time, the formulation n° 7 was chosen. To improve the rheology and 

facilitate extrusion of the cement paste from the syringe, 0.33 weight % of PVP was added 

to the powder. The final cement formulation (formulation n° 8, Table 4-5) will be referred 

to as PaG15 cement throughout the rest of the thesis.  

 

4.2.5 Investigation of stability of cement powder   

The raw materials for the cement powder (PaG15 glass, CPM, CPA and PVP) were 

weighed using a calibrated analytical balance following the proportions chosen for the 

PaG15 cement formulation and a batch of 50 grams was produced. The cement powders 

were transferred in a 0.5 L glass jar and mixed on a roller mixer for 60 minutes.  

  PaG15 

(wt %) 

CPM 

(wt%) 

CPA 

(wt%)  

LPR 

(ml/g)  

  

1 Starting formulation  49.2 50.8  -  0.7 

2 

¯ Glass,  CPM 

44.2 55.8 - 0.7 

3 39.2 60.8 - 0.7 

4 34.2 65.8 - 0.7 

5  Glass, ¯ CPM 64.2 35.8  - 0.7 

6 Addition of CPA, ¯ L/P 64.2 27.9 7.9 0.6  

7 ¯ L/P 64.2 27.9 7.9 0.55 

8 Final formulation (addition 

of 0.33 wt% PVP ) 

63.99 27.81 7.87 0.55 
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XRD was used to analyse the cement powder stability after mixing, storage and gamma 

irradiation. After mixing, 1 g of sample was sent for XRD analysis (setup and method 

described in Chapter 3, section 3.2.2). A Gilmore needle test was used at this point to 

evaluate the setting time. 1.3 g of cement powder was loaded in 12 Medmix syringes 

(component A of mixing device) through a funnel connected to the syringe. The syringes 

were closed with the female luer cap and inserted into sealable sterilisation pouch (self 

seal 90 x 270 mm, Steris, US). 0.71 ml of 2.5% Na2HPO4 solution was added into 1ml 

syringes, closed with the cap and inserted into sealable sterilisation pouches (self-seal 90 

x 270 mm, Steris, US). The two pouches were inserted in a larger sterilization pouch (self-

seal 200 x 350 mm, Steris, US) and sealed. Six packaged cements were sent for gamma 

irradiation and exposed to a dose of 28.7 kGy, while 6 packaged cements were stored in 

the laboratory. Post irradiation, samples were stored in the laboratory until further 

analysis. Setting time was measured using a Gilmore needle test. Five syringes for each 

group (stored and gamma irradiated+stored) were analysed for their initial setting time, 

while powders from one sample for each group were sent for XRD analysis. The time 

elapsed from cement powder mixing and analysis was 60 days.   

 

4.2.6 Evaluation of polymer content in the cement powder   

DSC was used to create a calibration curve to quantify and check the PVP content in the 

cement powder mixture. 50 mg of each cement powder component was heated from 20-

1000˚C at 10°C/min using 50 mg of alumina powder as reference to obtain a DSC trace. 

DSC analysis of the PVP showed an intense exothermic peak at 425 °C which was used 

as reference for identification of the PVP in the cement powder mixture. A 50 grams 

batch of PaG15 cement powder without PVP was produced by mixing the PaG15 glass, 

CPA and CPM salts according to the ratio for PaG15 cement formulation. The batch was 
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mixed for 60 minutes on a roller mixer after which 50 mg of the mixture were analysed 

by DSC. Then increasing amounts of PVP were added to the cement powder and mixed 

for further 60 minutes, assessing the DSC trace each time. Therefore DSC traces of PaG15 

cement powder containing 0%, 0.165%, 0.33%, 0.66% and 1.32 % of PVP (all weight %) 

were obtained. For each trace the integrated area under the peak at 425 °C was measured 

using the QuickPeaks tool in OriginPro 2016 (OriginLab, Northampton, MA) by fixing 

the temperature range between 394 and 456 °C as demonstrated in Figure 4-4.   

 

Figure 4-4: DSC trace of PaG15 cement powder with 0.33% of PVP. Insert: Integrated area of peak at 425 
°C measured from 394 and 456 °C with QuickPeaks tool in OriginPro2016. 

 

A calibration curve was obtained by plotting the integrated area measured against the % 

of polymer content in the mixture and was used to evaluate PVP content in the powder 

mixture later on produced for validation of mixing regime.  
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4.2.7 Dry mixing regime  

Cement powder components were weighed according to the PaG15 cement formulation 

ratios to make up a 50 g PaG15 cement powder batch. The powders were transferred in a 

0.5L glass jar according to the following order: 1) PaG15 glass (in this case Noraker 

Batch n° 2 was used), 2) CPM, 3) CPA and 4) PVP. The glass jar was transferred into a 

Turbula Shaker mixer type T2F (Willy A. Bachofen AG, Basel, Switzerland) and the 

powders were mixed at a speed of 49 rpm for either 10, 20 and 30 minutes. After each 

mixing point, samples were taken for analysis before the next mixing cycle. DSC was run 

on three samples from each mixing time to evaluate PVP content and samples were 

analysed for particle size distribution.  

The Turbula mixer was chosen over the roller mixer due to the more complexity of 

movement during mixing (3-D spiral motion using rotation, translation and inversion 

compared to horizontal mixing of a roller mixer) allowing for a homogenous mixing of 

the powders of different densities and particle sizes.  

 

4.2.8 Production of PaG15 powder and liquid for in vitro and in vivo analysis  

Preparation and packaging of PaG15 cement powder and liquid was carried out following 

the SOPs presented in Appendix E. In brief, for the powders 5 batches of 50 g each were 

prepared at QMUL by mixing the PaG15 glass, CPM, CPA and PVP in the right 

proportions and mixed for 20 minutes in a Turbula mixer at 49 min-1. Each batch was 

labelled with batch number and date of production. 5 g of each mixture were kept for 

XRD, DSC and particle size analysis.  

For the liquid, 5 batches of a 300 ml solution of 2.5 % Na2HPO4 were produced by 

dissolving 7.5 g of salt in 300 ml of deionized water. Each batch was labelled with batch 

number and date of production. 1 ml of each solution was kept for ICP-OES analysis. 
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Samples (n °3 for each solution) were diluted by a factor of 200 with deionized water and 

were acidified by using nitric acid (69%, VWR, Radnor, PA, USA) to obtain a 2% 

solution. Ion concentrations were measured against a range of prepared multi-element 

standard solutions for Na and P (VWR, Radnor, PA, USA) from 0 to 80 ppm prepared 

with deionized water and 2% nitric acid.  

The powder and liquid batches produced were sent to Blispac (Balagny Sur Thérain, 

France) for packaging. Blispac is a company based in France specialised in packaging of 

medical devices and certified for ISO 13485:2016 (International Organization for 

Standardization, 2016) and ISO 9001:2015 (International Organization for 

Standardization, 2015). For the packaging 1.3 g of cement powder was added to 

component A of the mixing device and 0.7 ml of solution was added to component B. 

Each component was then inserted in a heat sealable sterilisation pouch provided by the 

company (100 x 270 mm) and both pouches then inserted in a larger (200 x 350 mm) heat 

sealable sterilisation pouch. Pouches were labelled and a gamma irradiation indicator 

applied onto the pouch. SOPs for packaging and results for packaging validation given 

by Blispac can be found in Appendix E.  

After packaging the cement was sent to Synergy Health Marseille (Marseille, France) for 

gamma irradiation (60Cobalt source of irradiation) in the range of 25 to 40 kGy.  

 

4.2.9 In vitro characterization of PaG15 cement  

4.2.9.1 Setting time  

Initial and final setting times of the packaged and irradiated PaG15 cements were assessed 

using the Gilmore needle test according to ASTM C266-89 (ASTM International, 2018). 

Description of the test can be found in Chapter 3, section 3.2.6.1. Five packaged and 

irradiated cements were assessed for the setting time.  
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4.2.9.2 Immersion studies and cement characterisation  

The cements were mixed within the mixing device for 30 seconds and the cement paste 

produced was used to obtain cylindrical samples according to the methodology described 

in Chapter 3, section 3.2.4. The set cement cylinders were then immersed in 10 ml of Tris 

buffer solution and 10 ml of SBF and stored in a 37±1°C oven, for 1 hour, 1 day, 7 day 

or 28 days (n=8 samples for each solution and each time point). The solutions were 

prepared according to the methodology described in Chapter 3, section 3.2.5. After 

immersion, the cements were characterized for compressive strength, composition of 

crystal phases formed using XRD and FTIR, microstructure by SEM and ion release by 

ICP-OES. A detailed description of the methods used for each technique can be found in 

Chapter 3, section 3.2.6.   

 

4.2.9.3 Cell culture studies  

Cell culture studies were performed to evaluate the effect of the PaG15 cement on 

viability, proliferation and differentiation of cells using liquid extracts of the material 

(conditioned medium). Two cell lines were used: L-929 mouse fibroblast cells and 

MC3T3-E1 osteoblast cells. Cells were obtained from the European Collection of Cell 

Cultures. The test material was prepared by immersing a PaG15 cement cylindrical 

sample in 10 ml of Dulbecco’s Modified Eagle Medium (DMEM, Lonza, Switzerland) 

for testing on fibroblasts and Minimum Essential Medium Eagle Alpha Modification (α-

MEM, Lonza, Switzerland) for testing on osteoblasts and stored in a shaking incubator 

(60 rpm) at 37 °C for 24 hours. Then the extract of the test material was aseptically 

decanted, filter sterilised (pore size 0.2 µm) and supplemented with 10% foetal bovine 

serum (FBS), 1% L-glutamine and 1% penicillin/streptomycin. To control for activity of 
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the conditioned media, a negative and a positive control were run in parallel with the test 

material. For the negative control (NC), cells were incubated with either DMEM or α-

MEM supplemented with 10% FBS, 1% L-glutamine and 1% penicillin/streptomycin. As 

a positive control a solution of 0.1mg/ml sodium lauryl sulphate (SLS, Sigma Aldrich, 

UK) in either DMEM or α-MEM was prepared which was known to be toxic under the 

test conditions. Before the experiments, cells were maintained in culture following the 

methods described in Chapter 3, section 3.2.7.  

L-929 mouse fibroblast cells were used to evaluate the cytotoxic effect of the extract of 

the test material by MTT assay, following the methodology specified in ISO 10993-5 

(International Organization for Standardization, 2009a). Cells were seeded in a 96 well 

plate at a concentration of 1x104 cells/well in 100 µl DMEM supplemented with 10% 

FBS, 1% L-glutamine and 1% penicillin/streptomycin. 100 µl of pure DMEM was used 

in the peripheral wells of the plate (blank). Cells were incubated for 24 hours to form a 

semi-confluent layer. Then the culture medium was aspirated and 100 µl of conditioned 

medium, negative control and positive control was added to the wells. Six wells were 

used each treatment group. Cells were incubated for further 24 hours. Then plates were 

evaluated under a light microscope to examine growth characteristics of control and 

treated cells. The culture medium was then aseptically discarded and 50 µl of MTT 

solution was added to each well. The MTT solution was prepared in DMEM without 

supplements at a concentration of 1 mg/ml. The solution was filter sterilized (filter pore 

size 0.22 µm). Plates were further incubated for 2 hours at 37 °C. Then the MTT solution 

was discarded and 100 µl of isopropanol was added in each well to solubilise any 

formazan crystals formed. The intensity of purple coloured reaction product was 

quantified by measuring the absorbance spectra at 570 nm using an Optima plate reader 

(BMG Labtech, Germany) . The average absorbance of the blanks was subtracted from 
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the absorbance values of test and control wells. Cell viability was calculated using the 

equation below: 

                                          Cell viability= &'()*+))
&'(-./)0.1) 2	100													         (Equation 4-1)	

Where OD (test) corresponds to the optical density of the experimental medium and OD 

(control) corresponds to that of the NC. Data from NC were used as 100% cell viability 

and were compared against experimental data. Three independent experiments for each 

time point were performed for assessing reproducibility. Results were presented as 

mean±SD for all experimental materials. The Shapiro-Wilk test was used to assess 

normality of distribution. Statistical significant differences were established using the 

unpaired Student’s t test at a significant level of p <0.05.  

For cell proliferation a DNA assay using the fluorochrome bisbenzimide Hoechst 33258 

was used. Cells were prepared and treated as for the MTT test described above. After 24 

hours of treatment the medium was removed, wells were washed with PBS, emptied and 

plates stored at – 20 °C for at least 24 hours. Then plates were removed from the freezer 

and allow to thaw at room temperature. 100 µl of deionized water was added in each well 

and plates were returned to -20 °C for 1 hour to allow for rupture of the cell membranes 

and release of DNA. The resulting lysate was then incubated with 100 µl of fluorochrome 

bisbenzimide Hoechst 33258 solution (20 µg/ml in TNE buffer with 10 mM Tris, 1 mM 

EDTA and 2 M NaCl at pH 7.4). The resultant fluorescence intensity was measured in a 

plate reader at 355 nm excitation and 460 nm emission. The average fluorescence 

intensity of the blanks was subtracted from the fluorescence intensities of test and control 

wells. Three independent experiments for each time point were performed. Results were 

presented as mean±SD for all experimental materials. The Shapiro-Wilk test was used to 

assess normality of distribution. Statistical significant differences were established using 

the unpaired Student’s t test at a significant level of p <0.05.   
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To test cytotoxicity, proliferation and differentiation of MC3T3-E1 cell line after an 

incubation period of 1 and 7 days, the methodology described in Chapter 3, sections 

3.2.7.3, 3.2.7.4 and 3.2.7.5 was followed.  
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4.3 Results and discussion 

4.3.1 Characterization of raw materials  

The batches of PaG15 glass manufactured at Noraker were analysed by XRD, FTIR, 

DSC, particle size analysis and full chemical analysis. 

 

Figure 4-5: XRD patterns of the three batches of PaG15 glass produced at Noraker.   

 

All batches exhibited a characteristic amorphous halo located in the range from 25 to 35 

2θ degrees (Figure 4-5). XRD confirmed that batches 2 and 3 were free of any crystalline 

phases, while batch 1 showed a crystallisation peak at 26.67 2θ degrees which was 

attributed to agate (Paralı et al., 2011).  
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Figure 4-6: FTIR spectra of the three batches of PaG15 glass produced at Noraker. 

 

The three batches produced showed similar FTIR spectra (Figure 4-6). The band at 990 

cm-1 is attributed to Si-O-Si bond and the band at 900 cm-1 to Si-O- Ca2+(Si-O-NBO). A 

shoulder at 850 cm-1 is attributed to Si-O- Na+ (Si-O-2NBO) as reported in a previous 

study (Serra et al., 2003). The broad band around 600 cm-1 is attributed to amorphous PO4 

groups. The intensity ratio of Si-O-NBO/Si-O-Si absorbance bands was 1.22 for batch 1, 

1.23 for batch 2 and 1.24 for batch 3. All these results were within the range set in the 

specification (Table 4-1). 
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Figure 4-7: DSC plot of the three batches of PaG15 glass produced at Noraker and glass transition 
temperature extrapolated. 

 

The three batches produced showed similar DSC plots. The glass transition temperature 

(Tg) ranged between 601 and 607 °C, within the limits sets in the specification (Table 

4-1).   
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Figure 4-8: Particle size distributions of PaG15 glasses produced at Noraker. 

 

Table 4-6: Particle size distribution reported as d10, d50 and d90 percentiles of the three batches of PaG15 
glass produced at Noraker. Mean ± standard deviation of 5 measurements. Laser diffraction analysis using 
dry dispersion. 

 

 

 

 

 

 

A wide particle size distribution was observed for all the three batches with a tail detected 

at the fine end of the distributions as shown in  

  Particle size distribution (Mean ± SD, µm) 

D10 D50 D90 

Noraker B1 2.84 ± 0.13 10.60 ± 0.17   27.80 ± 0.60 

Noraker B2 3.53 ± 0.10  12.90 ± 0.15 32.80 ± 0.23 

Noraker B3 3.64 ± 0.06 13.50 ± 0.12   33.60 ± 0.14 
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Figure 4-8. Batches 2 and 3 showed closer distribution and average percentile values 

(Table 4-6). All percentile values were close or within the limits set in the specification 

(Table 4-1).   

 

Table 4-7: Determination of trace elements for the 3 glass batches produced at Noraker. Analysis conducted 
by Lucideon. 

 Units (ppm) 
 Noraker B1 Noraker B2 Noraker B3 
Antimony  <5 <5 <5 
Arsenic <2 <2 <2 
Cadmium  <5 <5 <5 
Lead <10 <10 <10 
Mercury  <5 <5 <5 
Molybdenum <10 <10 <10 

 

 

Table 4-8: Elemental composition of the 3 glass batches manufactured at Noraker obtained by XRF analysis 
conducted at Lucideon. 

 Units Noraker B1 Noraker B2 Noraker B3 
SiO2 % 41.03 40.46 40.60 
Na2O % 14.67 14.75 14.90 
P2O5 % 8.73 8.81 8.88 
CaO % 35.05 35.33 35.48 
TiO2 % <0.01 <0.01 <0.01 
Al2O3 % <0.02 <0.02 <0.02 
Fe2O3  % <0.01 <0.01 <0.01 
MgO % <0.02 <0.02 <0.02 
K2O % <0.01 <0.01 <0.01 
Cr2O3 % <0.01 <0.01 <0.01 
Mn3O4 % <0.01 <0.01 <0.01 
ZrO2 % <0.02 <0.02 <0.02 
HfO2 % <0.01 <0.01 <0.01 
PbO % <0.02 <0.02 <0.02 
ZnO % <0.01 <0.01 <0.01 
BaO % <0.01 <0.01 <0.01 
SrO % <0.01 <0.01 <0.01 
SnO2 % <0.01 <0.01 <0.01 
CuO % <0.01 <0.01 <0.01 
F % <0.05 <0.05 <0.05 
Oxygen 
Equivalent 
Fluorine  

% 0.00 0.00 0.00 

Loss on Ignition  % 0.37 0.25 0.22 
Loss on Ignition 
Temperature  

°C 500 500 500 

Total  % 99.85 99.60 100.08 
SO3 % <0.05 <0.05 <0.05 
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Chemical analysis (Table 4-7) showed that levels of trace elements were below the limits 

defined in the specification, which were set based on the recommendations specified in 

ASTM F1538-03 (Standard Specification for Glass and Glass Ceramic Biomaterials for 

Implantation) (ASTM International, 2017). XRF analysis (Table 4-8) conducted at 

Lucideon showed that elemental composition for SiO2, CaO, NaO and P2O5 was within 

the limits set in the specification (Table 4-1).  

Characterisation of the glasses produced at MoSci Corporation can be found in Appendix 

C. The glasses produced showed conformity with the specifications created. It was 

however decided to use the glasses produced by Noraker for the continuation of the 

project as the company is fully certified for quality management system specific for 

medical devices and to keep MoSci Corporation as a second supplier.  

Innophos was identified as the supplier for the calcium phosphate anhydrous salt 

(Ca(H2PO4)2, CPA, powder component) and the disodium hydrogen phosphate ( 

Na2HPO4 , liquid component). The same company supplies these salts for a calcium 

phosphate cement commercially available (HydrosetÒ, Stryker, USA). So far in the 

project the salts used were supplied by Sigma Aldrich (UK), however their use is 

specifically labelled for laboratory only and therefore could have not been used for 

product development and animal testing stages. So the first step undertaken was to 

compare the raw materials supplied by Innophos with what had been used previously 

from Sigma Aldrich. A discrepancy was found in either the XRD pattern and FTIR spectra 

when the two calcium phosphate anhydrous salts where compared which prompted 

further investigations.  
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Figure 4-9: XRD patterns of the CP powders supplied by Sigma Aldrich (left) and Innophos (right) with 
ICDD patterns of CPM (left) and CPA (right) references overlaid in red. 

 

XRD of the powder purchased from Sigma Aldrich (Figure 4-9) showed a pattern that 

corresponds to the monohydrated form of the same salt instead of the anhydrous 

(Ca(H2PO4)2·H2O, CPM, ICDD reference code: 00-009-0347).  

 

Figure 4-10: FTIR spectra of the CPA powders supplied by Sigma Aldrich (left) and Innophos (right). 

 

FTIR analysis (Figure 4-10) also confirmed the same finding when the spectra of the 

Sigma Aldrich salt was compared to a reference found in the literature (Xu et al., 1998) 

for CPM. Band assignments are shown in Table 4-9. No references were found in the 

literature for the FTIR spectra of CPA and assignment of similar bands was based on 
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FTIR reference for CPM. The FTIR spectra of the CPA purchased from Innophos is 

shown in Figure 4-10.  

Table 4-9: FTIR band assignment for CPA from Sigma Aldrich  and CPM and CPA from Innophos. Band 
assignment based on reference  (Xu et al., 1998). 

Wavenumber (cm-1) Assignment 

CPA Sigma Aldrich   CPM Innophos CPA Innophos   

3460 3462 3317 OH asymmetric stretching of H2O 

3213 3220  OH symmetric stretching of H2O 

2912 2902  (P)O-H stretching   

2418 2411  H-O-H bending and rotation of H2O 

2323 2299 2325 (P)O-H stretching   

1645 1651  OH bending of H2O 

1238 1233 1289 P-O-H in plane bending  

1156 1154 1121 PO2 asymmetric stretch 

1079 1077 1066 PO2 symmetric stretch 

956 953  P(OH)2 asymmetric stretch  

914 911 918 P(OH)2 symmetric stretch  

887 887 881 P(OH)2 symmetric stretch 

855 850 846 O-H out of plane deformation  

672 665  OH  librational mode  

569 568 581 PO2 bending 

546 548 533 PO2 bending 

 

As the salt supplied by Sigma Aldrich was identified as the monohydrated form of the 

CPA, CPM was purchased from Innophos and the salt was characterized by XRD and 

FTIR to confirm its composition.  
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Figure 4-11: Left: XRD pattern of the CPM supplied by Innophos with ICDD reference pattern of CPM 
overlaid in red.  Right: FTIR spectra of the CPM supplied by Innophos. 

 

Results from XRD and FTIR confirmed that the salt was indeed the CPM (Figure 4-11).  

Assignments for absorption bands can be found in Table 4-9.  

 

Figure 4-12: Particle size distribution of the CPM and CPA from Innophos and CPA from Sigma Aldrich 
used in previous experiments. Laser diffraction analysis in dry dispersion.  
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Table 4-10: Particle size distribution reported as D10, D50 and D90 percentiles of the three calcium 
phosphate salts analysed. Mean and standard deviation of 5 measurements. Laser diffraction analysis using 
dry dispersion. 

  Particle size (Mean ± SD, µm)  
D10 D50 D90 

CPA Sigma Aldrich  1.42 ± 0.10 24.7 ± 5.53 223 ± 18.4 
CPA Innophos  18.5 ± 0.03 47.4 ± 0.07 112 ± 0.66 
CPM Innophos 79.3 ± 0.91 134 ± 1.24 212 ± 2.83 

 

The three salts analysed showed different particle size distributions (Figure 4-12,  

Table 4-10). The CPA from Sigma Aldrich had a bimodal wide distribution with both fine 

and coarse particles present. The CPA and CPM from Innophos showed instead narrower 

distributions with fine end tails. The different particle size distribution was expected as 

the Innophos salts were used as purchased, while the Sigma Aldrich salt had been milled 

before use in previous experiments.  

