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Abstract 

The effectiveness of bone cements in treating bone fracture is impaired by osteoporosis, 

which not only delays the osseointegration but also compromises the stability of implants. As a 

result, further fractures are not unusual after bone cement implantation in osteoporotic patients. 

This dissertation reports the investigation of the novel calcium phosphate silicate cement (CPSC) as 

a possible drug delivery system (DDS) for risedronate (RA) to treat osteoporosis and to restore 

bone fracture. Risedronate belongs to the family of bisphosphonate and, as the 3
rd

 generation of 

bisphosphonate, can effectively suppress osteoclast activities and treat osteoporosis. In this work, 

the CPSC material properties were characterized as a function of RA content. High performance 

liquid chromatography was used to detect RA release profiles from cements and the Higuchi’s Law 

was employed to explain its release mechanisms. In vitro biocompatibility of RA-added CPSC 

(CPSC-R) was evaluated by MTT assays, flow cytometry, and real-time polymerase chain reaction. 

In the tibia implantation model from osteoporotic rabbits, biomarkers, X-rays, computed 

tomography, histology and PCR arrays were used to evaluate CPSC-R in vivo performance.   

It has been found that RA greatly affected CPSC setting time and compressive strength in a 

concentration-dependent manner. It was also found that RA disrupted CPSC hydration and delayed 

calcium silicate hydrate gel formation. RA was progressively adsorbed onto the unreacted calcium 

silicate and formed calcium-RA complexes. RA release kinetics from cement was controlled by the 

implant degradation and was in a good agreement with the theoretical calculations. CPSC-R was 

biocompatible and improved osteoblast proliferation and differentiation. Biomarker studies showed 

that CPSC-R significantly reduced osteoclast activities as compared to the sham control (p < 0.05). 

The radiographic and histological examination demonstrated that CPSC-R improved 

osseointegration and bone formation, as compared to RA-free CPSC control group. Gene array 



iii 

 

studies indicated that CPSC-R implants could significantly up-regulate osteogenesis-related gene 

expressions as compared to the control groups. 

In conclusion, this study indicates that CPSC is potentially a good Drug Delivery System of 

RA. The anti-osteoporotic effectiveness of this system could be beneficial in bone fracture 

treatments for patients who are suffering from osteoporosis. 

 



iv 

 

Preface 

Chapter 5, 6 and 7 were written based upon three manuscripts that have been published or 

submitted for publication. Some results in these chapters were also used for conference 

presentations and abstracts. 

Chapter 5 is the edited version of the journal article, “Preparation, Characterization, 

Release Kinetics, and in vitro Cytotoxicity of Calcium Silicate Cement as A Risedronate 

Delivery System” which was published in the Journal of Biomedical Materials Research Part A 

2014 102A (7) 2295-2304. Some results from this article were also presented at the Society for 

Biomaterials 2014 Annual Meeting and Exposition in Denver. I performed all experiments, 

discussed the results and wrote the manuscript myself as the first author. The primary supervisor, 

Tom Troczynski, was responsible for supervising experimental designs and results discussion in 

the sections of materials preparation and characterization, and the co-supervisor and 

corresponding author Urs Häfeli was responsible for supervising experimental designs and result 

discussions in the drug delivery and in vitro cytotoxicity sections. The industrial supervisor, 

Quanzu Yang, provided crucial raw materials for this study. The co-authors Zhiqin Wang, 

Yubiao Zhang, and Changshan Sun helped in executing drug delivery and in vitro experiments. 

Chapter 6 is the edited version of a submitted manuscript, which is currently under 

review. As the first author, I was responsible for experimental design, results discussion and 

manuscript writing. As the primary and secondary supervisors, Tom Troczynski and Urs Häfeli, 

were responsible for supervising experimental designs and results discussion in the sections of 

material characterization, in vitro and in vivo evaluation. Prof. Urs Häfeli was also assigned as 

the primary corresponding author of this article. The industrial supervisor, Quanzu Yang, also 

provided raw materials for this study. Zhiqin Wang and Mingxiao Hou, coordinated the in vitro 



v 

 

and in vivo experiments. Other authors in the article provided assistance in in vitro and in vivo 

experiments. Some results from this article were also presented at the Vancouver 

Nanomedicine Day 2014, the presentation titled “Formulation of Microporous Calcium 

Silicate Cement for Bisphosphonate Risedronate Delivery”. 

An edited version of another submitted manuscript appears in this dissertation as the 

Chapter 7. Tom Troczynski and Urs Häfeli were responsible for supervising experimental 

designs and results discussion in the sections of material characterization, in vitro and in vivo 

evaluations. Prof. Urs Häfeli is also the corresponding author of this article. As the first 

author, my contribution involved designing and conducting experiments, discussing the 

results and writing the manuscript. Other authors provided assistance in the in vitro and in 

vivo experiments. All animal studies were conducted at the Safety Evaluation Centre of 

Shenyang Research Institute of Chemical Industry (permit No. K002). Since no animal 

experiments were involved in the University of British Columbia, no permit was required in 

my doctoral research from the animal care committee at the University of British Columbia. 

 



vi 

 

Table of Contents 

Abstract .......................................................................................................................................... ii 

Preface ........................................................................................................................................... iv 

Table of Contents ......................................................................................................................... vi 

List of Tables ................................................................................................................................ xi 

List of Figures .............................................................................................................................. xii 

List of Abbreviations ................................................................................................................ xxii 

Acknowledgements .................................................................................................................. xxvi 

Dedication ................................................................................................................................ xxvii 

Chapter 1: INTRODUCTION ......................................................................................................1 

Chapter 2: LITERATURE REVIEW ..........................................................................................4 

2.1 Calcium phosphate cement (CPC) .................................................................................. 4 

2.2 Calcium silicate cement (CSC) ....................................................................................... 4 

2.2.1 Composition and structure of CSC ............................................................................. 5 

2.2.2 Formation of CSH ....................................................................................................... 7 

2.2.3 Surface area and porosity ............................................................................................ 9 

2.3 Calcium phosphate silicate cements (CPSC) ................................................................ 11 

2.4 Bisphosphonates ........................................................................................................... 12 

2.4.1 Overview of bisphosphonates ................................................................................... 12 

2.4.2 Risedronate ............................................................................................................... 15 

2.5 Controlled drug release ................................................................................................. 20 

2.6 Osteoporosis and osteoporotic fracture ......................................................................... 24 

2.7 In vitro evaluation of biocompatibility of biomaterials ................................................ 27 



vii 

 

2.7.1 Cytotoxicity of biomaterials ..................................................................................... 27 

2.7.2 Real time polymerase chain reaction (PCR) ............................................................. 28 

2.7.3 Flow cytometry (FCM) ............................................................................................. 31 

2.8 In vivo evaluation of biomaterials ................................................................................. 34 

2.9 Biochemical markers related to bone resorption .......................................................... 36 

Chapter 3: SCOPE AND OBJECTIVES ...................................................................................38 

Chapter 4: MATERIALS AND METHODS .............................................................................44 

4.1 Cement preparation ....................................................................................................... 44 

4.1.1 RA-added CSC preparation ...................................................................................... 44 

4.1.2 CPSC preparation...................................................................................................... 44 

4.1.3 RA-added CPSC preparation .................................................................................... 45 

4.2 Cement characterization................................................................................................ 45 

4.2.1 Setting time and compressive strength determination .............................................. 45 

4.2.2 Structural analysis of CSC ........................................................................................ 46 

4.3 RA release analysis from CSC ...................................................................................... 47 

4.3.1 Risedronate release detection .................................................................................... 47 

4.3.2 Adsorption/desorption analysis and kinetics of RA onto/from CSC pellets ............. 48 

4.3.3 Analysis of RA distribution in the CSC pellet .......................................................... 49 

4.4 In vitro biocompatibility analysis ................................................................................. 49 

4.4.1 Cell culture of osteoblast cells .................................................................................. 49 

4.4.2 MTT assay of RA-added CSC on osteoblast cells .................................................... 50 

4.4.3 MTT assay of CPSC on osteoblast cells ................................................................... 51 

4.4.4 MTT assay of RA-added CPSC on osteoblast cells.................................................. 51 



viii 

 

4.4.5 Gene expression analysis on RT-PCR ...................................................................... 52 

4.4.6 Cell cycles analysis on flow cytometer ..................................................................... 53 

4.4.7 Statistical analysis ..................................................................................................... 53 

4.5 In vivo study .................................................................................................................. 53 

4.5.1 CPSC in vivo animal model ...................................................................................... 54 

4.5.2 CPSC-R in vivo model .............................................................................................. 55 

4.5.3 Clinical X-ray and computed tomography (CT) analyses ........................................ 57 

4.5.4 Histological slides preparation and analysis ............................................................. 58 

4.5.5 Serum biochemical markers evaluations .................................................................. 60 

4.5.6 PCR array analysis .................................................................................................... 61 

Chapter 5: RESULTS AND DISCUSSION I: CALCIUM SILICATE CEMENT AS A RA-

DDS................................................................................................................................................63 

5.1 RA-added CSC material characterization ..................................................................... 63 

5.2 Release kinetics of RA from CSC ................................................................................ 67 

5.3 Biocompatibility of the RA-containing CSCs .............................................................. 71 

5.4 Discussion ..................................................................................................................... 72 

Chapter 6: RESULTS AND DISCUSSION II: CPSC EFFECTS ON OSTEOBLASTIC 

PROLIFERATION AND IN VIVO OSTEOGENESIS ...........................................................76 

6.1 CPSC material characterization .................................................................................... 76 

6.2 In vitro analysis of CPSC biocompatibility .................................................................. 80 

6.3 In vivo analysis of CPSC osteogenic effects in rabbits ................................................. 85 

6.4 Discussion ..................................................................................................................... 95 



ix 

 

Chapter 7: RESULTS AND DISCUSSION III: ANTI-OSTEOPOROTIC AND 

ENHANCED OSTEOGENIC EFFECTS OF RA-ADDED CPSC .........................................99 

7.1 Material characterizations ............................................................................................. 99 

7.2 In vitro biocompatibility ............................................................................................. 104 

7.3 Global anti-osteoporotic effects .................................................................................. 108 

7.4 Local osteogenic effects shown by X-ray and CT ...................................................... 116 

7.5 Local osteogenic effects shown by histopathology .................................................... 119 

7.6 Local osteogenic effects shown by PCR analysis ....................................................... 122 

7.7 Discussion ................................................................................................................... 129 

Chapter 8: CONCLUSIONS AND FUTURE WORK ...........................................................141 

8.1 Conclusions ................................................................................................................. 141 

8.2 Future work ................................................................................................................. 147 

REFERENCES ...........................................................................................................................150 

APPENDICES ............................................................................................................................163 

Appendix A List of equipment ............................................................................................... 163 

Appendix B Experimental protocols ....................................................................................... 166 

B.1 Protocol for total RNA isolation from cells ............................................................ 166 

B.2 Protocol for extracted RNA stabilization ................................................................ 167 

B.3 Protocol for cDNA reverse transcription ................................................................ 168 

B.4 Protocol for real-time PCR ..................................................................................... 169 

B.5 Protocol for total RNA isolation from bone fragments .......................................... 169 

B.6 Protocol for PCR array............................................................................................ 171 

Appendix C Long-term daily monitoring log ......................................................................... 174 



x 

 

Appendix D Post-surgery monitoring sheet ............................................................................ 175 

Appendix E Supplementary data ............................................................................................. 176 

E.1 Supplementary radiographic images ....................................................................... 176 

E.2 Supplementary histological images ......................................................................... 226 

E.3 Supplementary PCR array results............................................................................ 249 

 



xi 

 

List of Tables 

Table 5.1: Quantitative analysis of the crystalline phases of CSC, CSC01, CSC05R and CSC10R 

after 7 days of setting using the Rietveld refinement. .................................................................. 64 

Table 5.2: Average porosity and tortuosity of each sample. Standard deviation is given in 

brackets (n = 4). ............................................................................................................................ 67 

Table 5.3: Theoretical release fractions over 28 days based upon the tortuosity found in our 

samples between 3 and 4............................................................................................................... 73 

Table 6.1: Porosity calculated from µCT visualization. Data are presented as mean value ± 

standard deviation. (n = 4) ............................................................................................................ 77 

Table 7.1: Porosity measured by gas sorption and µCT methods. The results are presented as 

average ± standard deviation. (n = 4).......................................................................................... 100 

Table 7.2: 84 genes analyzed by PCR array given by the manufacturer .................................... 125 

Table 7.3: Genes up-regulated in CPSC10 as compared to the sham control. 95% confidence 

interval (CI) is given in the bracket. ........................................................................................... 126 

Table 7.4: Genes up-regulated in CPSC10-05R as compared to the sham control. 95% 

confidence interval (CI) is given in the bracket. ......................................................................... 127 

 



xii 

 

List of Figures 

Figure 2.1: Schematic drawing of pyrophosphates ....................................................................... 13 

Figure 2.2: Schematic drawing of a generic bisphosphonate and of risedronate, the third 

generation bisphosphonate drug used for this research. ............................................................... 14 

Figure 2.3: Schematic drawing of effective drug concentration region ........................................ 20 

Figure 2.4: Schematic drawing of drug release from a planar surface ......................................... 22 

Figure 2.5: Schematic drawing of drug release in three dimensions ............................................ 24 

Figure 2.6: Representation threshold cycle (Ct) obtained from real time PCR analysis .............. 30 

Figure 2.7: Cell population plotted by forward scattered (FSC) and side scattered (SSC) 

fluorescent signals. ........................................................................................................................ 33 

Figure 2.8: Representation of the relative quantities of G1, S and G2 phases in cell cycle 

analysis. Green arrow indicates the mathematical profile calculated by ModFitLT and the blue 

arrows indicate a histogram of cell numbers. ............................................................................... 33 

Figure 2.9: Illustration of biochemical markers related to bone remodelling. OPG 

(osteoprotegerin) is secreted from mature osteoblast cells and bound to RANKL (receptor 

activator of nuclear factor NF-κB ligand) in serum to prevent its binding with RANK on the 

osteoclast precursors and maturation of precursors. BALP (bone-specific alkaline phosphatase) 

and OCN (osteocalcin) are released from osteoblast cells and TRACP-5b (tartrate-resistant acid 

phosphatase-5b isoform) is secreted from the osteoclast cells as biomarkers for bone formation 

and resorption, respectively. Collagenous proteins, PYD (pyridinoline crosslinks), DPD 

(deoxypyridinoline crosslinks), OHP (hydroxyproline), NTX (N-terminal telopeptide) and CTX 

(C-terminal telopeptide), are released during bone matrix breakdown and used as biomarkers for 

bone resorption.............................................................................................................................. 37 



xiii 

 

Figure 3.1: Schematic drawing of experimental methods utilized to address objective 1 (refer to 

the list of abbreviation for symbols details) .................................................................................. 40 

Figure 3.2: Schematic drawing of experimental methods utilized to address objective 2 (refer to 

the list of abbreviation for symbols details) .................................................................................. 41 

Figure 4.1: Graphic illustration of the CPSC animal study schedule. ........................................... 55 

Figure 4.2: Graphic illustration of the CPSC-R animal study schedule. ....................................... 56 

Figure 4.3: A representation of the histological study. An area of 1 cm × 1 cm is observed under 

the light microscope. A histological slide has a thickness of 5 µm. ............................................. 59 

Figure 5.1: Setting times of risedronate-added and risedronate-free CSC as a function of 

risedronate concentration (n = 4). ................................................................................................. 64 

Figure 5.2: Compressive strength changes as a function of risedronate concentration (n = 10) 

after hardening for 3 and 7 days at 37 °C and 100% RH. ............................................................. 65 

Figure 5.3: XRD patterns of CSC and risedronate-containing CSC01R, CSC05R and CSC10R 

after 7 days of setting. The characteristic Ca(OH)2 peaks (*) are reduced with increasing RA 

amount. Unidentified peaks are primarily attributed to dicalcium silicate. .................................. 65 

Figure 5.4: Scanning electron micrographs of CSC (a), CSC01R (b), CSC05R (c), and CSC10R 

(d) after 7 days of setting. One bar equals to 5 µm. ...................................................................... 66 

Figure 5.5: FTIR scans of both (a) outer and (b) inner surfaces of CSC pellets with 10 wt% of 

RA. Characteristic peaks of POO
-
 stretching at 960 cm

-1
 are used to plot RA distribution (red 

spots). Each IR image represents an area of 10 μm × 10 μm. One bar equals to 1 mm. .............. 66 

Figure 5.6: FTIR spectra of risedronic acid, risedronate calcium and calcium silicate cement 

sample with 10% risedronic acid preloaded. Sample powders were mixed (4 wt%) with 

dehydrated KBr and compressed into tablets................................................................................ 68 



xiv 

 

Figure 5.7: RA release curves of CSC01R, CSC05R and CSC10R in PBS up to 28 days in molar 

units (a) and up to 6 months as a fraction of the total initial RA amount (b). .............................. 69 

Figure 5.8: RA adsorption onto hardened CSC after milling in RA saturated PBS solutions and 

RA desorption from these samples in PBS (n = 3). ...................................................................... 70 

Figure 5.9: Cell viability of osteoblast cells after incubation with the extracts of the different 

cements collected after 1, 3, and 7 days. Drug-free PBS served as the control, whereas 60 mg 

phenol/mL of media was used as the toxicity reference. The relative viability was calculated as 

optical density 570 (OD570) of treatment group/OD570 of the control group. ............................... 71 

Figure 6.1: Setting times (n = 4) and compressive strengths (n = 8) of CPSC5, CPSC10 and 

CPSC15. Error bar represents one standard deviation. ................................................................. 77 

Figure 6.2: (a) X-ray diffraction (XRD) patterns of raw CSC powder, CPSC5, CPSC10 and 

CPSC15 samples after 3 and 7 days of hydration (n = 4). Peaks of calcium hydroxide (P), 

tricalcium silicate (T) and dicalcium silicate (D) are identified. (b) Rietveld refinement analysis 

of CPSC5, CPSC10 and CPSC15. Error bar represents 95% confidence interval. ...................... 78 

Figure 6.3: Fourier transformation infrared (FTIR) spectra of CPSC5, CPSC10 and CPSC15 

samples after 7 days of hydration. ................................................................................................ 79 

Figure 6.4: µCT scans of 1 cm height sections of hardened CPSC to reveal their microstructure 

and macroporosity: (a) CPSC5; (b) CPSC10; (c) CPSC15 (n = 4). The color bar represents the 

diameter of pores, from 5 µm for the smallest pores in blue (µCT resolution limit), to 135 µm for 

the largest pores in red. ................................................................................................................. 79 

Figure 6.5: Relative viability of osteoblast cells incubated in CPSC5, CPSC10 and CPSC15 

extracts for 3 days in different dilutions of (a) 5% (1:19); (b) 10% (1:9); (c) 20% (1:4); and (d) 



xv 

 

50% (1:1). PBS with 10%-FBS in DMEM served as the control group, while an aqueous phenol 

solution was used as toxicity reference (n = 5). Error bars represent one standard deviation. ..... 81 

Figure 6.6: Representations of raw data of relative quantities of cells in each phase within one 

cell cycle analyzed by FCM. They are (a) the control, (b) CPSC5, (c) CPSC10 and (d) CPSC15.

....................................................................................................................................................... 82 

Figure 6.7: Fractions of diploid and tetraploid DNA strands in osteoblast cells. (n = 3) The 

relative quantity of tetraploid of CK is significantly lower than those of CPSC5 and CPSC10 but 

insignificantly lower than that of CPSC15. Relative quantities of CPSC 5, CPSC10 and CPSC15 

are insignificantly different between each other. (p < 0.05) Error bar represents one standard 

deviation. ....................................................................................................................................... 83 

Figure 6.8: Representations of threshold cycles of genes amplified by PCR ............................... 84 

Figure 6.9: mRNA expressions of ALP, runx2, TGF-β, and OPG genes in osteoblast cells 

harvesting in CPSC extracts for 3 days (n = 8). All expressions were normalized to the 

expressions of CSC. The level of ALP expression in CPSC15 is significantly lower than those in 

CPSC5 and CPSC10; the level of OPG expression in CPSC15 is significantly higher than those 

in CPSC5 and CPSC10; the levels of runx2 and TGF-β expressions are statistically indifferent 

among CPSC5, CPSC10 and CPSC15. (p * < 0.05) Error bar represents one standard deviation.

....................................................................................................................................................... 85 

Figure 6.10: X-ray images of rabbit hind legs with cement implantation after (a) 2 months and 

(b) 3 months. One bar is equal to 1 cm. Regions of remnant cement (blue arrows) and new 

trabecular bone (red arrows) were enclosed by green curves and their areas were automatically 

measured by Osirix. These readings were used in semi-quantitative analyses............................. 87 



xvi 

 

Figure 6.11: Calculate scores of (a) remnant cement from highly degraded (score 1) to mostly 

non-degraded (score 6) and (b) new trabecular bone formation from merely no bone formation 

(score 1) to significant formation (score 6) of CPSC and clinical CPC between 2 and 3 months (n 

= 7). Error bars represent one standard deviation. (p *< 0.05 vs. 2 month) ................................. 89 

Figure 6.12: 3D reconstruction of implanted bones after 3 months (red circles indicate the 

remaining material) ....................................................................................................................... 90 

Figure 6.13: CT scans of rabbit hind legs after 2-month implantation. Trabecular bones and 

newly formed cortical bones are indicated in green. The size bar is equal to 1 cm. .................... 91 

Figure 6.14: CT scans of rabbit hind legs after 3-month implantation. Trabecular bones and 

newly formed cortical bones are indicated in green. The size bar is equal to 1 cm. .................... 92 

Figure 6.15: Histological observations of (a) clinical CPC, (b) CPSC5, (c) CPSC10 and (d) 

CPSC15 after 3 months of implantation (40x). Inflammation by neutrophils infiltration (black 

arrows), proliferated adipose tissue (green arrows), tissue encapsulation (yellow arrows) and new 

bone formation (blue arrows) were indicated on the images. The size bar is equal to 0.25 mm. . 93 

Figure 7.1: The setting time and compressive strength changes with risedronate concentration. (n 

= 4 for the setting time and n = 8 for compressive strength tests). The error bars represent one 

standard deviation. ...................................................................................................................... 100 

Figure 7.2: The relative phase content of Portlandite, Ca2SiO4, apatite, CSH gel and the balance 

of amorphous phase in CPSC10, CPSC10-05R and CPSC10-10R (n = 4). ............................... 101 

Figure 7.3: Microporosity visualization for (a) CPSC10, (b) CPSC10-05R and (c) CPSC10-10R.

..................................................................................................................................................... 101 

Figure 7.4: FTIR spectra of CPSC10, CPSC10-05R and CPSC10-10R after 1-day hardening (n = 

4). ................................................................................................................................................ 102 



xvii 

 

Figure 7.5: Scanning electron micrographs of (a) CPSC10-core, (b) CPSC10-edge, (c) CPSC10-

05R-core, (d) CPSC10-05R-edge, (e) CPSC10-10R-core and (f) CPSC10-10R-edge after 7 days 

of setting. One bar equals to 20 µm. ........................................................................................... 103 

Figure 7.6: Osteoblast-like cell viabilities. Cells were treated with CPSC10-05R and CPSC10-

10R after 1 and 3 days immersion in PBS. Error bar represents one standard deviation (n = 5). 

(p* < 0.05 vs. the control group) ................................................................................................. 105 

Figure 7.7: Fractions of diploid (DNA double strands) and tetraploid (DNA quadruple strands) in 

osteoblast cells. Cells were harvested from CPSC extracts for 3 days. Error bar represents one 

standard deviation (n = 3). .......................................................................................................... 106 

Figure 7.8: Osteoblastic marker gene expression by real-time PCR. mRNA expressions of (a) 

ALP, (b) OPG, (c) runx2 and (d) TGF-β genes in osteoblast cells are shown after incubation in 

cement extracts for 1 day. Error bar represents one standard deviation (n = 8). (p* < 0.05 

vs.CPSC10) ................................................................................................................................. 107 

Figure 7.9: Serum levels of BALP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. (p < 0.05) ...... 109 

Figure 7.10: Serum TRACP-5b levels 1, 14 and 28 days after osteoporosis induction measured 

by ELISA. Error bar represents one standard deviation (n = 6). (p
*
 < 0.05) .............................. 109 

Figure 7.11: Serum levels of OCN after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 



xviii 

 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 110 

Figure 7.12: Serum levels of OPG/RANKL after 4, 6, 8 and 10 weeks between sham control, 

CPSC10 and CPSC10-05R (n = 10 except for the 10th week n = 5). (p < 0.05) ........................ 110 

Figure 7.13: Serum levels of NTX after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. (p < 0.05) ...... 111 

Figure 7.14: Serum levels of CTX after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. (p < 0.05) ...... 111 

Figure 7.15: Serum levels of PYD after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 112 

Figure 7.16: Serum levels of DPD after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 



xix 

 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 112 

Figure 7.17: Serum levels of OHP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. (p < 0.05) ...... 113 

Figure 7.18: Serum levels of BSP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 113 

Figure 7.19: Serum levels of GHYL after 4, 6, 8 and 10 weeks between sham control, CPSC10 

and CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings 

are statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. (p < 0.05) ...... 114 

Figure 7.20: Serum levels of PINP after 4, 6, 8 and 10 weeks between sham control, CPSC10 

and CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings 

are statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 114 



xx 

 

Figure 7.21: Serum levels of PICP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the 

readings are statistically different between the sham control and CPSC10-05R. “#” symbol 

indicates that readings are statistically different between the CPSC10 and CPSC10-05R groups. 

(p < 0.05) ..................................................................................................................................... 115 

Figure 7.22:  Serum levels of TRACP-5b after 4, 6, 8 and 10 weeks between sham control, 

CPSC10 and CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the 

readings are statistically different between the sham control and CPSC10. “@” symbol indicates 

that the readings are statistically different between the sham control and CPSC10-05R. “#” 

symbol indicates that readings are statistically different between the CPSC10 and CPSC10-05R 

groups. (p < 0.05) ........................................................................................................................ 115 

Figure 7.23: X-ray images of the rabbits’ right legs 8 and 10 weeks after implantation. One bar is 

equal to 1 cm. .............................................................................................................................. 117 

Figure 7.24: CT images of the rabbits’ right legs 8 and 10 weeks after implantation. One bar is 

equal to 1 cm. .............................................................................................................................. 118 

Figure 7.25: Comparison of the new bone formation scores between CPSC and 0.5% RA-CPSC 

groups 8 and 10 weeks after implantation (n = 5). ..................................................................... 119 

Figure 7.26: Histological observations of (a) Control, (b) CPSC and (c) 0.5% RA-CPSC after 10 

weeks of implantation (20x and 100x). Indicated on the images is inflammation as indicated by 

neutrophil infiltration (black arrows), proliferated adipose tissue (green arrows), tissue 

encapsulation (yellow arrows), new bone formation (blue arrows), osteoclasts (orange arrows) 

and osteoblast (red arrows) The size bar equals 0.25 mm. .......................................................... 120 



xxi 

 

Figure 7.27: Comparison of 84 genes analyzed by PCR array between CPSC10 and the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes 

of genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithm scale (base = 2). (n = 4) .............................................................................................. 123 

Figure 7.28: Comparison of 84 genes analyzed by PCR array between CPSC10-05R and the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold 

changes of genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-

axis) in logarithm scale (base = 2). (n = 4) ................................................................................. 124 

 

 



xxii 

 

List of Abbreviations 

ALP alkaline phosphatase  

ATPs adenosine triphosphates 

BALP bone-specific alkaline phosphatase 

BMD bone mineral density 

BP(s) bisphosphonate(s) 

BSP bone sialoprotein 

C2S dicalcium silicate ((CaO)2SiO2) 

C3S tricalcium silicate ((CaO)3SiO2) 

CaSR calcium sensing receptor  

CH calcium hydroxide (Ca(OH)2) 

CP calcium phosphate 

CPC calcium phosphate cement 

CPSC calcium phosphate silicate cement 

CPSC5 calcium silicate cement with 5 wt% of monocalcium phosphate  

CPSC10 calcium silicate cement with 10 wt% of monocalcium phosphate  

CPSC15 calcium silicate cement with 15 wt% of monocalcium phosphate  

CPSC-R calcium phosphate silicate cement containing risedronate 

CPSC10-

05R 

calcium silicate cement with 10 wt% of monocalcium phosphate and 0.5 wt% 

risedronate 

CPSC10-

10R 

calcium silicate cement with 10 wt% of monocalcium phosphate and 1.0 wt% 

risedronate 



xxiii 

 

CS calcium silicate 

CSC calcium silicate cement 

CSC01R calcium silicate cement with 0.1 wt% of risedronate 

CSC05R calcium silicate cement with 0.5 wt% of risedronate 

CSC10R calcium silicate cement with 1.0 wt% of risedronate 

CSH calcium silicate hydrate 

CT computed tomography 

CTX C-terminal telopeptide 

DDS drug delivery system 

DMEM Dulbecco's modified eagle's medium 

DMSO dimethyl sulfoxide  

DNA deoxyribonucleic acid  

DPD deoxypyridinoline crosslinks 

DXA dual x-ray absorptiometry 

ECM extracellular matrix 

ELISA enzyme-linked immunosorbent assays 

FBS fetal bovine serum 

FCM flow cytometry 

FPPS farnesyl diphophate synthase  

FTIR Fourier transform infrared 

GHYL galactosyl hydroxylysine 

GI gastrointestinal  



xxiv 

 

HA hydroxyapatite (Ca10 (PO4)6(OH)2) 

HPLC high performance liquid chromatography  

i.v. intravenous 

MCP monocalcium phosphate  

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (C18H16BrN5S) 

NMR nuclear magnetic resonance 

NTX N-terminal telopeptide 

OCN osteocalcin  

OHP hydroxyproline 

OPG osteoprotegerin 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PMMA  poly (methyl methacrylate) 

PTH parathyroid hormone 

PICP carboxy-terminal propeptide of type I procollagen 

PINP amino-terminal propeptide of type I procollagen 

PYD pyridinoline crosslinks 

RA risedronate 

RAC risedronate-calcium complexes (Ca2C7H9NO7P2) 

RANK receptor activator NF-κB  

RANKL receptor activator NF-κB ligand 

RNA ribonucleic acid 



xxv 

 

rt-PCR real time polymerase chain reaction 

runx2 runt-related transcription factor 2 

SANS small-angle neutron scattering 

SAXS small-angle x-ray scattering 

SEM scanning electron microscope (microscopic)  

SRICI Shenyang Research Institute of Chemical Industry 

TGF-β transforming growth factor-β 

TRACP-5b tartrate resistant acid phosphatase-5b isoform 

XRD x-ray diffraction 

μCT micro-computed tomography 

  

  

 

 

 



xxvi 

 

Acknowledgements 

First and foremost, I would like to express my sincere gratitude to my supervisors, Dr. 

Tom Troczynski, Dr. Urs Häfeli, Dr. Dorin Ruse and Dr. Quanzu Yang, for their valuable 

guidance during the course of this research work and preparation of this thesis and to Natural 

Sciences and Engineering Research Council of Canada (NSERC) for their financial supports. 

I would like also to express my appreciation to my supervisory committee member, Dr. Rizhi 

Wang, for his time and suggestions. 

I would like to thank Dr. Zhiqin Wang, Ms. Yixi Zhang, Ms. Wei Yang, Ms. Shiyao Qiao 

and Mr. Yubiao Zhang at the Safety Evaluation Centre of Shenyang Research Institute of 

Chemical Industry for their contributions in the cell researches and animal studies. 

I also appreciate the great supports from my friends Dr. Mingxiao Hou, Dr. Xinwei Liu, 

Dr. Yun`en Liu and Mr. Yu Wang at the General Hospital of Shenyang Military Command for 

their supports in animal studies. 

I also want to thank Dr. Jingyu Wang, Dr, Hongying Zhang and Ms. Wenting Gao at the 

Comparative Medicine Center in Dalian Medical University for their helps in histopathological 

preparations and assessments and Dr. Zhihong Zheng and Dr. Wei Yang at the Comparative 

Medicine Center in China Medical University for their anesthesia supports. The histological 

slides observation and analysis were explicitly conducted at Dalian Medical University by Dr. 

Hongying Zhang. 

Finally, I want to appreciate my parents in the course of my doctoral research. Their 

endless support and love motivates me to overcome many obstacles on the path to pursuing my 

dreams. 

 



xxvii 

 

Dedication 

 

To My Parents 



1 

 

Chapter 1: INTRODUCTION 

Thanks to the advancements in healthcare, human life expectancy has been significantly 

extended in the last couple of decades, from 69 years in 1970s to 79 years in 2000s in North 

America. As a result, the aging population constitutes a large proportion in our society. By 2030, 

it is estimated that the number of adults of 65 years or older worldwide will grow from 550 

million in 2000 to 973 million and, in the United States alone, the number of old people will 

double to 71 million [1]. An increasing aging population means greater pressures on our 

healthcare systems, as there are many chronic diseases and complications related with aging [2, 

3]. Aging-related chronic diseases include Alzheimer disease, Parkinson disease, rheumatoid 

arthritis, atherosclerosis, cardiovascular diseases, muscular degeneration, diabetes and bone 

fractures, and among those common diseases, fractures resulted from osteoporosis in aging 

population most seriously affects health and quality of life [2]. According to Osteoporosis 

Canada, in 2010, the direct cost of osteoporotic fractures was more than $2.3 billion [4]. 

Osteoporotic fractures have a much higher prevalence rate than heart attacks, strokes and cancers 

and affect more women than men. They reduce mobility after fractures and decrease the self-

esteem because patients typically need intensive medical care from other people. Moreover, 

increasing demands for hospital rooms and unaffordable costs of prosthesis implantation make 

osteoporotic fractures one of the biggest medical concerns all over the world. Therefore, how to 

successfully address osteoporotic fractures becomes a big challenge to improve longevity and 

life quality of our community. 

Bone cements, as other implanted prosthesis, can be successfully used in bone fracture 

reconstruction [5-7]. The development of bone cement with proper mechanical strength and 

desirable biological responses took place over more than 40 years [8]. The earliest bone cement, 
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poly (methyl methacrylate, PMMA), is non-ceramic (organic polymer)-based and has been used 

clinically for half a century. However, its weaknesses, e.g. shrinkage, non-degradability and heat 

generation during setting, reduce its product safety and limit its clinical usefulness [9]. The 

development of revolutionary calcium phosphate cement (CPC) by LeGeros and Brown and 

Chow solved some of these disadvantages [10, 11]. Hydroxyapatite (HA, Ca10 (PO4)6(OH) 2) is 

formed after CPC implantation at the tissue-implant interface [12], promoting marrow stromal 

cell differentiation into osteoblast-like cells [13, 14]. Nevertheless, CPC has relatively low 

compressive strength (<10 MPa) and poor vascularization properties [15-19]. Calcium silicates 

(CS)-based bioceramics, like calcium silicate cement (CSC), have a long history of being used as 

implants [12, 13, 20, 21]. The bioactivity of CSC primarily attributes to SiO4
4-

 ions promoting 

osteoblast cell proliferation and producing transforming growth factors [20, 22-24]. SiO4
4-

 and 

Ca
2+

  ions can reinforce osteogenesis by upregulating genes controlling cell cycle induction and 

progression [25]. In recent years, it has been claimed that the calcium phosphate silicate cement 

(CPSC), developed by adding monocalcium phosphate (MCP) into CSC, can further improve 

CSC’s low setting rate, poor degradation and high alkalinity after setting [18, 26-30]. These can 

be attributed to MCP reaction with calcium hydroxide (CH, Ca(OH)2), a product of CS 

hydration, into HA, accelerating the CS hydration and reducing the pH [31-33]. Furthermore, 

CPSC has been proved to be osteoinductive (able to induce new bone growth), osteoconductive 

(able to attach bone tissues on implant surface) and more biocompatible than CSC [34, 35]. 

The effectiveness of bone cement to reconstruct bone is significantly compromised under 

the osteoporotic conditions because osteoporosis can cause poor osseointegration between 

implant and bone tissue and result in stress concentration on the newly formed fragile 

connections [36-39]. Typical anti-osteoporotic therapies include Vitamin-D and calcium 
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supplements, bisphosphonates (BPs), parathyroid hormone (PTH) therapy and estrogen 

replacement. BP therapy is inexpensive and has been used most widely [6, 40]. BPs have two 

replaceable positions, R1 and R2, and when substituted by a hydroxyl group and nitrogen 

containing substitute, respectively, will be strongly bonded with bone minerals and increase their 

anti-resorptive capacity significantly [41-44]. Risedronate (RA) and zoledronate are the third 

generation BPs with the highest anti-osteoporotic potency [45]. RA inhibits the formation of the 

farnesyl diphosphate synthase (FPPS), disrupts the mevalonate pathway and stops the 

prenylation of proteins within osteoclasts [41-43]. However, there have been several side effects 

and complications associated with orally taken or injected BPs [46-49]. Therefore, a local BP 

delivery system by bone cement might be promising in achieving the desirable bone repair 

characteristics and anti-osteoporotic properties at the same time [19]. 

In this doctoral study, a novel RA delivery system, including CPSC containing RA 

(CPSC-R in short), was designed and RA’s impact on CPSC material properties was evaluated. 

In addition, the in vitro biocompatibility of CPSC-R system was evaluated based upon its effects 

on gene expressions. Furthermore, with the help of an osteoporotic animal model, the anti-

osteoporotic and osteogenic effectiveness of the CPSC-R system was evaluated by investigating 

how CPSC-R can promote osseointegration under osteoporotic conditions.  

With the help of these comprehensive and systemic analyses, the following research 

hypothesis will be answered: Calcium Phosphate Silicate Cement as a Risedronate Delivery 

System is Suitable and Appropriate to Help Restore Bone Fractures under Osteoporosis 

Conditions.  
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Chapter 2: LITERATURE REVIEW 

2.1 Calcium phosphate cement (CPC)    

Calcium phosphate cement (CPC), first introduced by LeGeros et al. and Brown and 

Chow [10, 11], has been demonstrated to be bioactive, degradable (resorbable), moldable and 

suitable for grafting and coatings. Compared to other calcium phosphate (CP)-based 

bioceramics, CPC paste can be filled into irregular shapes of bone fractures and set in situ. This 

advantage gives clinical practitioners more flexibility and confidence in treating bone fracture 

diseases. The first commercial CPC has been used for the treatment of maxillofacial deformities 

as well as for the treatment of bone fracture defects [50, 51]. After CPC powders are mixed with 

water, a series of reactions take place, from the dissolution of cement powders to precipitation 

(crystallization) of a new CP ceramic, mainly HA. During resorption, CPC releases calcium 

(Ca
2+

) and phosphate (PO4
3-

) ions, which promote growth of bone tissues on and around 

scaffolds [24, 52, 53].  

The advantages of CPC over traditional bone cement, such as poly (methyl methacrylate) 

(PMMA) bone cement, are less heat-generation and in situ shrinkage, both undesirable. It has 

been shown that local temperature around implant can exceed 60 °C, thermally damaging tissues 

around implant [9, 54]. The shrinkage of PMMA cement after implantation will cause loose 

contact between tissues and implants, causing potential implant failures.  

 

2.2 Calcium silicate cement (CSC) 

While CSC has been widely used in construction, in recent years its capability as dental 

biomaterial, and as a substitution of bone, has been demonstrated in vitro, in vivo, and 

commercially. Several studies have shown that silicate-based biomaterials demonstrate excellent 
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bioactivity and biocompatibility [13, 20, 21, 55, 56]. The primary component of hardened ("set") 

CSC, calcium silicate hydrate (CSH), has shown a transition into HA when cultured in simulated 

body fluid [12, 57]. Compared to CP-based biomaterials, CS owns some distinctive advantages, 

such as better toughness, high tensile and compressive strength, while being virtually non-

resorbable or very slowly resorbable [28]. These features promise successful treatment especially 

in elderly patients because the rate of new bone tissue growth decreases with age. The slow rate 

of bone growth is suspected to result in new bone micro-fractures, which in the long-term may 

lead to serious consequences, such as osteoporosis and bone fracture. Grafts are degrading faster 

than growing bone tissues, leaving some spaces in the implant. These spaces will contribute to 

mechanical strength loss. It is therefore reasonable to conclude that CS-based implants would 

provide better mechanical and structure supports to fractural bones than CP-based implants. 

It is widely believed that osteoblast cells can induce bone formation under the bone-tension 

condition. The higher the tensile force is (but within limits), the faster the bone formation will 

be. Therefore, CSC implanted patients can undergo higher loads of activities and therefore might 

see faster bone growth.  

 

2.2.1 Composition and structure of CSC 

CSC consists of tricalcium silicate ((CaO)3SiO2 (C3S)) and/or dicalcium silicate 

((CaO)2SiO2 (C2S)) at various weight ratios. C3S and C2S react with water and form CSH gel and 

CH. Equations governing this reaction are listed below [58]:  

2(CaO)3(SiO2) + 7H2O → (CaO)3(SiO2)2 ∙ 4(H2O) + 3Ca(OH)2        (Equation 2.1) 

2(CaO)2(SiO2) + 5H2O → (CaO)3(SiO2)2 ∙ 4(H2O) + Ca(OH)2          (Equation 2.2) 
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The gel phase CSH has a typically disordered structure (partially amorphous); ideally 

crystalline tobermorite (Ca5Si6O16(OH)2(H2O)4) and jennite (Ca9Si6O16(OH)6(H2O)8) should 

form during hydrations (equation 2.1and 2.2) [58]. Naturally occurring CSH crystals have a 

monoclinic structure as in tobermorite [59, 60]. Merlino et al. have shown that the structure of 

1.4-nm tobermorite comprises a central layer of Ca-O sheet that is ribbed on either side with 

single silicate tetrahedron and silicate chains repeating at intervals of three silicate tetrahedrons. 

Two tetrahedrons share two oxygen atoms with the central Ca-O sheet; while the third 

tetrahedron shares only one atom [60-63]. Unlike tobermorite, jennite has every other unit of 

three silicate tetrahedrons (“dreierkette”) replaced by a row of OH
-
 groups [62]. As a result, 

jennite has a more corrugating Ca-O layer, and some oxygen atoms are relieved from this rigid 

structure of tobermorite and become water molecules and OH
-
 groups. Those newly formed OH

-
 

groups are charge-balanced by free Ca
2+

 ions and, thus, create Ca–OH bonds.  

In general, the less crystalline form of CSH can be divided in to three groups: CSH (I), 

(II) and (III). CSH (I) is formed in the reaction between CaO and SiO2 [64], or between calcium 

salts and alkali silicates, or (under certain conditions) between C3S/C2S and water in dilute 

aqueous suspensions at room temperature [62].
 
If C3S or C2S reacts with excess amount of water, 

e.g., the CSH gel hardens during hydration (equations 2.1 and 2.2) and two products with 

distinctive gel morphologies form. The inner product has a very fine particulate morphology for 

an extended period of time, and a new phase CSH (II) forms [65-67]. Similarly to CSH (I), CSH 

(II) is a distorted version of tobermorite. CSH (II) is also considered as an alteration to jennite 

with Ca/Si ratio of 2 [62]. CSH (III) forms when the powder to liquid ratio is 2:1 and has two 

components, CSH gel and Ca(OH)2 [64]. CSH (III) is less crystalline than CSH (I) and (II), and 

has a Ca/Si ratio of 1.7~1.8. Several studies hypothesize that CSH gel is initially a mixture of 
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tobermorite- and jennite-like crystals, whose outer product morphology strongly depends on the 

gel chemical compositions [68-75]. In general, particles in outer products are longer and thinner 

than inner ones [74].   

 

2.2.2 Formation of CSH 

Preparation of a single-phase CSH  

It has been shown that a single phase CSH (i.e., free of CH) can be prepared either from 

reactions between CaO and SiO2 or from the double decomposition of calcium salts and alkali 

silicates in aqueous solutions [67, 76-81]. However, a simple hydration between C3S or C2S and 

water results in a highly disordered mixed-phase product, known as CSH gel and CH, common 

components of hydrated Portland cement [64]. Chen et al.
 
have demonstrated that a mature CSH 

gel has a relatively higher maximum Ca/Si ratio of 1.8 than 1.5 in a synthetic single-phase CSH 

[64]. CSH gel and CH prepared by hydration of C3S have a mean Ca/Si ratio between 1.7 and 1.8 

and this ratio remains unchanged with its gel’s age [82].   

Heat Treatment of CSH 

Heat treatment of CSH can increase the degree of polymerization of silicate chains and 

reduce the saturated weight of paste by converting OH
- 
groups into water [83]. Moreover, heat 

treatment can increase the amount of capillary porosity at the cost of mesoporosity. In addition, 

Thomas et al. argue that some heat treatments could accelerate the rate of hydration and 

strengthen cement setting [83]. However, elevated temperatures may decrease long-term strength 

and increase permeability [84]. Heat treatment may also induce expansions of material because 

of changes in pore systems and releases of liquid water (depending on treating time and moisture 
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state of pore system) [83, 85]. Moreover, heat treatment may cause microcracks due to 

viscoelastic strains induced by dimensional changes [83].
 
 

Nucleation, hydration and aging of CSH 

When C3S powders are mixed with water, this mixture experiences an initial rapid 

reaction followed by a moderate rate interaction [84]. A hypothesis, proposed by Gartner et al. 

[86] and modeled by Thomas et al. [87, 88], explains that nuclei of CSH form shortly after 

mixing, and that the nucleation rate varies with powder’s surface area [88], calcium 

concentration and temperature [89]. Subsequently, precipitated CSH gels start to grow outward 

and take up pore space. Once powders are covered by a thick layer of CSH, the rate of reaction 

will be controlled by the rate of diffusion and significantly reduced [84]. The initial high reaction 

rate, which is measured through hydration heat release, is attributed to the autocatalytic effect of 

CSH gel, because precipitations of CSH nanoparticles stimulate and accelerate new particle 

formation [84].  

Water exists in CSH in three forms: free, chemically bound and constrained water. The 

constrained water consists of water adsorbed on the surface and confined in pores. This type of 

water is preliminarily associated with the CSH phase [90]. Water content of CSH is dependent 

on the relative humidity, age and other processing parameters. Some articles summarized the 

process of hydration in the following steps [91, 92]. The hydration of C3S starts with rapid 

dissolution of powder in the first 30 seconds [91]. Correspondingly, the pH surges up from 7 to 

12.0~12.5, and both calcium and silicate concentrations increase as well. In the second step, the 

"induction period", the dissolution rate significantly slows down. This is followed by an 

"acceleration period", characterized by an exponential increase in the reaction rate (still lower 

than that in Step 1) and subsequently the rate of hydration decreases again because of a 
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diffusion-control mechanism dominating the reaction and a reduction in the surface area [92]. In 

addition, the rate of hydration is sensitive to the amount of Ca
2+

 and OH
-
 ions present in the 

solution [91, 93, 94]. High porous and low-density phases are initially formed according to the 

boundary nucleation process, and available reaction volumes will be filled up by this phase [95]. 

As the reaction proceeds, there is no available space to form new products and, thus, previously 

formed products densify. 

CSH gel aging is defined as changes in the structure and properties that occur under 

ambient or hydrothermal conditions [96]. Aging will result in CSH of higher microstructural 

resistance to permanent changes
 
and induce a higher degree of polymerization of silicate chains 

[96, 97].  

 

2.2.3 Surface area and porosity 

The surface area of a porous material is defined as the total internal boundary between 

the solid phases and the pore system [98]. This quantity is a measurement of fine pores present 

and indicates potentials for reactions between solid phases and intruded active species [98]. 

Surface area, in the case of disordered porous microstructures, also indicates the tortuosity and 

permeability of the pore phase [98]. 
 
It is known that CSH paste is a reactive, porous material 

with high internal surface area of 200 m
2
/g or higher [98]. The surface area of a given CSH gel 

increases with its hydration time and varies with respect to the processing variables, such as the 

cement composition, reaction temperature, and water-to-cement (w/c) ratio [98]. Three types of 

porosity measurements are commonly used, including gas sorption, small-angle scattering and 

nuclear magnetic resonance (NMR) relaxation [97]. The gas sorption method requires the 

specimen in a dry state; however, the elimination of water from its microstructure may alter its 
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structures, such as shrinkage or collapse of the gel pores, thus significantly altering surface area 

[98]. Besides gas sorption method, small-angle scattering, including small-angle neutron 

scattering (SANS) and small-angle x-ray scattering (SAXS), can be used to detect cement 

surface areas as well. SAXS surface area values are considerably higher than SANS values [98]. 

The last method in literature is the NMR method, in which completely dried sample is not 

required as an advantage to gas sorption method [98]. 

Cement paste can be viewed as a dense suspension of powders in a liquid medium, and 

this liquid medium forms a three-dimensional inter-connected pores structure [99]. This pore 

system ranges from a few nanometers to millimeters and is responsible for material properties 

such as stiffness and strength. The total volume of cement powder and water will decrease as the 

hydration reaction proceeds. Water space will be gradually replaced by cement paste [99], and 

spaces not filled by the solid products are called capillary pores. As the hydration continues, the 

amount of capillary porosity decreases correspondingly until the capillary pore system 

transforms into a disconnected space at a percolation transition [99].
   

On the other hand, CSH gel contains many very small pores, with pore sizes ranging 

from 15~20 nm on the first day to less than 5 nm after 59 days setting [100]. The gel pore system 

is dependent upon chemical composition and changes with relative humidity, temperature, and 

the applied load [99]. Porosity can influence cement’s mechanical strength, creep, permeability 

and diffusion [99]. Feret’s Law elaborates a simple relation between compressive strength and 

porosity as seen in the equation 2.3 below:  

                                                     𝜎 = 𝐵 (
𝑐

𝑐+𝑤+𝑝
)

2

                                              (Equation 2.3)  

, where 𝜎 = compressive strength, B = constant, c = volume of cement, w = volume of water, p = 

volume of air (i.e., open pores). Accordingly, compressive strength is inversely related to the 
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open porosity volume. Permeability is an intrinsic property of cement allowing the diffusion of 

gaseous or aqueous media inside cement under a pressure gradient and depends upon capillary 

pore size, volume and morphology. Expansions of cement can be induced by environmental 

factors, such as moisture and temperature changes, sulfate exposure and thawing/freezing cycles 

[99].   

 

2.3 Calcium phosphate silicate cements (CPSC) 

HA is found to have a close similarity to human bones, and, thus, its applications in bone 

replacement have been well studied, e.g., in prosthetics and dental repairs [101, 102]. However, a 

biological apatite contains some additional elements and chemically differs from HA [103]. 