Table 4-11: Determination of trace elements for the CP salts purchased from Innophos. Analysis conducted 
by Lucideon. 

 Units (ppm) 
 CPA Innophos  CPM Innophos  
Antimony  <5 <5 
Arsenic <2 <2 
Cadmium  <5 <5 
Lead <10 <10 
Mercury  <5 <5 
Molybdenum <10 <10 
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Table 4-12: Elemental composition of the CP salts purchased from Innophos obtained by XRF analysis 
conducted at Lucideon. 

 Units CPA Innophos  CPM Innophos  
SiO2 % 0.12 0.36 
Na2O % <0.03 <0.03 
P2O5 % 58.88 56.65 
CaO % 24.52 23.25 
TiO2 % 0.01 <0.01 
Al2O3 % <0.02 0.49 
Fe2O3  % 0.01 0.01 
MgO % 0.11 0.16 
K2O % 0.77 0.72 
Cr2O3 % <0.01 <0.01 
Mn3O4 % <0.01 <0.01 
ZrO2 % <0.02 <0.02 
HfO2 % <0.01 <0.01 
PbO % <0.02 <0.02 
ZnO % <0.01 0.02 
BaO % <0.01 <0.01 
SrO % <0.01 <0.01 
SnO2 % <0.01 <0.01 
CuO % <0.01 <0.01 
Loss on Ignition  % 15.12 18.71 
Loss on Ignition 
Temperature  

°C 1200 1200 

Total  % 99.54 100.37 
SO3 % 0.09 0.21 

 

Chemical analysis showed that levels of all trace elements (Table 4-11) were within the 

limits set in ASTM F1008-04a (Standard Specification for Beta-Tricalcium Phosphate 

for Surgical Implantation) (ASTM International, 2010) and ASTM F1538-03 (Standard 

specification for glass and glass ceramic biomaterials for implantation) (ASTM 

International, 2017). 

 

Polyvinylpyrrolidone (PlasdoneÔ Povidone, PVP) is a water soluble polymer with 

chemical formula of (C6N9NO)n . PlasdoneÔ Povidone C-30 was purchased from 

Ashland. It has an average molecular weight of 58.000 and is produced as spray dried 

powders leading to a hollow spherical particles. PVP acts as a binding agent and is 

currently used in a commercially available calcium phosphate cement HydroSetÔ 

(Stryker) where the polymer is added to the liquid component of the cement to improve 
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rheological properties and cohesiveness of the cement (Hannink et al., 2008). In the 

present study the addition of PVP was thought to impart cohesive qualities to the paste 

and to improve injectability of the cement paste. PVP was added to the powder after 

gamma irradiation of samples in which PVP was added to the liquid showed both a 

change in colour and viscosity of the solution possibly due to free radical generation.  

 

Figure 4-13: FTIR spectra of PlasdoneÔ Povidone purchased from Ashland. 

Table 4-13: FTIR band assignment for PlasdoneÔ Povidone purchased from Ashland. Band assignment 
based on reference (Koczkur et al., 2015). 

Wavenumber (cm-1) Assignment  

1018 C-N  

1286 C-N 

1421 CH2 bending   

1643  C=O stretching  

2952 C-H asymmetric stretching  

3396 OH stretching  
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FTIR spectra of the PVP purchased (Figure 4-13) showed typical vibration bands of the 

polymer as found in the literature (Koczkur et al., 2015). Band assignments can be found 

in Table 4-13.  

 

Figure 4-14: Particle size distribution of the PVP purchased from Ashland. Laser diffraction analysis in dry 
dispersion was used. D10, D50 and D90 percentiles of 5 measurements reported as mean±standard 
deviation.  

 

The particle size distribution of the PVP is shown in Figure 4-14. A broad distribution 

with a fine end tail can be seen.   

Trace elements analysis was provided by the manufacturer alongside specifications for 

the polymer. A copy can be found in Appendix D.  

The Na2HPO4 salt was purchased from Innophos and dissolved in deionized water at a 

concentration of 2.5% . This salt is usually added to a calcium phosphate cement solution 

to accelerate the setting time.  

Particle Size (Mean ± SD, µm)
D10 D50 D90

50.7 ± 1.39 120 ± 1.7 251 ± 5.62
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Figure 4-15: XRD of Na2HPO4 salt supplied by Innophos. 

 

XRD of the Na2HPO4 salt (Figure 4-15) revealed a mixture of the anhydrous and 

monohydrated form of the salt. This salt is hygroscopic and therefore water might have 

been adsorbed from the atmosphere during storage or during the XRD measurement.  

 

Table 4-14: Determination of trace elements for the Na2HPO4 salt purchased from Innophos. Analysis 
conducted by Lucideon. 

 Units (ppm) 
 Na2HPO4 Innophos  
Antimony  <5 
Arsenic <2 
Cadmium  <5 
Lead <10 
Mercury  <5 
Molybdenum <10 
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Table 4-15: Elemental composition of the Na2HPO4 salt purchased from Innophos obtained by XRF 
analysis conducted at Lucideon. 

 Units Na2HPO4 Innophos  
SiO2 % 0.02 
Na2O % 43.20 
P2O5 % 49.82 
CaO % <0.01 
TiO2 % <0.01 
Al2O3 % 0.02 
Fe2O3  % <0.01 
MgO % <0.02 
K2O % <0.01 
Cr2O3 % <0.01 
Mn3O4 % <0.01 
ZrO2 % <0.02 
HfO2 % <0.01 
PbO % <0.02 
ZnO % 0.01 
BaO % <0.01 
SrO % <0.01 
SnO2 % <0.01 
CuO % <0.01 
Loss on Ignition  % 6.35 
Loss on Ignition 
Temperature  

°C 500 

Total  % 99.42 
SO3 % <0.05 

 

Chemical analysis (Table 4-14) showed that levels of all trace elements were within the 

limits set in ASTM F1008-04a (ASTM International, 2010) and ASTM F1538-03 (ASTM 

International, 2017).  
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4.3.1.1 Discussion 

At this initial stage of the project it was important to fully characterize and check the 

safety of all raw materials used for the production of the cement. The manufacture of the 

raw materials was outsourced to companies certified or compliant with quality assurance 

systems for medical devices in order to mitigate risks associated with their production.  

Of all the raw materials used, the main concern was related to the manufacture of the 

customised PaG15 glass, as it is not a product that is commercially available. Variations 

in glass composition can affect the setting reaction and properties of the final cement 

produced and therefore a thorough analysis of the glass and verification of conformity 

with glass specifications was necessary. XRD revealed a degree of crystallinity in only 

one batch produced. This was the result of contamination from grinding balls and bowl 

(made of agate) being damaged during the process. After XRD analysis the contamination 

was revealed and the grinding jar and balls were replaced. The other two batches 

produced were free of any crystallinity and impurities and further batches supplied by 

Noraker (not shown) were also amorphous and free from impurities. The presence of 

crystallinity in the glass is expected to influence the glass dissolution during the setting 

reaction and consequently would be expected to influence the cement properties. Another 

important factor that will affect the cement setting reaction is the particle size distribution 

of the glass in particular the D10 of the distribution. The batches produced showed similar 

distribution, only a slight variation in batch 1 compared to batch 2 and 3, and D10 was 

maintained within the limits sets in the specification. The particle size distribution of 

reagents in calcium phosphate cement is an important parameter that can influence 

properties of the set cement. The higher specific surface area of the reactants when finer 

particles are used affects rate of dissolution and chemical reaction, resulting in a faster 

setting time compared to when coarser particles are used. In a study by Ginebra et al., the 
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authors investigated the effect of particle size of the starting powder on the kinetics of the 

setting reaction of a calcium phosphate cement obtained by hydrolysis of a-TCP into 

hydroxyapatite (Ginebra et al., 2004). Reduction of the particle size produced a 

substantial decrease of setting time and a slight increase in compressive strength.  

In general the analysis here conducted showed that a reproducible manufacture of the 

glass was achieved. The analysis and characterization of the raw materials supplied by 

Innophos and Ashland was conducted to create a reference for future production and to 

assess presence of trace elements, a risk to mitigate at early stages in the production of a 

medical device.   
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4.3.2 Optimisation of cement formulation  

The starting cement formulation was based on composition PaG15Sr0 (Chapter 3, section 

3.2.4). The calcium phosphate salt purchased from Sigma Aldrich was replaced by the 

equivalent salt from Innophos. The two salts differ in terms of particle size distribution, 

as shown in Figure 4-12, with CPM Innophos having a narrower distribution and coarser 

particles. While the calcium phosphate salt from Sigma Aldrich had being milled before 

use in the previous experiments, it was decided not to mill the new CPM salt to simplify 

the steps for cement batches preparation. Therefore a change in setting time was expected.  

 

Table 4-16: Effect of change in weight % of cement powder reagents and liquid powder ratio (LPR) on 
initial and final setting time of different cement formulations. Setting time was recorded using the Gilmore 
needle test. CPM: Monocalcium Phosphate Monohydrate. CPA: Monocalcium Phosphate Anhydrous. 
PVP: Polyvinylpyrrolidone 

 

 

 

 

 

 

 

 

The setting time recorded for the starting formulation (Table 4-16, row 1) was 24 minutes 

(initial) and 33 minutes (final), compared to 13 minutes (initial) and 25 minutes (final) 

recorded for PaG15Sr0 cement formulation (Chapter 3, section 3.3.2.1). The longer 

setting time was probably related to the coarser particles of the CPM used.  

  PaG15 
(wt %) 

CPM 
(wt%) 

CPA 
(wt%)  

LPR 
(ml/g)  

Setting time  
(minutes) 

  Initial Final 
1 Starting formulation  49.2 50.8  -  0.7 24  33 
2 

¯ Glass,  CPM 
44.2 55.8 - 0.7 28  >34 

3 39.2 60.8 - 0.7 33 > 45 
4 34.2 65.8 - 0.7 17 >50 
5  Glass, ¯ CPM 64.2 35.8  - 0.7 10 37 
6 Addition of CPA, ¯ LPR 64.2 27.9 7.9 0.6  5 20 
7 ¯ LPR 64.2 27.9 7.9 0.55 4 23 
8 Final formulation 

(addition of 0.33 wt% 
PVP ) 

63.99 27.81 7.87 0.55 7 30 
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By adjusting the ratio between CPM and glass, a change in setting time was seen (Table 

4-16, row 2, 3 and 4): the initial setting time increased proportionally with the increase in 

content of CPM (for an increase of up to 10% from the starting formulation) while it 

reduced when the content of CPM was further increased.   

When the glass content was increased and CPM reduced (Table 4-16, row 5), a shortening 

of the initial setting time was seen (10 minutes) and an improvement of the mixing 

properties was obtained. This could be explained again looking at the particle size 

distribution of the components. The mean particle size of the glass was smaller compared 

to that of CPM (D50 12.90 µm vs 134 µm respectively). The increase of glass content 

contributed to an increase in fine particles in the cement powder and therefore a quicker 

setting reaction (while a reduction in glass content and increase in CPM prolonged the 

setting time). Also by increasing the glass content and reducing the salt content, a 

reduction of the acidity of the reaction environment is expected. If the pH during the 

setting reaction reaches values outside the stability range of brushite (<4.2), a faster 

precipitation of OCP or direct precipitation of HA is expected.    

When 22% of the CPM content in the cement formulation was replaced by CPA (Table 

4-16, row 6) a drop in the setting time was seen (initial setting time 5 minutes, final setting 

time 20 min). The liquid-to-powder ratio (LPR) was reduced to 0.6 ml/g to obtain a good 

consistency of the paste during mixing. The particle size distribution of CPA is shown in 

Figure 4-12. The mean particle size distribution for CPA was lower compared to CPM 

and this, together with the reduction of the LPR, might have contributed to a quicker 

supersaturation of the solution and therefore faster setting. As the surface area of the salt 

available increases, the dissolution of the salt is favoured and the solution becomes more 

supersaturated with phosphate and calcium ions favouring a more rapid precipitation of 

the crystalline phase. The further decrease of LPR (0.55 ml/g, Table 4-16, row 7) reduced 
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the initial setting time without affecting the mixing of the cement (initial setting time 4 

minutes, final setting time 23 minutes). 0.33 % of PVP was added to further improve 

mixing and injectability of the cement in the final formulation (Table 4-16, row 8). The 

initial and final setting time slightly increased with the addition of the polymer, although 

within the range set in the specification (Table 4-4). The prolonged setting time was 

possibly due to a decrease in particles interaction due to the presence of the polymer, 

delaying the setting reaction. Hereafter the final cement formulation will be referred as 

PaG15 cement.  

 

4.3.3 Investigation of stability of cement powder 

 

Figure 4-16: XRD patterns of the cement powder after mixing, mixing+storage for 60 days (Mix stored)  
and mixing+ storage + gamma irradiated (Mix stored & g-irr.). At the bottom XRD patterns of salts used 
as reagents. 

Phase analysis of the cement powder was conducted by XRD to evaluate stability of raw 

materials in the cement powder after storage and gamma irradiation. After mixing of the 
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powder components (glass, CPA, CPM and PVP) we should expect to see only diffraction 

lines corresponding to the calcium phosphate salts, if no reaction between the reagents 

occurs. After mixing the reagents a mixture of diffraction lines corresponding to CPA and 

CPM was noted (Figure 4-16). However weak diffraction lines indicating the presence of 

brushite were also present. After storage of the powder for 60 days, diffraction lines 

indicating presence of monetite and brushite were identified in the XRD pattern along 

with diffraction lines of the two salts, while after equivalent time of storage and gamma 

irradiation only monetite was clearly visible.  

 

Figure 4-17: XRD patterns of  salts used as reagents (CPA and CPM) and a mixture of the salts with same 
ratio that in cement powder. 

 

XRD analysis of the mixture of the two salts revealed that no reaction occurred when the 

two salts were mixed in an equivalent ratio compared to the cement powder (Figure 4-17). 

So we might hypothesise that the presence of the glass in the cement powder favoured 

reaction to occur, as bioactive glasses (especially with high alkali content) are 
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hygroscopic. The absorbed water from the atmosphere may promote a partial dissolution 

of the two salts with precipitation of brushite and monetite. Monetite is less soluble than 

brushite and therefore its precipitation might be expected to be favoured compared to 

brushite. However brushite might precipitate more readily compared to monetite because 

of its lower surface energy at the nucleation stage, due to the presence of two structural 

molecules of water (Elliott, 1994). This might explain why after mixing of the powders 

only brushite was detected while after storage of the powders both brushite and monetite 

were identified. After gamma irradiation only monetite was clearly detected in the cement 

powder mixture as additional crystal phase. Monetite can form by dehydration of brushite 

or by modifying the environment (very low pH, water-deficient environment) (Tamimi 

et al., 2012).  

Table 4-17: Initial setting time of the cements in which powders were stored for 2 months or stored and 
irradiated. Setting time recorded with the Gilmore needle test. 5 syringes (powder and liquid) were analysed 
for each group. 

 Initial Setting Time (min:sec) 

Samples  Stored Stored and γ- irradiated 

PaG15 S1 8:30  

PaG15 S2 9:00  

PaG15 S3 9:30  

PaG15 S4 11:00  

PaG15 S5 11:00  

PaG15 S6  8:00 

PaG15 S7  9:30 

PaG15 S8  9:00 

PaG15 S9  9:00 

PaG15 S10  9:30 

Mean ±SD 9:48 9:00 

 

After mixing the powders the recorded initial setting time was 9 minutes, slightly longer 

to that recorded straight after the components were weighed and manually mixed together 

(7 minutes, Table 4-16). After storage and gamma irradiation the initial setting time was 
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9 minutes and 48 seconds and 9 minutes respectively (Table 4-17). Therefore it can be 

speculated that mechanically mixing the powders together with storage of the powders 

were the causes for the slight increase in setting time seen. XRD of the mixed powders 

revealed presence of brushite which possibly had a detrimental effect on the setting 

reaction. CPM and CPA are very soluble salts and their partial consumption in the 

formation of brushite might lead to lower amount of salts available for the setting reaction 

and therefore a delayed setting.  

There are only few studies which investigate the shelf life and effect of gamma irradiation 

on the properties of CPCs. In a study by Gbureck et al., monetite was found in cement 

powders produced by mixing b-TCP and CPM or CPA in equimolar ratio when stored 

under laboratory conditions (Gbureck et al., 2005). The authors investigated the effect of 

storage conditions, mixing regimes and the addition of retarding pyrophosphate and 

citrate salts on the shelf life of the cement powder mixture. After mixing the cement 

powders and storage for two days at 22 ° C and 60% humidity (laboratory conditions), 

XRD revealed that neither CPM nor CPA were detected in the cement powders and 

crystalline monetite had formed. Setting time increased when powders were stored under 

laboratory conditions, while storage under dry argon atmosphere kept a more stable 

setting time up to 21 days. The mixing regime was found to be a critical parameter since 

hand-mixed cement powders were stable for up to 21 days at room temperature (stability 

was measured by no significant changes in compressive strength and setting times of the 

cements produced), whereas mechanically mixed cements did not set after only 1 day of 

storage. The authors hypothesised that the presence of moisture in the sealed containers 

was the likely cause of the formation of monetite in the cement powders. Humidity 

condensed on the particles surfaces acts as a reaction medium, with a subsequent 

dissolution/precipitation reaction. The authors concluded that storage under dry argon 
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atmosphere is recommended for a clinical acceptable shelf life and addition of citric acid 

to the cement powder could prolong the cement shelf life by inhibiting crystal growth.  

In a study by Takechi et al., different sterilization methods of the cement powders (TTCP 

+ Monetite) were evaluated for stability and long term use of the calcium phosphate 

cement (Takechi et al., 2004). Setting time increased for all sterilisation methods used 

(dry-heat, ethylene oxide, steam, gamma irradiation) and increased with increased dose 

of irradiation. The authors found no effect of the dose of gamma irradiation used on the 

formation of apatite of the set cements. XRD of the cement powders exposed to different 

doses of gamma irradiation were not shown and therefore it was not possible to see 

whether a compositional change of the powder mixture was correlated to the gamma 

irradiation dose. The authors concluded that gamma irradiation is the most acceptable 

method of sterilisation amongst those others investigated and the increase in setting time 

produced did not affect clinically acceptability of the cement. However no explanation 

was given for the observed delayed setting time.  

In a study by I-Chang Wang et al., the effect of gamma irradiation dose was investigated 

in a CPC produced by mixing TTCP and monetite in an equimolar ratio and 1M H3PO4 

solution (Wang et al., 2005). They found a slight increase of setting time (although not 

statistically significant) for doses up to 20 kGy while a significant proportional increase 

of the setting time was found for dose higher than 20 kGy. The authors found no 

compositional changes in the cement powder mixtures subjected to different doses of 

gamma irradiation compared to the non-gamma irradiated, with only reagents being 

identified in the XRD pattern. The change in setting time were attributed in changes of 

crystal morphology (evaluated by SEM) and relative TTCP-HA conversion ratio.  

In the present study the formation of brushite and further conversion of this to monetite 

seems to be most the likely cause of delayed setting time. Long-term stability of calcium 
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phosphate cements is important for their commercialisation. Storage of the cement 

powders under dry argon atmosphere might favour stability of the cement powders and 

therefore in the future a study should be conducted to further investigate this.   

  

4.3.4 Evaluation of polymer content in the cement powder 

The formation of brushite/monetite in the cement powders made it difficult to carry out a 

quantitative phase analysis of the starting reagents by the Rietveld refinement method. 

Therefore efforts were directed towards developing a method to characterize the amount 

of polymer present in the cement powder mixture. DSC was used for this scope. DSC 

analysis of each cement powder component was first conducted (Figure 4-18). 

 

Figure 4-18: Normalized DSC traces of cement powder components and cement powder mixture containing 
0.33% of PVP. 
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A sharp exothermic peak at 425°C was identified for the PVP. No other exothermic peaks 

in the same range of temperature were identified for the other powder components. An 

exothermic area was identified in the DSC trace of the cement powder mixture at 425°C. 

These was hypothesized to be due to the contribution of the polymer. Therefore 5 cement 

powder mixtures with increasing PVP content were analysed to create a calibration curve 

for identification of the polymer content in cement powder batches later produced.  

 

Figure 4-19: Left: DSC traces of cement powder mixtures with increasing amount of PVP. Right: 
calibration curve of PVP content from cement powder mixtures with increasing amount of PVP content 
(from 0 weight % to 1.32 weight %). 

 

As can be seen from Figure 4-19, peak areas were directly proportional to the PVP weight 

% in the cement powders and showed a very good linear correlation of r2 0.99. As a high 

coefficient of correlation was obtained this was considered a good method to evaluate 

polymer content in the cement powder mixture.  
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4.3.5 Dry mixing regime validation  

The calibration curve for the PVP content was used to evaluate the mixing regime.  

 

Figure 4-20: DSC traces of cement powder mixed for 10, 20 and 30 minutes in a Turbula mixer system. 
Insert: calculated weight % of PVP content based on equation extrapolated from the DSC calibration curve. 

 

Turbula mixer was used to mix the powders for either 10, 20 and 30 minutes. The mixture 

was then analysed using DSC to evaluate PVP content based on the integrated area related 

to the exothermic peak of the polymer (Figure 4-20). After mixing the powders for 20 

minutes the PVP weight % calculated (0.33 ± 0.05 %) was similar to that expected 

(0.33%) while at 10 and 30 minutes lower values were obtained (0.29 ± 0.04 % and 0.25 

± 0.01% respectively). 
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Figure 4-21: Left: Particle size distribution of the single cement powder components and cement powder 
mixed for 20 minutes with Turbula mixer. Right: particle size distribution of the single cement powder 
components and cement powder mixed for 20 minutes adjusted by the weight% in the mixture. 

 

Particle size distribution of the cement powders mixed for 20 minutes (Figure 4-21) 

showed a good correlation with the calculated mixture (based on weight % of each 

component). The cement powder showed a bimodal particle size distribution with peaks 

centred at 19.89 and 153.38 µm, with major contributions given from the glass and CPM. 

The D10 value was 4.40 ± 0.072 µm, D50 was 22.67 ± 0.115 µm and D90 was 161.00 ± 

2.00 µm. 

Based on the results obtained through DSC and particle size analysis a mixing time of 20 

minutes was chosen for the preparation of cement powder batches for the implantation 

study.  
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4.3.6 Analysis of PaG15 powder produced for in vitro and in vivo analysis  

 

Figure 4-22: XRD patterns of the produced cement powder batches after mixing for 20 minutes in the 
Turbula mixer. At the bottom XRD patterns of salts used as reagents. 

 

Phase analysis of the cement powder batches produced was conducted by XRD before 

being sent for packaging and gamma irradiation. Diffraction lines characteristic for CPM 

and CPA reagents were present. Monetite only was present in batches n° 001 and 002 

while diffraction lines for monetite and brushite were visible in batches n° 003, 004 and 

005. Cement powders were kept in glass containers sealed with parafilm around the lid 

and stored under normal laboratory atmosphere (humidity <70% and temperature of 22 

°C) before being sent for packaging and gamma irradiation.  
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Figure 4-23: Particle size distribution of the cement powder batches mixed for 20 minutes. 

 

Particle size analysis of the cement powder batches produced showed a bimodal 

distribution with peaks centred at 18.61 and 133.75 µm. The D10 value was 4.6 ± 0.02 

µm, the D50 was 25.1± 0.30 µm and the D90 was 165.6 ± 2.07 µm.  

 

Figure 4-24: Left: DSC traces of cement powder batches mixed for 20 minutes in a Turbula mixer system. 
Right: calculated weight % of PVP content based on equation extrapolated from the DSC calibration curve 
(Figure 4-19). 
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DSC was used to calculate and check the PVP content in the produced cement powder 

batches. The polymer content calculated varied from 0.57 % to 0.34%. The variation of 

the polymer content can be related to various reasons related to uniformity of the mixture 

(flow properties of the powders, particle segregation or particle agglomeration) and 

procedural steps like weighing of the powders. The small amount of PVP added to the 

mixture (only 0.33 % in a 50 g mixture) might have had an impact on the accuracy and 

reproducibility of the weighing and mixing processes. The analysis was also based on 50 

mg of sample which is small amount of sample compared to the amount of batch 

produced.  

 

4.3.7 Analysis of PaG15 liquid produced for in vitro and in vivo analysis  

 

 

Figure 4-25: Elemental concentration (mmol/L) of sodium and phosphorous as determined by ICP/OES in 
prepared 2.5% Na2HPO4 solutions. Five batches were analysed and compared against calculated 
concentrations. 
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ICP/OES was conducted to evaluate concentration of sodium and phosphorous in the 

liquid batches produced. The concentration expected was calculated assuming that a pure 

Na2HPO4 salt was used to produce a 2.5% solution in deionized water but, as XRD 

revealed, the salt received from Innophos was a mixture of the anhydrous and 

monohydrated salt. The sodium concentration varied from 367.4 to 398.9 mmol/L 

(calculated 352.2 mmol/L) and the phosphorous concentration varied from 197.5 to 211.2 

mmol/L (calculated 175.9 mmol/L). Lower concentration values would have been 

expected if calculation were made considering a mixture of anhydrous and monohydrated 

salts. Therefore the small variation seen might be related to the weighing of the powder.  

 

4.3.7.1 Discussion 

It was important at this stage to evaluate and validate steps related with production of the 

cement powder and liquid before fully characterize the cement either in vitro for material 

and cell response and in vivo for material performance and biocompatibility. This was a 

risk assessment procedure necessary to ensure that a reproducible system for cement 

production was in place. In view of a potential commercialization of the product, the 

results of these studies will form the basis for SOPs for product manufacture and 

validation.  

Several are the components in the cement formulation and each component can affect the 

properties of the material. This was particularly seen when adjustments in the weight % 

of each component were made in order to optimise the starting cement formulation (Table 

4-16). In a cement, powder and liquid compositions should be determined in order to 

monitor whether the powder blend is mixed correctly and liquid is correctly produced, 

the powder and liquid compositions do not change due to processing methods or 

sterilisation and are reproducible, the setting reaction proceeds as expected and there are 
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not impurities. In this study it was difficult to found a reliable method to evaluate the 

exact content of each component in the powder mixture. XRD and Rietveld refinement 

were first used to identify and quantify the amount of each component. However it was 

noted that reaction between the glass and the salts occurred after mixing, making the 

quantification difficult to achieve. Therefore only a qualitative approach was used for 

XRD and particle size analysis was conducted to confirm qualitatively that a reproducible 

distribution of the blended powders could be achieved. The contribution of the small 

amount of polymer added in the mixture however was difficult to ascertain by looking at 

the particle size distribution. A method to evaluate amount of PVP in the blended powders 

was developed by using the DSC and, although a good calibration curve was obtained, 

when the powder batches were produced the calculated polymer content ranged from 0.34 

to % to 0.57% (with the required amount being 0.33%). As the amount of polymer in each 

syringe is minimal, the variation obtained could be considered acceptable.  

In the future further studies should be conducted to determine acceptable ranges of 

variation in composition to be included in the cement specification.  
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4.3.8 In vitro characterization of PaG15 cement  

4.3.8.1 Setting time  

 

Figure 4-26: Initial and final setting time of PaG15 cement (powder and liquid batch 001) measured using 
a Gilmore needle test. 5 syringes of packaged and gamma irradiated cement were used. 

 

The setting time measured for PaG15 cement after packaging and gamma irradiation was 

on average 13 ± 2 minutes (initial setting time) and 31 ± 2 minutes (final setting time), 

within the limits set in the specification. The initial setting time was slightly longer 

compared to the results shown in Table 4-16. Cements from the same batch were used for 

the implantation study and the longer setting time did not have a detrimental effect on the 

surgical procedure. The setting time was measured for the PaG15 cement produced from 

batch PaG15_001 powder and L_001 liquid. Variability might also be expected between 

different batches based on presence of mixture of brushite and monetite for batches n° 

003,004 and 005 (Figure 4-22).  
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4.3.8.2 Phase analysis  

 

Figure 4-27: X-ray diffraction patterns of PaG15 cement (powder and liquid batch 001) after immersion in 
Tris buffer solution for 1 hour, 1 day, 7 days and 28 days. * Octacalcium Phosphate 
(Ca8(HPO4)2(PO4)4·5H2O); ● Hydroxyapatite (Ca10(PO4)6(OH)2); */● indistinguishable 
OCP/Hydroxyapatite; ° Monetite (CaHPO4). 

 

Cements immersed in Tris buffer solution showed the initial formation of a mixture of 

octacalciumphosphate (Ca8(HPO4)2(PO4)4·5H2O, OCP; ICSD ref: 00-044-0778) and 

hydroxyapatite (Ca10(PO4)6(OH)2, HA, ICSD ref: 01-074-0565) after 1 hour and 1 day. 

The possible presence of OCP is indicated by two diffraction lines at 4.5 and 9.9 2θ 

degrees close to the respective reference values identified in ICSD ref: 00-044-0778 for 

OCP (4.7 and 9.7 2θ degrees). At 1 hour a diffraction line characteristic for monetite 

(CaHPO4. ICSD ref: 04-009-4184) was present, possibly a remnant of cement powder, as 

after blending the batch showed presence of monetite (Figure 4-22). After 7 and 28 days 

hydroxyapatite only was identified in the XRD patterns. The diffraction lines at 25.9 and 

the triplets at 32.1, 32.6 and 33.9 2θ degrees increased in intensity and definition with 

time. The slight shift of 300 diffraction line (33.9 2θ degrees) towards larger 2θ values 
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compared to the reference identified for hydroxyapatite (32.8 2θ degrees) might be related 

to the incorporation of CO32-in the apatite structure which is known to decrease the a axis 

of the lattice (Legeros et al., 1967).   

 

Figure 4-28: X-ray diffraction patterns of PaG15 cement (powder and liquid batch 001) after immersion in 
SBF for  1 hour, 1 day, 7 days and 28 days. * Octacalcium Phosphate (Ca8(HPO4)2(PO4)4·5H2O); ● 
Hydroxyapatite (Ca10(PO4)6(OH)2); */● indistinguishable OCP/Hydroxyapatite; ° Monetite (CaHPO4). 

 

Cements immersed in SBF showed a mixture of OCP and HA throughout the time points 

investigated. The diffraction line for monetite at 26.5 2θ degrees was still visible at 28 

days after immersion. With time the diffraction lines at 25.9 and the triplets at 32.1, 32.6 

and 33.9 2θ degrees for HA/OCP increased in intensity and definition.  

Transition from OCP to HA was affected by the immersion media used for aging the 

cements. When immersed in SBF a slower transition from OCP to HA occurred compared 

to immersion in Tris buffer where a full conversion was seen at 7 day.  The delay in HA 

formation in SBF might be related to the presence of Mg2+ in SBF solution which is 

known to inhibit the hydrolysis of OCP to HA (Brown et al., 1962).  
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Figure 4-29: Fourier transform infrared spectra of PaG15 cement (powder and liquid batch 001) after 
immersion in Tris buffer solution for 1 hour, 1 day, 7 days and 28 days plotted between 500 to 4000 
wavenumber cm-1 and 500 to 900 wavenumber cm-1 (insert). Y axis shows relative absorbance (arbitrary 
units). 
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Figure 4-30: Fourier transform infrared spectra of PaG15 cement (powder and liquid batch 001) after 
immersion in SBF for 1 hour, 1 day, 7 days and 28 days plotted between 500 to 4000 wavenumber cm-1 
and 500 to 900 wavenumber cm-1 (insert). Y axis shows relative absorbance (arbitrary units).  

For the FTIR analysis the assignment for each phase was done using references identified 

in the literature for octacalcium phosphate (Fowler et al., 1993) (Drouet, 2013), 

hydroxyapatite (Elliott, 1994) and monetite (da Rocha et al., 2017). Figure 4-29 and 

Figure 4-30 show the FTIR spectra of PaG15 cement after immersion in Tris buffer 

solution and SBF respectively for all the time points investigated. Assignments for each 

absorption bands are listed in Table 4-18.   

All the spectra showed a split peak at 555 cm-1 and 600 cm-1. This is the most 

characteristic region for apatite and other orthophosphates, which corresponds to P–O 

bending vibrations in a PO4-3 tetrahedron and indicates the presence of crystalline calcium 

phosphates including HA and OCP. A peak at 534 cm-1, indicating the presence of non 

apatitic HPO42-, was visible for the cements immersed in both solutions at 1 hour and then 

gradually reduced to a shoulder over time (insert Figure 4-29 and Figure 4-30) (Drouet, 

2013). A shoulder at 632 cm-1 was assigned to OH libration in hydroxyapatite and was 
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detected for cements immersed in Tris at 7 days and 28 days but not for immersion in 

SBF, suggesting a slower transition from OCP to HA in SBF. The PO4 symmetric 

stretching band at 960 cm-1 presented as a shoulder at early time points while it became 

well defined at later immersion times in both solutions. The peak at 1011 cm-1 represents 

a PO4 antisymmetric streching mode. Absorbtion bands at 1411-1415 cm-1 and 1475 cm-

1 for cements immersed in either solutions indicate presence of carbonate (CO32-) in the 

apatite or octacalcium phosphate lattice. The other characteristic absorbtion band for 

carbonate substitution in apatite is at 873 cm-1 which in this study is probably 

superimposed with the 871 cm-1 band characteristic for P-O(H) streching in HPO4. 

Substitution of carbonate in apatite is very common and biological apatites in bone and  

teeth contain carbonate substitutions of different levels. Two types of substitution can 

occurr depending on where the CO32- ion enters in the apatite structure. If the CO32- 

substitutes an hydroxyl group a type A carbonated apatite is formed, while if the 

substitution is for a PO43- group in the lattice then a type B carbonated apatite forms. 

Biological apatites are mainly type B. The substitution of carbonate in the apatite lattice 

decreases the dimensions of the crystallites in the a- and c-axes and increases solubility 

of the apatite (Legeros et al., 1967).   

 

Table 4-18: FTIR band assignment for cement immersed in Tris buffer and SBF solutions. 

Wavenumber (cm-1) Assignment  

534 Non apatitic HPO42- 

555 P-O bending   

600 P-O bending   

633 OH libration  

794-796 H2O libration  

871-875 P-O(H) stretching  

960 P-O stretching  

1011 P-O stretching  

1411-1415 CO32- stretching  
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1475 CO32- stretching 

1640 H2O bending  

2500-3700  H-bonded H20 Vibration 

 

 

 

 

4.3.8.3 Cement microstructure  

 

Figure 4-31: Scanning electron micrographs of PaG15 cement at 1 hour after immersion in Tris buffer. 

 

Figure 4-32: Scanning electron micrographs of PaG15 cement at 1 day after immersion in Tris buffer. 
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Figure 4-33: Scanning electron micrographs of PaG15 cement at 7 days after immersion in Tris buffer.  

 

Figure 4-34: Scanning electron micrographs of PaG15 cement at 28 days after immersion in Tris buffer. 

 

Figure 4-35: Scanning electron micrographs of PaG15 cement at 1 hour after immersion in SBF.  
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Figure 4-36: Scanning electron micrographs of PaG15 cement at 1 day after immersion in SBF. 

 

Figure 4-37: Scanning electron micrographs of PaG15 cement at 7 days after immersion in SBF.   

 

 

Figure 4-38: Scanning electron micrographs of PaG15 cement at 28 days after immersion in SBF.   
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The microstructure of the cement after immersion in Tris buffer and SBF appeared similar 

under SEM. At all time points very small plate like crystals covered the fractured surfaces 

of the cement. The plate like morphology reflects the formation of HA through an OCP 

precursor. A higher density of glass particles compared to the PaG15Sr0 formulation was 

noticed and was due to the increased content of glass used in the new formulation. The 

glass particles were densely covered in a layer of plate like crystals. After 7 and 28 days 

the fractures surface showed empty lacunae of irregular shape. These could be formed 

either by dissolution of the core of the glass particles or by the dislodgment of the particles 

during fracture.  

 

4.3.8.4 Compressive strength  

 

Figure 4-39: Compressive strength (mean± standard deviation, n=8) of cement cylinders immersed in Tris 
buffer and SBF solutions for 1 hour, 1 day, 7 days, 28 days. 

 

Compressive strength results for the cement after immersion in Tris buffer and SBF 

solutions are shown in Figure 4-39. The maximum compressive strength was measured 
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at 1 hour in both immersion media (20.7 ± 2.8 MPa for Tris and 19.9 ± 3.1 MPa for SBF) 

and was above the limit set in the specification. A trend in drop of compressive strength 

with increase of time of immersion was seen, with significant lower strength for samples 

immersed in both solutions for 1 day, 7 days and 28 days compared to 1 hour samples. 

Immersion in SBF resulted in higher compressive strength values maintained over time 

compared to Tris buffer immersion, with a drop after 1 hour and similar values maintained 

up to 28 days. In Tris compressive strength reduced proportionally with the increase of 

immersion time. The decrease in compressive strength after 1 hour in both immersion 

solutions is believed to be due to the transition of OCP to HA, a process which is likely 

to cause porosity within the cement matrix, impacting negatively on the strength of the 

material. OCP is formed by alternated ‘apatitic’ layers, with identical structure to HA and 

a hydrated layer which has no relationship to the structure of HA. The apatitic layers have 

calcium and phosphate ions organized in a similar way to that of HA, with six Ca2+ ions, 

two phosphate ions and one water molecule, whereas the hydrated layer contains 

molecules of water and less densely packed calcium and phosphate ions, with two Ca2+ 

ions, one phosphate ion and four water molecules, with the remaining three phosphates 

located in the junction between the two layers (Brown et al., 1962). The gradual 

conversion of OCP to HA and loss of the hydrated layer could induce porosity within the 

interlocked crystals in the cement matrix. As the conversion from OCP to HA resulted 

delayed in the cements immersed in SBF, probably less porosity formed within the 

cement structure, resulting in higher strength values. Higher strength values were 

obtained with this formulation compared to PaG15Sr0 investigated in Chapter 3 (highest 

value 12.5 MPa). This could be related to different factors like crystal size and 

interlocking, increase of relative amount of glass used for the new formulation and mixing 

methodology (hand mixed versus syringe mixed). In these cements, the glass acts as a 
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reagent in the setting reaction as it dissolves and release ions that contribute to the 

precipitation of the CaP phases formed. This was shown in previous studies in which 31P 

MAS-NMR was used to investigate the setting mechanism of these cements (Kent, 2014).  

The increase in weight % of glass used with the new formulation might have increased 

the residual glass particles left within the cement matrix that might then act as a filler, 

thus increasing the strength of the cement. The mixing methodology will also affect the 

porosity introduced in the cement and therefore has consequences on the strength 

achieved.  

 

4.3.8.5 Ion release  

 

Figure 4-40: Elemental concentration (mmol/L) of calcium, phosphorous, silicon and sodium as determined 
by ICP-OES after PaG15 cement immersion in Tris and SBF for 1 hour, 1 day, 7 days and 28 days. Time 
is expressed in hours. 
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After immersion of the cement in Tris buffer the levels of Ca2+ in solutions were generally 

very low at each time point. The initial release of Ca2+ after 1 hour was followed by 

consumption of Ca2+ at later time points. In SBF, the Ca2+ available in solution was 

gradually consumed over time. OCP transforms gradually to HA following these two 

reactions, depending on the availability of Ca2+ ions:  

Ca8H2(PO4)6.5H2O + 2Ca2+ → 2Ca5(PO4)3OH + 3H2O + 4H+                (Equation 4-2) 

1.25Ca8H2(PO4)6.5H2O → 2Ca5(PO4)3OH + 1.5H3PO4 +4.25H2O         (Equation 4-3) 

Therefore even at the very low Ca2+ concentrations found in Tris buffer transition from 

OCP to HA can occur according to Equation 4-3.  

Both solutions showed a similar trend for P release. The P concentration in both 

immersion media increased with time up to 7 days and then slightly reduced at 28 days. 

During transition from OCP to HA, P is normally released and therefore an increase in P 

concentration in solution is expected.  A lower amount of P was released in SBF solution 

at 1 day and 7 days compared to Tris buffer (if we take in account the P concentration in 

SBF before immersion). The lower level of P in SBF solutions is probably related to the 

delayed conversion from OCP to HA.  

The Si release in Tris and SBF showed a similar trend with increased concentration in 

solutions over time. This is related to the progressive hydrolysis of the residual silicate 

chains of the glass, leading to release of soluble silicon species into solution. 

A similar trend of Na+ release was found in both immersion solutions, with an increase 

of Na+ concentration over time. The Na+ release in solution was related to the dissolution 

of the glass over time.   
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4.3.9 Cell culture studies  

4.3.9.1 Tests on fibroblasts L929 cell line  

 

Figure 4-41: Effect of PaG15 cement extract (cell culture medium conditioned with the cement for 1 day) 
on the viability of fibroblast cells measured via an MTT assay (left Y axis) and on the fibroblasts 
proliferation measured via a DNA assay (right Y axis). NC: negative control, non conditioned culture 
medium; SLS: positive control, 0.1 mg/ml solution of SLS in DMEM. Error bars represent standard 
deviation of the mean of six wells per treatment of three independent experiments.* p <0.05 compared to 
NC. + p<0.05 compared to PaG15. Unpaired t test was used.  

 

Figure 4-42: Fibroblasts density and morphology as observed under light microscope 24 hours subsequent 
to exsposure to negative control (NC), cement conditioned medium (PaG15) and positive control (SLS). 
Scale bar:20 µm 

 

NC PaG15 SLS
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Cytotoxicity and cell proliferation tests were conducted on fibroblasts cultured with 

conditioned media for 1 day. Results showed that absorbance values after 1 day for PaG15 

cement were statistically significantly higher than NC, while a clear cytotoxic effect was 

seen for the positive control used (Figure 4-41). Cells maintained their normal 

morphological phenotype after being exposed to the experimental conditioned media 

while a substantial amount of cellular lysis was seen for the positive control (Figure 4-42). 

Fluorescence intensity values obtained for the cells treated with the cement conditioned 

media were not significantly different to the negative control suggesting that the cement 

did not negatively affect cell proliferation (Figure 4-41). 

 

4.3.9.2 Tests on osteoblasts MC3T3-E1 cell line  

Cytotoxicity, cell proliferation and cell differentiation were evaluated after 1 day and 7 

days.  

 

Figure 4-43: Effect of cement extracts on the viability of cells measured via an MTT assay at 1 day and 7 
days. Data are presented as optical density (OD) value at 570 nm. Error bars represent standard deviation 
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of the mean of six wells per treatment of three independent experiments. * p <0.05 compared to NC. + 
p<0.05 compared to PaG15. Mann Whitney U test used for 1 d results, unpaired t test used for 7 d results.  

 

 

Figure 4-44: Osteoblasts density and morphology as observed under light microscope 1 day and 7 days 
subsequent to exposure to negative control (NC), cement conditioned medium (PaG15) and positive control 
(SLS). Scale bar:20 µm 

 

Results for MTT test showed a decrease in absorbance values for the test cement 

compared to the NC, with a reduction of cell viability to 56% (when normalized against 

the NC). However for cells cultured for 7 days higher absorbance values were obtained 

for the test cement compared to NC, suggesting that cells recovered and no signs of 

cytotoxicity were present (Figure 4-43). Cells maintained their normal morphological 

phenotype when treated with NC and test cement, while cellular lysis was visible for cells 

exposed to SLS (Figure 4-44).  
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Figure 4-45: Effect of experimental extracts on the proliferation of MC3T3-E1 cells measured via a DNA 
assay. Data are presented as fluorescence intensity units. Error bars represent standard deviation of the 
mean of six wells per treatment of three independent experiments.* p <0.05 compared to NC. + p<0.05 
compared to PaG15. Unpaired t test was used.  

 

Osteoblasts proliferation followed the same trend seen for the MTT assay, with a 

reduction in cell number after 1 day compared to NC and an increase in cell proliferation 

after 7 days compared to NC ( 

Figure 4-45). ALP activity measured at 7 days followed the same trend seen for cell 

proliferation (Figure 4-46). 
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.  

Figure 4-46: Effect of  PaG15 extract on the differentiation of osteoblasts measured via an ALP activity 
assay (left Y axis) and on their proliferation measured via a DNA assay (right Y axis) after 7 days.  NC: 
negative control, non conditioned culture medium; SLS: positive control, 0.1 mg/ml solution of sodium 
lauryl sulphate in α-MEM. Error bars represent standard deviation of the mean of six wells per treatment 
of three independent experiments 

 

4.3.10 Discussion  

Before moving to test the new cement formulation on a preclinical level using an animal 

model, it was important to characterise and test in vitro the cement produced, to assess 

conformity with specification created and to evaluate in vitro safety of the material on 

specific cell lines.  

The hypothesis of being able to manufacture a reproducible cement that met the 

requirements set in the specification, was demonstrated. In terms of mechanical properties 

and setting time, the samples tested after packaging and gamma irradiation showed 

similar values. Phase analysis showed that the cement set to form OCP first, which then 

gradually transitioned to HA, with different reaction rates based on the nature of the aging 

solution.  
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Fibroblasts treated with cement conditioned medium showed viability and proliferation 

similar to cells treated with normal cell culture medium. Osteoblasts showed an initial 

reduction of viability and proliferation at 1 day compared to the NC, while similar values 

were obtained at 7 days. This was considered a cytostatic effect instead of a cytotoxic 

effect. The conditioned medium might have slowed down the initial growth of 

osteoblasts, without exerting a cytotoxic effect. With time cell proliferated and were able 

to metabolically reduce the tetrazolium dye at the same level as for the cells treated with 

NC. The results might also be related to assay conditions. A different cell density per well 

was used for the two tests on fibroblasts and osteoblasts, with a lower cell density per 

well used for the test on osteoblasts. This was because two time points were chosen for 

the test on osteoblasts and therefore cell density was reduced to account for cell 

proliferation throughout time. Probably the same cytostatic effect might have not been 

detected if the number of cells per well was kept high as for the fibroblast test.  