Experiments have shown that synthetic and biologically harvested HA is able to elicit apatite 

layer formations on the interface with bone tissues [89, 104-106]. CPC and other CP-based 

bioceramics, which are used to repair fractures bone under physiological conditions, are 

gradually transformed into HA. CPC is superior to other CP bioceramics owing to its great 

flexibility. CPC can virtually fit for any shapes of fracture voids and be easily incorporated with 

different types of drugs [107]. Although HA is proved to be osteoconductive in nature and can 

support osteogenic differentiation of marrow stromal cells, its bioactivity, biocompatibility, and 

biodegradation raise some concerns over its clinical applications [24, 52, 53, 108]. CPC has low 

mechanical strengths (~10 MPa compressive strength) and leaches OH
- 
in in vitro conditions [16, 

17]. In addition, several papers have reported CPC inferior bioactivities to those of silicon-

contained Bioglass [109-111]. CSC advantages as a bone cement have been discussed thoroughly 

in the previous section [26]. However, slow setting rate and low short-term mechanical strength 
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(up to 30 days) have been shown to be associated with CSC, making it unfit for some 

applications [28, 112].   

The idea of using a combination of CPC and CSC, which is called CPSC, is originated to 

overcome individual shortcomings. Bioglass
®

 was the first CS material showing to have 

excellent biocompatibility and osseointegration [15, 113]. Silicate ions (SiO4
4-

) encourage the 

proliferation of osteoblast cells and activate cells to produce transforming growth factors [20]. 

Moreover, liberations of SiO4
4-

 and Ca
2+

 can reinforce osteogenesis by manipulating genes to 

regulate cell cycle induction and progression [22]. Further studies indicate that SiO4
4-

 can 

promote bone metabolism as well [23, 114, 115]. Several experimental results proved that CPSC 

is better than either CPC or CSC and might generate expected clinical results [26, 34, 116, 117]. 

Higher compressive strengths were observed (>20 MPa for CPSC vs. <10 MPa for CPC), and a 

layer of homogeneous apatite was formed on the cement surface in simulated body fluid, 

indicating that CPSC excels in bioactivity [26]. Furthermore, low pH variations in vitro, cell 

proliferation in vivo and good biodegradability were also demonstrated with CPSC [26, 117]. In 

addition, Zhao et al.
 
reported both osteoblast cell growth and differentiation on CPSC surfaces 

[34].  

 

2.4 Bisphosphonates 

2.4.1 Overview of bisphosphonates  

In 1960s, Fleish et al. found, in human urine and plasma, substances that can inhibit CP 

precipitation [118]. The product is called pyrophosphate, a naturally occurring polyphosphate, 

which reduces calcium crystal formation and dissolution and can inhibit in vivo calcification 

[119]. Bisphosphonates (BPs) are analogous to pyrophosphates but, unlike pyrophosphates (Fig. 
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2.1),  in which one oxygen atom is bonded to two phosphorous atoms, have one carbon atom 

replacing that oxygen atom, rendering BPs better resistant to biological degradation (hydrolysis) 

and making BPs more stable than pyrophosphates [119].  

 

The molecular structure of BPs is shown in Fig. 2.2. Two side-chains are attached to the 

central carbon atom. Alterations of these side-chains bring BPs different chemical and physical 

properties and introduce various forms of BPs [119]. It has been shown that the presence of a 

hydroxyl group (-OH) can increase BPs’ binding ability to bone minerals as compared to those 

without this functional group [119], as it provides tridentate instead of bidentate binding to 

chelate Ca
2+

 [120]. Sixty different forms of BPs have been synthesized based on different side 

chains substitutions and they can be grouped into nitrogen containing and non-nitrogen 

containing BPs [119]. The replacement of the second side-chain, R2, gives rise to BPs different 

anti-resorptive potencies [119]. Risedronate (RA), as the third generation of BP (Fig. 2.2), has a 

nitrogen-containing heterocyclic ring at the R2 location, which increases RA’s anti-resorptive 

potency by 10,000 folds [119]. BPs anti-resorptive ability arises from the P-C-P structure rather 

than individual phosphonate groups [119]. However, high binding affinity does not necessarily 

mean high anti-resorptive potency. In addition, any alteration on phosphonate groups will change 

BPs affinity for minerals [119]. Therefore, binding affinity is attributed to the P-C-P moiety and 

Figure 2.1: Schematic drawing of pyrophosphates 
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the OH group on R1, but configurations on R2 allow BPs exerting different biological activities 

and interactions with specific molecular targets [119].  

 

Other than inhibiting calcium crystal formation and dissolution, BPs can reduce 

osteoclast-induced bone resorption, healing excessive bone resorption-related diseases, such as 

Paget’s disease and malignancy-associated hypercalcemia and can be used as agents for bone 

imaging [119]. BPs are selectively taken up and adsorbed on the bone minerals, and preferably 

bind to bones having high turnover rate [119]. BPs’ anti-resorptive actions can be grouped into 2 

different types. Metabolites are formed between pyrophosphate analogous BPs and ATPs, and 

such metabolites accumulate inside osteoclast cells, impede osteoclast cell functions and induce 

osteoclast apoptosis [119]. Nitrogen-containing BPs have different mechanisms of anti-

resorptive capacity. They affect other metabolic reactions, e.g., the mevalonate pathway, disrupt 

protein prenylation to interfere with signaling function of key regulatory proteins, and 

consequently reduce cellular activity and induce osteoclast apoptosis [119]. Current 

administration routes of BPs include oral and intravenous administrations. Though BPs are 

Figure 2.2: Schematic drawing of a generic bisphosphonate and of risedronate, the third generation 

bisphosphonate drug used for this research. 
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widely used to treat osteoporosis and other chronic diseases, and though oral administration 

sounds like a good choice as it can provide uninterrupted pharmacotherapy to maintain desirable 

clinical outcomes, it has very poor adsorption from gastrointestinal tracts [46, 121]. Oral 

administration of BPs is also compromised by daily food intakes, especially those with high Ca
2+ 

and Fe
2+

, which form insoluble complexes that cannot absorbed [46]. Though intravenous (i.v.) 

method can avoid the low absorption rate, there are intrinsic problems associated with this 

method. Bioavailability of BPs varies, and those left in the body will remain probably for 

lifetime [46, 121]. After high i.v. dosage levels, BPs can be deposited in non-calcified tissues, 

e.g., the kidney [46], and cause other complications. The local delivery in the form of implants 

can solve these problems. It will achieve controlled release of BPs, avoid poisoning, and be 

target-specific, preventing irritations from other organs [46]. 

 

2.4.2 Risedronate  

Risedronate (RA), also named risedronic acid, is a third generation nitrogen-containing 

BP. Its generic name is (1-hydroxy-2- (3-pyridinyl) ethylidene) BP with a chemical formula of 

C7H11NO7P2. The OH group at R1 position (Fig. 2.2), increases RA’s affinity for Ca
2+

;
 
while, on 

the R2 position (Fig. 2.2), the nitrogen-containing ring enhances RA’s anti-resorptive ability. 

Among 5 common BPs, RA, zoledronate, alendronate, etidronate and clodronate, RA has the 

medium bone affinity but the highest anti-resorptive potency [121].  

RA is mainly used to treat postmenopausal osteoporosis, glucocorticoid-induced 

osteoporosis and Paget’s diseases [119, 122]. Postmenopausal osteoporosis is a very common 

disease in women: 40% of Caucasian women are suffering from this disease after the 

menopausal period because of the deficiency of estrogen [123]. The deficiency of estrogen 
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results in the loss of bone mass and it is estimated that 10% of bone mass loss can increase the 

risk of fracture by 2 to 3 folds [124]. Several clinical trials have proved that RA can effectively 

increase the bone mineral density (BMD) compared to the placebo (no active ingredient) 

treatment [122]. One clinical study showed that, after 3 years of RA treatment (5 mg/day of oral 

intake), increases of BMD on lumbar spine, femoral trochanter, femoral neck and midshaft 

radius were 5.9, 6.4, 3.1 and 2.1% (p < 0.001 vs. placebo), respectively [125]. Another study 

reported that, after two years treatment with RA to prevent bone mass loss in recent menopausal 

women (i.e., within 6 months to 3 years), lumbar spinal and femoral neck BMD increased 

significantly as compared to the placebo group (5.4% vs. 1.1% on lumbar spine, 1.6% vs.1.2% on 

femoral neck, p < 0.05) [126]. A third study demonstrated that the combination of RA and 

estrogen replacement was more effective to prevent the bone mass loss than the estrogen 

replacement alone [127]. Glucocorticoids are widely used to treat inflammation, especially in the 

immunosuppression conditions; however, they can also cause bone mass loss and induce 

osteoporosis [122]. About 30 to 50% of patients who received glucocorticoid treatments for 6 

months or longer suffered from osteoporotic fractures [128]. Though the exact mechanisms of 

glucocorticoid-induced osteoporosis are not yet clearly understood, it is believed that 

glucocorticoids can impair osteoblast cell activities [122]. In one study, in which RA (5 mg/day) 

was given to prevent glucocorticoid-induced osteoporosis (i.e., RA and glucocorticoid were 

given simultaneously), the mean BMD at the lumbar spine and femoral neck decreased by 3% (p 

< 0.05) after one year in the RA-free group compared to the RA treatment group [129]. In a 

study of 290 patients with low bone mass, RA significantly increased the mean BMD at the 

lumbar spine in the treatment group compared to the placebo group [130]. Paget’s disease refers 

to the a localized increase of osteoclastic activity followed by the proliferation of osteoblast cells 
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and commonly occurs in elder people [122]. The bone formation in Paget’s diseases by 

osteoblast cells has a thick but poor structure and pains are resulted from these deformed bones. 

After RA treatment of more than 2 months, all patients in the clinical study were relieved from 

pain [131]. Biomarker studies also showed that, after 6 months of RA treatment, bone turnover 

rates were significantly reduced compared to the placebo groups [131, 132].   

RA’s mechanism in bone resorption prevention is complex and includes the effects on 

osteoclast recruitment, differentiation, and resorptive activity [41-45, 133-138]. Only recently, 

the anti-resorptive mechanism of RA has become clearer [41-43]. It appears that RA inhibits the 

formation of the farnesyl diphosphate synthase (FPPS), disrupts the mevalonate pathway and 

stops the prenylation of osteoclast cell proteins [41]. Prenylation, also called lipidation, is a 

process to add hydrophobic prenyl functional groups to proteins. Without this particular function 

group, interactions between proteins are interrupted and osteoclast cells are unable to function 

properly without proper protein interactions. Eventually, apoptosis is induced in osteoclast cells. 

It is generally believed that RA can increase the proliferation and differentiation of osteoblast 

cells by upregulating several key genes expression within cells, e.g., runx2, ALP and OPG [35, 

139, 140]. However, whether RA can also induce apoptosis of osteoblast cells is not known yet. 

It is only understood that RA at high concentrations can be cytotoxic (above 10
-5 

M) to osteoblast 

cells and the safe range of RA concentration is between 10
-8 

and 10
-6 

M [19, 141].    

Oral intake RA’s common side effect is gastrointestinal irritation (GI). One study found 

that among 219 patients who were given RA, 38% of them experienced GI, and 21% had adverse 

upper gastrointestinal events [142]. Another study showed that the overall GI incident rate 

among healthy menopausal women taking 5 mg/day RA for 2 weeks was 4.1% (p < 0.001) [143]. 

At higher dosage of RA (30 mg/day), gastric ulcers appeared more severe in RA treatment 
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groups than the placebo one [144]. In response to these findings, several researchers undertook 

the task of local delivery of other BPs [49, 54, 116].  

There are fewer studies investigating release kinetics of BPs from local implants than 

those evaluating  biological benefits resulted from local BPs delivery [145]. Slow release 

patterns (i.e., < 10% of BP loading released in the first few weeks) were observed for olpadronic 

acid, an earlier generation BP, released from porous hydroxyapatite implants into sodium 

chloride solution [146]. It was found that most of the release took place in the first 10 days of 

study. In addition, porosity effects on the release kinetics were also shown in this study [146]. 

The drug was released faster (i.e., 27.5% of the initially loaded BPs in 3 months) from the 

macroporous implants (20-30% porosity, pore sizes between 100 and 250 µm) than from the 

microporous ones (which released only 2.66% of the initially loaded BPs from the implant with 

50-60% porosity, pore sizes between 1 and 5 µm). However, release was not detected from 

microporous implants with much lower porosity (3-5% porosity). This study showed that an 

initial rapid release of BPs was followed by a much slower, pseudo-steady release profiles [146]. 

Another study found that BPs release from hydroxyapatite was correlated with the rate of 

calcium dissolution from the implants [147].  

Biological effects resulting from BPs local release, on the other hand, were well studied 

[116, 148-153]. In vitro studies of CPC doped with alendronate demonstrated its toxicity to 

osteoclast cells while promoting osteoblast cell proliferation and differentiation [49, 116]. In one 

study of radiolabeled zoledronate in porous tantalum implants, it was found that zoledronate 

quantity in peri-implant tissues was higher after 6 weeks than after 52 weeks (732.6 ng/g vs. 

377.2 ng/g) and most of the released zoledronate was localized close to the implants [148]. 

Yoshinari et al. found that pamidronate-coated calcium phosphate implants improved bone 
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contact by 10% as compared to the non-coating implants (p < 0.05) [149]. In another study by 

Gou et al. on in vivo bone formation of zoledronate-loaded PLGA implants, bone mineral density 

and relative bone volume increased significantly compared to the control group (containing no 

zoledronate) (p < 0.05) [150]. In addition, the numbers of osteoclast and osteoblast cells found 

close to the implants were significantly affected by zoledronate release (p < 0.05). Histological 

studies suggested that early tissue growth and osseointegration with implants was improved by 

zoledronate-coated bone screws and local delivery of zoledronate did not cause adverse side-

effects on osteoblast cells close to implants [151]. In another study focusing on the improvement 

of bone mechanical properties due to zoledronate-added PLGA implants, it was found that bone 

stiffness was significantly increased (i.e., by 15%) as compared to the zoledronate-free samples 

(p < 0.01) [152]. In one recent study of alendronate-doped calcium phosphate cement in 

osteoporosis animals, bone volume and new trabecular bone thickness were higher in 

alendronate-treated group than the control (CPC only) one (p < 0.05) [153]. It was also found 

that the thickness of original cortical bones close to implants was also increased by 30% in the 

alendronate-treated group, proving its anti-osteoporotic effects. However, there is no literature 

studying in vivo RA release from calcium phosphate silicate cement. In addition, the anti-

osteoporotic effects of this particular drug delivery system also remain unknown.            
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2.5 Controlled drug release 

Drug concentrations in the blood plasma can be divided into three distinct regions, 

namely, toxic, effective and ineffective levels, as schematically illustrated in Fig. 2.3. The 

difference between toxic and ineffective levels is called the "therapeutic window" [154]. When 

single drug doses are administrated into body, plasma concentrations will rapidly increase and 

then decrease. Hence, the time during which concentrations remain within the therapeutic 

window is very short [154]. To increase the time for the drug to be in the optimal dose range, the 

frequency of administration must be increased, which therefore requires more patient 

compliance. The term, controllable release, is interchangeable with sustained release or 

prolonged release [154], and a desirable drug delivery device should deliver drugs in controllable 

manners. 

                 

Figure 2.3: Schematic drawing of effective drug concentration region 
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Commonly encountered polymeric drug delivery systems (DDS) include diffusion-

controlled, water penetration-controlled, chemically controlled, responsive and particulate DDS. 

In each system, special or unique properties of delivery materials are utilized to release drugs. 

For example, in the chemically controlled mechanism, drugs are either confined in or surrounded 

by biodegradable polymer membranes or homogeneously dispersed in biodegradable polymer 

matrices [154]. Confined by biodegradable membranes, drugs must diffuse out through 

membranes, while membranes initially retain their shapes but eventually degrade in vivo. Rates 

of drug release are thus dependent both on drug diffusivity and matrix degradation rate. 

CPC has been used in drug delivery applications because of its abilities to incorporate 

several types of drugs and to deliver drugs to specific sites (target-specific) in controllable 

manners and also because CPC is biodegradable and injectable [107]. The drugs that have been 

delivered from CPC-based DDS include antibiotics, anti-inflammatory drugs and several bone 

growth factors [107]. The release kinetics from CPC in general follow diffusion-controlled 

processes, which allows for describing the drug release by Higuchi’s law [107].  

In my present study, Higuchi’s law was used to describe the drug RA’s release kinetics 

from hardened CSC and CPSC [155]. Such analyses were based upon a theoretical release 

model, in which several assumptions must be made: 1) the matrix retains its original shape; 2) no 

matrix dissolves; 3) there is homogeneous drug distribution in the matrix, and 4) the same release 

rate is observed at the surface and throughout the bulk [155].   

In the Higuchi model, two release mechanisms are usually discussed [155]. In the simple 

diffusion model, drugs are first desorbed from solid surfaces, diffuse through matrices and 

eventually are leached into the surroundings (release environment) [155]. Alternatively, solvents 

in the release environment may penetrate into the matrices, dissolve drugs, and leach drugs out 
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of matrices. Several types of defects in matrices are responsible for drug delivery systems, i.e., 

pores, cracks, voids and intergranular (grain-boundary) spaces, which provide channels for the 

solvent diffusion [155]. Drugs dissolve and diffuse in the solvents, driven by the concentration 

gradient, instead of moving through matrices [155].  

 

In this study, RA is strongly bound with Ca
2+

 and hardened CSC or CPSC [119]. If the 

first mechanism were valid, then RA would experience a very complicated release process. First, 

a concentration gradient would be established between the surface and core, and RA would start 

to diffuse through the matrix. RA’s high affinity for Ca
2+ 

would cause that RA, once desorbed 

from matrices, and would be rapidly re-adsorbed onto the matrix. If a significant release is 

observed, then it is reasonable to assume that the second mechanism dominates the RA release 

from CSC or CPSC. In the Higuchi model, two geometric systems are considered: unidirectional 

and three-dimensional. In the unidirectional geometry, drugs are released from a planar surface 

(Fig. 2.4) and equation 2.4 governs the amount of drug released with time [155]: 

                                                      Q = [ 
Dϵ

τ
(2𝐴 − 𝜖𝐶𝑠)𝑐𝑠𝑡]

1

 2                                     (Equation 2.4) 

, where Q is the amount of drug release after time t per unit area; D is the diffusivity of the drug 

in the permeating solvent; τ is the tortuosity of the capillary system, which is roughly equal to 3 

Figure 2.4: Schematic drawing of drug release from a planar surface 
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in the CSC or CPSC system; A is the total amount of drug present in the matrix; Cs is the 

solubility of drug in the solvent; ε is the porosity of the matrix. One assumption of equation 2.4 

is that A is greater than Cs by a factor of 3 to 4; if not, the drug will dissolve in the solvent too 

fast to be modeled in a controllable release pattern.   

It is necessary to discuss the porosity factor ε in more detail. Porosity (ε) used in equation 

2.4 refers to the those filled with solvents in the pellet [155]. Hence, ε = εo + KA, where K is the 

specific volume of the drug (=1/density), and εo is the initial porosity. If RA is homogenously 

distributed in the pellet, ε is roughly equal to KA. Therefore, equation 2.4 can be reduced to: 

                                                   Q = 𝐴[
DK

τ
(2 − 𝐾𝐶𝑠)𝐶𝑠𝑡]

1

2                                       (Equation 2.5) 

                                                   S = [
DK

τ
(2 − 𝐾𝐶𝑠)𝐶𝑠𝑡]

1

2                                          (Equation 2.6)  

, where the fraction of drug release S = Q/A. From equation 2.6, it is concluded that the fraction 

of drug release is independent of the initial amount of drug loading [155].  

In a three dimensional geometry, drugs are leached from a pellet or tablet in all directions 

(Fig. 2.5). This geometry is more realistic for release kinetics from insoluble pellets [155], and 

thus analyses based upon this geometry dominate RA release kinetics from CSC or CPSC. 

Equation 2.7 governs the drug release in the 3D geometry: 

(1 − 𝛼) + 2 (
𝑎′

𝑎𝑜
)

3

(1 − 𝛼) − (
𝑎′

𝑎𝑜
)

2

(3 − 4𝛼) − 𝛼 (
𝑎′

𝑎𝑜
) + 𝛼𝑙𝑛 (

𝑎′

𝑎𝑜
) =

6𝐷𝐾𝐶𝑠𝑡

𝜏𝑎𝑜
2          (Equation 2.7) 

, where 𝑎′ is the radius of unleached portion; ao is the radius of the entire pellet; α = εCs/A and ε 

≈ KA, so α ≈ KCs. If α is much smaller than 1, equation 2.7 can be simplified to:  

                                               1 + 2 (
𝑎′

𝑎𝑜
)

3

− 3 (
𝑎′

𝑎𝑜
)

2

=
6𝐷𝐾𝐶𝑠𝑡

𝜏𝑎𝑜
2                                  (Equation 2.8) 

, where  (
𝑎′

𝑎𝑜
)

3

 represents the remaining fraction of drugs loaded into a matrix.  
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2.6 Osteoporosis and osteoporotic fracture 

Osteoporosis, characterized by bone mineral (or bone mass) loss and microarchitecture 

deterioration, produces unmatched rates of bone formation and resorption [7, 40]. Osteoporosis 

is typically diagnosed based upon bone mineral density (BMD) by dual x-ray absorptiometry 

(DXA). A patient has osteoporosis if his/her T-score (subject’s bone density) is 2.5 standard 

deviations below the average of young adults [40]. Though diagnosis of osteoporosis though 

BMD by DXA is a widely acceptable method, there are some concerns regarding the accuracy of 

this method [40]. The DXA method does not take into account bone geometry and fails to 

identify bone types, e.g., compact bones and spongy bones [40]. Therefore, high resolution CT is 

increasingly used to diagnose the early phases of osteoporosis because it can utilize 3-D 

volumetric data to predict both bone shapes and risk factors [40]. 

Figure 2.5: Schematic drawing of drug release in three dimensions 
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 Two types of cells are involved in osteoporosis development, osteoblasts and osteoclasts. 

Osteoblast cells are derived from mesenchymal stem cells and exclusively responsible for the 

bone formation [40]. Osteoblasts, after differentiating from precursors, secret extracellular 

matrix (ECM) containing type-1 collagen and some non-collagenous proteins [40]. The 

mineralization of ECM can be enhanced by vitamin D, calcium and phosphate in the serum [40]. 

The bone formation can be enhanced by vitamin D and parathyroid hormone (PTH) but 

suppressed by glucocorticoid intakes. PTH can maintain the serum calcium level within a narrow 

range through the calcium sensing receptor (CaSR) on the parathyroid gland [40]. Osteoblast 

cells eventually undergo programmed cell death (apoptosis) or differentiate into osteocytes 

[156], and the differentiation is controlled by the Wnt/β-catenin pathway [157]. 

 On the other hand, multinucleated osteoclast cells are differentiated from haemopoietic 

stem cells under the control of various factors such as receptor activator NF-κB ligand (RANKL) 

and macrophage-colony-stimulating factor (M-CSF) [40]. RANKL can activate its receptor, 

RANK, on osteoclasts and induce various key regulatory transcription factors to promote 

differentiation, multinucleation, activation and survival of osteoclasts [40]. The role of 

osteoclasts in bone resorption is to attach onto bone surfaces and create a highly acidic and 

enclosed environment [40], and subsequently cathepsin K is responsible for degrading collagen 

and resorbing bones. 

 Typical therapies of osteoporosis include anti-resorptive and anabolic drugs in addition to 

changes of bad life styles (smoking, alcohol consumption and physically inert) and vitamin D 

and calcium supplementations. Anti-resorptive drugs refer to those preventing or delaying bone 

resorption and include BP, denosumab, odanacatib, ONO-5334, saracatinib and BPs [40]. These 

drugs target different mechanisms to prevent osteoclastic bone resorption. Among these anti-
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resorptive drugs, BPs are the most commonly used ones because of their relatively low cost and 

broad spectrum of osteoporosis treatments [40]. On the other hand, anabolic drugs stimulate and 

promote bone formation. This class of drugs is quite limited and the most commonly used is full-

length PTH (1-84) or its N-terminal fragments (1-34) [40]. Other anabolic drugs, e.g., calcilytic 

drugs (MK-5442), sclerostin antibodies, and DKK-1 antibodies (BHQ-880), are still under 

development and waiting for approvals from different health authorities [40]. 

Compared to fractures caused by trauma or overuse, fractures resulting from osteoporosis 

have an increased risk of re-fractures, which decrease patient quality of life significantly [7, 40]. 

In addition, the excess time in the hospital resulted from these subsequent fractures increases the 

risk of life-threatening complications, such as pneumonia and thromboembolic diseases, which 

can be caused by the immobilization on bed [158]. In addition, osteoporotic fractures most 

commonly occur in wrist, spine and hip bones and found to be prevalent in older people [159].  

Osteoporosis can both cause the bone fractures and delay the healing. It used to be 

thought that osteoporosis would not impair fracture reconstruction and was not the main factor 

resulting in subsequent fractures [160]. However, recent studies have found that not only is 

osteoporosis a key risk factor for fractures but it also results in delays in fracture healing [7, 36-

38]. Recent studies found that in the osteoporosis group, bone forming-related gene expressions 

were decreased and osseointegration with implants was significantly reduced compared to the 

healthy one [36].  