Based on the results obtained, it was decided that the material passed the in vitro test 

characterization and was considered safe to initiate an implantation study in an animal 

model to evaluate local effects of the cement in vivo. In the next chapter results related 

to the animal study are discussed.  
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Chapter 5 Implantation study: preliminary results 

5.1 Aim 

The purpose of this study was to evaluate the local tissue effects and performance (new 

bone formation and material resorption) of the new injectable bioactive glass based 

calcium phosphate cement (PaG15) in a minipig alveolar defect model. This was 

compared to both a commercially available synthetic calcium phosphate ceramic 

(positive control) and a sham defect (negative control).  

 

5.2 Materials and methods  

5.2.1 Experimental model  

The minipig was the animal of choice for this study because its bone remodelling rate 

(1.2-1.5 µm/day) is comparable to that of humans (1.0-1.5 µm/day) (Ma et al., 2009), and 

has been used as a relevant model for alveolar bone implantation in previous studies 

(Verket et al., 2018) (Dahlin et al., 2015) to evaluate bone graft/tissue interface and the 

bone regeneration performance of materials.  

The study design was based on the requirements described in ISO 10993-6: Biological 

Evaluation of Medical Devices, Tests for local effects after implantation (2007). 

Consultations with Straumann AG, one of the major companies in the field of oral bone 

regeneration, were undertaken to determine the best choice of experimental model, which 

would be accepted by regulatory bodies for CE mark and FDA approval. The study was 

approved by the ethical committee of the University of Lund (Sweden, Ethical committee 

approval number: M-192-14).  

For the surgical model, three circumferential standardized bony defects (6 mm x 6 mm, 

diameter x height) were created in the alveolar bone in each side of the mandible (a total 
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of six defects for each animal) following a standardized operational procedure. A total of 

18 adult Gottingen female minipigs (Ellegaard, Denmark) with an average body weight 

of 44 Kg were used for the study. The animals were kept in specially designated areas 

under supervision of veterinarian staff for two weeks before and after the surgeries. Prior 

to surgery the animals were fasted for 12 hours and were maintained on a soft diet 

throughout the study. Six animals were used for each time point (3, 6 and 12 weeks). Each 

animal received two test materials, two positive controls and two negative controls, giving 

12 samples for each treatment group at each time point analysed. The following groups 

were identified:  

- Test material: PaG15 cement, bioactive glass based calcium phosphate cement; 

- Positive control: Bone Ceramic® (BC, Straumann AG), biphasic calcium 

phosphate ceramic (60% HA/40% β-TCP) with particle size ranging between 500-

1000 µm; 

- Negative control (NC): defect unfilled. 

5.2.2 Surgical treatments  

All surgeries were carried out at the BMC facility (Lund, Sweden) under aseptic 

conditions in an animal operating theatre. General anaesthesia was initiated and 

maintained by i.m. injection of ketamine 50 mg/ml and midazolam 5 mg/ml. The surgical 

site was disinfected with 0.2% solution of chlorhexidine prior to initiation of the surgical 

procedure.   

 

5.2.3 First surgery: teeth extraction 

After administration of local anaesthesia (2% xylocaine with 1:100000 adrenaline) buccal 

and lingual full-thickness mucoperiosteal flaps were raised bilaterally in the mandible 

and lower premolars P2, P3, P4 and first molar M1 were extracted. Intraoral radiographs 
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were obtained to check the sites for remaining root fragments. The flaps were sutured 

with single Vicryl 4-0 to achieve primary closure. The animals received antibiotics for 

five days postoperatively (Streptocillin vetÒ 3–4 ml/animal i.m., a combination of 

streptomycin and benzylpenicillin) and painkillers for 3 days postoperatively (TemgesicÒ 

3–5 ml/animal i.m., buprenorphine). 

 

5.2.4 Second surgery: creation of standardized surgical defects  

After 3 months of healing, using the same anaesthesia regime as described above, alveolar 

crestal incisions were made in the edentulous area and bucco-lingual full-thickness flaps 

were raised bilaterally (Figure 5-1a). The alveolar ridge was flattened out with a rotary 

bur to obtain a width of at least 8 mm (Figure 5-1b).   

 

Figure 5-1: Clinical images showing the steps  involved in the second surgery. (a): Incision of the 
edentulous area; (b): flattening of the alveolar ridge exposed; (c): creation of surgical defects (6 x 6 mm); 
(d): from left to right defect filled Bone CeramicÒ, empty defect, defect filled with PaG15 cement; (e): 
defects covered by collagen membrane (BioGideÒ); (f): wounds sutured. 

Three defects on each side of the mandible were created by using a series of implant drills 

(StraumannÒ Guided Instruments) to achieve cylindrical defects of 6 mm in final depth 

and width (Figure 5-1c). The distance between M2 and 1st (distal) defect was 7 mm. The 

distance between 1st (distal) and 2nd (middle) and 2nd (middle) and 3rd (mesial) defect was 

4mm. Titanium tacks (Titan pin set, 3 mm, Botiss, Germany) were inserted on either side 
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of the central defect to help in the identification of the defects for histological processing. 

Each defect in every hemimandible was randomly allocated to positive control (BC), 

negative control (NC, defect unfilled) and test group (PaG15 cement) following a 

computer-generated randomization procedure (Research Randomizer) and filled with the 

allocated material (Figure 5-1d). The defects were then covered (Figure 5-1e) with a 

collagen membrane (Bio-GideÒ, Geistlich Biomaterials, Switzerland) and the flaps closed 

with single 4-0 Vicryl® sutures (Figure 5-1f). The animals received antibiotics for 5 days 

postoperatively (Streptocillin vetÒ 3–4 ml/animal i.m., a combination of streptomycin and 

benzylpenicillin) and painkillers for 3 days postoperatively (TemgesicÒ 3–5 ml/animal 

i.m., buprenorphine). After 3, 6 and 12 weeks of healing, 6 animals for each time point 

were euthanised by an intravenous injection of 20% solution of pentobarbital. Mandibles 

were dissected and hemisected and the samples were fixed in 4% formaldehyde solution 

for 2 weeks.  

 

5.2.5 XMT and histological analysis 

Prior to histological processing, the hemimandible block containing the three defects was 

examined using an in-house-built XMT system (MuCAT 2, QMUL, G.R. Davis, UK). 

This XMT system utilises time-delayed integration, which gives higher contrast 

resolution than existing commercial XMT. This enables subtle changes in bone mineral 

content to be determined and it can distinguish between the small differences in mineral 

content of old and new bone. Samples were X-rayed at 90 kV, 180 µA and with a 1.2 mm 

copper and aluminium filter to obtain three-dimensional images (voxel size 40 µm) which 

were visualized using Tomview software (QMUL, G.R. Davis, UK). The XMT slices 

here presented were deliberately chosen to match the histological sections in order to 

facilitate subsequent analysis. 
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Histomorphometric and histopathological analysis were conducted at AnaPath GmbH  

(Liestal, Switzerland). The samples were dehydrated in ascending concentrations of 

ethanol and xylene and infiltrated and embedded in methylmethacrylate. Each defect was 

cut in a bucco-lingual direction in the middle of the defect. One section per defect was 

obtained, ground and polished to a final thickness of 50 µm and stained with Paragon (a 

mix of fuchsine and toluidine blue). The region of interest (ROI) was defined as the full 

extent of the each defect where the upper line defined the most outer rim of the bone 

trabeculae on the top of the alveolar ridge (Figure 5-2). Photographs were taken using an 

Olympus BX43 light microscope integrated with an Olympus XC30 camera. Image 

analysis was performed using Olympus cellSens microimaging software (Olympus Life 

Science, UK).  
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Figure 5-2: Examples of ROIs definition and segmentation for evaluation of new bone formation and graft 
left in situ. a) Site left untreated (NC) after 3 weeks. b) Site treated with PaG15 after 6 weeks. c) Site treated 
with BC after 12 weeks. 

Outcome parameters from histomorphometric analysis were summarized in terms of 

means and standard deviations. The Shapiro-Wilk test was used to analyse normality of 

distribution within each group at different time points. A non parametric Mann Whitney 
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test was used to compare groups within the same time point and at the three different time 

points with a significance level set at p<0.05. All statistical analysis were conducted using 

OriginPro 2016 (OriginLab, Northampton, MA).  

 

The histopathological examination was carried out using a semi-quantitative scoring 

system adapted from ISO 10993-6:2016(E) (Table 5-1).  

 

Table 5-1: Scoring System used for histopathology examination adapted from ISO 10993-6:2016(E). hpf: 
high powered (400x) field. 

Cell type/response 
Score 

0 1 2 3 4 
Polymorphonuclear 
cells 0 Rare,1-5/hpf 5-10/hpf Heavy 

infiltrate Packed 

Lymphocytes 0 Rare,1-5/hpf 5-10/hpf Heavy 
infiltrate Packed 

Plasma cells 0 Rare,1-5/hpf 5-10/hpf Heavy 
infiltrate Packed 

Macrophages 0 Rare,1-5/hpf 5-10/hpf Heavy 
infiltrate Packed 

Giant cells 0 Rare,1-2/hpf 3-5/hpf Heavy 
infiltrate Sheets 

Necrosis 0 Minimal Mild Moderate Severe 
Degeneration (loss of 
normal structure, 
clumping of osteoid) 

0 Minimal Mild Moderate Severe 

Calculation Subtotal (x2) 

Neovascularisation 0 

Minimal 
capillary 
proliferation, 
focal, 1-3 buds 
 

Groups of 4-
7 capillaries 
with 
supporting 
fibroblastic 
structures 

Broad band of 
capillaries 
with 
supporting 
structures 

Extensive 
band of 
capillaries 
with 
supporting 
fibroblastic 
structures 

Fibrosis 0 Narrow band Moderately 
thick band Thick band Extensive 

band 

Fatty Infiltrate 0 

Minimal 
amount off at 
associated 
with fibrosis 

Several 
layers of fat 
and fibrosis 

Elongated and 
broad 
accumulation 
of fat calls 
about the 
implant site 

Extensive fat 
completely 
surrounding 
the implant 

Inflammation, chronic 0 Minimal Mild Moderate Severe 
Inflammation, purulent 0 Minimal Mild Moderate Severe 

Calculation 

Subtotal 
Total 

Group Total 
Average 
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According to ISO 10993-6(E), the test material can be classified according to the effect 

to the local tissues when compared to the negative control as:  

- Non-irritant (0,0 to 2,9);  

- Slight irritant (3,0 to 8,9);  

- Moderate irritant (9,0 to 15,0);  

- Severe irritant (>15). 
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5.3 Results 

Three months after the first surgery all sites were closed by primary intention and healed 

without complications. After the second surgery all animals and all defect sites at all time 

points were available for analysis. Sites grafted with PaG15 showed presence of probable 

sinus tracts in the healed wounds (6 out of 12 sites after 3 weeks, 5 out of 12 sites after 6 

weeks and 3 out of 12 sites after 12 weeks). Sites grafted with BC and NC sites healed 

uneventfully without any signs of adverse reactions.  
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5.3.1 Descriptive XMT and histology  

5.3.1.1 Three weeks  

 

Figure 5-3:Axial view of XMT of all the samples at 3 weeks divided by left and right side of the mandible. 
Each animal is identified by a unique number (on the left column). Sites marked with a yellow asterisk 
were grafted with PaG15 cement. Of these only one site (325326, right side) didn’t show any sign of 
cement, presenting an enlarged radiolucent area instead. The XMT scan of the left hemimandible of the 
same animal was not available. Sites marked with a white arrow were left untreated (NC). The sites filled 
with particulate radiodense material (not marked) were grafted with BC. New bone is visible within the NC 
and the BC defects where it appears as a less radiopaque trabecular bone compared to the outer old bone, 
filling the NC defect or the space between the particles of the BC, mainly at the periphery of the defect.  
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After 3 weeks PaG15 was present in all sites grafted with the test material apart from one 

site (animal 325326 right side) where resorption and degeneration of host bone was 

visible in the grafted area (Figure 5-6). The cement adapted well to the contour of the 

defect, filling the space within the trabecular structure of the cancellous host bone. New 

bone formation in general was very low and only observed near the defect walls (Figure 

5-4, Figure 5-5). A low severity degree of fibrosis and chronic and/or purulent 

inflammation was found in most of the sites around the defect walls, with scalloping of 

areas of bone suggestive of osteoclastic resorption at Howship’s lacunae (Figure 5-5).   

 

Figure 5-4: Site grafted with Pag15 cement after 3 weeks of healing. Animal n° 325224, right side of the 
mandible. (a) Histological image from the centre of the defect in a bucco-lingual direction. Arrows indicate 
new bone formation. The cement is represented by a dark stain. The crack visible at the centre of the graft 
is probably an artefact due to the histological processing. (b) XMT image of the same specimen in a bucco-
lingual direction. The cement is well in contact with the host bone and fills its trabecular space. New bone 
at the outer edge of the cortical bone of the mandible formed as a result of the surgical raising of the full 
thickness flaps.  
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Figure 5-5: Site grafted with Pag15 cement after 3 weeks of healing. Animal n° 325218, right side of the 
mandible. a) Histological image from the centre of the defect in a bucco-lingual direction. Arrow indicates 
resorption of bone at Howship’s lacunae. Asterisks indicate areas of bone degeneration. The cement is 
represented by a dark stain. Soft tissue covers the coronal portion of the graft with no clear membrane 
visible. b) and c): regions of interest in red and blue in (a) respectively. Arrows indicate resorption of bone 
at Howship’s lacunae. In c) granulocytes are represented by blue cellular stain. d) XMT image of the same 
specimen. The periphery of the cement is covered by a radiodense layer probably due to a higher 
precipitation of HA in contact with body fluids.  

 

Figure 5-6: Site grafted with PaG15 cement after 3 weeks of healing. Animal n° 325326, right side of the 
mandible. (a) Histological image from the centre of the defect in a bucco-lingual direction. Arrows indicate 
scalloped outline of bone probably due to bone resorption. Asterisks indicate areas of purulent inflammation 
filled with granulocytes. PaG15 cement is not visible in the defect site. (b) Magnification of highlighted 
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area in a) representing degenerated newly formed bone. (c) XMT image of the same specimen. Soft tissues 
fill the defect area and surround two strings of bone, probably detached from the edge of the defect.  

 

In defects grafted with BC new bone formation was confined to the defect walls and 

around the periphery of the particles. In particular it was noted that consistently new bone 

tended to form more at the bottom and from the lingual wall of the cavity, where a 

trabecular bone structure could be identified compared to the dense cortical bone at the 

buccal side of the defects. Despite the self-containing nature of the defect, BC particles 

at the top of the defect tended to migrate towards the adjacent soft tissues (Figure 5-8). 

Areas of fibrosis were identified filling the space between the graft particles.  

 

Figure 5-7: Site grafted with BC after 3 weeks. Animal n° 325269, right side of the mandible. (a) 
Histological image from the centre of the defect in a bucco-lingual direction. Arrows indicate new bone 
formation within the defect. (b) Focus on region of interest highlighted in red in a). Arrows indicate new 
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bone. G indicates graft particles filling the defect cavity. Asterisks indicate osteoid. (c) XMT image of the 
same specimen. New bone is visible protruding from the edge of the defect in the cavity, filling the 
intergranular space. It appears with a lower radiopacity compared to old bone.  

 

Figure 5-8: Site grafted with BC  after 3 weeks. Animal n° 325326, left side of the mandible. (a) Histological 
image from the center of the defect in a bucco-lingual direction. Arrows indicate migrated particles 
surrounded by soft tissue. G indicates graft particles filling the defect. (b) XMT image of the same 
specimen. The BC particles have higher radiopacity compared to the bone. This makes easy to distinguish 
between old/new bone and graft material.  

 

In the NC group after 3 weeks, new bone formation was higher compared with both BC 

and PaG15, with more woven bone formed at the bottom and lingual side of the wall 

defect and extending to the centre and upper part of the defect. The histopathology report 

identified the areas with pale stain and loss of nuclei seen in Figure 5-9 as foci of bone 

necrosis probably related to the surgical trauma. However in the opinion of the author 

these areas refer to foci of osteoid.   
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Figure 5-9: Site after 3 weeks. Animal n° 325269, right side of the mandible. (a) Histological image from 
the centre of the defect in a bucco-lingual direction. The asterisk indicates the collagen membrane covering 
the coronal portion of the defect. Arrows indicate new bone formation from the walls of the defect. (b) 
Region of interest from (a): Focus of bone necrosis within newly formed bone or osteoid as a precursor of 
woven bone formation. The asterisk indicates osteoid. (c) XMT image of the same specimen. Arrows 
indicate newly formed bone. New bone formation is more pronounced on the lingual side of the defect (left 
side) compared to the buccal wall of the defect (right side).  
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5.3.1.2 Six weeks  

 

Figure 5-10: Axial view of XMT of all the samples at 6 weeks divided by left and right side of the mandible. 
Each animal is identified by a unique number (on the left column). Sites marked with a yellow asterisk 
were grafted with PaG15 cement.  Three sites (325216 left, 325307 right, 225263 left) didn’t show any sign 
of cement, while an enlarged radiolucent area was present instead. Sites marked with a white arrow were 
left untreated (NC). The sites filled with particulate radiodense material (not marked) were grafted with 
BC. New bone fills most of the NC defects and the intergranular space of the BC defects where it appears 
as small interconnected trabeculae.   

After six weeks, the PaG15 cement was visible in six out of twelve sites grafted ( Figure 

5-11, Figure 5-12), while in the remaining six sites resorption and degeneration of host 
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bone was visible in the grafted area, with either no sign of cement or only remnants of 

cement present (Figure 5-13, Figure 5-14). In the sites where the PaG15 cement was 

visible, degradation of the material was seen: a reduced defect area was occupied by the 

cement and the graft presented an irregular outline with fragments and particles of 

degraded cement visible around the defect. New bone formation was seen in direct contact 

with the surface of the material, which provided a scaffold for new bone growth without 

loss of the vertical component of the defect. In the sites where the graft material was not 

visible or only small remnants were left, a moderate purulent and/or chronic inflammation 

was present. A moderate bone degeneration with loss of normal structure and clumping 

of osteoid and a moderate degree of fibrosis within the defect area were visible. The defect 

area in some sites was enlarged compared to the initial defect possibly due to a rapid 

degeneration and resorption of bone adjacent to the defect walls.  

 

 

Figure 5-11: Site grafted with PaG15 cement after 6 weeks. Animal n° 324369, left side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new bone formation, 
asterisk indicates areas of bone resorption with scalloped outline of bone. Irregular margin of the cement 
and fading in colour possibly related to dissolution/degradation. (b) Region of interest from a): arrow 
indicates new bone formed in contact with the graft material at the edge of the defect. (c) XMT image of 
the same specimen at the centre of the defect in a bucco-lingual direction. Islands of new bone formation 
are visible on the coronal portion of the defect. The periphery of the cement has a radiodense layer due to 
the higher precipitation of calcium phosphate in this area more in contact with body fluids. 
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Figure 5-12: Site grafted with PaG15 cement after 6 weeks. Animal n° 324927, left side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new bone formation, 
asterisks indicate fragments of cement surrounded by new bone. Irregular margin of the cement and fading 
in colour possibly related to dissolution/degradation. (b) XMT image of the same specimen in a bucco-
lingual direction. Differences in radiopacities between new and old bone are visible in the XMT with 
trabeculae of new bone projecting from the old bone towards the cement. The periphery of the cement is 
marked by a radiopaque white layer which is also reflected in the different colour (purple) in the histological 
section (a).  

 

 

Figure 5-13: Site grafted with PaG15 cement after 6 weeks. Animal n° 324927, right side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new defect margin with 
new bone formation. Defect is larger than the one surgical created. Asterisks indicate fragments of cement. 
Irregular margin of the cement and fading in colour possibly related to dissolution/degradation. (b) 
Magnification of the area in red marked in (a): granulocytes filled the space and surround a fragment of 
degenerated bone. (c) XMT image of the same specimen at the centre of the defect in a bucco-lingual 
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direction. Asterisks indicate fragments of cement. The enlarged defect area can be detected as a difference 
in radiopacity is seen between old and new bone (old bone more radiopaque than new bone).  

 

Figure 5-14: Site grafted with PaG15 cement after 6 weeks. Animal n° 325307, right side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Arrows indicate new defect margin with 
newly formed bone growing from the walls. Defect is larger than the one surgically created. Asterisks 
indicate fragments of cement. (b) Magnification of the area in red marked in (a): visible area of fibrosis 
with newly degenerated formed bone (arrows). (c) XMT image of the same specimen at the centre of the 
defect in a bucco-lingual direction. The degenerated bone can be seen at the edge of the defect as very thin 
and  radiopaque trabeculae projecting into the defect area.  

 

Sites grafted with BC showed an increased level of new bone formation within the defect 

area, around the particles and within the intergranular space, compared to the three week 

results. No signs of fibrosis or inflammatory reaction were present at this time and no 

evident signs of resorption of the particles could be noticed.  

 

 

Figure 5-15: Site grafted with BC after 6 weeks. Animal n° 324927, left side of the mandible. (a) 
Histological image of the defect in a bucco-lingual direction. At the top of the image, particles not integrated 
are surrounded by soft tissue (black arrow). New bone formation at the margins of the defect (white arrows) 
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and within the defect surrounding the graft particles (G). (b) XMT image of the same specimen at the centre 
of the defect in a bucco-lingual direction. Notice the highly radiopaque graft particles.  

 

After 6 weeks the NC sites showed an almost complete filling of the defect area with new woven 

bone and with the defect walls still recognizable.  

 

 

Figure 5-16: NC defect site after 6 weeks of healing. Animal n° 324927, right side of the mandible. (a) 
Histological image of the defect in a bucco-lingual direction. Defect filled with newly formed bone, arrows 
indicate defect margins. (b) XMT image of the same specimen in a bucco-lingual direction. The newly 
formed bone at the periphery of the surgical defect has a similar radiopacity compared to the old bone, 
indicating its maturation, while at the centre is less radiopaque, indicating a less mature bone due to 
formation developing from the sides to the centre of the defect.  
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5.3.1.3 Twelve weeks  

 

Figure 5-17: Axial view of XMT of all the samples at 12 weeks of healing divided by left and right side of 
the mandible. Each animal is identified by a unique number (on the left column). Sites marked with a yellow 
asterisk were grafted with PaG15 cement. Only one site (animal 225244, right side) showed presence of 
cement, while in all other samples an enlarged area filled with new bone was present. Sites marked with a 
white arrow were left untreated (NC). The sites filled with particulate radiodense material (not marked) 
were grafted with BC.  
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At 12 weeks only one site showed the presence of PaG15 cement (Figure 5-18), while all 

the other grafted sites didn’t show any presence of the cement left in the defect. The 

remodelled site was much larger than the original defect site and was filled with new 

woven bone (Figure 5-19). In 3 samples signs of bone degeneration, fibrosis or 

inflammation were present (Figure 5-20).  

 

 

Figure 5-18: Site grafted with PaG15 cement after 12 weeks. Animal n° 225244, right side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate new bone formation 
in contact with surface of cement. White arrow indicates new bone formation within a crack developed in 
the cement. Slight irregular margin of the cement and fading in colour are possibly related to 
dissolution/degradation. (b) XMT image of the same specimen at the centre of the defect in a bucco-lingual 
direction. Note area of higher radiopacity around the cement indicating new bone formation and an increase 
in HA mineral formed.  
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Figure 5-19: Site grafted with PaG15 cement after 12 weeks. Animal n° 225247, right side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate enlarged and 
irregular defect margins. (b) XMT image of the same specimen at the centre of the defect in a bucco-lingual 
direction. The new defect margin can be detected from the difference in radiopacity between newly formed 
bone and old bone.  

 

Figure 5-20: Site grafted with PaG15 cement after 12 weeks. Animal n° 225249, right side of the mandible. 
(a) Histological image of the defect in a bucco-lingual direction. Black arrows indicate enlarged defect 
margins. (b) Magnification of the area marked in (a): Purulent inflammation with presence of granulocytes 
and degenerated bone. Arrows indicate scalloped outline of bone. (c) XMT image of the same specimen at 
the centre of the defect in a bucco-lingual direction. The new defect margin can be detected from the 
difference in radiopacity between newly formed bone and old bone. The new bone is projecting from the 
sides to the centre of the defect.  
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Sites grafted with BC after 12 weeks showed no sign of inflammatory reaction and an 

increased amount of new bone formed within the particles filling the centre of the defect 

(Figure 5-21). In some cases migration of the particles in the most coronal portion of the 

defect and encapsulation in soft tissue was seen. No signs of evident particles resorption 

was seen.  

 

 

Figure 5-21: Site grafted with BC after 12 weeks. Animal n° 225247, left side of the mandible. (a) 
Histological image of the defect in a bucco-lingual direction. G: graft particle.  (b) XMT image of the same 
specimen at the centre of the defect in a bucco-lingual direction. Graft particles (white particles in the 
defect) are surrounded by newly formed bone.  

 

The NC sites showed an almost complete filling of the defect area with new woven bone 

and bone marrow and no sign of inflammatory reaction (Figure 5-22).  
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Figure 5-22: Defect site after 12 weeks of healing. Animal n° 224247, right side of the mandible. (a) 
Histological image of the defect in a bucco-lingual direction. Black arrows indicate margin of the defect. 
(b) XMT image of the same specimen in a bucco-lingual direction. The new and old bone are difficult to 
distinguish based on the radiopacity compared to earlier time points.  

 

5.3.2 Histopathology  

Semi-quantitative histopathological analysis as observed in the three groups at the time 

point studied is shown in Table 5-2 where a total score for each test group and time point 

can be found. Individual score and analysis for each specimen can be found in Appendix 

F.  

Table 5-2: Summarized Scores according to ISO 10993-6:2007(E) Combined Right and Left Side 

3 Weeks 
PaG15 BC NC 

Group Total 
Score 91 51 110 

Sample no. 12 12 12 
Average 7.6 4.2 9.2 

6 Weeks 
PaG15 BC NC 

Group Total 
Score 116 0 27 

Sample no. 12 12 12 
Average 9.7 0 2.2 

12 Weeks 
PaG15 BC NC 

Group Total 
Score 51 0 4 

Sample no. 12 12 12 
Average 4.2 0 0.3 
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After 3 weeks, the total score noted in NC was 9.2 and mainly due to bone necrosis (as 

reported by the pathologist characterized by pale stain, loss of bone structure and loss of 

nuclei, Figure 5-9), fibrosis and hemosiderin deposits. Hemosiderin deposits are usually 

found in macrophages following hemorrhage, and in this case possibly related to the 

surgical trauma of drilling.   

The score obtained in group BC was 4.2. In this group, the findings consisted mainly of 

fibrosis located between the graft particles and hemosiderin deposits (Figure 5-7).  

In the PaG15 group, the score obtained after 3 weeks was 7.6, lower compared to NC 

(difference of 1.6) and higher compared to BC (difference of 3.4). The defects were filled 

with the cement appearing as a dark blue to black staining material. Bone degeneration 

was present characterized by loss of bone structure (Figure 5-6). In addition, in some 

samples there was a chronic and/or purulent inflammation at low severity degrees 

evidenced by presence of lymphocytes, polymorphonucleates and fibrosis (Figure 5-5). 

In most samples, there was no new bone formation. At 3 weeks therefore a slight to 

moderate irritation was present in all the groups, but the cause of irritation was found to 

be different: degeneration and inflammation for PaG15 group, bone necrosis and fibrosis 

for NC and mainly fibrosis for BC group.  

After 6 weeks, the NC showed a low total score of 2.2 mainly due to neovascularization 

and hemosiderin deposits, while no reaction was seen in the BC control (score 0). In 

contrast, the reactivity in the PaG15 samples revealed a total score of 9.7, showing a 

moderate reaction. This was mainly due to bone degeneration, fibrosis and in several 

samples chronic and/or purulent inflammations (Figure 5-13).  

After 12 weeks, there was no reaction either in the BC group (score 0) and in the NC 

group where the score was 0.3 (mainly due to hemosiderin deposits). In the PaG15 
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samples, a slight reaction was present (total score of 4.2). This was mainly due to bone 

degeneration, fibrosis and chronic inflammation in three samples (Figure 5-20).  

5.3.3 Histomorphometry  

The percentages of new bone formed and residual graft material in the defects for the 

different treatment groups are summarized in Table 5-3 and shown in Figure 5-23 and 

Figure 5-24.  

Table 5-3: Descriptive statistics obtained from histomorphometric analysis categorized by treatment group 
and endpoint 

Outcome  Endpoint  Parameter  Treatment 
   PaG15  BC  NC  
New Bone %  3 w n 12 12 12 
  Mean ± SD 0.617 ± 0.845 6.247 ± 4.090 13.00 4 ± 4.235 
  Median  

(Q1-Q3) 
0.186  
(0.088 -1.177) 

4.276  
(3.097-8.990) 

12.483  
(9.131- 16.436) 

 6 w n 9 12 11 
  Mean ± SD 15.427 ± 14.596 33.748 ± 5.757 51.830 ± 7.426 
  Median 

(Q1-Q3) 
10.713  
(5.5026- 23.002) 

35.673  
(31.108- 37.391) 

51.102  
(48.038-58.480) 

 12 w n 10 12 11 
  Mean ± SD 62.282 ± 18.722 49.025 ± 5.668 63.295 ± 11.980 
  Median 

(Q1-Q3) 
68.641  
(58.727-73.034) 

48.087  
(44.777-52.309) 

67.680  
(58.375-73.192) 

   PaG15  BC   
Graft %  3 w n 12 12  
  Mean ± SD 81.490 ± 26.001 34.184 ± 9.164  
  Median 

(Q1-Q3) 
88.902  
(84.585-92.0192) 

34.541  
(25.689-41.667) 

 

 6 w n 9 12  
  Mean ± SD 43.0653 ± 26.057 32.679 ± 9.460  
  Median 

(Q1-Q3) 
52.678 ( 
16.001-64.106) 

28.618  
(25.757 -38.642) 

 

 12 w n 10 12  
  Mean ± SD 7.535 ± 22.236 21.448 ± 3.292  
  Median 

(Q1-Q3) 
0.561  
(0.198-0.878) 

20.832  
(18.871-23.550) 
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Figure 5-23: Histomorphometric analysis showing % of Bone area/Tissue Area (BA/TA) of the different 
groups at different time points reported as mean ± SD. ⁎ indicates a significant difference of the three group 
within the same time point. † indicates a significant difference in group PaG15 at the three different time 
points. # indicates a significant difference in group BC at the three different time points . + indicates a 
significant difference in group NC at the three different time points. All p < 0.05.   

 

The Shapiro-Wilk test showed that a normal distribution was only found in group NC at 

all time points and group BC at 6 and 12 weeks while for BC at 3 weeks and PaG15 group 

at all time points a normal distribution was rejected. Therefore a non parametric Mann 

Whitney test was used to analyse statistical differences within the groups and the different 

time points.  

All three groups showed a progressive increase of new bone fill throughout the time 

points investigated, with a significant increase in bone fill between 3 and 6 weeks and 6 

and 12 weeks. At 3 and 6 weeks the NC group showed the highest amount of bone formed, 

whereas the PaG15 group showed the lowest amount of new bone formation (with the 

BC group showing intermediate values). At 12 weeks the amount of bone formed in the 

NC and PaG15 group was not significantly different and both groups show significantly 

higher percentages of bone formation compared to BC group.   
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Figure 5-24: Histomorphometric analysis showing % of Bone Substitute/Tissue Area (BS/TA) for the 
different groups at different time points reported as mean ± SD. ⁎ indicates a significant difference of the 
two groups within the same time point. † indicates a significant difference in group PaG15 at the three 
different time points. # indicates a significant difference in group BC at 12 weeks compared to 3 and 6 
weeks.  All p < 0.05.   

 

The total amount of graft material reduced significantly for group PaG15 between 3, 6 

and 12 weeks, while for the  group treated with BC it significantly reduced only after 12 

weeks.  
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5.4 Discussion  

The present study analyses the in vivo performance of a new bioactive glass based CPC 

(PaG15) with regard to new bone formation in standardized surgical defects compared to 

the performance of a biphasic calcium phosphate ceramic (Bone CeramicÒ, BC, HA/β- 

TCP 60%:40% ratio) and defects left untreated (NC), when the principles of guided bone 

regeneration are applied.  

Results from histopathological analysis showed that at three weeks all the groups induced 

a slight reaction of the surrounding tissues, with the highest score recorded for NC. This 

reaction was expected as consequence of the surgical trauma and subsequent initiation of 

the healing process (Theiss et al., 2005).  However an important difference was noted 

when cellular response and tissue reaction were compared based on the treatment groups. 

In the sites grafted with PaG15, bone degeneration characterized by loss of bone structure 

was seen and in some samples a chronic and/or purulent inflammation at low severity 

degrees was recorded. Purulent inflammation and bone degeneration were not noticed in 

the other two treatment groups. At 6 and 12 weeks there was minimal or no irritation 

reaction in the BC and NC groups. In contrast, analysis of the PaG15 sites revealed the 

presence of moderate tissue reaction at 6 weeks and slight reaction at 12 weeks, mainly 

due to bone degeneration, fibrosis and purulent or chronic inflammation. Based on these 

results, PaG15 cement seems to act as moderate irritant to the bone and soft tissues. The 

outcome of the histopathological analysis was unexpected as the cell culture studies 

conducted did not show any sign of cytotoxicity after 1 and 7 days. However studies were 

conducted with conditioned media and did not account for the same time points evaluated 

in the in vivo study.  

In a previous ovine study conducted by our research group (unpublished work) the 

performance of several formulations of bioactive glass based CPC were evaluated in an 
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ovine model using the femoral condyle as the surgical site. Cylindrical surgical defects 

of 8mm x15 mm (DxH) created in the femoral condyles of seven animals were grafted 

with three formulations of CPCs and a control (commercially available CPC, HydrosetÒ) 

and assessed after 6 and 12 weeks of healing. One of the compositions studied shared the 

same glass composition as the PaG15 investigated in this study. However the overall 

cement formulation was slightly different. The ratio between bioactive glass and CPM 

was 1 compared to 2.3 of the PaG15 cement in the present study, with therefore a higher 

content of bioactive glass in the PaG15 formulation compared to the formulation 

investigated in the ovine study (PaG15-OV). Also small quantities of calcium phosphate 

anhydrous (CPA) and polyvinylpyrrolidone (PVP), 7.87 weight % and 0.33 weight % 

respectively, were included in the PaG15 formulation, which were not present in the 

previous formulation investigated in the ovine study. These changes in the PaG15 cement 

formulation were made to improve setting time and mixing properties of the material. In 

the ovine study, the CPCs investigated (included PaG15-OV) showed no signs of 

inflammatory reaction at 6 and 12 weeks. New bone was found in contact with the cement 

and within the cracks and crevices formed in the implanted cement with a bone apposition 

rate of 1.151 µm/day measured in the PaG15-OV group. No histomophometrical analysis 

of new bone formation and graft remaining at different time points was conducted. The 

differences found in the present study compared to the previous ovine study could 

therefore be related to the different animal model and the different surgical site used or 

to small changes in the cement formulation, including the incorporation of PVP.  

In this study histomorphometric analysis showed that at three weeks new bone formation 

was scarce around the PaG15 cement (0.617% on average) and mainly located at the 

lateral walls of the defects. New bone formation progressively increased over time 

reaching similar values to the NC at 12 weeks. However the increase of new bone 
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formation after 6 and 12 weeks (15.427% and 62.282% respectively) in this group needs 

to be carefully interpreted. In the specimens retrieved at 6 weeks in general there was a 

great degree of variability and therefore a straightforward and completely conclusive 

analysis is difficult to conduct. At six weeks not all the sites presented with visible graft 

in the ROI (either in the histological section or in the XMT volume) and indeed cement 

was seen in only 6 out of 12 sites grafted, while in the remaining 6 sites resorption and 

degeneration of host bone was visible with either no sign of cement or only remnants of 

cement present. At 12 weeks only 1 site showed the presence of cement fully filling the 

ROI. In the sites where the cement was not visible (either at 6 and 12 weeks) the initial 

defect borders could no longer be defined. The defect outline was larger and filled with 

new woven bone. The histomorphometric measurements were therefore based upon the 

new defect borders. The increase in % of BA/TA in the defects treated with PaG15 at 6 

and 12 weeks can be explained by the larger ROI area considered and the fact that 62.3% 

of the area was now filled with new woven bone. If we consider the only sample that at 

12 weeks still showed presence of the graft in situ, the BA/TA % was 12.46, increased 

compared to 3 weeks (as new bone was visible in contact with the perimeter of the graft) 

but significantly lower compared to the overall BA/TA % value obtained in the group 

(62.3%). This suggests that when space was available, new bone formed at higher rate 

and that the presence of the cement slowed down the new bone formation rate. However 

the presence of the cement not only slowed down the bone formation, but in some samples 

induced inflammation and host bone degeneration, which enlarged the defect outline.    

This was predominantly seen at 6 weeks. Between 6 and 12 weeks, new bone formed in 

these larger defects, in most of the cases completely filling the area with new woven bone.  

Whether the graft was completely resorbed or was ejected from the site between 3 and 6 

weeks and 6 and 12 weeks is not clear. One hypothesis is that the presence of the cement 
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induced an inflammatory response of the host tissue to the implanted material, which led 

to an initial delay in bone formation and degeneration of bone, which subsequently 

became infected. Bone destruction continued around the graft creating a sequestrated 

block of cement surrounded by necrotic bone. This possibly was discharged from the site 

through a sinus tract. The site (enlarged at this point) healed with new bone formation. 

This is likely to have happened between 3 and 6 weeks with new woven bone filling the 

enlarged defect between 6 and 12 weeks. However this hypothesis does not explain why 

in other specimens the cement appeared to be gradually resorbed and integrated with the 

host bone. Another explanation is that the initial inflammatory response might have 

favoured faster dissolution and resorption of the cement implanted. In some sites this 

might have been more severe than others therefore not showing any trace of cement 

already at 6 weeks. The faster dissolution/resorption of the graft might have been 

favoured by the acidic environment produced as a consequence of the inflammatory 

response (Lanao et al., 2011). The acidic environment can also activate osteoclasts and 

impair osteoblast differentiation and function leading to bone resorption (Lee et al., 

2011). Therefore graft resorption might have been too rapid to be balanced by new bone 

formation.  

The initial inflammatory response might have been the result of a local tissue irritation 

due to exposure of the graft to the oral cavity (though a sinus tract) and possible 

colonization of the graft surface with bacteria. The release of components from the 

cement or a change in pH of the surrounding tissue due to the presence of the cement 

might have also contributed to the initial inflammatory response. The only component 

other than inorganic ions and elements (Ca2+, P, Na+ and Si) released from the cement is 

PVP. This component was not present in the previously performed ovine study and 

therefore it may be plausible to identify it as a potential source of irritation. The amount 
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of PVP used in the cement was low (0.33 % by weight) and cell studies with conditioned 

media did not show signs of cytotoxicity after 7 days in culture, therefore the risk 

associated with the use of the polymer was considered negligible. PVP is also used in the 

Hydroset® formulation, which is a commercially available and clinically used CPC for 

orthopaedic applications. It is also used in NanoBone DBX PuttyÒ (Artoss GmbH, 

Germany), a bone graft substitute for orthopaedic applications formed of nanocrystalline 

hydroxyapatite embedded in porous silica matrix that uses an hydrogel of PVP as a 

carrier. The hydrogel is composed of 6% PVP, 3% silica and 91% water. A recent 

preclinical study carried out with NanoBone PuttyÒ (Dau et al., 2017) did not show any 

signs of local irritation due to presence of PVP (Kollidon 90Ò, Mw: 1000000-1500000, 

BASF, Germany). When NanoBone PuttyÒ was gamma irradiated a delayed bone 

remodelling was observed compared to the non-gamma irradiated control (autoclaved) 

and the authors concluded that the cross linking of the PVP molecules subsequent to 

gamma irradiation was responsible for the delayed resorption of the material and delayed 

bone regeneration at early healing stages. At later stages the amount of newly formed 

bone and remaining material were similar between the test and control material.  No signs 

of local irritation were seen throughout the study. A study by Yu-Bao Wang et al. showed 

that PVP K-30 (Amresco, Solon, OH) was cytotoxic to human cervical carcinoma HeLa 

cells, inducing apoptosis (Wang et al., 2003). However the authors used much higher 

concentrations (from 2.5 to 20%, w/v) than that usually used in animal tests and 

concluded that although in vitro evidence of toxicity exists, animal and in vivo human 

studies showed that PVP is safe because lower concentrations (Ravin et al., 1952) and 

shorter exposure times are used (Schwarz, 1990).  

Although in the present study a possible local irritation due to the release of PVP cannot 

be excluded, based on the analysis of the literature available and minimal doses used it 
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seems very unlikely that the results obtained can only be attributed to an inflammatory 

reaction against the PVP contained or released from the graft. Analysis of PVP release 

was not conducted and efforts should be made in the future to quantify the release in vitro. 

The irritation witnessed in the study is more likely due to a combination of factors, like 

change in pH of the surrounding environment due to the presence of cement, possible 

irritation due to PVP release or contact, communication with the oral cavity by a sinus 

tract that potentially increased the risk of bacteria colonization on the cement and lack of 

porosity within the graft. Lack of porosity was identified as an issue as most of the newly 

formed bone was found at the edge of the cement at all time points. This delayed bone 

formation due to insufficient space for blood vessels to grow within the graft and initiate 

bone healing. Efforts in the future will need to be directed towards increasing the 

macroporosity within the cement scaffold.  

Although the histopathology results showed that the PaG15 was a moderate irritant in 

most of the specimens, nevertheless in some samples at 3 and 6 weeks new bone formed 

in intimate contact with the graft without interposition of soft tissues and presence of 

inflammatory reaction (Figure 5-4 and Figure 5-11). Based on the high variability of the 

results a general conclusion on the performance of the material is difficult to achieve.  

At the moment we are investigating whether a bacterial contamination of the PaG15 

cement could have occurred during processing of the material, which may explain the 

inflammatory and purulent reaction seen. Analysis of sterility of samples from the same 

batch used for the implantation study will be performed together with the 

histopathological analysis of the harvested lymph nodes to detect a possible infection. If 

these were to be negative it would give further indication that the negative reaction and 

negative effects seen in this study are to be related to the performance of the material.  
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Bone CeramicÒ was chosen as the positive control due to its good clinical record of use 

in dental applications (Cordaro et al., 2008) (Mardas et al., 2010) and its synthetic nature. 

There are several differences of this material compared to PaG15:  

• BC is a particulate graft compared to the in situ setting nature of the cement, which 

affects porosity of the graft material (with higher porosity for BC compared to 

PaG15);  

• BC is a sintered calcium phosphate ceramic compared to precipitated calcium 

phosphate for the cement, which affects crystallinity and dissolution of the graft, 

with higher crystallinity and lower dissolution rates for the sintered ceramic. 

Forty percent of β-TCP is included in the BC to facilitate resorption of the graft due to 

higher dissolution of β-TCP compared to HA. The more stable HA acts as a non 

resorbable scaffold facilitating bone formation (Dahlin et al., 2015).    

In this study new bone formation was noted around the BC graft particles at 3 weeks, 

which increased at 6 and 12 weeks. Although osteoclastic resorption of BC particles has 

been shown in previous studies (Jensen et al., 2015) (Dahlin et al., 2015), no evident 

resorption of the graft particles in the BC group could be noticed in this study. However, 

a statistically significant reduction of percentage of graft material in the defect was 

recorded at 12 weeks. No reaction could be noted from the histopathological results at 6 

and 12 weeks, while a slight reaction was recorded at 3 weeks consisting mainly of 

fibrosis located between the graft particles. This is a common finding and clinical trials 

have shown that coronal portions of trephined cores harvested from humans after socket 

preservation procedures with BC are mainly composed of graft particles surrounded by a 

dense connective tissue composed of collagen fibers with no signs of inflammation (De 

Coster et al., 2011) (Mardas et al., 2010).  
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Migration of the graft particles was noted in several samples where the membrane was 

not clearly visible from the histological sections or where disruption of the membrane 

was seen. The migrated graft particles were colonized by epithelial cells and included in 

the connective tissue above the defect (Figure 5-8 and Figure 5-15). Migration of 

particulate material is expected, especially in non-containing defects. This might impair 

the osteoconductive properties of the material, as particles are readily surrounding by soft 

tissue leaving less particles in the defect to support bone formation. The presence of a 

membrane that acts as a barrier to prevent soft tissue penetration and maintain the space 

for appropriate cells to repopulate the area is therefore advocated. The membrane used in 

this study was a resorbable collagen membrane (BioGideÒ, Geistlich, Switzerland) 

produced from porcine dermis. It consists of mainly type I and II collagen and it degrades 

in 24 weeks (Bunyaratavej and Wang, 2001). However variability exists within studies 

investigating resorption rates of collagen membranes in vivo. In a study by Strietzel et al. 

(Strietzel et al., 2006), resorbable collagen based barriers were shown to undergo 

structural changes within 4–8 weeks after implantation in defects created at the inferior 

margin of the mandible in pigs. In the present study in some specimens the membrane 

was not visible already at 3 weeks or at the most only remnants could be identified. This 

might be related to a possible acceleration of the degradation process due to the 

inflammatory reaction.  