Osteoporosis can affect both the primary (short-term) and biological (long-term) 

stabilities of implants [7]. In particular, the loss of the primary stability may result in the implant 

failure rapidly. The poor osseointegration of implant and bone tissue results in low strength of 

bone-implant connections and, because the stresses tend to be concentrating at intersections with 
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low contacting areas, the implant stability is significantly impaired. The loss of the long-term 

stability is resulted from insufficient osteoblastic activity that prevents the long-term integration 

of implants with bone tissue and consequently compromises the biological stability [7].  

 

2.7 In vitro evaluation of biocompatibility of biomaterials  

2.7.1 Cytotoxicity of biomaterials 

Cytotoxicity test is the most commonly used method to evaluate the biocompatibility of a 

biomaterial [161]. Other evaluation methods, e.g., PCR, western blotting and flow cytometry, are 

also commonly used. A comparison is made between the cytotoxicity of any given biomaterial 

and that of a control (non-toxic) material, on the same cell line(s). The selection of the cell 

line(s) is based upon type and location of the interaction of a biomaterial with the tissue, e.g., the 

cytotoxicity of an artificial blood vessel is evaluated against blood cells or that of a bone implant 

is evaluated against bone cells (osteoblast and osteoclast) [161]. There are two methods to 

evaluate the cytotoxicity, extract and direct contact method [161]. In the extract method, a 

biomaterial is immersed in a solution, e.g., phosphate buffer solution (PBS), for a period of time 

(the duration is dependent upon the study) and then removed. The solution is called an “extract” 

and is co-cultured with the cell line. After a period of time (typically 1 or 3 days), the viability of 

cells is measured. In the direct contact method, a biomaterial is directly co-cultured with the cell 

line and the viability of viable cells is measured. MTT assay is a common used assay to measure 

the cell viability. Soluble tetrazolium salts in 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide (MTT) react with oxidoreductase enzymes in viable cells to form 

insoluble purple Formazan dyes. The addition of dimethyl sulfoxide (DMSO) can dissolve these 

Formazan dyes into colored solution. A spectrophotometer is used to measure the absorption of 
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light of this color solution at a particular wavelength between 500 nm to 600 nm and the 

absorption depends on the concentration of the dissolved dyes. Relative viability instead of 

absolute viability is usually used to compare the cytotoxicity between a biomaterial and control 

to save efforts to construct the calibration curve. The relative viability is defined as the mean 

absorption of the sample material over the mean absorption of the control sample at the same 

wavelength. For example, if the mean absorption value of material A extract is 1.5 (unitless) and 

that of the control is 1.2, the relative viability is 1.25 or 125%. This value indicates that the 

number of viable cells cultured in material A extract is 25% higher than the number of viable 

cells cultured in the control, which implying that the material A is biocompatible or non-

cytotoxic compared to the control, according to the ISO10993-5 standard.              

 

2.7.2 Real time polymerase chain reaction (PCR) 

Polymerase chain reaction (PCR) is another method to evaluate the in vitro 

biocompatibility of a biomaterial based upon its effects on certain genes regulation in cells [162]. 

Deoxyribonucleic acids (DNAs) in cells carry important genic information for cells to function 

properly, i.e., proliferation and differentiation. DNAs are first translated into ribonucleic acids 

(RNAs) and RNAs are used to control the synthesis of proteins. One RNA molecule carries 

genetic codes (target genes) of different proteins and, in any particular study, only one or a few 

target gene(s) in this molecule is typically of interest. The expression of this specific code, or the 

number of RNA molecules that carry this code, determines the potential number of this specific 

protein production in the cell and the biocompatibility of a biomaterial can be related to this 

expression of this gene.  
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However, the quantification of this gene is virtually impossible without amplification 

because the quantity is too low. PCR is used to amplify the quantity of RNA molecules that carry 

this gene (target RNA) [162]. Target RNAs have to be translated to complementary DNAs 

(cDNAs) in a process called reverse transcription and then cDNAs are used as templates to 

replicate DNA molecules in a polymerase chain reactor, which can accelerate the replication by 

heating the environment. After each thermal cycle, the number of DNA double strands is 

expected to double. In the real time PCR, a fluorescent dye is also added and bonded with DNA 

double strands to illuminate fluorescence signals. The intensity of fluorescence signals is 

correlated to the number of DNA double strands. A threshold value of signal intensity is 

arbitrarily defined and, once it’s reached, a corresponding thermal cycle number, threshold cycle 

(Ct), is recorded after thermal amplification of cDNA (Fig. 2.6). In the typical thermal 

amplification display (Fig. 2.6, generated in the course of this research), relative fluorescence 

units (RFU, a unitless value indicting the fluorescence intensity coming from the amplified DNA 

strands) are plotted versus the number of the cycles that have been thermally completed. RFU  

correlates with DNA quantity and each curve in Fig. 2.6 represents the real-time change in the 

quantity of DNA stands in one well that is being amplified by PCR. The intersection between the 

threshold level and one green curve is the threshold cycle (Ct). The comparison of Ct values 

between the sample and control groups, which indicate the gene expression between these two 

groups, will imply the biocompatibility of a biomaterial.   

The following example illustrates how to calculate gene expression in PCR. One research 

team developed a drug to increase cell B proliferation and TGF-β, which controls cell 

proliferation, and is the gene of interest in this study [35]. After DNA amplification with PCR, 

two Ct values are important, the Ct values of TGF-β in cells treated with drug and in the control 
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(no drug), donated as Ct TGF-β, drug and Ct TGF-β, control, respectively. For example, if the Ct TGF-β, drug 

is 4 and Ct TGF-β, control is 9, the relative expression can be calculated as 2
ΔCt

. ΔCt is equal to Ct TGF-

β, control - Ct TGF-β, drug, which is 5, and the 2
ΔCt 

is equal to 32. This value indicates that TGF-β gene 

expression in cells treated with drug is 32 times higher as the expression in cells treated with the 

control. Alternatively, it can be stated that the TGF-β expression in cells treated with drug is un-

regulated 32-fold compared to the control.  

  

Figure 2.6: Representation threshold cycle (Ct) obtained from real time PCR analysis 
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2.7.3 Flow cytometry (FCM) 

Compared to cytotoxicity evaluation and real time PCR, flow cytometry (FCM) is a less 

commonly used technique to study biocompatibility of a biomaterial [163], but it can accurately 

determine several parameters related to cell functions such as cell cycle, cell apoptosis, 

inflammation and microbial biology [163-165]. In my doctoral research, only cell cycle analysis 

was investigated by FCM. There are five main phases within one cell cycle, which are named 

G0, G1, S, G2 and M [163, 166]. G0 phase is the quiescent state of the cell and for most 

differentiated cells. S phase is the period when cells are replicating chromosomes. M phase is the 

period when cells are undergoing mitosis and become two identical cells. G1 phase is the period 

between G0 and S, and G2 phase is the period between S and M. 

FCM measures cells in suspension when this suspension flows though the laser detector 

in a fluid stream (PBS-based) [163]. To be detectable by the laser beam, cells have to be stained 

with proper dyes. In the cell cycle analysis, cells are stained with propidium iodine (PI). This dye 

can bond with nucleic acids (both DNA and RNA) and therefore RNase A (the enzyme to digest 

RNA) must be added to breakdown RNA and eliminate error signals generated by RNA 

molecules. DNA bonded with PI can generate fluorescent signals, which can be detected by the 

laser probe. Two types of signals are used to plot cell population, as shown in Fig. 2.7, and 

commercial software, e.g., ModFitLT, is used to analyze relative quantities of cells in each 

phase. FCM identifies cell population by assessing the differences in cell morphology and the 

signals of FSC and SSC fluorescence are proportional to the cell size and granularity, 

respectively [167]. Therefore, the cell population is plotted by the intensity (unitless) of side 

scattered (SSC) fluorescent signal (y-axis) against that of forward scattered (FSC) fluorescent 

signal (x-axis). According to the FCM operating manual provided by the manufacturer, intact 
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cells are enclosed by the black line and cell debris and aggregates are excluded. Relative 

quantities of cells in each phase are calculated based upon the number of chromosomes (or DNA 

molecules) in each phase and the number of chromosomes is proportional to the intensity of 

signals collected by the laser detector [163]. After defining the proper cell population (e.g., refer 

to the typical Fig. 2.7, generated in the course of this research; these type of results are presented 

and discussed later in Chapters 5.2 and 5.3), the data are analyzed using commercial software 

such as ModFitLT. Figure 2.8, also generated in this research, presents an example of the 

histogram of cell numbers (y-axis) plotted versus states in one cell cycle (x-axis), which is 

indicated by the signals from the conjugates channels. Subsequently, a mathematical profile that 

can best match the histogram is generated by ModFitLT and the relative quantities of each phase 

within one cell cycle are calculated based upon this mathematical profile by integrating the areas 

underneath this profile curve. As shown in Fig. 2.8, three phases can be identified from this 

particular result and the lower and higher peaks refer to G1 and G2 phases, respectively. In 

addition, the saddle valley between these two peaks represents the relative quantity of cells in S 

phase.   
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Figure 2.7: Cell population plotted by forward scattered (FSC) and side scattered (SSC) fluorescent signals.     

Figure 2.8: Representation of the relative quantities of G1, S and G2 phases in cell cycle analysis. Green 

arrow indicates the mathematical profile calculated by ModFitLT and the blue arrows indicate a 

histogram of cell numbers. 
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2.8 In vivo evaluation of biomaterials 

In vivo tests of biomaterials are used to assess biomaterials’ or biomedical devices’ 

biocompatibility in the biological environment. In a broad definition, the biocompatibility refers 

to the ability of biomaterials to performed their intended purposes and functions [161]. To assess 

biocompatibility, material composition, locations of biomaterials’ intended uses, degree of 

interaction between the biomaterial and local tissues, frequency and duration of biomaterials uses 

must be known to design proper in vivo evaluation [161]. In general, in vivo tests can be 

classified according to two different categories [161]. In terms of contact with tissues, 

biomaterials can be classified into surface biomaterials (e.g., artificial skins), external 

communicating device (e.g., blood circulating systems in hemodialysis for renal failure patients) 

and implants (e.g., total hip replacement prosthesis). Alternatively, biomaterials can be grouped 

into limited (or short term, <24 hours), prolonged (or intermediate, above 24 hours but less than 

30 days) and permanent (long-term, > 30 days) medical devices. This classification system also 

helps in the proper design of in vivo evaluations [161]. For example, in my research, a drug 

delivery system was designed by incorporating drugs in bone cements. Therefore, according to 

the first category, my device is an implant and, according to the second category, my device was 

designed for long-term use.  

There are many government agencies (e.g., FDA and Health Canada) and regulatory 

bodies (e.g., ASTM and ISO) publishing guidelines to conduct in vivo evaluations [161]. 

According to these guidelines, in vivo biocompatibility evaluations include, but are not limited 

to, the following tests: sensitization, irritation, acute toxicity, chronic toxicity, genotoxicity, 

carcinogenicity, hemocompatibility, reproductive toxicity, implantation , biodegradation and 

immune response [161]. Sensitization and irritation tests are similar and used to evaluate 
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potential allergic, irritating, and sensitizing responses in body when it is in contact with 

biomaterials [161]. Acute and chronic toxicity measure toxic effects to body when it is not in 

direct contact with biomaterials [161]. Acute toxicity tests measure toxic responses within 24 

hours of exposures to biomaterials and chronic toxicity test evaluate response of long term 

exposures from 28 days to 90 days [161]. Genotoxicity and carcinogenicity tests assess potential 

genotoxic (DNA mutation) and tumorigenic (causing cancers) effects of biomaterials, 

respectively [161]. When biomaterials are intended to interact with the blood system, 

hemocompatibility test is performed [161] and includes evaluations of thrombosis (blood clots 

inside blood vessels), coagulation (blood clotting) and inflammation (leukocytes migration). As 

its name implies, reproductive toxicity assess whether biomaterials have potential toxic effect on 

reproductive functions [161]. Implantation tests are performed if biomaterials are intended to be 

implanted in the body and, if biomaterials can be degraded inside body, biodegradation tests 

evaluate toxicity of those degrading products [161]. Finally, immune response tests assess 

whether biomaterials can cause any adverse immune responses, e.g. hypersensitivity, 

inflammation, immunosuppression and immunestimulation [161].  

When proper in vivo tests are decided, the next step is to choose the animal models. 

Animals used for in vivo tests can be rats, mice, rabbits, pigs, sheep, dogs, cats and nonhuman 

primates [161]. Depending on intended purposes of medical devices, different kinds of animals 

are used [161]. For example, rabbits are usually used to evaluating contact lenses and pigs and 

dogs are used more other than other animals when vascular grafts are evaluated [161]. In my 

study, female rabbits were selected as the animal model because of their  relative short duration 

to reach skeletal maturity and close mineral composition of bone to human bone [168]. Rabbits 

typically have life spans of 9 to 12 yeas and are suitable for medium to long term (> 1 month) 
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studies. Lastly, gender bias can be avoided in the experiment by just using the same gender 

animals.  

 

2.9 Biochemical markers related to bone resorption 

As discussed previously, multinucleated giant osteoclast cells create enclosed acidic 

environment on bone surface to dissolve bone minerals and the release of Cathepsin K from 

osteoclast cells degrades collagenous and non-collagenous proteins in the extracellular matrix  

[40]. Meanwhile, several biochemical markers are released into blood and the measurement of 

these biomarkers can be used to evaluate the degree of bone resorption (Fig. 2.9). During the 

bone remodeling process, bone-specific alkaline phosphatase (BALP) and osteocalcin (OCN) are 

released from osteoblast cells [169, 170]. Elevated BALP and OCN levels in serum are 

corresponding with high bone turnover and resorption [169]. During the bone resorption, type I 

collagen is broken down by enzyme cathepsin K synthesized by mature osteoclasts [169, 171]. 

N- and C- terminus at the non-helical regions on type I collagens are called N- and C-

telopeptide, respectively, and crosslinks are formed in these regions. After collagen breakdown, 

crosslinks are present in two forms: peptide bound and free forms [169]. The peptide bound 

forms include (N-terminal cross-linked telopeptide of Type I collagen (NTX) and C-terminal 

cross-linked telopeptide of Type I collagen (CTX); while, pyridinoline crosslinks (PYD) and 

deoxypyridinoline crosslinks (DPD) are free forms. During the collagen breakdown, another 

protein, hydroxyproline (OHP), was free from collagens and released into blood [172]. This 

protein is formed by post-translational hydroxylation in this peptide chain and accounts for 13-14 

% of the amino acid quantity in collagens [172]. Elevated levels of NTX, CTX, PYD, DPD and 

OHP in blood serum clearly indicate the elevated level of bone resorption. Tartrate-resistant acid 
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phosphatase (TRACP) has two isoforms, 5a and 5b, with different molecular weights, TRACP-

5b, secreted by osteoclast during the bone resorption process [173]. The level of TRACP-5b in 

blood serum indicates the level of osteoclastic activity and hence measures the degree of bone 

resorption by osteoclast cells. 

 

 

Figure 2.9: Illustration of biochemical markers related to bone remodelling. OPG (osteoprotegerin) is 

secreted from mature osteoblast cells and bound to RANKL (receptor activator of nuclear factor NF-κB 

ligand) in serum to prevent its binding with RANK on the osteoclast precursors and maturation of 

precursors. BALP (bone-specific alkaline phosphatase) and OCN (osteocalcin) are released from osteoblast 

cells and TRACP-5b (tartrate-resistant acid phosphatase-5b isoform) is secreted from the osteoclast cells as 

biomarkers for bone formation and resorption, respectively. Collagenous proteins, PYD (pyridinoline 

crosslinks), DPD (deoxypyridinoline crosslinks), OHP (hydroxyproline), NTX (N-terminal telopeptide) and 

CTX (C-terminal telopeptide), are released during bone matrix breakdown and used as biomarkers for 

bone resorption.  
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Chapter 3: SCOPE AND OBJECTIVES 

As discussed, regenerative bone cement must be engineered to possess adequate 

mechanical strength, suitable setting rate and appropriate biological responses when used in vivo. 

When used as a potential DDS, the cements must additionally release drugs in a controllable 

fashion. Furthermore, their clinical response should be predictable, prevent diseases, treat 

existing illnesses and stimulate tissue growth. Since the mission of this doctoral project is to 

devise a RA-DDS with CSC or CPSC for the treatment of osteoporotic bone fractures, the 

specific objectives within this project are designed to achieve this goal: 

 Prepare and characterize CSC as a RA-DDS, and then measure its release kinetics and in 

vitro biocompatibility; 

 Evaluate CPSC that promotes osteoblastic proliferation and in vivo osteogenesis; 

 Measure anti-osteoporotic and enhanced osteogenic effects of RA-added CPSC; 

  

Objective 1: Prepare and characterize CSC as a RA-DDS, and measure its release kinetics 

and in vitro biocompatibility: 

The CSC principal hydration product, the CSH gel, provides the hardened cement with 

sufficient mechanical strength (>20 MPa, typical compressive strength of cancellous bone) and 

large surface areas where drug molecules can be adsorbed. To better understand the experimental 

design in the first objective, a schematic flow chart is drawn here to visualize this concept (Fig. 

3.1).     

Part 1: Preparation and characterization of RA-added CSC  

Setting time and mechanical strength are the two major properties of bone cements. To 

understand how RA changes CSC setting rate and mechanical strength, several characterization 
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techniques were used to investigate changes in the microstructure and hydration as a function of 

RA content. X-ray diffraction (XRD) and refinement analysis revealed how CSH gel changes 

with RA quantitatively and scanning electron microscopic (SEM) studies were helpful in 

understanding the microstructure changes with RA content in the cement. Eventually, Fourier 

transform infrared (FTIR) analyzed how RA is adsorbed onto CSH gel and its intervention 

mechanism on the hydration process.   

Part 2: RA release kinetics from CSC 

Drug release from any excipient can be diffusion- or degradation- dependent, or both. 

Many factors may affect the release kinetics, such as chemical and physical properties of drugs 

and interactions between drugs and excipients. Understanding RA release kinetics from CSC was 

helpful in achieving optimal profiles within the therapeutic window. In vitro drug release study 

was primarily conducted with high performance liquid chromatography (HPLC). FTIR 

microscope was used to analyze RA distribution within hardened CSC and porosity was 

measured by nitrogen gas sorption to assist the understanding of RA release mechanism from 

CSC with a well-established mathematical model.   

Part 3: In vitro biocompatibility of RA-added CSC 

It is generally accepted that in vitro biocompatibility is an important factor in determining 

the safety of biomaterials or biomedical devices. While CSC has been shown to be 

biocompatible with epithelial and osteoblastic cells, the addition of RA could influence the 

cement’s biocompatibility and was evaluated by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliumbromide) cell viability assays. 
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Objective 2: Evaluate CPSC that promotes osteoblastic proliferation and in vivo 

osteogenesis: 

In this objective, CPSC was made by adding variable amounts of monocalcium 

phosphate (MCP) into CSC. The material properties of this new cement and its biocompatibility 

and bioactivity are not yet understood,  and the following research topics were thus investigated: 

1) how MCP affected CPSC material properties; 2) if CPSC was biocompatible and stimulated 

osteoblast cell proliferation in vitro; 3) if CPSC was osteogenic in vivo in rabbit models. 

Part 1: Formulation and characterization of CPSC 

It is known that MCP accelerates the hydration and alters the microstructure of CSC. 

Therefore, the changes in setting rate, compressive strength and porosity in dependence of 

various MCP concentrations in CSC must be investigated. To further explain these effects, 

Figure 3.1: Schematic drawing of experimental methods utilized to address objective 1 (refer to the list of 

abbreviation for symbols details) 
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characterization techniques were again employed to explain the mechanism of MCP intervention. 

XRD and Rietveld refinement analysis were used to reveal and quantify the phase changes of 

CSH gel and apatites. SEM and micro-computed tomography (µCT) were used to observe 

cement microstructures. In addition, FTIR was applied to explain how MCP or apatite interacts 

with CSH gel.  

 

 

 

 

 

 

 

 

 

Part 2: In vitro investigation of the biocompatibility and proliferation effects of CPSC 

In vitro analysis of CPSC biocompatibility and bioactivity was crucial to the subsequent 

in vivo studies. These in vitro tests gave insights on the safety of using CPSC in tissues and and 

also helped to determine the optimal phosphate content in CSC. The results were used to design 

the CPSC-R delivery system. Silimarly as in the first objective, osteoblast cells were selected to 

evaluate CPSC biocompatibility and bioactivity. Polymerase chain reaction (PCR) and flow 

cytometry (FCM)  were employed to detect how CPSC affected osteoblast cell cyles and to 

investigate how CPSC promoted osteoblast cell prolifration. 

Part 3: In vivo analysis of the osteogenic effects of CPSC in a rabbit model 

Figure 3.2: Schematic drawing of experimental methods utilized to address objective 2 (refer to the list of 

abbreviation for symbols details) 
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In vivo results provided first-in-hand information regarding the effectiveness of 

osteoconduction and osteoinduction of CPSC and helped to determine the best composition of 

CPSC for RA delivery in the subsequent studies. Female rabbits were used as the animal model 

in this study because of three reseaons. Firstly, rabbits’ bone strucutures and mineral 

compositions are very close to those of humans. Secondly, rabbits typically have life spans of 9 

to 12 yeas and are suitable for medium to long term (>1 month) studies. Lastly, gender bias can 

be avoided in the experiment by just using females. At predetermined endpoints, X-ray and 

computed tomography (CT) radiographs were taken of the implantation sites and animals were 

sacrificed for the histological study. 

 

Objective 3: Measure anti-osteoporotic and enhanced osteogenic effects of RA-added 

CPSC: 

In this objective, a RA delivery system was designed by adding variable amounts of RA 

into CPSC. Although the biocompatibility and bioactivity of CPSC were clearly understood from 

the second objective, the impact of the drug RA on CPSC biocompatibility and bioactivity 

remained unknown. In this study, these parameters were investigated and the anti-osteoporotic 

effectiveness of CPSC-R was subsequently evaluated. 

Part 1: In vitro investigation of the biocompatibility and proliferation effects of CPSC-R 

The in vitro part of this study was intended: 1) to evaluate the biocompatibility of RA-

added CPSC (CPSC-R) with osteoblast cells; 2) to understand the pathways affecting the 

bioactivity of CPSC-R on cells; 3) and to reveal how CPSC-R affected osteoblast cell 

proliferation and differentiation ex vivo. These results proved that CPSC-R was biocompatible 

with living tissues and able to promote tissue growth. The biocompatibility was tested by 
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comparing the cytotoxicity between CPSC and CPSC-R, and rt-PCR was used to determine 

osteoblastic differentiation-related gene expressions. Finally, flow cytometry (FCM) results 

demonstrated that cell cycle was affected by CPSC-R.  

Part 2: In vivo analysis of anti-osteoporotic and osteogenic effects of CPSC-R 

This in vivo study was used to evaluate the effectiveness of CPSC-R when used to repair 

osteoporotic bone fractures. Healthy female rabbits were used to create the osteoporotic model. 

Enzyme-linked immunosorbent assays (ELISA) were used to verify the effectiveness of 

osteoporosis and to evaluate the changes of major osteoporosis-related biomarkers after 

implantation. CT and X-ray were used to evaluate the degree of bone reconstruction at implant 

sites, and histology studies were intended to observe the relative growth of new bones into 

cement and any signs of inflammations. Furthermore, PCR arrays were used to investigate genes 

relating the osteoporosis treatment and osteogenesis and to reveal the pathways of CPSC-R in 

bone reconstruction. 
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Chapter 4: MATERIALS AND METHODS 

4.1 Cement preparation 

4.1.1  RA-added CSC preparation 

Ground CSC powder of average particle size of ~50 μm, containing 50 mol% each of 

dicalcium silicate (C2S) and tricalcium silicate (C3S) (Innovative BioCeramix Inc., Vancouver, 

Canada), was combined with 0.1, 0.5 and 1.0 wt% of RA (Beta Pharma Inc., Branford, U.S.A.). 

Since synthesis of CSC powder is not a significant part in this research, details on preparation and 

characterization can be found in previous doctoral thesis from our laboratory [174]. The reference 

CSC samples were prepared in the same way but contained no RA. These experimental cement 

materials are referred to CSC01R, CSC05R and CSC10R respectively, and simply CSC for the 

RA-free samples. To initiate the cement setting reaction, distilled water was added into the 

cement powders at a liquid-to-powder ratio of 0.5 by weight, and homogenized into cement paste 

by simply mixing with a pestle in a mortar. 

 

4.1.2 CPSC preparation 

MCP (5, 10 and 15 %) was purchased from Fisher Chemical (U.S.A.) and mixed with 

CSC, which is identical to that used in the first study. These materials are referred to as CPSC5, 

CPSC10 and CPSC15, respectively. To initiate the cement setting reaction, distilled water was 

added into the cement powders at a liquid-to-powder ratio of 0.5 by weight, and homogenized 

into cement paste by simply mixing with a pestle in a mortar.  
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4.1.3 RA-added CPSC preparation 

CPSC containing 10% of MCP was prepared exactly as mentioned above and 0.5% and 

1.0% RA (Beta Pharma, Branford, U.S.A.) were added into formulated CPSC. These samples are 

referred to as CPSC10 (RA-free), CPSC10-05R (0.5% RA) and CPSC10-10R (1.0% RA), 

respectively. To initiate the cement setting reaction, distilled water was added into the cement 

powders at a liquid-to-powder ratio of 0.5 by weight, and homogenized into cement paste by 

simply mixing with a pestle in a mortar. 