Based on the histomorphometric data, BC promoted new bone formation at a lower rate 

compared to the NC and therefore it seems to slow down the bone remodelling process. 

However one of the limitations of the study is that a non critical size defect was used and 

the anatomy of the defect was self-containing and self-healing. This surgical model was 

chosen as an initial step to prove performance of test material (PaG15). However in the 

future efforts should be made to test the new graft material and its performance in a 
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critical size defect model. A critical size defect is a defect too large to spontaneously 

regenerate and for the minipig model different sizes are reported in the literature as critical 

size defects. In a study by Jin-Ling Ma et al. a bicortical defect of 6 cm with preservation 

of periosteum or a 2 cm defect without preservation of periosteum were considered 

critical size defects in the mandible of minipigs (Ma et al., 2009). In a study by Henkel et 

al. a mandibular defect of > 5 cm3 was considered a critical size defect (Henkel et al., 

2006). A monocortical defect of 10 mm x10mm in the foreahead of minipigs was also 

considered a critical size defect by the group of Karl Andreas Schlegel, as after 52 weeks 

of healing complete osseous regeneration was not achieved (Schlegel et al., 2006).  

In conclusion, within the limitations of this study and based on these preliminary results, 

it can be concluded that the PaG15 did not show good performance when implanted in 

standardized defects in the mandible of minipigs and acted as a moderate irritant.  

Inflammation and bone degeneration were the cause of the negative effect. Future 

investigations are aimed at evaluating possible contamination of the material. If the 

material showed to be sterile then investigations needs to be directed at understanding 

causes of these results. Although the performance at 3 and 6 weeks was negative, the 

results showed that in the sites treated with the test material at 12 weeks new bone 

formation comparable to the NC occurred. If the material was favouring a strong degree 

of inflammation and possible infection in the sites grafted at early healing times, then it 

is difficult to explain the great amount of bone formed after 12 weeks with the same test 

material. Further investigations should be aimed at evaluating the effect of the test 

material and dissolution products on different cell lines and animal models.       
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Chapter 6  General summary and concluding remarks  

In this study the development of novel formulations of bioactive glass based CPCs has 

been shown. In this system, the glass acts as a reagent in the setting reaction of the CPC 

by providing Ca2+ and PO43- ions important in the formation of HA and its precursors. 

Having a glass as one of the reagents offers multiple advantages over traditional CPCs. 

By simply modifying the glass composition, the properties of the material can be tuned 

compared with a traditional CPCs in which changes in composition are restricted by the 

stoichiometry of the salts used and therefore properties can only be tailored by adjusting 

particle size of the reagents, liquid-to-powder ration (LPR) and the ratio of the 

components used (within the limitation of the system). The release of ions in solution 

from the BG after implantation, like silicon and calcium, has been shown to have 

beneficial pro-osteogenic effects on bone cells (Bosetti and Cannas, 2005). The versatility 

of BG also allows for different ions to be included in the glass composition and, with 

time, either being incorporated into the phases formed or being released locally where 

they can provide beneficial effects.  

In the first part of this experimental study, the effects of the addition of strontium in a 

series of BGs used to form CPCs have been investigated and discussed. The addition of 

strontium in the glass promoted changes in the setting reaction and properties of the 

cements produced. While the evolution from OCP to HA was seen in all cement 

compositions, the increase in the strontium content in the glass resulted in a delayed 

transformation. The setting time and compressive strength increased proportionally to the 

strontium content in the glass up to 25% strontium substitution for calcium. For higher 

substitutions, a decrease in both setting time and compressive strength was seen, and was 

related to changes in the setting reaction rates and phases formed. As the strontium was 

incorporated into the HA, low levels of strontium were released. The overall ion release 
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from the cement did not cause cytotoxicity. Indeed osteoblasts cultured with cement 

conditioned medium showed a significant increase in cell proliferation after 7 days 

compared with the negative control (non conditioned medium). As the strontium free 

formulation showed similar positive effects compared with the strontium doped 

formulations, the results are likely to be related to the combination of ions released in 

solution, rather to the sole effect of Sr2+ release.  

Being able to easily tailor properties of a bone graft material is important especially if the 

material has the potential to be used in different applications. The development of this 

novel biomaterial comes at an appropriate time. Indeed there is a clear need for innovative 

materials to address the limitations of current bone substitutes available for dental 

applications. These novel bioactive cements offer clear advantages compared to current 

bone graft materials used in dentistry, like the injectability and easy manipulation of the 

graft in the bony defect, the in situ setting properties and the potential for tailoring 

properties according to the clinical need. For example by modifying the glass 

composition, phases with different solubility characteristics can be obtained, therefore 

influencing remodelling of the biomaterial in vivo. The potential commercialisation of 

this product would introduce a new synthetic option for bone grafting in dentistry with 

possible future exploitation in the orthopaedic and maxillofacial markets. 

With this in mind, funding from the Medical Research Council to finalise one cement 

formulation into a product were sought and obtained. The ultimate goal was to collect in 

vitro and in vivo data that would support a future CE mark application. The novel BG 

based CPC is categorized as a medical device and therefore undergoes the Medical 

Device Regulation (EU) 2017/745. The presence of strontium in the cement and its 

upregulation of bone apposition would move the category of the material to a drug, for 

which the processes for approval are longer and more challenging.  It was therefore 
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decided to focus on the strontium free cement formulation. The in vitro cell culture data 

for this formulation (presented in Chapter 3) had shown that the cement was non cytotoxic 

and facilitated the proliferation of cells cultured with conditioned medium at the same 

level as for the strontium containing cements. Furthermore a previous animal study using 

an ovine femoral condyle model, conducted by the same research group of the author, 

showed that the cement promoted bone formation around the material implanted without 

signs of inflammatory reaction. However, the in vivo performance of the cement in an 

animal model and anatomical site representative of dental bone grafting indications was 

not assessed before.  

The second part of the thesis focuses on the optimization of the cement formulation and 

in vitro and in vivo evaluation of this cement. An initial optimization of the formulation 

was necessary for several reasons. Reagents for the cement were outsourced from external 

companies (chosen for their compliance with medical device regulations and expertise in 

the field). Therefore, changes in the cement properties were expected due to differences 

in properties and compositions of the raw materials compared with those previously used. 

In order to have a complete product, a mixing and delivery device was outsourced and 

further adjustments to the composition were done to facilitate mixing of the cement and 

injectability through the device. This included the addition of PVP.  

Characterization and validation of the raw materials was an important milestone for the 

project to ensure conformity with specific standards and to initially assess the safety of 

the materials. The major risk associated with properties and composition of the raw 

materials was related to the customized glass, as it is not commercially available. The 

initial detailed glass characterization allowed for a validation of the glass manufacture 

and will provide reference for future benchmarking.  
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Validation of processing of the cement components (powder and liquid) and 

reproducibility was the next step undertaken. To this end the challenges faced were 

mainly related to the evaluation of the exact content of each component in the powder 

mixture. After powder blending, XRD revealed presence of brushite and monetite, 

possibly a result of reaction between the glass and the CaP salts. Therefore it was difficult 

to validate the correct amount of each component in the powder mixture via XRD. 

Particle size analysis of the blended powders confirmed that a reproducible distribution 

was achieved in different batches produced. DSC validated the amount of polymer added 

to the powder and, although a good calibration curve was obtained, the calculated 

polymer content in the powder batches produced varied. This probably reflected errors 

during the weighing process, seen the very small amount of polymer added to the cement 

powder.  

The presence of additional CaP phases in the cement powder as revealed by XRD and 

variations in the amount of polymer might affect properties of the final cement, like 

setting reaction, strength and injectability. Mixing and storage of the cement powders in 

a controlled environment might favour stability of the cement powders and prevent these 

phases to form. Also by scaling up the batches, errors related to the weighing process of 

the powder components, especially the polymer, might reduce.  

After cement packaging and gamma irradiation, in vitro testing was conducted to assess 

conformity with specification created and to evaluate in vitro safety of the material before 

moving onto test the material in vivo. The cements tested showed properties consistent 

with the requirements set in the specification and therefore it was considered safe to 

initiate an implantation study on minipigs to evaluate local effects of the cement in vivo.   

The preliminary results from the implantation study showed that the cement acted as a 

moderate irritant to the surrounding tissues at 3 and 6 weeks after healing and low levels 
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of new bone formation were achieved. This moderate irritation was the result of 

inflammation and bone degeneration in some of the sites treated with the cement. In 

contrast, after 12 weeks of healing, only a slight irritation was present and new bone 

formation reached levels similar to the negative control. At this time point, the cement 

was either no longer present in the grafted site or only small remnants were still 

detectable.  

Based on the variability of the in vivo results obtained, a definitive conclusion on the 

local effects of the new cement in vivo was difficult to achieve. Whether the graft was 

completely resorbed throughout time, allowing for the bone formation seen at 12 weeks, 

or was ejected from the site between at earlier time points was not clear. Different 

hypothesis to this end have been discussed in Chapter 5. At the moment investigations 

are directed to establish whether a contamination of the cement occurred during 

processing of the material (which might explain the inflammatory and purulent reaction 

seen at early time points). Analysis of sterility of samples from the same batch used in 

vivo are being performed together with the histopathological analysis of the harvested 

mandibular lymph nodes to detect a possible infection. If these results were to be negative, 

it would give indication that the inflammatory reaction and local effects seen in this study 

are related to the performance of the implanted material, and therefore further 

investigations will be needed to understand the cause of these results.  

In conclusion:  

• In a system in which a BG is used to form a CPC, it was shown that the presence 

of strontium in the glass has an effect upon cement properties, setting time and 

reaction rate, strength, phases formed and radiopacity. The cement produced was 

non cytotoxic and promoted cell proliferation in vitro. 
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• A new optimized cement formulation in a mixing and delivery device was 

developed. Bioactivity, injectability and self-setting ability are the properties that 

differentiate this product from what is currently available in the dental market.  

• After manufacture, the packaged and sterilised cement showed properties 

conforming to the requirements set in the specification and showed to be non 

cytotoxic.  

• Results in vivo showed a great variability in terms of new bone formation and 

local irritation caused by the material implanted, with the cement acting as a 

moderate irritant at 3 and 6 weeks of healing. Further studies are needed to 

evaluate local effects in vivo.  
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Chapter 7 Future work  

Following completion of this project, future work should be directed towards 1) further 

in vitro characterization of the PaG15 cement produced and modifications to improve 

properties, 2) evaluation of the effect of strontium addition in the cement in vivo 3) 

investigation of the negative performance seen after implantation at earlier time points 

and further understanding of the mechanism by which these cements induced bone 

formation at later stages.   Once the results from sterility and histopathology will be 

obtained, the way to move forward on this aspect will be clarified. However further cell 

studies should be conducted to evaluate responses of different cell lines exposed to the 

material and signalling pathways activated.  

As one of the main advantages over current bone substitutes is the manipulation of the 

material, the cement should be tested for injectability and injection force through the 

delivery device and phase separation.  

Porosity is also an important characteristic for bone substitutes. These cements possess 

intrinsic micro/nanoporosity left by either extra aqueous solution after hardening of the 

cement and space formed between network of precipitated crystals.  Porosity of one 

composition of CPC produced (PaG15Sr0) has been evaluated and results can be found 

in Appendix B.  The cement is mainly characterized by nano and micropores with only a 

small percentage being in the range of macroporosity. However, it is desirable to create 

macropores in the range of 100-300 µm in CPCs to favour blood vessel ingrowth for bone 

formation and accelerate the remodelling of the cement. The addition of highly soluble 

additives (polysaccharides, soluble BGs or biodegradable polymers) of specific size to 

the cement will be investigated to evaluate formation of macropores through x-ray 

microtomography and mercury intrusion porosimetry to measure also pore 

interconnection size.  
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These cements might produce an initial acidification of the environment during the initial 

stages of the setting reaction. pH variations during setting reaction were not measured in 

this study and in future this should be addressed. pH measurements should be carried out 

after injection of the cement paste in distilled water at different time intervals.  

Furthermore the effect of strontium addition in the cement should be investigated in vivo. 

The in vivo ability of strontium to induce differentiation and proliferation of bone cells 

has been shown in vitro and might have a positive effect on the healing and regeneration 

capabilities of the defect model studied in vivo. Amongst the compositions investigated 

in Chapter 3, the best in term of mechanical properties and strontium release was 

PaG15Sr25. Future work should be directed in the future to evaluate further this 

composition in vivo.    
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APPENDIX A  
Fourier transformed infrared spectroscopy of PaG15Sr cements immersed in SBF 

 

Figure A-1: Fourier transform infrared spectra of all PaG15Sr cement compositions after immersion in SBF 
for 1 hour, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 wavenumber cm-1 (right). 
Y axis shows relative absorbance (arbitrary units). 

 

 

Figure A-2: Fourier transform infrared spectra of all PaG15Sr cement compositions after immersion in SBF 
for 1 day, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 wavenumber cm-1 (right). 
Y axis shows relative absorbance (arbitrary units). 
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Figure A-3: Fourier transform infrared spectra of all PaG15Sr cement compositions after immersion in SBF 
for 7 days, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 wavenumber cm-1 (right). 
Y axis shows relative absorbance (arbitrary units). 

 

Figure A-4: Fourier transform infrared spectra of all PaG15Sr cement compositions after immersion in SBF 
for 28 days, plotted between 500 to 4000 wavenumber cm-1 (left) and 525 to 1150 wavenumber cm-1 (right). 
Y axis shows relative absorbance (arbitrary units). 
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APPENDIX B  
Porosity characterization of PaG15Sr0 
Cement porosity of PaG15Sr0 composition was analysed using X-ray microtomography 

(XMT) and nitrogen adsorption/desorption.  

For the XMT 1 cement sample (6 mm height and 4 mm diameter) was scanned using an 

in-house-built XMT system (MuCAT 2) at a voltage of 90kV and 180 mA to obtain three 

dimensional images of 15 µm voxel size. The dataset acquired from MuCat2 was 

reconstructed through a series of programmes written in-house by Dr Graham R. Davis. 

The .pvl file obtained was then uploaded in Drishti Paint, a free rendering software that 

allows for manual segmentation and measurements  of volumes of interest. The volume 

occupied by pores was expressed as a percentage of the total volume of the cement.   

 

Figure B-1: 3D Reconstruction of PaG15Sr0 cement with Drishti Paint. On the left segmented cement 
matrix, on the right segmented pores within the cement. 

 

Porosity obtained through 3D rendering and segmentation of XMT images was 2.45%.  
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Nitrogen adsorption/desorption measurements were carried out at 77K using a gas 

sorption analyser Autosorb-iQ-MP-XR (Quantachrome, Hartley Wintney Hook, UK) at 

UCL by Dr Silo Meoto. Three cement cylinders (6 mm height and 4 mm diameter) were 

loaded into a measuring tube and degassed at 250° C for 8 hours with pre-treatment at 

100°  C for 2 hours. The tube was then mounted into the analysis chamber, where the 

adsorption and desorption isotherms were measured using nitrogen at 77 K. The specific 

surface area was calculated according to the Brunauer-Emmett-Teller (BET) model in the 

range of relative pressure 0.05 – 0.3. The pore size distribution was calculated according 

to the Non-Local Density Functional Theory (NLDFT), using the adsorption branch of 

the isotherm assuming a cylindrical pore shape. The total pore volume was estimated 

from the amounts adsorbed at a relative pressure P/P0 of 0.99.  

 

Figure B-2: Left: N2 adsorption/desorption isotherms for PaG15Sr0 cement. Right: Pore size distribution 
of PaG15Sr0 calculated from the adsorption isotherm according to the Non-Local Density Functional 
Theory (NLDFT) and assuming a cylindrical pore shape. 

Figure B-2 illustrates the N2 adsorption/desorption isotherm for the PaG15Sr0 cement 

composition. The curve can be identified as a type III isotherm corresponding to a nearly 

continuous distribution of pores, with low adsorption at low gas pressure, indicating low 

gas-solid affinity.  As the desorption branch followed a path closer to the adsorption 

branch it suggests that no narrow constrictions were present at the nanometric scale.  
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The specific surface area was calculated according to the Brunauer-Emmett-Teller (BET) 

model in the range of relative pressure 0.05 – 0.3 and resulted 8.6 m2/g. The total pore 

volume was estimated from the amounts adsorbed at a relative pressure P/P0 of 0.99 and 

resulted 0.29 cm3/g with a pore diameter (mode) at 13.5 nm.  

Porosity was calculated by the formula pore volume/cement volume *100. As the bulk 

density of one cement cylinder was 1.5 g/cm3 and volume of one cylinder was 0.075 cm3, 

the calculated porosity was 44%.  

 

CPCs possess intrinsic micro/nanoporosity left by either extra aqueous solution after 

hardening of the cement and space formed between network of precipitated crystals 

(Zhang et al., 2014). Porosity of produced CPCs has been evaluated through N2 

adsorption and X-ray Microtomography (XMT).  The two techniques are not directly 

comparable since XMT is limited by the resolution of the machine (in this case 15 µm), 

while N2 adsorption usually gives a pore size distribution between 0.5 to 200 nm. 

Therefore a porosity of only 2.45% was calculated through analysis of XMT images 

(which was related to macropores) while a porosity of 44% was calculated for N2 

adsorption (with a pore diameter mode at 13.5 nm).  From the SEM images of immersed 

cements pores (from 5 to 40 µm) were visible on their fractured surfaces and were covered 

with elongated plate crystals. Pores in the range of meso/micro size are useful for the 

impregnation of biological fluids into CPCs, and might contribute to dissolution of 

cements. However, it is desirable to create macropores in the range of 100-300 µm in 

CPCs to favour blood vessel ingrowth for bone formation and accelerate the remodelling 

of the cement.  
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APPENDIX C  
Process of glass manufacture at Noraker (as provided by company) 
The glass is prepared via melt-quench route according to the procedures described below. 

344 g of glass are placed in a platinum-rhodium crucible  in an electric furnace. The 

mixture is maintained at 950°C for 5h for decarbonation and then melted at 1480° for 4h. 

Then the glass is quenched in water and dried at 105°C for 1 h.  

For grinding  a ball milling procedure is used: 242 g of glass is ground using a Planetary 

Ball Mill PM 400 (Retsch, France) with an agate bowl of 500ml for 1 hour at 300 rpm 

with 150 balls (agate) of 10 mm and 16 balls of 20 mm. 220ml of ethanol is placed in the 

bowl to help reaching low particles sizes during the grinding.  

At the end of the grinding the glass is dried at 105°C overnight and then sieved at 200µm 

to break the agglomerates. 

 

Figure C-1: Graph showing temperature as function of time for the manufacture of one batch of glass with 
decarbonation and melting stages. Graph provided by Noraker (melting temperature 1480°C instead of 
1400°C ).  

 

Process of glass manufacture at MoSci Corporation (as provided by company) 
 

The glass is prepared via melt-quench route according to the procedures described below:  



 

317 

 

• The platinum crucible is cleaned by fluxing with alkali metal carbonate following 

by soaking in an acid bath. 

• Batch calculation is performed to calculate the amounts of precursors to obtain 

the desired glass composition and weight  

• Precursors are weighed out into a plastic container and thoroughly mixed 

• Batch is transferred into the platinum crucible  

• Platinum crucible is placed in the furnace at the melting temperature (this varies 

based on glass composition)  

• Glass is melted for 90 min  

• Glass is poured into distilled water to quench into frit 

• Frit is dried in drying oven 

• Powder is sieved < 38 µm 

• Granules are packed and shipped  

Characterization of PaG15 glass manufactured at Mo-SCI  
 

Glass characterization was conducted at QMUL.  

Table C-1: Particle size distribution reported as d10, d50 and d90 percentiles of the three batches of PaG15 
glass produced at Mo-SCI. Mean and standard deviation of 5 measurements. Laser diffraction analysis using 
dry dispersion.   

  Mean (µm) Standard Deviation (µm) 
Glass D10 D50 D90 D10 D50 D90 
PaG15 Mo-SCI B1 3.89 18.90 58.70 0.05 0.13 1.07 
PaG15 Mo-SCI B2 2.98 12.80 37.80 0.09 0.34 1.11 
PaG15 Mo- SCI B3 2.71 11.40 34.20 0.02 0.21 0.29 



 

318 

 

 

Figure C-2 :Particle size distribution diagram of the PaG15 glass produced at Mo-SCI using laser diffraction 
analysis in dry mode. 

 

Figure C-3: Left: XRD patterns of the three batches of PaG15 glass produced at Mo-SCI. Right: FTIR 
spectra of the three batches of PaG15 glass produced at Mo-SCI.   

 

Figure C-4: DSC plot of the three batches of PaG15 glass produced at Mo-SCI and glass transition 
temperature extrapolated.   
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Table C-2: Determination of trace elements for the 3 glass batches produced at Mo-SCI. Analysis conducted 
by Lucideon. 

 Units (ppm) 

 Mo-Sci B1 Mo-Sci B2 Mo-Sci B3 
Antimony  <5 <5 <5 
Arsenic <2 <2 <2 
Cadmium  <5 <5 <5 
Lead <10 <10 <10 
Mercury  <5 <5 <5 
Molybdenum <10 <10 <10 

 

Table C-3: Elemental composition of the 3 glass batches manufactured at Mo-SCI obtained by XRF analysis 
conducted at Lucideon. 

 Units Mo-Sci B1 Mo-Sci B2 Mo-Sci B3 
SiO2 % 40.48 40.52 40.61 
Na2O % 14.93 14.87 14.93 
P2O5 % 8.68 8.72 8.72 
CaO % 35.36 35.44 35.53 
TiO2 % 0.01 <0.01 <0.01 
Al2O3 % 0.02 0.07 0.04 
Fe2O3  % <0.01 <0.01 <0.01 
MgO % <0.02 <0.02 <0.02 
K2O % <0.01 <0.01 <0.01 
Cr2O3 % <0.01 <0.01 <0.01 
Mn3O4 % <0.01 <0.01 <0.01 
ZrO2 % 0.03 0.03 0.04 
HfO2 % <0.01 <0.01 <0.01 
PbO % <0.02 <0.02 <0.02 
ZnO % <0.01 <0.01 <0.01 
BaO % <0.01 <0.01 <0.01 
SrO % 0.01 0.01 0.01 
SnO2 % <0.01 <0.01 <0.01 
CuO % <0.01 <0.01 <0.01 
F % <0.05 <0.05 <0.05 
Oxygen 
Equivalent 
Fluorine  

% 0.00 0.00 0.00 

Loss on Ignition  % 0.2 0.21 0.17 
Loss on Ignition 
Temperature  

°C 500 500 500 

Total  % 99.72 99.87 100.05 
SO3 % <0.05 <0.05 <0.05 
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APPENDIX D  
PVP specifications provided by Ashland 
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APPENDIX E  
SOPs for production of PaG15 powder and liquid batches 
PaG15 powder  

Raw materials:  

1. PaG15 glass, manufactured at Noraker, France;  

2. Calcium phosphate monohydrate (CPM), manufactured at Innophos, Nashville;  

3. Monocalcium phosphate anhydrous (CPA), manufactured  at Innophos, 

Nashville; 

4. Plasdone C-30, manufactured at Ashland, Wilmington) 

 

Equipment:  

1. Balance (3 decimal places) 

2. Metal Spatula 

3. Glass weighing boat  

4. Ethanol 

5. Wipes  

Clean equipment before use using ethanol and wipes. Store equipment to be used in 

incubator at 40 °C.  
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 Procedure  Steps  Equipment 

a) Weigh raw materials (from 1 to 4 list) to 

make 50.165 g batch mixture:   

PaG15 Glass:    32.100 g 

CPM:                   13.950 g  

CPA:                    3.950 g  

Plasdone C-30: 0.165 g 

Record batch number of each raw 

material in the record form.  