 

4.2 Cement characterization 

4.2.1 Setting time and compressive strength determination 

The cement pastes were molded into 17 mm × 2 mm (diameter × height) and 6 mm × 12 

mm polystyrene cylinders for the testing of setting time and compressive strength, respectively 

and stored in a 37 °C and 100% RH incubator. The cement setting time was determined in 

accordance with ASTM Standards Database (ASTM ID: C191-08). A 1 mm diameter, 7.8 g 

weight needle was rested on the flat surface of a cement sample for 1 to 2 seconds, and then 

lifted. The cement was considered set if no visible mark from the needle was observed on the 

surface. The time elapsed between the initial contact of cement and water and the endpoint with 

no visible mark was recorded as the final setting time. These experiments were repeated 4 times 

for each sample. The compressive test was carried out at a crosshead speed of 2.54 mm/min on 

an Instron 3369 (Grove City, Pennsylvania, U.S.A.) instrument equipped with a 50 kN load cell. 

The samples underwent compressive tests within 5 min after they were removed from the molds 

to avoid moisture evaporation from sample surfaces. After 3 and 7 days, compressive strength of 

samples was measured and each sample strength test was replicated 10 times. 
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4.2.2 Structural analysis of CSC 

X-ray diffractometer (XRD, MultiFlex, Rigaku, Japan; source Cu-Kα at 40 kV at 20 

mA), with a shutter and standard sample holder, was used to determine the progress of the 

cement hydration through monitoring the amount of CH, which is the byproduct of hydration of 

CSC, and the relative quantity of the unreacted CS. The XRD scans ranged from 10 to 60 

degrees at a 2 deg/min speed. Each sample was replicated four times. Rietveld analysis was 

performed to analyze crystallinity of the hydrated samples ground to a particle size of less than 

10 m. Step-scan was carried out over a two-theta range of 3° - 80° with CoKa radiation on a 

Bruker D8 Focus Bragg-Brentano diffractometer equipped with an Fe monochromator foil, 0.6 

mm (0.3°) divergence slit, incident- and diffracted-beam Soller slits and a LynxEye detector. The 

scan results were analyzed using the International Centre for Diffraction Database PDF-4 and 

Search-Match software by Siemens (Bruker) and refined with Rietveld program Topas 4.2 

(Bruker AXS). In our study, XRD patterns of 7-day setting samples were obtained.     

 In the second and third studies, Rietveld refinement was performed on ball-milled 

samples (after 7 day setting) to reduce their particle size to <10 m. Step-scan was carried out 

over a two-theta range of 10°-120° with 0.05 degree/step and 5 s/step (2
nd

 study) or of 10° - 100° 

with 0.02 degree/step and 1 s/step (3
rd

 study). The scan results were analyzed with the Inorganic 

Crystal Structure Database and diffraction patterns and refined with HighScore Plus (version 3.0, 

PANalytical, Netherlands).    

Scanning electron microscope (SEM, Hitachi S-3000N, Hitachi Co., Japan), equipped 

with an EDX analyzer, was used to examine the samples' microstructures after 7 days of 

hydration. Surface area and pore size analyzer (Autosorb-1 series, Quantachrome Instruments, 

U.S.A.) was used to determine the samples (7 day) porosity and to calculate tortuosity. Pellets 
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were prepared in the same way as in compressive strength test and outgassed for 24 hours before 

test in 25 °C in glass tubes. Subsequently, tubes were transferred to test station and porosity was 

calculated by nitrogen absorbance method. Measurements were conducted isothermally at 25 °C.  

Micro-computed tomography (µCT, MicroCT 100, SCANCO Medical AG, Bruettisellen, 

Switzerland) was used to visualize the materials’ porosity after 7 day setting. Fourier transform 

infrared spectroscopy (FTIR, PE100 series, PerkinElmer, Massachusetts, U.S.A.) was used to 

detect HA interference with Si-O-Si bonds in the 7-day hydrated samples. The spectrum range 

was selected between 4000 cm
-1

 and 400 cm
-1

. Dried sample powders were weighed and mixed 

with 4 wt% dehydrated KBr and the mixtures were compressed into tablets. 

 

4.3 RA release analysis from CSC 

4.3.1 Risedronate release detection 

Cement pellets for RA release experiments were prepared the same way as in the 

compressive strength test. 3 hours after setting, the pellets were immersed in the phosphate 

buffer solution (10 mL, PBS, pH~7.4) in glass containers (20 mL). At predefined time points of 

12
 
hours and then 1, 3, 7, 14, 21, 28 days, and 3 and 6 months, the solutions were taken out for 

analysis and the containers were replaced with new PBS solution. The mobile phase was an 

aqueous PBS (1.5 mM Na2EDTA, 11 mM sodium phosphate and 5 mM tetrabutylammonium 

bromide as an ion-pair reagent) and methanol (V:V = 88:12, pH = 6.75). All reagents listed 

above were purchased from SinoPharm Chemical Reagent Co., Ltd (Shanghai, China). 

Separation of RA from the solution was obtained by using a reversed-phase column (Kromasil-

C18, 4.6 mm × 250 mm, 5 µm) and a guard column, on an Agilent 1100 (Germany) high 

performance liquid chromatography (HPLC) at a 1 mL/min flow rate. The UV detection 
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wavelength was 262 nm and column temperature was set at 25 °C [175].
 
Each result was based 

upon 6 identical sample readings. 

 

4.3.2 Adsorption/desorption analysis and kinetics of RA onto/from CSC pellets 

After 7 day setting, hardened CSC samples of 9 g were milled in a mortal and equally 

dispersed in three 20 mL RA-saturated PBS solutions (pH = 5.6), and mixtures were 

magnetically stirred for 24, 48 and 72 hours, respectively, at 25 ºC. Subsequently, mixtures were 

centrifuged at 3000 rpm for 3 min to separate supernatants and powders. RA concentrations in 

supernatants were analyzed by using the previously established HPLC method and plotted 

against time (24, 48 and 72 hours) to demonstrate RA adsorption process on milled CSC. 

Powders were dried in the 200 ºC oven for 12 hours and analyzed by FTIR. Each sample was 

replicated three times. 

 Adsorbed CSC powders, each of 2 g, were dispersed into three 10 mL RA-free PBS 

solutions and magnetically stirred for 24, 48 and 72 hours, respectively. Subsequently, 

supernatants were separated by the centrifuge and RA concentrations in PBS were analyzed and 

plotted with time (24, 48 and 72 hours).  

The RA release kinetics was analyzed with the help of the 3D Higuchi equation (equation 

2.8);   

                                     1 + 2(a/a0)
3 

- 3(a/a0)
2 
= 6DKCst/τa0

2  
                     (equation 2.8) 

, where t is the releasing time; D is the diffusivity of RA in PBS; τ is the tortuosity of the 

capillary system in the carrier material; Cs is the solubility of drug in PBS; a is the radius of 

unleached portion (RA remains unreleased in this region) of the test pellet; ao is the radius of the 

entire pellet; K is RA’s specific volume and is equal to 0.535 cm
3
/g; and (a/a0)

3 
represents the 



49 

 

remaining fraction in the pellets [155].
 
The diffusivity of RA in PBS, DRA, can be estimated from 

the Stokes-Einstein equation as 2.2 ×10
-6 

cm
2
/s [176].

 
τ can be calculated from the equation 4.1, 

1/τ = 1-2/3[(1 + ε)(1 - ε)
2/3

], where ε is the porosity within the matrix [176]. 

 

4.3.3 Analysis of RA distribution in the CSC pellet 

CSC pellets with 10% RA were prepared in the same method as for the compressive test. 

After 7 days of setting, pellets were broke into halves and the top and interior surfaces were 

scanned in an FTIR microscope (Spotlight 200 FTIR Microscope System, PerkinElmer, 

Massachusetts, U.S.A.). Based upon previous IR analysis, the peak at 960 cm
-1

, characteristic for 

POO
-
 stretching, was selected to plot the RA distributions within set CSC samples.   

 

4.4 In vitro biocompatibility analysis   

4.4.1 Cell culture of osteoblast cells 

Osteoblast cells were isolated from calvaria of neonatal (<2 days old) Sprague-Dawley 

rats by an enzymatic digestive process [177].
 
The rat calvaria were washed three times in PBS 

(pH = 7.4), minced into fragments of 1 mm in diameter, and then digested in 0.25% (w/v) 

trypsin-EDTA solution (20 min, 37 ºC) to eliminate fibroblastic contamination. Subsequently, 

they were treated with1 mg/mL collagenase (Sigma, U.S.A.) at 37 ºC for 90 min to 

release osteoblast cells. Supernatants were centrifuged at 1000 rpm for 10 min, suspended in cell 

culture media made of Dulbecco's modified eagle's medium (DMEM, Hyclone, 

U.S.A.) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS, Hyclone, U.S.A.), 100 

U/mL penicillin, and 100 mg/mL streptomycin (Hyclone, U.S.A.), and incubated in 25 

cm
2
 flasks at 37 ºC under a humidified atmosphere consisting of 5% CO2. Culture media were 
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refreshed every 2 days during cell culture. Osteoblast cells used in my study were between their 

second and fourth passages. 

 

4.4.2 MTT assay of RA-added CSC on osteoblast cells 

To evaluate cytotoxicity of the cement pellets, they were initially set for 1 day at 37 ºC, 

placed in 10 mL PBS-containing tubes and incubated for 1, 3, and 7 days. Collected supernatants 

were sterilized by 0.22 µm filtration and stored in the refrigerator [178]. On the day preceding 

the cytotoxicity test, each well of 96-well plate was seeded with 5 × 10
3
 osteoblast-like cells in 

200 µL of 10%-FBS DMEM culture media, and incubated at 37 ºC in 5% CO2 atmosphere. On 

the day of testing, culture media were removed and 4 µL of the supernatants or of RA-free PBS 

(for the control) together with 196 µL of culture media were added. A toxicity reference 

consisting of 200 µL of a 60 mg/mL phenol (C6H5OH) solution was also added to osteoblast-

containing wells. Viable cell numbers were evaluated after 3 days of culturing by using an (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT, Sigma, U.S.A.) assay. For 

this purpose, 20 µL of a 5 mg/mL MTT/PBS solution was added into each well and cultured for 

another 4 hours at 37 ºC. After supernatants were removed, 150 µL of dimethyl sulfoxide 

(DMSO, Sigma, U.S.A.) was added into each well to completely dissolve the newly formed 

purple formazan. The absorbance of formazan was read at 570 nm by a multidetection 

microplate reader (Synergy
TM

 HT, BioTek, U.S.A.) equipped with Gen51.10 software. The cell 

viability was defined as the sample absorption at 570 nm divided by the absorption of the control 

group at the same wavelength. 
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4.4.3 MTT assay of CPSC on osteoblast cells 

Cement pellets after 1-day initial setting were put into 10 mL PBS-containing tubes for 3 

days at 37ºC. Subsequently, the pellets were removed and PBS extracts were sterilized by 0.22 

µm filtration and stored in the refrigerator for future use [178]. The extracts were diluted with 

DMEM and FBS to form 5%, 10% , 20% and 50% solutions with 10% FBS in media. 

Corresponding fresh PBS with 10%-FBS in DMEM served as the control groups. 60 mg/mL 

aqueous phenol solution was used as the toxicity reference. On the day preceding the test, each 

well of a 96-well plate was seeded with 5 × 10
3
 osteoblast cells, added with 10%-FBS DMEM 

culture medium of 200 µL, and incubated at 37 ºC in an incubator kept at 5% CO2. On the day of 

testing, 200 µL of the prepared extracts and/or controls were pipetted into the wells to replace 

culture media and cells were cultured for 3 days. Viable cells were evaluated with the help of 

MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide, Sigma, U.S.A.) assays. 

For this purpose, 20 µL of a 5 mg/mL MTT solution was added into each well and cultured for 4 

hours at 37 ºC. After removing the supernatants, 150 µL of dimethyl sulfoxide (DMSO, Sigma, 

U.S.A.) was added into each well to completely dissolve the formed purple formazan crystals. 

The absorbance of formazan was read at 570 nm by a Microplate Reader (Synergy
TM

 HT, 

BioTek, U.S.A.) equipped with Gen51.10 software. The viability was calculated as OD570 of 

treated group/OD570 of the control. 

 

4.4.4 MTT assay of RA-added CPSC on osteoblast cells 

Cement pellets after 1-day initial setting were put in 10mL PBS-contained tubes for 1 and 

3 days at 37ºC. Subsequently, pellets were removed and PBS extracts were sterilized by 0.22 µm 

filters and stored in the refrigerator for future use. Extracts were diluted with DMEM at the ratio 
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of 1:1 and 10% FBS was then added in to extracts. Corresponding fresh PBS with 10%-FBS in 

DMEM served as the control groups. Aqueous phenol solution (60 mg/mL) was used as the 

toxicity reference. On the day preceding the test, each well of a 96-well plate was seeded with 

5×10
3
 osteoblast cells, added with 10%-FBS DMEM culture medium of 200 µL, and incubated 

at the 37 ºC and 5% CO2 circumstance. On the day of testing, 200 µL of the prepared extracts 

and/or controls were pipetted into wells to replace culture media and cells were cultured for 3 

days. Viable cells were evaluated with the help of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazoliumbromide, Sigma, U.S.A.) assays in the same method as mentioned above.  

 

4.4.5 Gene expression analysis on RT-PCR 

Osteoblast-specific genes, alkaline phosphatase (ALP), osteoprotegerin (OPG), runt-

related transcription factor 2 (Runx2) and transforming growth factor-β (TGF-β), were evaluated 

in this study and β-actin gene was used as the housekeeping gene. Primer designs of interested 

genes and the housekeeping gene were based upon a published study [35]. Total RNA from cells 

cultured in extracts or DMEM for 3 days was isolated by RNeasy Mini Kit (Qiagen, Texas, 

U.S.A.), and RNA quality and concentration were monitored by µ-UV spectrophotometer at 230, 

260 and 280 nm wavelengths. Complementary DNA (cDNA) was synthesized from 2 µL RNA 

using reverse transcriptase (TaKaRa, Dalian, China) and stored at -80 ºC for future use. A total 

volume of 25 µL cDNA mixture per well was amplified on real-time PCR (CFX96 Real-Time 

System, Bio-Rad, U.S.A.) as follows: 95 ºC initialization for 2 min, 94 ºC denaturing for 30 s, 55 

ºC annealing for 30 s, 68 ºC extension for 30 s, repeated for 40 cycles, and melting point analysis 

from 55 ºC to 95 ºC. In the second study, relative gene expressions of each sample were first 

calculated from the 2
ΔΔCt

 equation and then normalized to gene expressions of the pure CSC 
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sample; while in the third study, levels of gene expression were calculated from the 2
ΔΔCt

 

equation directly. 

 

4.4.6 Cell cycles analysis on flow cytometer 

Cells were cultured with extracts or DMEM for 1 day and subsequently collected by 

centrifugation. Cells were washed twice with cold PBS and fixed in 75% ethanol at 4 °C 

overnight. On the following day, cells were collected, washed with cold PBS, and stained by 500 

μL 50 μg/mL PI-PBS solution of 100 μg/mL RNeasy A. Subsequently, cells were incubated at 4 

°C for 30 min and analyzed on the flow cytometer (BD FACSCantoII, BD bioscience, U.S.A.). 

Results were analyzed on ModFit LT 3.6 (Verity Software House, U.S.A.). Each group was 

repeated 3 times. 

 

4.4.7  Statistical analysis 

IBM
®

 SPSS
®

 Statistical software v.19.0 (SPSS Inc., Chicago, Illinois, U.S.A.) was used 

to analyze our data. The results are reported as mean ± standard deviation. After testing the 

homogeneity of variance, one-way ANOVA (p < 0.05) was performed to compare the values 

among individual groups. If variances of individual groups are assumed equal, least significant 

difference (LSD) post hoc multiple comparison test was used; otherwise, Tamhane’s  (T2) post 

hoc multiple comparison test was used to detect significance levels. 

 

4.5 In vivo study 

Animal studies were approved by both the animal welfare committee of Safety 

Evaluation Centre in Shenyang Research Institute of Chemical Industry (SRICI, permit 
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No.:K002) and the animal care committee at the University of British Columbia (permit not 

required). 

 

4.5.1 CPSC in vivo animal model 

Rabbits are frequently used in bone tissue engineering studies because they have 

relatively short duration to reach skeletal maturity [168]. Fifty-six female New Zealand White 

rabbits, 5 - 9 months and 1.5 - 2.1 kg, were randomly divided into 4 groups and used for this 

study. Calcium phosphate cement (CPC, chronOS-Inject, SYNTHES, Switzerland) was used as 

the internal control to compare with CPSC, and the sham operation (no implantation) group was 

also used as the operation control. To simulate bone cement in non-load bearing applications, 

epiphyses on tibiae from both hind legs were used as implantation or perforation (drilling the 

hole) sites. In CPSC15/CPC, CPSC10/CPC, CPSC5/CPC groups, right tibiae were implanted 

with CPSC and left tibiae were implanted with CPC; while in the control group both tibiae were 

drilled without implantation. Two endpoints were chosen for this study at 8 weeks (n = 7) and 12 

weeks (n = 7). Upon sacrifice of the animals, clinical X-ray and computed tomography (CT) 

scans were performed and the tissue samples were prepared for histological evaluations. A 

graphic illustration of the study schedule is presented in Fig. 4.1. 

Rabbits were acclimatized for 7 days and surgery was then performed at the Safety 

Evaluation Centre in SRICI. Food and water were removed 12 hours before surgery. The rabbits 

were stabilized on the rack and anesthetized by the i.v. injection of pentobarbital sodium (2%, 1 

mL/kg). Bilateral medial tibiae were clipped free of fur below and above the joint and cleansed 

with iodophor. Perforations (d = 6 mm, ø = 3 mm) were created by a blunt sterilized manual drill 

and phosphate buffer saline (pH = 7.4) was irrigated to avoid necrosis. Cement pastes were 
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injected into holes and bone wax was applied on top to stop cement paste movement and 

bleeding from marrow cavity. Cefalexin powder was dusted onto tissues and incisions to 

minimize bacterial infection. Each rabbit was kept in a single cage after surgery, and food and 

water were accessed ad libitum. Antibiotics (0.5 mL per animal/day, Synulox, Pfizer, U.S.A.) 

were intramuscularly injected daily for three days after surgery. Incisions were purposely left 

open to remove possible fester growth underneath incisions and skins were closed by sutures 

after 1 day. 

 

4.5.2 CPSC-R in vivo model   

Thirty female New Zealand rabbits, aged about 6 months and weighted between 1.5 and 

2.1 kg, were randomly divided into 3 groups and used for this study, namely sham group 

(control), CPSC10 (RA-free, 10% MCP) and CPSC10-05R (0.5% RA, 10% MCP), respectively. 

All animals were bilaterally ovariectomized (castration) after one-week acclimation period and, 

two weeks later after castration, were injected of methylprednisolone (1 mg/day/kg, Solu-

Medrol, Pfizer, U.S.A.) for 4 weeks to induce osteoporosis as previously described [179]. Two 

Figure 4.1: Graphic illustration of the CPSC animal study schedule. 
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endpoints were designed in this study, 8 weeks (n = 5) and 10 weeks (n = 5). A graphic 

illustration of the study schedule is presented in Fig. 4.2. 

 

 

 

 

 

 

 

 

 

Both bilateral ovariectomy and implantation surgeries rigorously followed aseptic 

procedures. The operation room was sterilized with ultraviolet lighting for two hours and food 

and water were removed 12 hours before surgery. All surgery tools, including consumables and 

materials were sterilized one night before by autoclaving except of those that cannot be sterilized 

by autoclaving being sterilized at 200 °C for 3 hours. Rabbits were positioned supinely on the 

rack and anesthetized by i.v. injection of pentobarbital sodium (2%, 1ml/kg). Right medial tibiae 

were clipped free of fur below and above the joint and cleansed with iodophor. Dislocated 

incisions were made to minimize risks of infection, and perforations (d = 6 mm, ø = 3 mm) were 

created by a blunt manual drill. During drilling, phosphate buffer saline (pH = 7.4) was irrigated 

to avoid necrosis. For CPSC and CPSC-R groups, cement paste were injected into holes and 

bone wax was applied to stop paste movement and bleeding; for the sham group, bone wax was 

inserted to stop bleeding. Cefalexin powder was sowed on tissues surrounding holes and 

Figure 4.2: Graphic illustration of the CPSC-R animal study schedule. 
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incisions. Each rabbit was kept in a single cage after surgery, and food and water were accessed 

ad libitum. Antibiotics (0.5 ml per animal/day, Synulox, Pfizer, U.S.A.) were intramuscularly 

injected for 3 days after surgery. Incisions were purposely left unsutured until fester growing 

underneath was removed after 24 hours and skins were sutured to close. 

 

4.5.3 Clinical X-ray and computed tomography (CT) analyses  

At the pre-determined endpoints, rabbits were subject to clinical X-ray and CT scans 

before being sacrificed for histological studies. After transported to hospitals, the rabbits were 

anesthetized by pentobarbital sodium (2%, 1 mL/kg), scanned by clinical X-ray (Kodak 

DirectView DR7500, Carestream Health, Rochester, U.S.A., 50 kVp, 160mA, 10 mS) and CT 

(Discovery CT750 HD, GE Healthcare, Waukesha, U.S.A., 100 kV, 20 mA, 0.625 mm) systems. 

All images were saved in DICOM (“Digital Imaging And Communications In Medicine”) format 

and subsequently analyzed with open-source Osirix imaging software (32-bit, free version, 

PIXMEO, Switzerland) [180]. In X-ray image analyses, the images were displayed in black and 

white style and the minimum background greyvalue (the brightness of each pixel on image) was 

defined at 2000. Newly formed bone and the remnant cement were differentiated based upon the 

differences in greyvalue, i.e., the remnant cement had higher greyvalue than the newly formed 

trabecular bone and therefore appeared brighter on the images, following the commonly used 

procedures in medical imaging [181]. In CT image analyses, the images were displayed in 

spectrum cult (color-coding). Therefore, the cortical bone or the remnant cement with higher 

density appeared in red, the newly formed trabecular bone or cancellous bone with similar 

density (i.e. less dense than the cortical bone) appeared in green and soft tissues (of lowest 

density) appeared in blue on these CT images.   
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4.5.4 Histological slides preparation and analysis 

After radiographic examinations, rabbits were sacrificed by CO2 inhalation, epiphyses on 

both tibiae were excised, and the surrounding soft tissues were removed (refer to the schematic 

Fig. 4.3 for more information on the samples collection for histology). The histological slide 

preparation followed a well-established method [182]. After collection, the specimens were 

immediately fixed in 10% neutral buffered formalin solution for 1 week and washed in distilled 

water for another 2 hours. Subsequently, the specimens were decalcified in formic acid-sodium 

citrate solution for 2 weeks and again washed in distilled water for 2 hours. After decalcification, 

the specimens were dehydrated in graded series of ethanol solutions (30%, 50% and 70%) for at 

least 36 hours in each and embedded in paraffin wax. Thereafter, the specimens were divided 

into two parts along the implant axis and three longitudinal ground-sections 5 µm thick were 

prepared for each half. All sections were stained with hematoxylin–eosin and examined under 

light microscope. Histopathological evaluation parameters included signs of inflammation, 

encapsulation, presences of osteoblast and osteoclast cells, new bone formation, and bone 

remodeling [183].  All histological analyses were performed at Dalian Medical University, under 

the direction of Dr. Hongying Zhang.  
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Figure 4.3: A representation of the histological study. An area of 1 cm × 1 cm is observed under the light 

microscope. A histological slide has a thickness of 5 µm. 
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4.5.5 Serum biochemical markers evaluations 

In the CPSC-R in vivo study, at the 4
th

, 6
th

, 8
th

 and 10
th

 week after surgery, 2 mL blood 

samples (n = 10 for week 4, 6 and 8, and n = 5 for week 10) were collected from each rabbit in 

the ear artery and stored in blood tubes (Vacutainer, BD Biosciences, U.S.A.) at room 

temperature undisruptedly for 30 min to clot. Afterwards, the tubes were centrifuged at 3000 rpm 

for 10 min and the supernatants (blood serum) were separated and stored at -20 °C for future use. 

Collected serum samples from the same group were pooled together and then divided into 

aliquots of 2 mL each. 

Serum levels of bone-specific alkaline phosphatase (BALP), osteocalcin (OCN), 

osteoprotegerin (OPG), receptor activator of nuclear factor NF-κB ligand (RANKL), tartrate 

resistant acid phosphatase-5b isoform (TRACP-5b), pyridinoline crosslinks (PYD), 

deoxypyridinoline crosslinks (DPD), hydroxyproline (OHP), carboxy-terminal propeptide of 

type I procollagen (PICP) and amino-terminal propeptide of type I procollagen (PINP), 

galactosyl hydroxylysine (GHYL), bone sialoprotein (BSP), N-terminal telopeptide (NTX) and 

C-terminal telopeptide (CTX) were detected by the enzyme-linked immunosorbent assay 

(ELISA) kits. (n = 8, technical replicates)  

In addition, during the osteoporotic model creation period, blood samples were collected 

before 2 weeks and 4 weeks after glucocorticoid injections and treated in the exactly same way 

as the abovemetioned protocol and only TRACP-5b in serum was measured to validate the 

osteoporotic model.  
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4.5.6 PCR array analysis 

PCR arrays were used to quantify and evaluate osteogenesis-related gene expressions in 

perforated or implanted tibiae from osteoporotic rabbits between the sham control, CPSC10 and 

CPSC10-05R groups. Immediately after euthanasia of the animals after 10 weeks, bone 

fragments from epiphyses were collected, immersed in RNA stabling reagents (RNAlater RNA 

stabilization reagent, Qiagen, U.S.A.) overnight and stored at -80 °C for future use. To 

effectively isolate total RNA from bone fragments, the fragments (10 mg) were milled in the 

liquid nitrogen thoroughly and treated with 5 mL trizol (QIAzol, Qiagen, U.S.A.). The mixtures 

were standing for 10 min, treated with 1 mL chloroform and shaken rigorously. Subsequently, 

the mixtures were left uninterruptedly for another 15 min and centrifuged at 4 °C for 15 min. Top 

clear layers were transferred to new tubes and total RNAs were isolated by the RNeasy Plus Mini 

Kit (Qiagen, Texas, U.S.A.). For each group, total RNAs from each sample were pooled 

(biological replicates, n = 5) and stored in the -80 °C refrigerator for future use. Three micro 

litters of defrozen RNA solution was used to reversely transcribe into 102 µL of cDNA and this 

amount of cDNA was mixed with supplied reagents to form a 2400 µL PCR component before 

PCR analysis (refer to Appendix B.6 for more details). Twenty-five micro litters of PCR 

component was added into each well in the PCR array (RT² Profiler PCR Array osteogenesis for 

rabbit, Qiagen, Texas, U.S.A.) and amplified on real-time PCR (CFX96 Real-Time System, Bio-

Rad, U.S.A.) as follows: 95 ºC initialization for 10 min, 95 ºC amplifying for 15 s, 60 ºC 

collecting data for 60 s, repeated for 40 cycles,. Each group included 4 PCR arrays (technical 

replicates, n = 4). After thermal amplification and data collection, Ct (threshold cycle) values 

were exported into an Excel file and uploaded to the web-based data analysis tool provided by 

the manufacturer (http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). The results 
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were analyzed using this web-based tool and discussed based on the comparison of gene 

expressions between CPSC10 or CPSC10-05R and the sham control group. For more 

information on this PCR array, please refer to the manufacturer website. 

(http://www.sabiosciences.com /rt_pcr_product/HTML/ PANZ-026Z.html#resource)      
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Chapter 5: RESULTS AND DISCUSSION I: CALCIUM SILICATE 

CEMENT AS A RA-DDS  

5.1 RA-added CSC material characterization  

Both CSC setting time (Fig. 5.1) and compressive strength (Fig. 5.2) were adversely 

affected by the addition of RA beyond 0.5%. CSC with 1.0% RA had the average setting time 

about twice that of RA-free CSC and their mean compressive strength was less than 1 MPa. 

However, CSC containing 0.1% RA was barely affected, whereas those containing 0.5% RA 

had perceivable longer setting time and lower strength than RA-free CSC. XRD analysis (Fig. 

5.3) and Rietveld refinement (Table 5.1) were conducted to explain the RA effect on cement 

properties. Since CH is one of the hydration products which is well crystallized, following 

development of CH peaks indicates the progress of hydration of the CS to CH and thus 

formation CSH gel (which is poorly crystallized and difficult to follow precisely through XRD 

data). It is seen in Fig. 5.3 that CH intensity progressively decreases with RA content increase, 

indicating that the CSH gel, responsible for the progress of setting and mechanical properties 

development of cement, was much lower (3.6%) in the highest RA sample than the RA-free 

sample (20.8%). SEM micrographs in Fig. 5.4 confirm the XRD results. In CSC10R sample in 

Fig. 5.4d, unlike CSC or CSC01R (Fig. 5.4a or b), CSH gel particles appeared to be much 

smaller in size, i.e., mostly smaller than 3 μm. Gel structures became less connected from CSC 

to CSC05R (Fig. 5.4a to Fig. 5.4c) and completely disconnected in CSC10R (Fig. 5.4d). 

The RA, however, seemed to be homogeneously distributed in the entire cement pellet, 

based on FTIR scans performed both on the outer and inner surfaces of a pellet (Fig. 5.5). 
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Table 5.1: Quantitative analysis of the crystalline phases of CSC, CSC01, CSC05R and CSC10R after 7 days of setting 

using the Rietveld refinement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Name 

Mineral Phase Quantity (%) 

Dicalcium Silicate Tricalcium Silicate Portlandite C-S-H gel 
Total 

(Ca2SiO4) (Ca3SiO5) (Ca(OH)2) (CaO·SiO2·H2O) 

CSC 48.5 14.8 15.9 20.8 100 

CSC01R 49.6 15.7 20.1 14.6 100 

CSC05R 53.0 19.5 19.3 8.2 100 

CSC10R 53.4 29.2 13.8 3.6 100 

Figure 5.1: Setting times of risedronate-added and risedronate-free CSC as a function of risedronate 

concentration (n = 4). 
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Figure 5.2: Compressive strength changes as a function of risedronate concentration (n = 10) after 

hardening for 3 and 7 days at 37 °C and 100% RH. 

Figure 5.3: XRD patterns of CSC and risedronate-containing CSC01R, CSC05R and CSC10R after 7 

days of setting. The characteristic Ca(OH)2 peaks (*) are reduced with increasing RA amount. 

Unidentified peaks are primarily attributed to dicalcium silicate. 
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Figure 5.4: Scanning electron micrographs of CSC (a), CSC01R (b), CSC05R (c), and CSC10R (d) after 7 

days of setting. One bar equals to 5 µm. 

Figure 5.5: FTIR scans of both (a) outer and (b) inner surfaces of CSC pellets with 10 wt% of RA. 

Characteristic peaks of POO
-
 stretching at 960 cm

-1
 are used to plot RA distribution (red spots). Each IR 

image represents an area of 10 μm × 10 μm. One bar equals to 1 mm. 
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5.2 Release kinetics of RA from CSC    

FTIR spectra (Fig. 5.6) reveal that the phosphonate group (POO
-
) which stretches at 951 

cm
-1 

and 887 cm
-1 

in RA, shifts to higher wavenumbers of 893 cm
-1

 and 999 cm
-1

 in calcium-RA 

complexes, in agreement with previous infrared studies of metal-RA ligands [184].
 
In the 10% 

RA-CSC sample, POO
- 
stretches at 937 cm

-1
 and 879 cm

-1 
indicate that RA formed calcium salts 

in hydrated cements [184].
 
Therefore, it is anticipated that RA calcium (RAC) instead of RA had 

been leached from the CSC-RA samples. In order to apply Higuchi’s equation to analyze our 

release results, the solubility of RAC and cement tortuosity must be known. The solubility of 

RAC, CRAC, was measured by HPLC as 2.3 × 10
-4 

g/mL, equivalent to 7.165 × 10
-4 

M. The 

average tortuosity was calculated based upon average porosity and listed in Table 5.2. 

 

 

 

 

The cumulative release profiles (Fig. 5.7) reveals that the release of RA is proportional to 

the initial content of RA in the CSC (Fig. 5.7a). Only the two highest RA concentrations showed 

an initial burst release, followed by a slow release phase beyond the first 2 days. As a fraction of 

the incorporated amount of RA, CSC05R showed the largest release (9.3% cumulative on day 

28), followed by CSC01R with a release of 7.6% on day 28, and finally followed by CSC10R 

with a release of 6.3% on day 28. In the long-term, RA continued to be leached out from the 

cement pellets at a very slow rate, increasing by about 1% over the next 5 months. 

Table 5.2: Average porosity and tortuosity of each sample. Standard deviation is given in brackets (n = 4). 

  Sample Name 

  CSC CSC01R CSC05R CSC10R 

Porosity (ε)   0.103 (0.008) 0.114 (0.003) 0.091 (0.016) 0.070 (0.001) 

Tortuosity (τ) 3.164 (0.009) 3.176 (0.003) 3.150 (0.019) 3.122 (0.001) 
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Figure 5.8 demonstrates that RA strongly adsorbs on hydrated CS. After adding milled 

hardened CSC powders to a saturated RA solution, the RA concentration dropped to zero within 

24 hours. Fig. 5.8 also shows that the desorption of RA from CS is too low to be detected by 

HPLC.    

 

 

 

 

 

 

 

 

Figure 5.6: FTIR spectra of risedronic acid, risedronate calcium and calcium silicate cement sample with 10% 

risedronic acid preloaded. Sample powders were mixed (4 wt%) with dehydrated KBr and compressed into 

tablets. 
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Figure 5.7: RA release curves of CSC01R, CSC05R and CSC10R in PBS up to 28 days in molar units (a) 

and up to 6 months as a fraction of the total initial RA amount (b). 
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Figure 5.8: RA adsorption onto hardened CSC after milling in RA saturated PBS solutions and RA 

desorption from these samples in PBS (n = 3). 
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5.3 Biocompatibility of the RA-containing CSCs 

Figure 5.9 clearly shows that the osteoblast cells were not negatively impacted by the RA 

and/or other compounds released into the incubation media. Cell viability of all RA-containing 

CSC samples was not significantly reduced compared to the control and close to 100% cell 

viability. According to the ISO10993-5 standard, a relative viability reduction of less than 30% is 

considered safe and biocompatible. The tested RA-containing CSCs thus seem to be safe and 

biocompatible. 

 

 

 

 

  

Figure 5.9: Cell viability of osteoblast cells after incubation with the extracts of the different cements 

collected after 1, 3, and 7 days. Drug-free PBS served as the control, whereas 60 mg phenol/mL of media 

was used as the toxicity reference. The relative viability was calculated as optical density 570 (OD570) of 

treatment group/OD570 of the control group. 
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5.4 Discussion  

The setting time and compressive strength data clearly demonstrates that RA modifies 

CSC hydration mechanism. These effects were also witnessed by other researchers and attributed 

to RA high affinity to calcium ions [46-48, 54, 116, 185].
 
However, RA has a limited impact on 

CSC cement properties below 0.5%, and a negligible impact at 0.1%. XRD and Rietveld 

refinement analyses demonstrate that CSH gel, the phase providing mechanical strengths to 

hydrated CSC cements, decreased with increased RA amount, implying that RA hinders the 

hydration reaction. It appears that semi-crystalline CSH gel particles (Fig. 5.5) are reduced in 

size and became disconnected in the samples with higher RA concentration, e.g., CSC10R. 

These morphological changes support the loss of mechanical properties of CSC rich in RA. The 

IR spectrum (Fig. 5.6) of the hardened CSC samples with 10% RA is notably different from that 

of pure RA or RAC (Ca2C7H9NO7P2), which was obtained by reacting RA with CaCl2 solution. 

This implies that the formation of risedronic calcium complexes in CSC is not a simple reaction 

with risedronic acid and CH. The subsequent adsorption/desorption tests proved this hypothesis. 

Within 24 hours of immersion of hardened CSC powders in RA saturated PBS solutions, RA was 

completely adsorbed onto CSH gels, the hydrated product of CSC. Similar results have also been 

observed between alendronate, another form of BP, and calcium deficient apatite [54]. RA-

adsorbed CSC powders, however, have similar IR transmission spectra as CSC samples with 

10% RA. These results indicate that RA is progressively adsorbed onto CSH surfaces, not only 

progressively inhibiting further growth and entanglement of CSH gels but also leading to a more 

complicated RA-calcium complex structure, which is a stoichiometrically different and 

thermodynamically stable form of RAC (Ca2C7H9NO7P2) [48, 186].      
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The release of RAC increased with RA concentration in agreement with previous 

findings for similar CPC-based DDS [107].
 
Fractional releases of RAC from CSC, however, 

were much lower compared to the previous results for CPC or other apatites [187, 188],
 
where 

more than 20% of alendronate was released after 3 weeks. In contrast, another study reported 

that the cumulative zoledronate release from commercial HA and CPC was in the 10
-6 

M range 

[189].These opposing results may be attributed to different inorganic phases and BPs loading 

methods used in these studies, and also to vastly different detection methods. The longer term 

cumulative release, however, was similar between these studies and our study – the drug release 

after one month had plateaued [187-189].
 
Our long-term fractional release curve (Fig. 5.7b) 

showed only a 1% increase beyond 30 days. 

As determined previously (and confirmed here) RA is toxic for concentrations above 10
-5

 

M to osteoblast cells [141], and the high release rate may provide local RA concentrations above 

the toxicity limit. Since osteoporosis is a chronic disease and requires a continuous long-term 

treatment plan [190],
 
release must be slowed down to match the therapeutic index. One way of 

doing this is by increasing tortuosity. However, the change of tortuosity values is negligibly 

small (Table 5.2) compared to release time in the Higuchi’s equation and is therefore expected to 

have very limited impacts on release kinetics. The release predicted according to 3D Higuchi's 

law (Table 5.3) reaches 10% in one week and keeps increasing afterwards. Actual releases 

seemed to cease at that level after one month. Higuchi’s law assumes that there is abundant and 

Tortuosity 

(τ) 
Release Time (d) 

0.5  1 3 7 14 21 28 

3 (low) 2.77% 3.91% 6.73% 10.19% 14.27% 17.34% 19.89% 

4 (high) 2.40% 3.39% 5.84% 8.85% 12.41% 15.10% 17.34% 

Table 5.3: Theoretical release fractions over 28 days based upon the tortuosity found in our samples between 

3 and 4. 
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continuous dissolution of drugs. The solubility of RAC is 7.165×10
-4 

M, which is much greater 

than RA released concentration in PBS (Fig. 5.7a). This implies that low RA amount in PBS is 

not controlled by RAC solubility. Our adsorption/desorption test revealed RA can be strongly 

bonded to CSH gels and, once adsorbed, are very difficult to be detached from CSH surfaces. 

The removal of RA from CSH surfaces can be explained by the exchange between phosphate 

ions in PBS and phosphonate groups on RA [191, 192].
 
The displacement of RA by phosphate 

ions results into the gradual release RA into PBS. It is found that RA is homogeneously 

distributed within CSC pellets (Fig. 5.8) and, therefore, only a small fraction of RA can be found 

on pore surfaces, where were accessible by PBS. Since hardened CSC is non-degradable within a 

short period, e.g. one year, RAC trapped inside cement matrices cannot be reached by PBS 

without matrix degradation. Therefore, only pore-surface adsorbed RAC can be displaced by 

phosphate ions in PBS and responsible for the release and the rest of RAC is still trapped inside 

cementitious matrix until the degradation takes place. It is known that chronic diseases, such as 

osteoporosis, need long-term treatment, but sometimes patients are not willing to comply with 

administrations [193].
 
Implanted RA-added CSC system, based upon current release studies, 

could be capable of delivering RA for the long-term treatment of osteoporosis. Furthermore, it 

will increase patient compliance since it does not require patients’ active involvement in RA 

administration.  

RA toxic levels on osteoblast cells and releasing curves are well correlated. Sun et al.’s 

recently showed that BPs above 10
-5 

M are toxic to cells, and that the safe range is between 10
-6 

M and 10
-8 

M [141].
 
In our present study, the RA concentrations in the MTT assays were 

between 0.003×10
-5 

M and 0.225×10
-5 

M, which are well below the toxic level (10
-5 

M) and 

within the safe range (10
-6 

M~10
-8 

M). Our study indicates that RA-loaded CSC can be 
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biocompatible if the system is engineered to deliver RA at local concentrations well below the 

toxic limit. It is expected that the normal blood flow and diffusion reduces local RA 

concentrations rapidly in vivo below such toxic concentrations. Therefore, in the future, in vivo 

pharmacokinetics and pharmacodynamics tests should be conducted in implants to determine 

local (near the implant) and systemic (in the body) RA (or RAC) concentrations, and further 

implementations may be needed to improve the design to better fit clinical requirements. 
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Chapter 6: RESULTS AND DISCUSSION II: CPSC EFFECTS ON 

OSTEOBLASTIC PROLIFERATION AND IN VIVO OSTEOGENESIS 

6.1 CPSC material characterization  

Both setting time and compressive strength of CPSC decreased with MCP content, as 

shown in Fig. 6.1, indicating an increasing setting rate and hydration reaction with the higher 

MCP content. The average strength of CPSC15 was approximately one third of CPSC5’s, 

implying that MCP has a profound impact on CSC hydrations. Crystalline structures of hardened 

cement were analyzed by XRD (Fig. 6.2a) and Rietveld refinement (Fig. 6.2b). Calcium 

hydroxide was produced during hydration and, unlike calcium silicate hydrate (CSH) gel, was 

more easily detectable from the XRD patterns. Calcium hydroxide progressively reacted with 

MCP to form hydroxyapatite and this reaction explained both the lower amount of calcium 

hydroxide present in higher MCP samples and the baseline broadening around 33° in Fig. 6.2a. It 

was also revealed that the time effects on the hydration were negligible: regardless of MCP 

content, calcium hydroxide or C2S peak heights were invariable between 3-day and 7-day 

samples. Unlike C3S reacting rapidly with water, C2S tended to slowly hydrate and its amount 

was indifferent among these samples. FTIR peaks (Fig. 6.3) at 1477 cm
-1

 and at 1035 and 874 

cm
-1

 correspond to OH deformations and Si-O-Si vibrations, respectively [194]. The OH 

deformation peak indicated that formation Si-OH group and its reflection decreased with MCP 

content. On the other hand, the double peaks at 1035 and 874 cm
-1

 refer to siloxane (Si-O-Si) 

bonds and the peak intensity at 1035 cm
-1

 increased with MCP content [194].  

Microporosity (Fig. 6.4, and porosity was given in Table 6.1) was also found to increase 

with the MCP concentration and appeared more inter-connected in CPSC15 than in CPSC5. 

Similar effect observed previously was linked to in situ water release upon reaction of MCP with 
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calcium hydroxide during cement setting [31]. While this phenomenon appears to increase the 

final porosity of set cement (and consequently to decrease its strength), it is also providing 

additional water necessary for cement setting in situ, i.e., without the need for additional setting 

water. This may prove important when CPSC sets in confined spaces deficient in water. 

 

 

 

Table 6.1: Porosity calculated from µCT visualization. Data are presented as mean value ± standard 

deviation. (n = 4) 

 

 

 

 

 

 

 

 

Sample 

 
CPSC5 CPSC10 CPSC15 

porosity 2.46% ± 0.54% 5.66% ± 0.49% 12.86% ± 8.24% 

Figure 6.1: Setting times (n = 4) and compressive strengths (n = 8) of CPSC5, CPSC10 and CPSC15. 

Error bar represents one standard deviation. 
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Figure 6.2: (a) X-ray diffraction (XRD) patterns of raw CSC powder, CPSC5, CPSC10 and CPSC15 

samples after 3 and 7 days of hydration (n = 4). Peaks of calcium hydroxide (P), tricalcium silicate (T) and 

dicalcium silicate (D) are identified. (b) Rietveld refinement analysis of CPSC5, CPSC10 and CPSC15. 

Error bar represents 95% confidence interval. 
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Figure 6.3: Fourier transformation infrared (FTIR) spectra of CPSC5, CPSC10 and CPSC15 samples 

after 7 days of hydration. 

Figure 6.4: µCT scans of 1 cm height sections of hardened CPSC to reveal their microstructure and 

macroporosity: (a) CPSC5; (b) CPSC10; (c) CPSC15 (n = 4). The color bar represents the diameter of pores, 

from 5 µm for the smallest pores in blue (µCT resolution limit), to 135 µm for the largest pores in red. 
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6.2 In vitro analysis of CPSC biocompatibility 

Cytotoxicity results shown in Fig. 6.5 clearly indicate that CPSC extracts significantly 

increased osteoblast cell viabilities as compared to CSC extract. Regardless of the dilution levels, 

CPSC extracts had positive effects on osteoblast cell proliferation; however, at the lowest 

dilution level (50%), the CSC extracts slightly reduced osteoblast viability. Flow cytometry 

confirmed these results. Raw data (Fig. 6.6) of relative quantities of cells in each state within one 

cell cycle were analyzed by FCM and final results were compiled into the bar chart (Fig. 6.7). 

DNA diploids (double strands) are doubled after each cell cycle to accomplish the mitosis. In 

Fig. 6.7, cells treated by CPSC extracts tended to have larger quantity of tetraploid (DNA 

quadruple strands) than untreated cells. This data indicate that cell proliferation was enhanced by 

CPSC extracts. Threshold cycles of genes amplified by PCR were depicted in Fig. 6.8 and used 

to calculated relative gene expressions in Fig. 6.9. Genetic analysis (Fig. 6.9) shows the levels of 

expression of osteoblast-specific genes in osteoblast cells. The results were normalized with 

respect to the reference CSC sample by dividing the fold changes in the CSC-treated ones. It is 

found that the levels of expression of ALP and OPG genes in CPSC15 were statistically different 

from those in CPSC5 or CPSC10; however, runx2 and TGF-β expressions were statistically 

indifferent between CPSC5, 10 and 15. In addition, only TGF-β expressions in all three samples 

were above 1, indicating that the other genes were down-regulated in CPSC extracts compared to 

CSC extracts. 
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Figure 6.5: Relative viability of osteoblast cells incubated in CPSC5, CPSC10 and CPSC15 extracts for 3 

days in different dilutions of (a) 5% (1:19); (b) 10% (1:9); (c) 20% (1:4); and (d) 50% (1:1). PBS with 

10%-FBS in DMEM served as the control group, while an aqueous phenol solution was used as toxicity 

reference (n = 5). Error bars represent one standard deviation. 

(a) The viability for CSC is only significantly lower than that for CPSC15; the viabilities for CPSC5, 10 

and 15 are insignificantly different between each other. (p < 0.05) 

(b) The viability for CSC is significantly lower than that for CPSC5; the viabilities for CPSC5, 10 and 15 

are insignificantly different between each other. (p < 0.05) 

(c) Viabilities for CSC, CPSC5, 10 and 15 are insignificantly different between each other. (p < 0.05) 

(d) ) The viability for CSC is significantly lower than those of CPSC5, 10 and 15; the viabilities for 

CPSC5, 10 and 15 are insignificantly different between each other, except of those between CPSC10 and 

15. (p < 0.05)  
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Figure 6.6: Representations of raw data of relative quantities of cells in each phase within one cell cycle 

analyzed by FCM. They are (a) the control, (b) CPSC5, (c) CPSC10 and (d) CPSC15.  
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Figure 6.7: Fractions of diploid and tetraploid DNA strands in osteoblast cells. (n = 3) The relative 

quantity of tetraploid of CK is significantly lower than those of CPSC5 and CPSC10 but insignificantly 

lower than that of CPSC15. Relative quantities of CPSC 5, CPSC10 and CPSC15 are insignificantly 

different between each other. (p < 0.05) Error bar represents one standard deviation. 
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Figure 6.8: Representations of threshold cycles of genes amplified by PCR 
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6.3 In vivo analysis of CPSC osteogenic effects in rabbits 

X-rays graphs (Fig. 6.10a and b) indicate that new trabecular bone was formed around 

and inside implants, implying that both CPC and CPSC were osteoconductive. However, CPSC 

appeared to degrade slower than CPC. Semi-quantitative analyses (Fig. 6.11a and b) provided 

support for such observations. It was shown (Fig. 6.11a) that both CPC and CPSC had in vivo 

degradation from 2 to 3 months; CPC in vivo degradation, however, was faster than CPSC and 

statistically significant (p < 0.05). On the other hand, new trabecular bone formation around and 

inside implants (Fig. 6.11b) appeared to be higher in CPSC than CPC and such osseointegration 

appeared to increase with time in CPSC samples. Contrarily, osseointegration of new bone 

formation appeared to decrease with time significantly (p < 0.05) in CPC. The above 

Figure 6.9: mRNA expressions of ALP, runx2, TGF-β, and OPG genes in osteoblast cells harvesting in 

CPSC extracts for 3 days (n = 8). All expressions were normalized to the expressions of CSC. The level 

of ALP expression in CPSC15 is significantly lower than those in CPSC5 and CPSC10; the level of 

OPG expression in CPSC15 is significantly higher than those in CPSC5 and CPSC10; the levels of 

runx2 and TGF-β expressions are statistically indifferent among CPSC5, CPSC10 and CPSC15. (p * < 

0.05) Error bar represents one standard deviation. 
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observations strongly indicated that CPSC appeared to be more osteoconductive than clinical 

CPC. CT scans further proved the results of semi-quantitative analyses. As indicated in Fig. 6.13, 

both CPC and CPSC promoted some new trabecular bone formation around remnant implants 

after 2 months of implantation; however, at the end of 3 months, Fig. 6.14, CPC resorbed faster 

than CPSC. In addition, all CPSC samples showed significant trabecular bone formation around 

and inside remnant materials; CPC, however, became isolated from cortical bones, in between 

there was much less new trabecular bone formed. Histological studies (Fig. 6.15) showed that 

layered bone matrix deposition was witnessed in both CPC and CPSC samples, implying that 

CPSC was as osteoconductive as clinical CPC. After 3 months, neutrophil-based inflammatory 

cell infiltration was observed as well and an encapsulation of fibrous tissues composed of 

collagen fibers, fibroblasts and fibrocytes was also observed around perforation. Furthermore, 

some bone marrow tissues were replaced by adipose tissues. However, histological slides were 

unable to provide reliable information regarding the comparison between clinical CPC and CPSC 

in terms of bone formation and inflammation.
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Figure 6.10: X-ray images of rabbit hind legs with cement implantation after (a) 2 months and (b) 3 months. One bar is equal to 1 cm. Regions of 

remnant cement (blue arrows) and new trabecular bone (red arrows) were enclosed by green curves and their areas were automatically measured by 

Osirix. These readings were used in semi-quantitative analyses 
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Figure 6.10 (continued): X-ray images of rabbit hind legs with cement implantation after (b) 3 months. One bar is equal to 1 cm. Regions of 

remnant cement (blue arrows) and new trabecular bone (red arrows) were enclosed by green curves and their areas were automatically measured 

by Osirix. These readings were used in semi-quantitative analyses. 