Use a weighing boat for each 

component  

Record amount weighed of each 

component on the record form.  

Balance 

 

Record form  

b) Transfer the PaG15 Glass powder in a 

0.5 L glass jar and mix for 10 seconds in 

the Turbula Mixer.   

Turbula Mixer set on the medium 

speed.  

Label 0.5L glass jar with batch 

number :  

PaG15 powder Batch: 

PAG15P_001_YYMMDD 

Record batch number on the record 

form  

Stopwatch  

 

Turbula 

Mixer  

 

Record 

Form  

c)  Remove the glass jar from the mixer and 

add other components previously 

weighed following this order:  

CPM  

CPA 

Plasdone C-30 

 Spatula  

d) Mix for 20 min  Turbula Mixer set on the medium 

speed.  

Stopwatch  

Turbula 

Mixer  

 

PaG15 solution 

Volume: 300 ml  

Raw Materials:  

1. Deionised water  

2. Disodium phosphate anhydrous, Na2HPO4 , manufactured at Innophos, Nashville;  

Equipment:  

1. Stirrer 

2. Magnetic stirrer 
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3. 500 ml glass beaker  

4. Graduated measuring cylinder, 500ml 

5. Glass weighing boat  

 Procedure  Steps  Equipment 

a) Take 300 ml of deionized water  Use a graduated measuring 

cylinder  

Millipore deionized 

water dispenser 

b) Pour the water in the beaker and 

place on a stirrer  

Insert a magnetic stirrer inside the 

beaker  

 

 

c) Weigh 7.5g of salt  Use a weighing boat  Balance: 3 decimal 

places  

d) Add slowly the salt to water    

e) Let it stir until the solution is clear Until solution is clear  

Record time elapsed on the record 

form 

Record form  

f) Transfer solution into a 0.5L glass jar  Label glass jar with batch number:  

PaG15 liquid Batch: 

PAG15L_001_YYMMDD 

Record the batch number onto the 

record form  

Record form  

 

Packaging and Shipment to Blispac  

To send to Blispac:  

1. N 5 0.5L PaG15 powder glass jar 

2. N 1 0.5L PaG15 liquid glass jar  

3. 100 Medmix syringes 

4. 100 Medmix caps 

5. 50 Glass vials 

6. 50 Caps  

7. 150 1ml syringes  

8. 150 caps for 1 ml syringes  

Package everything in a cardboard box (included purchase order)  and send to: BLISPAC 
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Packaging SOPs (as provided by Blispac)  

 

Date: 29/05/2017
Version : 01
Page : 1/1

Standard Operating Procedures
Queen Mary University of London

Filling and packaging powder/liquid PaG15

Device "A"

Powder PaG15 INOX Funnel

Component (a) - syringe
Component (b) - syringe tip

Component (d) - mixer
Component (e) - piston

Component (c) 

1,3gr +/- 10%

SAS material

"QMUL" packaging carton Appro. Blispac component

Removal of primary packaging 

Separation of secondary packaging components.

Filling powder.

Weighing 10 empty syringes (a, b, 

Record of values

Filling syringes

Placing the syringe cap (c)

Weighing filled syringes

INOX measuring 

Packing bag 100 x 270 PGL 70 + sealing

Storage

Syringe holder
(to tare)

NOK

OK
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by weighing and visual check

Process fabrication
Queen Mary University of London
PaG15 liquid filling and packaging

Date: 29/05/2017
Révision : 01

Page : 1/1

Device B

PaG15 LiquidComponent (a) - syringe Component (c) 

0,71ml +/- 10%

SAS material

"QMUL" packaging carton
Appro. component in SB

Séparation des emballages primaires des composants et des outillages.Removal of primary packaging 

Separation of secondary packaging components.

Liquid filling

Weighing 10 empty syringes (a, b)

Record of values

Filling syringes

Placing the syringe stopper (b)

Weighing filled syringes

Storage

Appro. component Blispac

Inox needle

NOK

OK

Packing bag 100 x 270 PGL 70 + sealing
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Validation of packaging  (as provided by Blispac) 
 

 

Figure E-1:Graph shows weight of powder introduced in the syringes (device A) during packaging. A 
tolerance of 10 weight %  was given (represented by minimum and maximum in the graph). 

 

 

Figure E-2: Graph shows weight of liquid introduced in the syringes (device B) during packaging. A 
tolerance of 10 weight %  was given (represented by minimum and maximum in the graph). 
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APPENDIX F  
Hystopathology  
 

The histopathology was carried out by Anapath.  

Three weeks  

Table F-1:NC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993 6:2016). 
Right Side 

Parameter 325269 A 325335 M 325218 P 325224 A 325326 M 325071 P 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 4 1 0 4 1 1 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 8 2 0 8 2 2 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 2 2 2 2 2 2 
Fibrosis 4 3 4 4 4 4 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 6 5 6 6 6 6 
Total 14 7 6 14 8 8 

 

Table F-2: NC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993 6:2016).  
Left Side 

Parameter 325269 M 325335 A 325218 M 325224 M 325326 P 325071 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 4 0 3 0 0 2 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 8 0 6 0 0 4 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 2 1 2 1 1 2 
Fibrosis 4 4 4 4 4 4 
Fatty replacement 0 0 0 0 0 0 
Subtotal 0 0 0 0 0 0 
Inflammation chr. 0 0 2 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 6 5 8 5 5 6 
Total 14 5 14 5 5 10 
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Table F-3: BC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 325269 M 325335 A 325218 A 325224 P 325326 A 325071 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 1 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 2 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 2 0 0 0 0 0 
Fibrosis 3 3 3 3 3 3 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 5 3 3 3 3 3 
Total 7 3 3 3 3 3 

 

Table F-4: BC.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 325269 A 325335 P 325218 M 325224 A 325326 A 325071 A 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 1 0 0 0 0 0 
Fibrosis 3 4 4 2 3 3 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 1 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 4 4 5 2 3 3 
Total 4 4 5 4 6 6 
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Table F-5: PaG15.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 325269 P 325335 P 325218 M 325224 M 325326 P 325071 A 
Polymorphonuclear 1 0 2 0 0 0 
Lymphocytes 3 0 3 0 0 1 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 2 0 0 0 0 0 
Degeneration 0 0 2 0 3 0 
Subtotal (x2) 12 0 14 0 6 2 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 2 0 0 0 0 0 
Fibrosis 2 0 2 0 4 1 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 2 0 0 0 0 1 
Inflammation pur. 0 0 2 0 0 0 
Subtotal 6 0 4 0 4 2 
Total 18 0 18 0 10 4 

  

Table F-6: PaG15.  3-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 325269 P 325335 M 325218 M 325224 P 325326 M 325071 P 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 1 3 0 2 1 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 2 2 3 0 
Subtotal (x2) 0 2 10 4 10 2 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 1 0 2 2 1 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 1 3 0 2 1 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 2 3 2 4 2 
Total 0 4 13 6 14 4 
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Six weeks  

Table F-7: NC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 324927 P 225263 P 324369 M 325307 A 325218 A 324284 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 2 2 1 1 1 1 
Hemosiderin 1 1 2 1 2 1 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 3 3 3 2 3 2 
Total 3 3 3 2 3 2 

 

Table F-8: NC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 324927 P 225263 A 324369 A 325307 A 325218 M 324284 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 1 0 0 0 
Subtotal (x2) 0 0 2 0 0 0 
Neovascularisation 1 1 1 1 0 1 
Hemosiderin 0 0 0 1 2 1 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 1 1 1 2 2 2 
Total 1 1 3 2 2 2 

 

 

 

 

 

 



 

331 

 

 

 

Table F-9: BC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 324927 M 225263 A 324369 P 325307 M 325218 P 324284 P 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 0 0 0 0 
Total 0 0 0 0 0 0 

 

Table F-10: BC.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 324927 P 225263 M 324369 M 325307 M 325218 P 324284 P 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Subtotal 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Total 0 0 0 0 0 0 
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Table F-11: PaG15.  6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 324927 A 225263 M 324369 A 325307 P 325218 M 324284 A 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 1 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 3 4 2 2 
Subtotal (x2) 0 0 8 8 4 4 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 1 5 3 1 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 1 0 2 0 
Inflammation pur. 2 0 0 0 0 0 
Subtotal 2 0 2 5 5 1 
Total 2 0 10 13 9 5 

 

Table F-12: PaG15. 6-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 324927 P 225263 P 324369 P 325307 A 325218 A 324284 A 
Polymorphonuclear 0 4 0 3 0 0 
Lymphocytes 1 2 0 2 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 1 0 
Degeneration 2 4 0 3 0 4 
Subtotal (x2) 6 20 0 16 2 8 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 2 4 0 4 4 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 1 0 0 0 3 4 
Inflammation pur. 0 0 0 3 0 0 
Subtotal 3 4 0 7 7 4 
Total 9 24 0 23 9 12 
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Twelve weeks  

Table F-13: NC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 225244 M 225247 P 225249 A 225259  P 225271 M 225286 A 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 2 0 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 0 0 2 0 
Total 0 0 0 0 2 0 

 

Table F-14: NC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 225244 M 225247 P 225249 A 225259  P 225271 M 225286 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 1 0 0 0 0 1 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 1 0 0 0 0 1 
Total 1 0 0 0 0 1 
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Table F-15: BC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 225244 P 225247 A 225249 M 225259  P 225271 P 225286 M 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 0 0 0 0 
Total 0 0 0 0 0 0 

 

Table F-16: BC. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 225244 A 225247 M 225249 M 225259  M 225271 A 225286 A 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 0 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 0 0 0 0 
Subtotal (x2) 0 0 0 0 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 0 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 0 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 0 0 0 0 
Total 0 0 0 0 0 0 
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Table F-17: PaG15. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Right Side 

Parameter 225244 A 225247 M 225249 P 225259  P 225271 A 225286 P 
Polymorphonuclear 0 0 1 0 0 0 
Lymphocytes 0 0 3 0 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
0Giant cells 0 0 0 0 0 0 
Necrosis 0 0 0 0 0 0 
Degeneration 0 0 2 2 0 1 
Subtotal (x2) 0 0 12 4 0 2 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 3 0 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 3 0 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 6 0 0 0 
Total 0 0 18 0 0 0 

 

Table F-18: PaG15. 12-Week Results. Findings, Single Sample Data.  Scores according to by ISO 10993-
6:2016). Left Side 

Parameter 225244 P 225247 A 225249 P 225259  P 225271 P 225286 P 
Polymorphonuclear 0 0 0 0 0 0 
Lymphocytes 0 0 3 3 0 0 
Plasma cells 0 0 0 0 0 0 
Macrophages 0 0 0 0 0 0 
Giant cells 0 0 0 0 0 0 
0Necrosis 0 0 0 0 0 0 
Degeneration 0 0 2 3 0 0 
Subtotal (x2) 0 0 10 12 0 0 
Neovascularisation 0 0 0 0 0 0 
Hemosiderin 0 0 0 0 0 0 
Fibrosis 0 0 3 3 0 0 
Fatty replacement 0 0 0 0 0 0 
Inflammation chr. 0 0 2 3 0 0 
Inflammation pur. 0 0 0 0 0 0 
Subtotal 0 0 5 6 0 0 
Total 0 0 15 18 0 0 
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a  b  s  t  r  a  c  t

Objective. The aim of this study was to investigate the effect on properties of increasing
strontium substitution for calcium in bioactive glasses used as precursors for novel calcium
phosphate cements.
Methods. Glasses were produced by progressively substituting strontium for calcium.
Cements were prepared by mixing the glass powder with Ca(H2PO4)2 powder with a 2.5%
solution of Na2HPO4. Setting times and compressive strength were measured after 1 h, 1
day,  7 days and 28 days immersion in Tris buffer solution. X-ray diffraction (XRD), Fourier
transform infrared spectroscopy and radiopacity were measured and crystal morphology
was  assessed using scanning electron microscopy.
Results. A correlation between the phases formed, morphology of the crystallites, setting
time  and compressive strength were analyzed. Setting time increased proportionally with
strontium substitution in the glass up to 25%, whereas for higher substitutions it decreased.
Compressive strength showed a maximum value of 12.5 MPa and was strongly influenced
by  the interlocking of the crystals and their morphology. XRD showed that the presence of
strontium influenced the crystal phases formed. Octacalcium phosphate (Ca8H2(PO4)6·5H2O,
OCP)  was the main phase present after 1 h and 1 day whereas after 28 days OCP was com-
pletely transformed to strontium-containing hydroxyapatite (SrxCa(10−x)(PO4)6(OH)2, SrHA).
Radiopacity increased proportionally to strontium substitution in the glass.
Significance. A novel method to develop a bone substitute forming in vitro SrHA as a final
product by using a bioactive glass as a precursor was shown. These novel injectable bioac-
tive glass cements are promising materials for dental and orthopedic applications. Further
in vivo characterizations are being conducted.
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1.  Introduction

1.1.  Calcium  phosphate  cements

Calcium phosphate cements (CPCs) are bone grafting mate-
rials obtained by mixing one or several reactive calcium
phosphate salts with an aqueous solution to form a self
hardening paste. These cements are osteoconductive, possess
molding capabilities and easy handling properties. They can
be injected into bone defects where they set intimately adapt-
ing to the bone cavity. They possess sufficient compressive
strength when compared to trabecular bone [1], are non-
cytotoxic and have both the chemical composition and an
X-ray diffraction pattern similar to those of bone [2]. Poor
mechanical properties are the main disadvantages, as the
resulting cement is weak under tensile forces [3] and as such
they can only be used in combination with metal implants
or in non-load bearing applications. They lack macroporos-
ity and as degradation takes place from the external surface,
rapid bone ingrowth into the material is impeded. The calcium
phosphate salts used as reactive precursors are restricted by
their stoichiometry, and therefore alterations of CPCs compo-
sitions are limited by the salts used.

1.2.  Novel  bioactive  glass  based  calcium  phosphate
cement

Recently a novel injectable bone substitute material has been
developed [4]. A bioactive glass (BG) is used as one of the reac-
tive precursor to develop a novel CPC. BGs are amorphous
solids produced from a SiO2–P2O5–CaO–Na2O system that in
contact with physiological fluids form an apatite like layer on
their surface allowing bone bonding through interaction with
collagen fibrils [5]. BGs are commercially available as bone sub-
stitute materials and remineralizing agents in toothpastes [6].
As bone substitutes these materials lack of desirable mechani-
cal properties. They are non-injectable and like other granular
bone substitutes they are susceptible to deformation forces
until a bond with surrounding tissues is formed. The use of
BG as a precursor in CPCs has been shown to improve its
properties and overcome the drawbacks of the current CPCs.
The BG is a source of Ca2+ and PO4

3− ions that react with the
Ca(H2PO4)2 salt to form hydroxyapatite (Ca10(PO4)6(OH)2, HA).
Using BG introduces the silicate phase which is a potential
site for crystal nucleation [7], leading to a more  rapid nuclea-
tion than conventional CPCs. Their dissolution in body fluids
is correlated to cell mediated and pH dependent mechanisms,
thereby undergoing faster resorption rates compared to CPCs.
Their dissolution products like soluble silica and calcium ions
stimulate osteogenic cells to produce bone matrix [8]. The set-
ting time, strength and resorption rate can be improved by
altering the glass composition, with no stoichiometric restric-
tion unlike conventional CPCs. A recent animal study using
an ovine model demonstrated that this novel CPC is osteocon-
ductive and successfully osseointegrates with the host bone.
It shows a higher degree of osseointegration and new bone
formation when compared with a commercial CPC [9].

1.3.  Strontium  and  its  previous  uses  in  CPCs  and
bioactive  glasses

In certain applications, it is desirable to deliver a supply of
therapeutic ions in the defect site or to produce substituted
apatite phases. Among the bivalent cations that can replace
Ca2+ in the structure of HA, Sr2+ has attracted a remarkable
interest for its biological role. Sr2+ is present in the mineral
phase of the bone, especially at the regions of high metabolic
turn-over [10]. Addition of Sr2+ in biomaterials is beneficial
because it has been shown to stimulate cell replication of
pre-osteoblasts causing an increase in the rate of new bone
formation. Sr2+ has also been shown to inhibit osteoclast dif-
ferentiation and activity [11]. Thus, it is reasonable to expect
that its presence in bone substitute materials may  give bet-
ter results in terms of biocompatibility and osseointegration.
Sr2+ also adds a degree of radiopacity to the material due to
its high atomic number, allowing the implanted material to
be observed radiographically [12]. To date, the use of stron-
tium carbonate appears the most suitable choice to obtain a
sufficient degree of radiopacity in conventional CPC [13]. In
previous works, addition of Sr2+ in CPCs has been achieved
via different methods: (1) producing Sr-substituted salts as
the powder starting material [14,15]; (2) by adding a separate
Sr-containing powder as SrHPO4 [16] or SrCO3 [12,17]; (3) syn-
thesizing Sr-substituted HA (Ca(10−x)Srx(PO4)6(OH)2) by a wet
chemical route [18]; (4) adding soluble Sr2+ salts to the liquid
phase used to start the cement reaction [19]. However, this has
been shown to have deleterious effect on the setting reactions
of CPC [16]. Therefore, a more  efficient way  is to introduce the
Sr2+ ion in the glass structure enabling the beneficial effect
of the ion without adversely affecting the cement properties.
Because of their chemical similarity in terms of charge and
ionic radius, Sr2+ for Ca2+ substitution in BG can be utilized
to develop a new glass composition with improved regenera-
tion capability and bioactivity. In vivo bioactive response of a
strontium-containing BG is greater due to the biological effect
of Sr2+ on cells and its slightly larger radius than Ca2+, which
expands the glass network and increases ion dissolution rates
[20]. Therefore supersaturation of body fluids with Sr2+, Ca2+

and PO4
3− will occur faster forming the mixed Ca-Sr HA more

quickly. Full substitution of Sr2+ for Ca2+ does not result in any
decrease in cell proliferation or increased toxicity [21].

1.4.  Aim

In this study a series of Sr2+ containing BGs were designed
and synthesized to produce a range of CPCs by a novel route.
The aim of this study was to develop, as the end product of
the cement, a nSr-HA and investigate the effect of Sr2+ on the
physical and chemical properties of the cement.

2.  Materials  and  methods

A previously studied glass with the composition
42.00SiO2–4.00P2O5–39.00CaO–15.00Na2O (mol.%) was
selected [4]. In all the compositions the network connec-
tivity was kept at 2.00 in order to maintain the same silicate
Q structure in the glass network [22]. Sr2+ was substituted for
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Table 1 – Glass composition in mol.%. NC: network connectivity. Calculated Sr substitution for Ca in the final cements.

Glass % Sr for Ca in the glass SiO2 P2O5 CaO SrO Na2O NC % Sr for Ca in the cement

Sr0 0 42.00 4.00 39.00 0.00 15.00 2.00 0.00
Sr5 5 42.00 4.00 37.05 1.95 15.00 2.00 2.93
Sr10 10 42.00 4.00 35.10 3.90 15.00 2.00 5.87
Sr25 25 42.00 4.00 29.25 9.75 15.00 2.00 14.70
Sr50 50 42.00 4.00 19.50 19.5 15.00 2.00 29.41
Sr75 75 42.00 4.00 9.75 29.25 15.00 2.00 44.07
Sr100 100 42.00 4.00 0.00 39.00 15.00 2.00 58.81

Ca2+ with a ratio of 0.05, 0.10, 0.25, 0.50, 0.75 and 1. The glass
compositions used are listed in Table 1.

2.1.  Glass  production  and  characterization

The glasses were prepared via melt-quench route, by placing
a 150 g batch size of mixtures of analytical grade SiO2 (Prince
Minerals Ltd., Stoke-on-Trent, UK), P2O5, CaCO3, Na2CO3,
SrCO3 (all Sigma–Aldrich, Gillingham, UK) in a platinum-
rhodium crucible at 1480 ◦C for 1 h in an electric furnace (EHF
17/3; Lenton, Hope Valley, UK). After melting, the glasses were
rapidly quenched into deionized water to prevent crystalliza-
tion. After drying, 100 g of each glass was ground using a
vibratory mill (Gy-Ro mill/GM100, Glen Creston Ltd., London,
UK) for 2× 7 min  and sieved using a 38 !m mesh analytical
sieve. The amorphous structure of the glasses was confirmed
by powder XRD (D8-A25-Advance Bruker; 40 kV/40 mA,  Cu K").
Differential scanning calorimetry (DSC 1500 Stanton Redcroft,
Rheometric Scientific, Epsom, UK) was carried out to study
the glass transition temperature (Tg) of the glass powders.
Samples were heated from 20 to 1000 ◦C at 10 ◦C/min using alu-
mina powder as reference. Tg for each glass was then obtained
from the corresponding traces, with Tg represented by a heat
capacity change in slope of the baseline. 5 measurements for
each glass were obtained. The particle size distribution of the
glass powders suspended in water was determined by laser
diffraction analysis by using the principles of light scatter-
ing (LS13320 Particle Size Analyser, Beckman Coulter, High
Wycombe, UK).

2.2.  Ca(H2PO4)2 milling  and  cement  production

The Ca(H2PO4)2 (Sigma–Aldrich, Gillingham, UK) was prepared
by grinding 27 g using a vibratory mill (Gy-Ro mill/GM100,
Glen Creston Ltd., London, UK) for 4 min. The cement paste
was prepared by mixing the sieved glass powder with the
milled Ca(H2PO4)2 powder in a ratio to give an overall cal-
cium + strontium to phosphorus ratio (Ca + Sr/P) of 1.3. In order
to produce the cement paste and initiate the cement setting
reaction the powders were mixed with 2.5% Na2HPO4 solution
in a liquid to powder ratio of 0.70 mL/g. The powders were
mixed with a spatula on a glass slab and the cement paste left
to set in cylindrical steel molds (6 mm height × 4 mm diame-
ter) and placed into a 37 ◦C oven for 120 min. Seven different
compositions of cements were prepared based on the differ-
ent percentage of Sr2+ in the glass. Eight samples for each
cement composition were made. The calculated percentages
of Sr2+ substitution for Ca2+ in the cements are listed in Table 1.
The set cement cylinders were then immersed in 10 mL  of Tris
buffer solution and stored in a 37 ◦C oven [23], for either 1 h,

1 day, 7 day or 28 day (n = 8 for each cement composition and
each time point).