89 

 

 

 

Figure 6.11: Calculate scores of (a) remnant cement from highly degraded (score 1) to mostly non-degraded 

(score 6) and (b) new trabecular bone formation from merely no bone formation (score 1) to significant 

formation (score 6) of CPSC and clinical CPC between 2 and 3 months (n = 7). Error bars represent one 

standard deviation. (p *< 0.05 vs. 2 month)     
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Figure 6.12: 3D reconstruction of implanted bones after 3 months (red circles indicate the remaining 

material) 
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Figure 6.13: CT scans of rabbit hind legs after 2-month implantation. Trabecular bones and newly formed cortical 

bones are indicated in green. The size bar is equal to 1 cm. 

 



92 

 

 

Figure 6.14: CT scans of rabbit hind legs after 3-month implantation. Trabecular bones and newly formed cortical 

bones are indicated in green. The size bar is equal to 1 cm. 
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Figure 6.15: Histological observations of (a) clinical CPC, (b) CPSC5, (c) CPSC10 and (d) CPSC15 after 

3 months of implantation (40x). Inflammation by neutrophils infiltration (black arrows), proliferated 

adipose tissue (green arrows), tissue encapsulation (yellow arrows) and new bone formation (blue 

arrows) were indicated on the images. The size bar is equal to 0.25 mm.   
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Figure 6.15 (continued): Histological observations of (c) CPSC10 and (d) CPSC15 after 3 months of 

implantation (40x). Inflammation by neutrophils infiltration (black arrows), proliferated adipose tissue 

(green arrows), tissue encapsulation (yellow arrows) and new bone formation (blue arrows) were indicated 

on the images. The size bar is equal to 0.25 mm.   
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6.4 Discussion 

A suitable implant biomaterial must be biocompatible, functional (i.e., able to 

express its desirable functions properly), and structurally stable, including stability over 

time. Furthermore, for clinically useful bone cements, setting time and compressive 

strength must be optimized: a too short setting time is undesirable because it may not allow 

enough time to inject and fit the cement paste perfectly into the bone cavity; a too long 

setting time would not provide sufficient mechanical support after completion of the cement 

placement. Although bone cement is typically designed for use in non-load bearing 

applications, poor mechanical support arising from too long setting time and low 

compressive strength may make implants more prone to faster-than-usual degradation, 

causing peri-implant instability and implant failures [195]. MCP has shown to impact the 

CPSC hydration reactions by reducing both setting time and compressive strength, 

confirming previous observations [33]. MCP can react with the calcium hydroxide formed 

from calcium silicate hydration, producing in situ apatite and excess water, according to the 

equation 6.1, 6CaHPO4·2H2O + 4Ca(OH)2 = Ca10(PO4)6(OH)2 + 18H2O [19, 33]. This 

mechanism explains why less calcium hydroxide was found in higher MCP samples, Fig. 

6.2, but also their higher porosity (due to the excess water) and thus lower strength. The 

setting of CPSC is attributed to the CSH gel polymerization. XRD in our study reveals that 

C3S is the primary source of the CSH gel. According to Collepardi and Massidda [196], the 

reduction in setting time could be attributed to the formation of a porous CSH gel layer 

covering the unreacted calcium silicate because of the formation of apatite and in situ 

formation of water. Therefore, water could more easily access the unreacted C3S and thus 

the hydration process accelerates and apatite content increases with MCP content, 
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explaining the peak base broadening at 33º, Fig. 6.2a. CSH gel formed during hydration is 

responsible for cement compressive strength [62, 83]. The lower amount of CSH in CPSC15, and 

higher porosity (due to excess water formation) thus results in their poorer mechanical strength.  

µCT reveals that micropores tend to be more interconnected in CPSC15 than in CPSC5. 

These microstructural changes further explain why CPSC samples with higher MCP content 

showed reduced mechanical strength due to interconnected porous microstructures. FTIR (Fig. 6.3) 

reveals that the peak intensity of Si-OH group at 1477 cm
-1

 decreased with MCP amount and the 

peak was barely seen in CPSC15. This may be attributed to the formation of apatite in CPSC. The 

presence of apatite disrupted the crystallinity of CSH gel and resulted in Si-OH groups 

undetectable by IR spectrum [194]. Siloxane bonds formed during the hydration of calcium silicate 

and its IR reflection intensity increased with porosity [194]. On Fig. 6.3, the peak at 874 cm
-1

 

merely changed; however, the other peak at 1035 cm
-1

 increased significantly with MCP content. 

µCT (Fig. 6.4) studies have shown that porosity increased with MCP content. Therefore, the IR 

results are in a good agreement with µCT observations. The presence of MCP accelerates the 

hydration process and increases the setting rate; however, the concurrent formation of apatite and 

water might disrupt the continuity of CSH gel and create more porosity. Therefore, CPSC 

compressive strength was compromised. 

The CPSC system tested in this work was found to be more biocompatible than the 

previously evaluated CSC system [19]. It appears that the presence of MCP increased osteoblast 

viabilities, which were similar to that of cells treated only by the culture medium. Osteoblast cells 

used in our research were isolated from neonatal SD rats and retained osteoblastic phenotypes in 

culture [197], which means that mature osteoblast cells can undergo osteogenesis and transform 

into osteocytes. The cell viabilities evaluated by MTT assays, therefore, included the viabilities of 
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both osteoblasts and osteocytes. Osteoblastic cell cycles and osteoblast-specific genes 

expressions were examined. It is known that, within a cell cycle, cell differentiation and 

proliferation are exclusive to each other [198]. Flow cytometry data showed that 

proliferation of osteoblast was enhanced by CPSC, while expressions of differentiation-

regulating genes, such as ALP and runx2, were downregulated compared to CSC, 

confirming previous results by Fei et al. [35]. Transforming growth factor β (TGF-β) 

promotes osteoblast proliferations [199], and our results suggested that CPSC-treated 

osteoblast cells enhanced proliferation, not differentiation. In a preliminary in vitro study of 

CPSC system, calcium (Ca
2+

), phosphate (PO4
3-

) and silicate (SiO4
4-

) ions were found 

abundant in the extract solutions [31, 35]. The high Ca
2+

 concentrations in the extract 

solutions in our study may be responsible for this improved proliferation because Ca
2+

 can 

bind to G-protein coupled extracellular calcium sensing receptors [199]. OPG is the 

antagonist to RANKL, which is responsible for differentiation and recruitment of osteoclast 

cells and initiation of bone resorption [200], and its level determines the osteoclastogenetic 

activity of osteoclast cells. It was found that increasing MCP content in CSC is 

accompanied by an increase in OPG expression because of higher Ca
2+

 and PO4
3-

 

concentrations in solution released by CPSC15 [201, 202].  

CPSC demonstrates better osteoconductivity than clinical CPC. As CPSC resorbed 

slower than CPC (Fig. 6.10 to 6.14), it is expected that CPSC could provide more 

mechanical and structural support to the fractural sites [203]. As discussed, a suitable 

biomaterial should have matched rates between implant degradation and osseointegration 

[204-206]. In this study, CPSC demonstrated better osseointegration with longer resorption 

than CPC. Though CPC promoted some new trabecular bone formation within the first 2 
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months of implantation, newly formed bone was resorbed again by osteoclast cells within the next 

month, making the remnant CPC unable to provide enough mechanical support to fractured bone 

due to poor osseointegration between implant and bone. In addition, CPSC showed a slower 

degradation and better osseointegration than CPC. The setting processes determine the different in 

vivo degradation rates between CPC and CPSC. CPC is set by the precipitation and entanglement 

of hydroxyapatites; while, our particular CPSC is set by the hydration of calcium silicate to form 

CSH gel. The relatively slow degradation of CPSC can better control the release of bone formation 

stimulating ions, e.g., SiO4
4-

 and Ca
2+

, to achieve the prolonged osteogenic effects, and to increase 

the biocompatibility by limiting the sudden increase in local pH. Histopathological results also 

indicated that new bone was formed around and inside CPSC (Fig. 6.15). Leukocytes 

(predominately neutrophils in this study) indicated that decreasing acute inflammation was 

associated with both CPSC and clinical CPC, but there were no signs of chronic inflammation 

[207]. Neutrophils dominate the acute inflammation stage and shortly die, and foreign materials 

(i.e., bone cements) cause the migration of leukocytes and acute inflammation [207]. Neutrophils 

and macrophages are recruited to phagocytize foreign particles in body; bone cements, however, 

cannot be phagocytized by neutrophils because cement debris are commonly much larger than the 

size of neutrophils [207]. Instead, dissolution, or in vivo biodegradation, of cement can eventually 

remove it from body. In CPSC samples, the controlled release of Ca(OH)2 may be helpful in 

maintaining the inflammation at the minimal level [208]. The longer release of osteogenic ions 

from CPSC than clinical CPC continuously enhanced bone formation near and inside CPSC 

implants and was expected to provide better bone restoration than clinical CPC in the long term.      
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Chapter 7: RESULTS AND DISCUSSION III: ANTI-OSTEOPOROTIC AND 

ENHANCED OSTEOGENIC EFFECTS OF RA-ADDED CPSC 

7.1 Material characterizations 

Both compressive strengths and setting time were more compromised at 1.0% RA than at 

0.5% of RA (Fig. 7.1). The results have also shown that for most samples 3-day strengths were 

similar to 7-day strengths (12-13 MPa), with the exception of the sample CPSC10-10R which was 

~50% weaker after 3 days of setting. The crystallinity results (Fig. 7.2) demonstrated that the 

content of calcium silicate hydrate (CSH) gel and apatite formations declined with RA amount, 

while the content of the amorphous phases increased. µCT and gas sorption porosity data (Fig. 7.3 

and Table 7.1) reveal that the overall porosity fraction > 5 µm in size for CPSC10-10R and 

CPSC10-05R were similar (about 3-4%) and smaller than for CPSC10 (about 5%). Table 7.1 also 

compares the samples porosity determined by µCT method with the results obtained with the gas 

sorption methods. FTIR results (Fig. 7.4) demonstrated that in the 1400 cm
-1

 to 1500 cm
-1

 region 

the double-peak of phosphonate groups in RA was more distinguishable in CPSC10-10R than in 

CPSC10-05R and within the region between 800 cm
-1

 and 1200 cm
-1

 triple peaks assigned to Si-O-

Si were clearly identified. Cross-sections of CPSC10, CPSC10-05R and CPSC10-10R samples 

after 7-day setting were examined under SEM and their micrographs are in Fig. 7.5. Both edges 

and cores on these cross-sections were examined and it is found that there was less porosity on the 

edge than in the core regardless of sample types (Fig. 7.5a and b, c and d, e and f). In addition, the 

CSH gel crystallinity looked the most continuous in CPSC10 and the least in CPSC10-10R (Fig. 

7.5a, c and e).    
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Sample  

 
CPSC10 CPSC10-05R CPSC10-10R 

Gas sorption 23.2% ± 5.2% 14.4% ± 1.9% 12.4% ± 2.8% 

µCT 5.7% ± 0.5% 3.4% ± 0.6% 3.9% ± 0.3% 

Table 7.1: Porosity measured by gas sorption and µCT methods. The results are presented as average ± standard 

deviation. (n = 4) 

Figure 7.1: The setting time and compressive strength changes with risedronate concentration. (n = 4 for the 

setting time and n = 8 for compressive strength tests). The error bars represent one standard deviation. 
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Figure 7.2: The relative phase content of Portlandite, Ca2SiO4, apatite, CSH gel and the balance of 

amorphous phase in CPSC10, CPSC10-05R and CPSC10-10R (n = 4). 

Figure 7.3: Microporosity visualization for (a) CPSC10, (b) CPSC10-05R and (c) CPSC10-10R. 
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Figure 7.4: FTIR spectra of CPSC10, CPSC10-05R and CPSC10-10R after 1-day hardening (n = 4). 
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Figure 7.5: Scanning electron micrographs of (a) CPSC10-core, (b) CPSC10-edge, (c) CPSC10-05R-core, (d) 

(d) CPSC10-05R-edge, (e) CPSC10-10R-core and (f) CPSC10-10R-edge after 7 days of setting. One bar 

equals to 20 µm. 
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7.2 In vitro biocompatibility 

Cytotoxicity results (Fig. 7.6) demonstrated that osteoblasts viabilities of control were 

significantly lower than 1-day cement extracts of CPSC10-05R and CPSC10-10R but 

insignificantly lower than the 3-day results. In general, the 3-day extracts were more toxic than 1-

day extracts. Cell cycle results by FCM, shown in Fig. 7.7, revealed that CPSC10, CPSC10-05R 

and CPSC10-10R had comparable effects on regulation of cell cycles and on promoting 

osteoblastic proliferation and differentiation. Gene expressions tests were carried out on four 

commonly used osteoblast-specific genes. From Fig. 7.8a to c, ALP, OPG and runx2 expressions in 

CPSC10-05R were significantly higher than those in either CPSC10 or CPSC10-10R. However, 

TGF-β expressions (Fig. 7.8d) were seen to significantly decrease with RA content. With the 

exception of ALP expressions, significant differences were observed between CPSC10 and 

CPSC10-10R. 
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Figure 7.6: Osteoblast-like cell viabilities. Cells were treated with CPSC10-05R and CPSC10-10R 

after 1 and 3 days immersion in PBS. Error bar represents one standard deviation (n = 5). (p* < 0.05 

vs. the control group)  
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Figure 7.7: Fractions of diploid (DNA double strands) and tetraploid (DNA quadruple strands) in 

osteoblast cells. Cells were harvested from CPSC extracts for 3 days. Error bar represents one standard 

deviation (n = 3). 
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Figure 7.8: Osteoblastic marker gene expression by real-time PCR. mRNA expressions of (a) ALP, (b) 

OPG, (c) runx2 and (d) TGF-β genes in osteoblast cells are shown after incubation in cement extracts 

for 1 day. Error bar represents one standard deviation (n = 8). (p* < 0.05 vs.CPSC10) 
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7.3 Global anti-osteoporotic effects 

Serum TRACP-5b level results strongly imply that osteoclastic activities in all rabbits were 

significantly elevated due to the treatment of glucocorticoid injection as well as the bilateral 

ovariectomy. As shown in Fig. 7.9, the TRACP-5b serum level increased with treatment time and 

the serum level after 4 weeks was significantly (p < 0.05) higher than the baseline level on the 1
st
 

day of injection. 

Bone-specific ALP and OCN levels were significantly (p < 0.05) decreased in CPSC10 and 

CPSC10-05R as compared to the sham control group (Fig. 7.10 and 7.11). In the sham control 

group, serum levels reached the maximum at the 8
th

 week and dropped afterwards. In Fig. 7.12, 

serum levels of OPG/RANKL were statistically indifferent between the sham control, CPSC10 and 

CPSC10-05R groups.  

Biomarkers related to bone resorption were significantly lower in CPSC10 or CPSC10-05R 

groups than the sham control (p < 0.05). Figure 7.22 shows serum TRACP-5b level changes in all 

three groups from the 4
th

 to 10
th

 week. It is clearly demonstrated that the serum level in CPSC10-

05R was the lowest among the three groups. Statistical analysis results showed that serum level in 

CPSC10-05R and the sham control were significantly (p < 0.05) different between each other; 

however, serum levels in CPSC10 were not significantly lower in CPSC10 than the sham control (p 

< 0.05).  
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Figure 7.10: Serum TRACP-5b levels 1, 14 and 28 days after osteoporosis induction measured by 

ELISA. Error bar represents one standard deviation (n = 6). (p
*
 < 0.05) 

Figure 7.9: Serum levels of BALP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the readings 

are statistically different between the sham control and CPSC10-05R. (p < 0.05) 
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Figure 7.11: Serum levels of OCN after 4, 6, 8 and 10 weeks between sham control, CPSC10 and CPSC10-

05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically different 

between the sham control and CPSC10. “@” symbol indicates that the readings are statistically different 

between the sham control and CPSC10-05R. “#” symbol indicates that readings are statistically different 

between the CPSC10 and CPSC10-05R groups. (p < 0.05) 

Figure 7.12: Serum levels of OPG/RANKL after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). (p < 0.05) 
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Figure 7.14: Serum levels of CTX after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically 

different between the sham control and CPSC10. “@” symbol indicates that the readings are statistically 

different between the sham control and CPSC10-05R. (p < 0.05) 

Figure 7.13: Serum levels of NTX after 4, 6, 8 and 10 weeks between sham control, CPSC10 and CPSC10-05R 

(n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically different between 

the sham control and CPSC10. “@” symbol indicates that the readings are statistically different between the 

sham control and CPSC10-05R. (p < 0.05) 
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Figure 7.15: Serum levels of PYD after 4, 6, 8 and 10 weeks between sham control, CPSC10 and CPSC10-

05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically different 

between the sham control and CPSC10. “@” symbol indicates that the readings are statistically different 

between the sham control and CPSC10-05R. “#” symbol indicates that readings are statistically different 

between the CPSC10 and CPSC10-05R groups. (p < 0.05) 

Figure 7.16: Serum levels of DPD after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the readings 

are statistically different between the sham control and CPSC10-05R. “#” symbol indicates that 

readings are statistically different between the CPSC10 and CPSC10-05R groups. (p < 0.05) 
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Figure 7.17: Serum levels of OHP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically 

different between the sham control and CPSC10. “@” symbol indicates that the readings are statistically 

different between the sham control and CPSC10-05R. (p < 0.05) 

Figure 7.18: Serum levels of BSP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the readings 

are statistically different between the sham control and CPSC10-05R. “#” symbol indicates that 

readings are statistically different between the CPSC10 and CPSC10-05R groups. (p < 0.05) 
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Figure 7.19: Serum levels of GHYL after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are 

statistically different between the sham control and CPSC10. “@” symbol indicates that the readings 

are statistically different between the sham control and CPSC10-05R. (p < 0.05) 

Figure 7.20: Serum levels of PINP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and CPSC10-

05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically different 

between the sham control and CPSC10. “@” symbol indicates that the readings are statistically different 

between the sham control and CPSC10-05R. “#” symbol indicates that readings are statistically different 

between the CPSC10 and CPSC10-05R groups. (p < 0.05) 
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Figure 7.21: Serum levels of PICP after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically 

different between the sham control and CPSC10. “@” symbol indicates that the readings are statistically 

different between the sham control and CPSC10-05R. “#” symbol indicates that readings are statistically 

different between the CPSC10 and CPSC10-05R groups. (p < 0.05) 

Figure 7.22:  Serum levels of TRACP-5b after 4, 6, 8 and 10 weeks between sham control, CPSC10 and 

CPSC10-05R (n = 10 except for the 10th week n = 5). “+” sign indicates that the readings are statistically 

different between the sham control and CPSC10. “@” symbol indicates that the readings are statistically 

different between the sham control and CPSC10-05R. “#” symbol indicates that readings are statistically 

different between the CPSC10 and CPSC10-05R groups. (p < 0.05) 
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7.4 Local osteogenic effects shown by X-ray and CT 

Clinical X-ray and CT images show that there was more trabecular bone formation after 

10 weeks of implantation of RA-CPSC than CPSC. Figure 7.23 shows X-ray radiographs after 8and 

10 weeks of implantation for each treatment group. Newly formed trabecular bone was 

indifferent between CPSC and RA-CPSC groups after 8 weeks of implantation. After 10 weeks, 

there seemed to be more newly formed trabecular bone in RA-CPSC group than in CPSC, 

although this is a non-quantitative observation. CT scans (Fig. 7.24) also indicated that there 

was more bone formation (green color) around cement (red color) in RA-CPSC than CPSC after 

10 weeks. A semi-quantitative analysis (Fig. 7.25) shows a trend towards more trabecular bone 

formation in RA-CPSC than in CPSC. After 8 weeks of implantation, new bone formation was 

only slightly higher in RA-CPSC than in CPSC. After 10 weeks of implantation, however, more 

bone formation in the RA-CPSC group was found.
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Figure 7.23: X-ray images of the rabbits’ right legs 8 and 10 weeks after implantation. One bar is equal to 1 cm. 
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Figure 7.24: CT images of the rabbits’ right legs 8 and 10 weeks after implantation. One bar is equal to 1 cm. 
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7.5 Local osteogenic effects shown by histopathology 

Histological observations showed better bone restoration and healing in the 0.5% RA- 

CPSC group than the CPSC alone group (Fig. 7.26). In the control group (Fig. 7.26a), there was 

no newly formed bone in the vicinity of the perforation. Instead, a band of proliferative connective 

tissue was observed. The perforation formed an elliptical structure, which consisted of 

proliferative connective tissue, granulation tissue and fibrous tissue composed of collagen fibers, 

fibroblasts, and fiber cells. In addition, adipose tissue, neutrophils and osteoclasts were also 

present. In the CPSC group, basic bone restoration was evidenced in the form of a thin a layer of 

lamellar bone (Fig. 7.26b). In addition, osteoblasts were present, which were absent from the 

control. In the 0.5% RA-CPSC group (Fig. 7.26c), a larger amount of newly formed bone shaped 

in long strips or irregular sheets was observed. Compared to both the control and CPSC groups, 

there was more bone formation and less bone marrow replaced by adipose tissue. 

 

 

Figure 7.25: Comparison of the new bone formation scores between CPSC and 0.5% RA-CPSC groups 8 

and 10 weeks after implantation (n = 5). 
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Figure 7.26: Histological observations of (a) Control, (b) CPSC and (c) 0.5% RA-CPSC after 10 weeks of

implantation (20x and 100x). Indicated on the images is inflammation as indicated by neutrophil infiltration 

(black arrows), proliferated adipose tissue (green arrows), tissue encapsulation (yellow arrows), new bone 

formation (blue arrows), osteoclasts (orange arrows) and osteoblast (red arrows) The size bar equals 0.25 mm. 
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Figure 7.26 (continued): Histological observations of (b) CPSC and (c) 0.5% RA-CPSC after 10 weeks of

implantation (20x and 100x). Indicated on the images is inflammation as indicated by neutrophil

infiltration (black arrows), proliferated adipose tissue (green arrows), tissue encapsulation (yellow

arrows), new bone formation (blue arrows), osteoclasts (orange arrows) and osteoblast (red arrows) The

size bar equals 0.25 mm. 
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7.6 Local osteogenic effects shown by PCR analysis 

The comparisons of 84 osteogenesis-related gene expressions (refer to Table 7.2) 

between CPSC10 (and CPSC10-05R) and the sham control are shown in Fig. 7.27 and 7.28. 

The data are presented by fold changes (i.e., how many times the expression of any particular 

gene increases in relation to the housekeeping gene in the same sample) of genes in CPSC10 

or CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithmic scale (base = 2). Two purple lines were the threshold expression (=3) and divided 

the graph into three regions. The region above the upper threshold lime indicates that the 

genes were up- regulated in either CPSC10 or CPSC10-05R as compared to the sham control 

and the region below the lower threshold line indicates that the genes were down-regulated in 

CPSC10 or CPSC10-05R compared to the sham control. Genes outside the threshold lines are 

considered biological significant. 

Tables 7.3 and 7.4 show gene full names and their fold changes in CPSC10 and 

CPSC10-05R as compared to the sham control [209-218]. It is found that 15 genes of BMP5, 

CD36, CTSK, FN1, ITGA1. ITGB1, LOC100009177, LOC100342904, LOC100344425, 

LOC100345812, LOC100348414, MMP2, MMP9, MMP13 and SPP1 (gene codes given and 

refer to Table 7.3 or 7.4 for full names) were up-regulated in both CPSC10 and CPSC10-05R 

as compared to the shame control. In addition, Table 7.4 indicates that additional 6 genes of 

COL1A2, COL2A1, LOC100338577, LOC100340503, LOC100347598 and SMAD2 were 

only up-regulated in the CPSC10-05R group compared to the sham control. Fold changes 

ranged from 9 to 98 times. 
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Figure 7.27: Comparison of 84 genes analyzed by PCR array between CPSC10 and the sham control. Pink 

lines represent threshold fold changes (= 3). The data are presented by fold changes of genes in CPSC10 (y-

axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). (n = 4) 
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Figure 7.28: Comparison of 84 genes analyzed by PCR array between CPSC10-05R and the sham control. 

Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes in 

CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). 