2.3.  Cement  properties  characterization

2.3.1.  X-ray  powder  diffraction  (XRD)
XRD analysis was performed to check crystalline phases
formed (D8-A25-Advance Bruker; 40 kV/40 mA,  Cu K"). The
diffraction pattern was taken in the 2! range of 3–70 with a
step size of 0.001◦ 2!. Crystallite sizes, d, were calculated from
the full width at half maximum value (FWHM) at 2! around
25.9◦ corresponding to the (0 0 2) unit cell plane and using the
equation:

d = k"

w cos !

where " is the wavelength of the X-rays (" = 0.154 nm), k is the
broadening constant varying with crystal habit and chosen as
0.9 for the apatite crystallites [24], w is the FWHM of the peak
and !x the angle of the Bragg reflection.

2.3.2.  Compressive  strength
Compressive strength was measured using an Instron
5567 mechanical property testing machine (Instron, High
Wycombe, UK) with a 1 kN load cell. Force was applied at a
movement  rate of 1 mm/min. Eight specimens were tested for
each cement composition, for each immersion time.

2.3.3.  Scanning  electron  microscopy
The fracture surface of the cement cylinders were studied
under SEM. Specimens were gold coated using an automatic
sputter coater (SC7620, Quorum Technologies, UK). Photomi-
crographs were taken using a scanning electron microscope
(FEI Inspect F, Oxford Instruments, UK) with the accelerating
voltage of 10 kV.

2.3.4.  Setting  time
Initial and final setting times of the cements were assessed
using the Gillmore needle test according to the ISO 9917-
1:2007(E) used for dental cement.

2.3.5.  Inductively  coupled  plasma  optical  emission
spectrometry  (ICP-OES)
ICP-OES measurements were performed using a Varian Vista-
PRO CCD. Samples were diluted by 10 with Tris buffer solution
and 69% nitric acid (VWR, Radnor, PA, USA) was added in 2%
(w/w). Ion concentrations were measured against a range of
prepared multi-element standard solutions (Si, Ca, Na, P, Sr;
VWR, Radnor, PA, USA) of 0.1, 1, 10, 20, 50 and 100 ppm, pre-
pared with Tris buffer solution to account for ionic strength. A
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Fig. 1 – (a) XRD patterns of the glasses; (b) glass transition temperature as a function of Sr-substitution for Ca in the glass.

total of four measurements were performed on each cement
immersion time point.

2.3.6.  Radiopacity  characterization
Radiopacity of cement disk samples (10 mm diameter, 1 mm
height) was assessed using a digital dental X-ray system
(HeliodentPLUS, Sirona Dental). An aluminum step-wedge used
as a reference (Margraf Dental Mfg. Inc.), 9 mm thick with
9–1.0 mm steps, and three specimens for each cement com-
positions were placed side by side on a periapical imaging
plate (Digora imaging plate, size 30 mm × 40 mm,  Soredex).
The specimens were exposed to X-rays for 0.08 s at 70 kV and
7 mA,  with a focus film distance of 10 cm.  All plates were
processed immediately with a dental imaging system (Digora
Optime Classic scanner, Soredex) and visualized with DIGORA
(Soredex) software. Radiographic images were treated with Fiji
ImageJ software. The average of the gray value of specimens
was expressed as equivalent thickness of aluminum in mm.

3.  Results

3.1.  Glass  characterization

XRD confirmed that all glasses used were free of any crys-
talline phases. They exhibited a characteristic amorphous
halo, which progressively shifted to lower 2! values with
increasing in Sr2+ substitution in the glass (Fig. 1a). Tg

decreased with Sr2+ substitution in the glass (Fig. 1b). The fully
Sr2+ substituted glass showed an increase in Tg. The particle
size was the same for all the glasses being on average 11.32 !m
(D50).

3.2.  Cement  characterization

3.2.1.  X-ray  diffraction
The XRD patterns of cements formed after different immer-
sion times are shown in Fig. 2. Cement compositions Sr0,
Sr5 and Sr10 showed the initial formation of a mixture of
octacalciumphosphate (Ca8(HPO4)2(PO4)4·5H2O, OCP; ICSD ref:
00-044-0778) and hydroxyapatite (Ca10(PO4)6(OH)2, HA, ICSD

ref: 01-074-0565) after 1 h. At the same time, a mixture of
OCP/HA and nastrophite (NaSrPO4·9H2O, NSr, ICSD ref: 00-025-
0993) formed for Sr25, Sr50, Sr75 and Sr100 with NSr being
the predominant phase in compositions Sr50, Sr75 and Sr100.
After 1 day OCP/HA were the main phases in composition Sr0
to Sr25 whereas NSr was still present at higher Sr2+ content.
At 7 days HA was the cement phase in Sr0, Sr5, Sr10 and
Sr100 compositions whereas a mixture of OCP/HA was still
present in Sr25, Sr50 and Sr75 compositions. NSr was no longer
present. At 28 days the 4.7◦ 2! diffraction line (1 0 0) was absent
for all the compositions, indicating that OCP was no longer
present and the cement phase was apatitic. Sr75 and Sr100
showed after 7 days the formation of a mixture of OCP/HA
phase with a different pattern compared to the other compo-
sitions. The diffraction line at 16.4◦ 2! (1 0 1) for compositions
Sr75 and Sr100 after 7 days and 28 days might correspond
to a Sr-containing apatite with different stoichiometric Ca/Sr
ratios (ICSD ref: 34-0476-78, 34-0480-84) or to an unidentified
phase. The three peaks for HA at 2!◦ 31.76 (2 1 1), 32.19 (1 1 2)
and 32.89 (3 0 0) overlapped with Sr2+ incorporation.

The diffraction line for 25.8◦ 2! (0 0 2) of OCP/HA shifted
toward lower 2! values with Sr2+ addition as shown in Fig. 3.
Based on the equation of the trend line found for the shift
of 25.8◦ 2! HA lines in different calcium strontium phosphate
hydroxide (ICSD ref: 34-0476-84), the % of Sr2+ stoichiomet-
ric content in the HA lattice after immersion in Tris buffer
solution was calculated through interpolation/extrapolation
function (see Fig. A1a). The % of Sr2+ content in the apatite
increased with the immersion time and was proportional with
the overall Sr2+ content in the cement. A decrease in % of Sr2+

content in the apatite lattice was seen after 1 h and 1 day for
compositions Sr75 and Sr100 (Fig. A1b).

The crystallite size decreased with increasing of Sr2+ con-
tent in the cement. An increase of the crystal size during
immersion time for compositions Sr0, 5, 10 and 25 was shown
(Table 2).

3.2.2.  Scanning  electron  microscopy
Fig. 4a shows the SEM images of Sr5 composition, representa-
tive for compositions Sr0, 10 and 25. All crystal morphologies
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Fig. 2 – X-ray diffraction patterns of all cement compositions after immersion in Tris buffer solution for 1 h (a), 1 day (b), 7
days (c) and 28 days (d). (i) Sr0, (ii) Sr5, (iii) Sr10, (iv) Sr25, (v) Sr50, (vi) Sr75, and (vii) Sr100. △, Octacalcium phosphate; △/•,
indistinguishable OCP/hydroxyapatite; •, apatite; ♦, nastrophite; x, unidentified phase.

Fig. 3 – Shift of the 0 0 2 peak as function of the % Sr
substitution for Ca in the glasses after 1 h, 1 day, 7 days and
28 days.

at each time point were very similar thin plate shaped crys-
tals. The morphology of the crystals dramatically changed
when a higher Sr2+ content was present. Fig. 4b shows the
SEM images of Sr50 composition, representative for composi-
tions Sr75 and 100. Cubic shaped crystals are indicative of NSr
and its presence was confirmed through analysis of elemental
composition with energy dispersive X-ray spectroscopy. How-
ever plate shaped crystals of OCP/HA were still present at early
time points and were the main crystals after 7 days and 28
days.

3.2.3.  Setting  time
The setting time results showed a clear trend between glass
composition and the measured setting time (Fig. 5). As the
Sr2+ content increases the cement composition showed an
increase in the initial and final setting time up to 25% of
Sr2+ substitution in the glass. For higher Sr2+ substitutions, a
decrease in setting times was noted. The Sr100 cement sam-
ples were unable to get a measurement for the final setting
time as the cement was too weak to resist to the weight applied
with the heavier needle.
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Table 2 – Calculated crystallites size (nm) after immersion of the cements in Tris buffer solution for 1 h, 1 day, 7 days and
28 days.

Immersion time Sr0 Sr5 Sr10 Sr25 Sr50 Sr75 Sr100

1 h 30.520 23.279 24.396 18.066 16.292 12.195 11.099
1 day 34.826 30.408 27.161 18.064 20.363 17.405 15.200
7 days 44.411 40.539 40.739 25.696 13.178 14.335 13.548
28 days 40.744 40.539 37.724 30.398 20.306 19.478 14.336

Fig. 4 – Scanning electron micrographs of Sr5 (a) and Sr50 (b) cements at 1 h (top left), 1 day (top right), 7 days (bottom left)
and 28 days (bottom right) after immersion.

Fig. 5 – Initial and final setting times (mean ± standard
deviation of three measurements) of cement compositions.

3.2.4.  Compressive  strength
Compressive strength results are shown in Fig. 6. As the over-
all Sr2+ content in the cement increases, the compressive
strength also increases, reaching the highest value with the
Sr25 composition after 1 day (12.5 MPa). All the values for
compressive strength ranged from 0.35 to 12.5 MPa.  7 day and
28 day samples showed generally lower values of compres-
sive strength compared to 1 h and 1 day samples, the latter

Fig. 6 – Compressive strength (mean ± standard deviation)
of immersed cement cylinders (n = 8) for all cement
compositions from immersion for 1 h, 1 day, 7 days, and
28 days.

showing lower values compared to the former, except for
composition Sr25. Sr75 and Sr100 showed a drastic drop of
compressive strength with reduced values for longer immer-
sion times. For composition Sr100 after 28 days none of the
samples were available for measuring compressive strength,
since they were too brittle and fractured during diameter and
height recordings.
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Fig. 7 – Elemental concentration (mmol/L) of Sr, Na, P and Si as determined by ICP-OES in Tris buffer solution. Immersion
times of cement samples: 1 h, 1 day, 7 days and 28 days. (a) Strontium release; (b) sodium release; (c) phosphorous release;
(d) silicon release.

3.2.5.  Inductively  coupled  plasma  optical  emission
spectroscopy  (ICP-OES)
The Sr2+ release data (Fig. 7a) showed a clear trend based
on glass compositions, with increased release for higher Sr2+

contents in the glass. The maximum release was 0.20 mmol/L
for composition Sr100 after 28 days. The levels of Ca2+

in the solutions were generally very low. The Na+ release
increased with immersion time for all cement compositions
(Fig. 7b). Cement compositions Sr75-100 showed lower Na+

release after 1 h and 1 day consistent with the formation
of NSr. The P concentration in solution increased with time
for all the cement compositions and reduced with increas-
ing Sr2+ content in the cement (Fig. 7c). The Si release
(Fig. 7d) increased with immersion time and with cement
compositions.

3.2.6.  Radiopacity
The radiopacity of the samples was expressed as equivalent
thickness of aluminum (Fig. 8). Radiopacity showed a linear
correlation with Sr2+ content in the cement. For the higher Sr2+

content a value of 1.7 mm equiv. of Al was obtained whereas
the minimum value was obtained with composition Sr5 equiv-
alent to 0.43 mm of Al.

Fig. 8 – Effect of increase Sr-substitution in the glass on
radiopacity of cements, expressed as equivalent thickness
of aluminum (mm,  mean ± standard deviation of three
measurements).
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4.  Discussion

In this study a bioactive glass was used as precursor for the for-
mation of a CPC. The bioactive glass acts as a source of calcium
and phosphate ions in the cement setting reaction. The pres-
ence of crystallinity in the glass influences the glass properties
in particular its dissolution and consequently has effects on
cement properties. All the glasses investigated were amor-
phous so the change in cement properties can be attributed
to Sr2+ substitution in the glass. The shift of the amorphous
halo toward lower 2! values with increasing in Sr2+ substitu-
tion in the glass indicates an increase in the average spacing in
the glass structure due to the larger size of the Sr2+ cation rel-
ative to Ca2+ [25]. The expansion of the glass network results
in its weakening [26] and an associated decrease in the Tg due
to an increased disruption of the glass network by the slightly
larger Sr2+ cation and the weaker Sr O bond strength. The
increase in Tg of the fully Sr2+ substituted glass has already
been reported in literature [27] and might be related to a
decrease in the entropy of the system.

The evolution from OCP to HA was seen in all composi-
tions. The presence of OCP in the XRD pattern is indicated by
the diffraction lines at 4.7◦ 2! and 9.3◦ 2! whereas most of the
other diffraction lines overlap with those for HA due to the
similarities in their crystal structure [28]. OCP is believed to be
a precursor in the formation of HA [29]: at reaction conditions
with a pH between 5.0 and 9.0 OCP will be an intermediate
phase before HA formation, whereas if reaction conditions are
above pH 9.0 then HA will precipitate directly [30]. It is believed
that the reaction from OCP to HA occurs through crystal tran-
sition rather than dissolution and reprecipitation [29]. Crystal
phases in CPCs generally form via homogeneous nucleation
[31]. The initial phase formed is the phase most kinetically
favored, which is the one that requires the lowest nucleation
energetic barrier to form. According to the Ostwald–Lussac law
[32], the crystallization then proceeds along a series of phases
until the most stable one is formed. In this system the possi-
ble condition that allowed the earlier formation of OCP is its
smaller interfacial energy compared to HA which reduced the
free energy of formation of the phase and favored its nuclea-
tion. The lower interfacial energy is due to the high water
content in the OCP crystallite, which increases the affinity
with the surrounding solution.

The formation of NSr over OCP seen in higher Sr2+ con-
tent cements at 1 h and 1 day is likely to be related to a
lower kinetic energy barrier required for NSr formation com-
pared to OCP. The higher amount of Sr2+ released during
the dissolution/precipitation reaction leads preferentially to
the formation of a stoichiometric Sr2+ containing phase such
as NSr. The consumption of phosphate groups for NSr for-
mation could slow the formation of OCP crystallites that
require phosphates for their formation. However in composi-
tions Sr25 up to Sr100, some OCP/HA crystallites were already
formed at 1 h and 1 day, but after 7 days, as NSr was no
longer present, more  OCP/HA formed. Octastrontiumphos-
phate (Sr8(HPO4)2(PO4)4·5H2O) has not been found in previous
works. It is possible that only partial substitution of Sr2+ for
Ca2+ can take place in OCP and Sr2+ destabilizes OCP at high
substitution. In this case the formation of NSr might occur as

a consequence of the partial incorporation of Sr2+ in the OCP
lattice, with sufficient Sr2+ left in the solution to precipitate as
NSr.

The shift of the diffraction line for the 25.8◦ 2! (0 0 2) toward
lower 2! values with Sr2+ addition indicates an increase in d-
spacing and lattice parameters due to the incorporation of the
larger Sr2+ in the apatite lattice. Lattice spacing is related to
theta by the Bragg equation: d = "/(2 sin !).

The incorporation of Sr2+ in the apatite lattice suggests
that it leads to a more  stable phase compare to pure Ca2+

because the equilibrium shifts toward the formation of a
Sr2+ substituted apatite SrxCa10−x(PO4)6(OH)2. In this study
the maximum Sr2+ substitution for Ca2+ in the apatite lattice
achieved was approximately 33% after 28 days for compo-
sition Sr100 which contains 44.07% of Sr2+ in the cement.
Therefore all the Sr2+ was not incorporated in the apatite
lattice suggesting that some Sr2+ may  be still incorporated
in some other phase or has been released into the solu-
tion. The Sr2+ concentration in solution increased with the
time and with the amount of Sr2+ content in the cement. A
decrease in % of Sr2+ content in the apatite lattice was wit-
nessed after 1 h and 1day for compositions Sr75 and Sr100,
which might be due to the formation of the NSr as pre-
dominant cement phase. As the NSr dissolves more  Sr2+ is
available in the solution and can be incorporated in the apatite
lattice.

The line broadening of the (0 0 2) reflection was used to
evaluate the mean crystallite size as this line is usually
well resolved and showed no interferences. In this study the
crystallite size decreased with an increase of Sr2+ content.
O’Donnell et al. [18] showed within a series of Sr2+ substituted
hydroxyapatites, synthesized by a wet chemical route, that the
crystallite size decreased to a minimum as Sr2+ substitution in
the apatite lattice approached 50% and increased with higher
Sr2+ content. This corroborates with our findings, as the maxi-
mum Sr2+ content in the cement for the fully substituted glass
was 58.81% the results here are consistent with those observa-
tions. When the Sr2+ substitution for Ca2+ in the apatite lattice
is about 50% the Sr-Ca HA will be at its greatest state of disor-
der and the crystallite size would be expected to approach a
minimum [18]. An increase of the crystal size during immer-
sion time was shown. The dissolution of the NSr after 1 day
might promote the formation of new thin crystals of OCP/HA
that then become larger after 28 days.

As in most clinical applications CPCs are applied in direct
contact with human trabecular bone, an ideal material should
match the compressive strength of the bone into which it
is implanted, being between 8 and 13 MPa [2]. The material
itself must have sufficient strength to resist deformation and
remain coherent after the implantation. The strength of a
cement is determined by the interlocking of the phase crys-
tallites [33]. In previous studies it has been shown that Sr2+

substitution tends to give higher compressive strength [34]. In
this study the increase of Sr2+ content could lead to a higher
energy barrier necessary for nucleation, affecting the nuclea-
tion rate: with increasing Sr2+ substitution fewer nuclei form
at the same time compared to 0% Sr2+ substitution. This leads
to the formation of longer crystallites, associated with a more
interlocked microstructure and higher values of compressive
strength. The increase of the compressive strength can also
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relate to the broadening in the crystallite size distribution with
increased Sr2+ substitution [34].

The drop of the compressive strength noted in Sr75 and
Sr100 cements is related to NSr crystallites morphology as
seen under SEM. NSr has cubic crystal shape that reduces the
interlocking of the crystallites thereby decreasing the com-
pressive strength of the cement [35]. The higher value obtained
after 1 day for composition Sr25 might be due to the change
in cement phase: after 1 h the XRD showed a mixture of OCP
and NSr, whereas after 1 day NSr no longer was present and all
the cement phase was made by a mixture of OCP/HA. A trend
exhibited in this cement series was a decrease in compres-
sive strength after 1 day. The decrease is believed to be due to
the conversion of OCP to HA. This reaction is likely to cause
porosity in the cement cylinders, which makes it easier for
cracks to nucleate and grow throughout the bulk decreasing
the compressive strength.

As the maximum strength obtained within the series was
12.5 MPa,  these cements can meet the clinical requirement
in non-loading sites of bone [36]. However, the compressive
strength values should only be interpreted as a way  of com-
paring the different cement compositions, rather than values
that are applicable to in vivo performance. Many factors will
affect the strength of the cement in vivo including the amount
of cement, morphology of implant site, presence of plenty
sources of Ca2+ and PO4

3− in body fluids and osseointegration.
The setting time of a cement can be modified in different

ways, including a change of the particles size, L/P ratio and
chemical composition of the reagents [37]. In this system, the
L/P ratio was kept constant for all the compositions and the
particle size distribution of the powders was the same for all
the glasses used. Therefore the effect of Sr2+ substitution for
Ca2+ on setting time has been investigated.

The delay of the setting time due to the Sr2+ substitution in
the apatite lattice has already been reported in the literature
[16]. In our investigation the Sr2+ slowed the setting reaction,
but when more  Sr2+ was available in the solution the kinetics
of the reaction changed. A change in phase exhibited by the
cements as Sr2+ content reached more  the 25% in the glass
seemed to be the main factor that caused a drastic drop in
the setting time. The results from compressive strength test
showed lower values for NSr forming cements compared to
cements forming OCP/HA. As the Gillmore needle test is based
on the strength of the cement, a weaker cement is likely to
have a longer setting time as a higher proportion of the cement
phase has to form to resist the needle penetration. Although
the microstructure associated with the NSr phase is much
weaker compared to the apatitic cement, it can easily resist
the forces applied by the Gillmore needles; and because its
precipitation and growth are quicker than the formation of
OCP/HA, the setting time decreased.

The Sr2+ concentration in solution showed a clear trend
based on cement compositions, with increased concentra-
tions for higher Sr2+ content cements. Although maximum
Sr2+ release was only 0.2 mmol/L, this has been shown to be
sufficient to increase metabolic activity and alkaline phos-
phatase activity of osteoblasts [21]. The levels of Ca2+ in the
solutions were generally very low and show that most of the
Ca2+ available was incorporated in the phases formed (for
compositions Sr75 and Sr100, where at early time points NSr

is the predominant phase, Ca2+ is still consumed to form
OCP/HA). Cement compositions Sr75-100 showed lower Na+

concentration after 1 h and 1 day due to the formation of NSr.
The P concentration in solution increased over time. This is
due to the Ca + Sr/P ratio of cements being 1.3, meaning that
more  P was available compared to Ca + Sr for the formation
of OCP/HA and therefore more  P was released in the solution.
The P concentration in solution decreased with higher Sr2+

content. It was consumed in the process of the NSr formation
and this led to a lower release of P at early time points for
compositions that formed this phase.

Most of the bone cements incorporate non-resorbable par-
ticles to enhance the radiopacity, affecting negatively the
resorption of the cement [17]. Besides, the addition of such
additives can be disadvantageous for the mechanical and
physical cement properties. In this study the radiopacity was
an inherent property of the cement instead of being designed
with the addition of different radiopacifiers in the formula-
tion. The radiopacity increased linearly with Sr2+ substitution
for Ca2+ in the cement. This is because the atomic number of
Sr2+ is higher than Ca2+, so absorbing more  X-ray energy. If we
consider the radiopacity of 3 mm of cortical bone being equiv-
alent to 1.8 mm of Al [12] the maximum radiopacity obtained
in this study was higher than that value. As the radiopacity
is proportionally affected by the thickness of the sample and
the thickness of the samples used for this study was 1 mm,
we might estimate the radiopacity for 1 mm of cortical bone
sample being equivalent to 0.6 mm of Al. For all the cement
compositions a radiopacity value higher than 0.6 mm equiv. of
Al was found. Bone substitutes which have lower radiopac-
ity value compared to cortical bone are not recommended to
be used in cases that have to be followed up radiographically
as the cortical bone might mask the graft material when the
defect is surrounded by bone [38].

5.  Conclusions

A novel method to develop a bone substitute forming in vitro
SrHA as a final product by using a silicate based bioactive glass
as a precursor was shown. The bioactive glass plays a cru-
cial role in the formation of the cement phase through the
release of calcium and phosphate ions. It was possible to form
a cement which had both clinically acceptable setting times
and compressive strengths. It can be concluded that the glass
composition has an effect upon cement properties, specifically
the setting time, compressive strength and radiopacity. In all
cement compositions OCP was always identified in at least
one time point suggesting it acts as a precursor phase to the
formation of the more  stable HA.
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