(n = 4) 



125 

 

Table 7.2: 84 genes analyzed by PCR array given by the manufacturer  

Skeletal development  

Cartilage condensation BMPR1B, COL2A1, LOC100356758 (BMP1), MGP, SOX9 

Ossification AHSG, BMP-2, BMP4, BMP5, BMP7, BMPR1A, BMPR1B, BMPR2, CDH11, CHD, 

COL2A1, CTSK, DLX5, FGF2 (bFGF), FGFR2, GLI1, IGF1, IGF2, LOC100008806 (EGFR), 
LOC100008942 (IHH), LOC100144342 (IGF1R), LOC100338577 (MCSF), LOC100339156 

(RUNX2), LOC100340503 (Osteocalcin), LOC100341009 (TNFSF11), LOC100344425 

(IBSP), LOC100347598 (COL1A1), LOC100348414 (BMP3), LOC100355119 (ACVR1), 
LOC100356758 (BMP1), LOC100356871 (SP7), LOC100358460 (NOG), MGP, MMP2, 

MMP9, SHH, SMAD1, SOX9, SPP1 (Osteopontin), TGFB1, TGFB2, TGFB3 

Osteoclast differentiation LOC100338577 (MCSF), LOC100340503 (Osteocalcin), LOC100341009 (TNFSF11), TNF 

Osteoblast differentiation BMP-2, BMP4, BMP7, BMPR1A, BMPR1B, BMPR2, CHD, DLX5, FGF2 (bFGF),FGFR2, 

GLI1, IGF1, LOC100008942 (IHH), LOC100339156 (RUNX2), LOC100340503 

(Osteocalcin), LOC100341629 (SOX2), 

LOC100347598 (COL1A1), LOC100348897 (IGFBP5), LOC100351309 (PTH), 

LOC100355119 (ACVR1),  

LOC100356871 (SP7), LOC100358460 (NOG), NF1, PTHLH, SMAD1, SPP1 (Osteopontin) 

Other genes CTNNB1, FGFR1, IL6, LOC100341109 (ALPL), LOC100344335 (TGFBR2),  

LOC100345812 (TGFBR1) 

Bone mineral metabolism  

Bone mineralization  AHSG, BMP-2, BMP4, BMP7, BMPR1A, BMPR1B, BMPR2, FGFR2, IGF1,  

LOC100340503 (Osteocalcin), LOC100351309 (PTH), LOC100355119 (ACVR1), MGP, 
MMP13, PTGS2 (COX2), PTHLH, SOX9, TGFB1, TGFB3. 

Calcium ion binding and 

homeostasis 

CALCR, CDH11, FGF2 (bFGF), ITGB1, LOC100008808 (EGF), LOC100008907 (VDR),  

LOC100340503 (Osteocalcin), LOC100342904 (ANXA5), MMP2, TGFB1 

Extracellular matrix (ECM) 

molecules: 

 

Collagens COL10A1, COL14A1, COL15A1, COL1A2, COL2A1, COL5A1, LOC100009177 (COL3A1),  
LOC100347598 (COL1A1) 

ECM protease inhibitors AHSG, SERPINH1 

ECM proteases CTSK, MMP2, MMP9, MMP13 

Other genes BGN, FLT1, LOC100341109 (ALPL) 

Cell adhesion molecules  

Cell-cell adhesion BMPR1B, CDH11, COL14A1, COL2A1, ITGB1, LOC100008806 (EGFR), LOC100008942 

(IHH),  
LOC100341009 (TNFSF11), LOC100356758 (BMP1), SOX9, TGFB1, TNF, VCAM-1 

Cell-matrix adhesion CD36, ITGA1, ITGAM, ITGB1, LOC100009177 (COL3A1), LOC100101621 (ITGA2), 

LOC100338577 (MCSF). 

Other genes COL15A1, COL5A1, FN1, LOC100340503 (Osteocalcin), TNF 

Growth factors GMCSF, FGF1, FGF2 (bFGF), IGF1, IGF2, LOC100008808 (EGF), LOC100352388 
(PDGFA), 

 LOC100356652 (GCSF), VEGFA 

Transcription factors GLI1, LOC100339156 (RUNX2), LOC100340325 (NFKB1), LOC100341629 (SOX2), 

 LOC100342616 (SMAD5), SMAD1, SMAD2, SOX9 
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Table 7.3: Genes up-regulated in CPSC10 as compared to the sham control. 95% confidence interval (CI) is given in the bracket.  

Gene code Gene full name [209-218] Gene functions [209-218] 
Fold 

changes 
95% CI 

BMP5 
bone morphogenetic protein 

5 
Ossification 13.21 (12.55, 13.87) 

CD36 cluster of differentiation 36 Cell-Matrix Adhesion 24.46 (23.24, 25.69)  

CTSK cathepsin K Ossification,ECM Proteases 30.54 (29.01, 32.06) 

FN1 fibronectin 1 Cell Adhesion 11.67 (11.09, 12.26) 

ITGA1 integrin, alpha 1 Cell-Matrix Adhesion 18.00 (17.10, 18.90) 

ITGB1 integrin, beta 1  

Calcium Ion Binding and 

Homeostasis,Cell-Cell Adhesion,  

Cell-Matrix Adhesion 

18.00 (17.10, 18.90) 

LOC100009177 collagen, type III, alpha 1 Collagens,Cell-Matrix Adhesion 89.26 (84.80, 93.73 ) 

LOC100342904 annexin A5 Calcium Ion Binding and Homeostasis 10.67 (10.13, 11.20) 

LOC100344425 integrin-binding sialoprotein Ossification 28.05 (26.65, 29.45) 

LOC100345812 
transforming growth factor, 

beta receptor 1 
Skeletal Development 12.58 (11.95, 13.20) 

LOC100348414 
bone morphogenetic protein 

3 
Ossification 20.05 (19.05, 21.06) 

MMP13 matrix metallopeptidase 13 Bone Mineralization,ECM Proteases 30.22 (28.71, 31.73) 

MMP2 matrix metallopeptidase 2 ECM Proteases 12.32 (11.70, 12.93) 

MMP9 matrix metallopeptidase 9 Ossification,ECM Proteases 13.52 (12.85, 14.20) 

SPP1 secreted phosphoprotein 1 Ossification,Osteoblast Differentiation 27.86 (26.46, 29.25) 
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Table 7.4: Genes up-regulated in CPSC10-05R as compared to the sham control. 95% confidence interval (CI) is given in the bracket. 

Gene code 
Gene full name [209-

218] 
Gene functions [209-218] Fold changes 95% CI 

BMP5 
bone morphogenetic 

protein 5 
Ossification 15.45 (14.68, 16.22) 

CD36 
cluster 

of differentiation 36 
Cell-Matrix Adhesion 32.36 (30.74, 33.98)  

COL1A2 
collagen, type I, alpha 

2 
Collagens 52.39 (49.77, 55.01) 

COL2A1 
collagen, type II, alpha 

1 

Cartilage 

Condensation,Ossification, 

Collagens, 

Cell-Cell Adhesion 

11.96 (11.36, 12.56) 

CTSK cathepsin K Ossification,ECM Proteases 84.08 (79.88, 88.29) 

FN1 fibronectin 1 Cell Adhesion 9.93 (9.43, 10.42) 

ITGA1 integrin, alpha 1 Cell-Matrix Adhesion 21.09 (20.04, 22.15) 

ITGB1 integrin, beta 1  

Calcium Ion Binding and 

Homeostasis,Cell-Cell Adhesion,  

Cell-Matrix Adhesion 

28.27 (26.86, 29.68) 

LOC100009177 
collagen, type III, 

alpha 1 
Collagens,Cell-Matrix Adhesion 43.52 (41.35, 45.70) 

LOC100338577 
colony stimulating 

factor 1 (macrophage) 

Ossification,Osteoclast 

Differentiation,Cell-Matrix 

Adhesion 

19.68 (18.70, 20.67) 

LOC100340503 

bone gamma-

carboxyglutamate (gla) 

protein 

Ossification, Osteoclast 

Differentiation, Osteoblast 

Differentiation, Bone 

Mineralization,Calcium Ion 

Binding and Homeostasis,Cell 

Adhesion 

72.07 (68.46, 75.67) 
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Gene code 
Gene full name [209-

218] 
Gene functions [209-218] Fold changes 95% CI 

LOC100342904 annexin A5 
Calcium Ion Binding and 

Homeostasis 
13.17 (12.51, 13.82) 

LOC100344425 
integrin-binding 

sialoprotein 
Ossification 79.27 (75.31, 83.24) 

LOC100345812 
transforming growth 

factor, beta receptor 1 
Skeletal Development 16.27 (15.45, 17.08) 

LOC100347598 
collagen, type I, alpha 

1 

Ossification,Osteoblast 

Differentiation,Collagens 
13.21 (12.55, 13.87) 

LOC100348414 
bone morphogenetic 

protein 3 
Ossification 13.61 (12.93, 14.30) 

MMP13 
matrix 

metallopeptidase 13 

Bone Mineralization,ECM 

Proteases 
97.93 (93.04, 102.83) 

MMP2 
matrix 

metallopeptidase 2 
ECM Proteases 9.07 (8.62, 9.52) 

MMP9 
matrix 

metallopeptidase 9 
Ossification,ECM Proteases 10.42 (9.90, 10.94) 

SMAD2 
SMAD family member 

2 
Transcription Factor 12.56 (11.94, 13.19) 

SPP1 
secreted 

phosphoprotein 1 

Ossification,Osteoblast 

Differentiation 
64.95 (61.70, 68.20) 
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7.7 Discussion 

Material properties of CPSC are primarily attributed to the hydration of calcium silicate 

in CPSC and the formation of CSH gel. The reduction in compressive strength and setting rate 

are corresponding to the decrease in CSH gel content and increase in the amorphous phase 

content (Fig. 7.1 and 7.2). In our previously published study, it was reported that RA is 

progressively adsorbed onto the unreacted CS surfaces and this may interfere with further 

hydration [19]. Therefore, the increase of RA concentration from 0.5% to 1.0% significantly 

affects the CSH gel formation in the hardened CPSC. At the relatively low RA concentration 

level of 0.5%, the setting rate and compressive strength decrease insignificantly as compared to 

CPSC, i.e., by 2.3% and 3.0% (7-day strength) respectively. While the 7-day and 3-day 

compressive strengths of CPSC10 and CPSC10-05R are similar, these values are different for 

CPSC10-10R, i.e., 3-day setting sample strength is only about half of that setting for 7 days. This 

may be attributed to the fact that interference on CSH crystal structure due to the apatite 

precipitation and amorphous phase formation is time-dependent and RA-content dependent. It 

was previously shown that MCP reacts with Ca(OH)2 to precipitate apatite within CSH gel [33]. 

CPSC10-10R is exceptional because initially the hydration reaction is impeded by RA and 

hydration proceeds slowly, resulting in higher compressive strengths only after 7 days [19].  

Porosity larger than 5 µm for the three types of 7-days set cement samples is visualized 

by µCT evaluations in Fig. 7.3, and quantified in Table 7.1.  However majority of pores in 

calcium-silicate based cements are below 1 µm [219]. It is understandable therefore that the 

porosity measured by µCT is far below that determined by gas sorption. The general trend is that 

CPSC10 had the highest average porosity among the three types of samples regardless of the 

measurement methods. However, the gas sorption method determines the porosity fraction in the 
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range of about 13-23%, i.e., 3-4 times higher than the µCT method. Clearly, there is a significant 

fraction (8-17%) of porosity < 5 µm in all samples, which is typical to calcium silicate-based 

cements. The micrograph results (Fig 7.5) are in a good agreement with µCT visualization. As 

discussed, the interference of RA on CPSC hydration disrupted the crystal structures of CSH gel 

and creates large size (> 5 µm) porosity. Therefore, the compressive strengths of CPSC10-10R 

were reduced compared to those of CPSC10 and CPSC10-05R.  

In the FTIR spectrum (Fig. 7.4), the shift of the double peaks of phosphonate groups in 

RA to higher wavenumbers (between 1400 cm
-1

 and 1500 cm
-1

). It was previously reported that 

the double peaks of phosphonate groups of RAC (i.e., RA-calcium complex) in the RA-added 

CSC shifted to higher wavenumbers as compared to pure RA (around 800 cm
-1

) or RAC made by 

reacting RA with calcium salts (around 900 cm
-1

) [19]. Such changes indicate that RAC present 

in CPSC10 is likely neither pure RA nor pure RAC and such RAC can be bonded to apatite or 

CSH crystals. It is anticipated therefore that during the degradation of CPSC10 in vivo, RAC 

would be released to the close vicinity tissue, effectively to achieve a controllable release pattern 

as previously indicated [19].    

 In vitro cytotoxicity measures the biocompatibility of a biomaterial. In this study (Fig. 

7.6), the effects of RA (between 0.5% and 1.0% RA) on CPSC cytotoxicity were analyzed. It 

was demonstrated that CPSC was non-cytotoxic to osteoblast cells in Chapter 6. In this study, it 

was further proved that RA incorporation in CPSC (up to 1.0%) showed no cytotoxic effects on 

osteoblast cells. This finding well agrees with our observation in Chapter 5, in which a RA 

delivery system by CSC was evaluated based upon its cytotoxicity on osteoblast cells. In Chapter 

6, it was also shown that CPSC improved osteoblast cells proliferation. In this study, the DNA 

tetraploid amount was compared between osteoblast cell samples treated by CPSC10, CPSC10-
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05R RA and CPSC10-10R and proved that CPSC has slightly higher proliferating effects on 

osteoblast than CPSC10-10R but slightly lower than CPSC10-05R. However, these differences 

are not statistically significant. This proves that CPSC-R has the same proliferating effects on 

osteoblast cells as pure CPSC.  

 In Fig. 7.8, 4 osteoblast-specific genes expressions were compared between CPSC10, 

CPSC10-05R and CPSC10-10R. As a mediator, runx2 plays an important role in osteoblast 

differentiation [35]. It has been observed that CSPS10-05R significantly increases the expression 

of runx2 in osteoblasts compared to CPSC10 and CPSC10-10R. RA up-regulating effects on 

runx2 expression have been also observed in another study, in which it was shown that such 

upregulating effects were time and concentration-dependent [140]. This explains the down-

regulation of runx2 expression in CPSC10-10R. The transcription factor,runx2, regulates the 

expression the ALP, which is responsible for osteoblast differentiation, and the up-regulation of 

ALP gene in CPSC10-05R compared to the other two groups well agrees with the runx2 

expressions [35]. OPG is a decoy receptor to RANKL and RANK and inhibits the recruitment of 

osteoclast cells [139, 220]. The up-regulation of OPG expressions in RA-added samples proved 

that RA has a profound effect on osteoblast differentiation and anti-osteoclastogenesis. In both 

OPG and ALP expressions, it has been found that CPSC10-10R expressions are lower than 

CPSC10-05R because RA has concentration-dependent effects on these genes’ expressions [139, 

221, 222]. However, TGF-β expressions are down-regulated with RA in Fig. 7.8d. This may be 

attributed to the SiO4
4-

 ion concentration difference among these samples. TGF-β expression is 

highly depending on the SiO4
4-

 concentration, and RA high affinity for CSH gel and apatite 

prevents the dissolution of SiO4
4-

 into extracts [19, 223]. Based upon these quantitative studies 

on in vitro CPSC-R effects on osteoblast cells, it can be implied that CPSC-R system can 
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promote both osteoblastic proliferation and differentiation. RA is responsible for up-regulating 

differentiation-specific genes, i.e., improving osteoblast cells’ differentiation into either 

osteocytes or lining cells [156]. On the other hand, Ca
2+

, SiO4
4-

 and PO4
3-

 are released from 

CPSC cement to encourage osteoblast cells proliferation.  

 To proceed to in vivo evaluation of CPSC as a RA delivery system, CPSC with 0.5% RA 

was selected as the study sample because, based on the ex vivo studies, CPSC10-05R shows 

better mechanical properties and gene up-regulating effectiveness than CPSC10-10R. Unlike the 

in vivo study reported in Chapter 6, the animals used in this study had osteoporosis induced 

before the implantation or surgery. To induce osteoporosis in healthy rabbits, two-step treatments 

were performed, bilateral ovariectomy and glucocorticoid injection. Though osteoporotic model 

creation in rabbits is not as often studied as in rats and mice, Kaveh et al. have successfully 

induced osteoporosis in female rabbits [179]. Bilateral ovariectomy was aimed to result in 

estrogen deficiency in female rabbits, which is similar to estrogen removal in women after 

menopausal period. Estrogen deficiency activates osteoclast cell precursors differentiating into 

mature osteoclast cells and increases osteoclast activities [224]. Meanwhile, the injection of 

glucocorticoid affects both osteoblast and osteocytes because glucocorticoids can induce 

apoptosis of both osteoblasts and osteocytes and prevent osteoblasts from synthesizing ECM 

[225].  

In this study, the biomarker TRACP-5b was measured at a 2-week interval (Fig. 7.9) 

during the model creation and the results indicates that the serum level was significantly 

elevated, i.e., by ~20% (p < 0.05). This result strongly implies that osteoclastic activities have 

been successfully increased in experimental animals [226]. After implantation of bone cement, 

this biomarker was also evaluated at the same intervals from the 4
th

 week until the end of our 
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study. The results (Fig. 7.22) indicate that the animals treated with RA received a significant 

reduction in this biomarker, i.e., by more than 100% as compared to the sham control after 10 

weeks (p < 0.05). However, in the group of animals implanted with CPSC10 but not treated by 

RA, the biomarker reduction was not statistically (p < 0.05) significant as compared to the sham 

control group. Therefore, it is reasonable to conclude that RA-added CPSC10 has positive effects 

in treating osteoporosis by reducing osteoclastic activities and decreasing the number of 

osteoclast cells [41-45, 133-138]. 

            In our study, both serum BALP and OCN levels (Fig. 7.10 and 7.11) were significantly 

reduced in CPSC10-05R groups as compared to the sham control after 10 weeks by 50% (p < 

0.05) and 100% (p < 0.05), respectively, agreeing with a previous study demonstrating that RA 

effectively reduced BALP levels in Paget’s disease patients [125]. Bone-specific alkaline 

phosphatase (BALP) and osteocalcin (OCN) are released from osteoblast-like cells and their 

elevated levels are strongly related to high bone turnover [169, 170]. In addition, it is also found 

that CPSC10 significantly decreased serum BALP and OCN levels as well (p < 0.05). These 

results indicate that CPSC as RA delivery system could effectively reduce the bone turnover rate 

and therefore effectively treat osteoporosis because a high turnover rate is linked to osteoporosis 

[227]. Though data showed that both ALP and OCN levels were lower in the CPSC10-05R 

group than CPSC10 group, the differences were not significant after 10 weeks (p < 0.05). This 

may imply that RA concentration in CPSC10 was too low (0.5%) to result in statistically 

significant differences.    

In our study, it is found that OPG/RANKL ratio was statically indifferent between the 

sham control, CPSC10 and CPSC10R groups (p < 0.05). This result implies that neither RA nor 

CPSC has positive effects in reducing RANKL synthesis or promoting OPG synthesis within 
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osteoblast cells. RANKL (receptor activator of nuclear factor NF-κB ligand) belongs to the 

family of tumor necrosis factor family and secreted by osteoblast cells [228]. This protein binds 

with RANK on osteoclast precursors to activate the differentiation of mature osteoclast cells 

[228]. Osteoprotegerin is the antagonist to RANKL and also released from osteoblast cells. It can 

bind with RNAKL and prevent the pathway RANK/RANKL on osteoclast precursors to 

differentiate in mature osteoclast cells. Therefore, the ratio of OPG/RANKL strongly indicates 

osteoclastogenic activity.  

During bone resorption, type I collagen is broken down by enzyme cathepsin K 

synthesized by mature osteoclasts [169, 171]. N- and C- terminus at the non-helical regions on 

type I collagens are called N- and C-telopeptide, respectively, and crosslinks are formed in these 

regions. After collagens breakdown, crosslinks are present in two forms: peptide bound and free 

forms [169]. The peptide bound forms include (N-terminal cross-linked telopeptide of Type I 

collagen (NTX) and C-terminal cross-linked telopeptide of Type I collagen (CTX); while, 

pyridinoline crosslinks (PYD) and deoxypyridinoline crosslinks (DPD) are free forms. In Fig. 

7.13 to 7.16, CTX, NTX, DPD and PYD levels in serum were significantly elevated in the sham 

control group compared to treated groups (p < 0.05), which strongly indicates that bone 

resorption, or more specifically type I collagen breakdown, was significantly hampered by the 

implants. However, after 10 weeks, the DPD serum level was significantly (p < 0.05) higher in 

CPSC10-05R by 20% than CPSC10 group. This may be caused by different blood collection 

times from each group. All of these biomarkers are affected by physiological factors, such as 

diet, and their levels vary with time [229-232]. One study found that urine excretion of DPD was 

61% higher in the night than in the morning [229]. Therefore, variations of these biomarkers 

between CPSC10 and CPSC10-05R may result from the above mentioned facts. In addition, it is 
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also implied that RA has no effect on preventing type I collagen breakdown. Therefore the only 

preventing effect, based upon these data, is from CPSC10.  

Type I collagen is synthesized from the procollagen molecule, in which there are amino- 

and carboxy-terminal extension peptides [172]. Carboxy-terminal propeptide of type I 

procollagen (PICP) and amino-terminal propeptide of type I procollagen (PICP) are released into 

blood during bone formation and their levels are related to bone turnover rate [172, 233, 234]. In 

our study, it is found that both serum PICP and PINP levels were significantly decreased in 

CPSC10 and CPSC10-05R as compared to the sham control (p < 0.05). This finding implies that 

CPSC10 could effectively reduce bone turnover rate and treat osteoporosis. Based upon our data, 

it is not observed that RA had addition effects on PICP or PINP levels. Another clinical study, 

however, indicated BP can change PICP serum level significantly. This may be attributed to low 

(0.5%) RA concentration in CPSC10.    

During the collagen breakdown in bone resorption, another protein, hydroxyproline 

(OHP), is also released and found in serum [172]. OHP is formed by post-translational 

hydroxylation in this peptide chain and accounts for 13-14% of the amino acid quantity in 

collagens [172]. Since OHP derived from collagen breakdown cannot be reutilized in collagen 

formation [172], it appears as a good indicator of bone resorption. Meanwhile, amino acids, 

hydroxylysine, are also freed from collagenous networks in the form of galactosyl hydroxylysine 

(GHYL) and can be found in serum [172]. Since GHYL cannot be metabolized in body, it is also 

an indicator of bone resorption [172]. Figure 7.17 shows serum OHP levels up to 10 weeks in all 

three samples. It is clearly indicated that the OHP level in the sham control was significantly 

elevated as compared to the CPSC10 and CPSC10-05R group (p < 0.05). Serum GHYL levels in 

CPSC10 and CPSC10-05R were significantly lower than the sham control (p < 0.05). However, 
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in both biomarkers, differences between CPSC10 and CPSC10-05R were not statistically 

significant. It was previously reported that oral intakes of BPs had profound effects in reducing 

serum OHP level by 50% [235]; however, in our study, this effect was not observed. This could 

be also attributed to low concentration of RA in CPSC10.  

Bone sialoprotein (BSP) is the last biomarker tested in this study. It is synthesized by 

osteoblast cells and released during bone resorption [172]. However, practical studies of BSP 

found that it is actually more correlated with bone resorption than bone formation [236]. 

Therefore, in our study, BSP was also used as an indicator of bone resorption. In Fig. 7.18, 

serum BSP levels in both CPSC10 and CPSC10-05R were significantly lower than that in the 

sham control (p < 0.05), indicating that bone resorption was impeded by implantation. Similar to 

other biomarkers reported in this study, any significant effects from RA incorporation were not 

observed. Another clinical study, however, found that i.v. administration of bisphosphonate 

could rapidly reduce serum BSP level as few as 4 days [236]. These results can be also explained 

by the relatively low RA concentration in CPSC10 and the related low release rate of RA from 

CPSC10. 

Based upon the abovemetioned biomarker analysis, it is reasonable to conclude that 

CPSC10, or CPSC bone cements in general, could significantly reduce the rate bone turnover 

and decrease the prevalence of abnormal bone resorption associated with osteoporosis. However, 

it could not be concluded that RA had some additional benefits in bone resorption prevention. 

One reason could be because of the low concentration of RA in CPSC10, i.e., too low to be 

significantly effective. In addition, most RA was trapped within slowly degrading CPSC10. It is 

expected however that the continued slow degradation of CPSC10 would release more RA and 

thus the results could be different in the long term. Nevertheless, even at this low concentration, 
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RA resulted in a significant reduction in osteoclastic activities (TRACP-5b) and demonstrated a 

potential for positive treatment of osteoporosis.  

Radiographic studies (Fig. 7.23 to 7.25) and histological analyses (Fig. 7.26) indicated 

that there was more bone formation in RA-CPSC than in CPSC after 10 weeks of implantation. 

Semi-quantitative analyses based upon X-ray images (Fig. 7.23) showed that the difference of 

new bone formation scores between CPSC and RA-CPSC was larger after 10 weeks than after 8 

weeks, indicating that the resorption of new bone was higher in CPSC than RA-CPSC [237, 

238]. These results, however, are not statistically significant, implying that long term studies, for 

example 6 months or longer, are needed to achieve significant results. Histological observations 

confirmed that the number of osteoclast cells was reduced in RA-CPSC vs. CPSC after 10 weeks, 

implying that osteoclast survival and their activities were suppressed in RA-CPSC because of 

RA-induced osteoclast apoptosis[237]. The presence of granulation tissues indicated that the 

healing process started and was better in RA-CPSC and CPSC than the control group, indicating 

that fractural restoration was enhanced because of CPSC [238]. The above studies showed that, 

as a RA local delivery system, RA-CPSC could provide superior biological (longer-term) 

stability and osseointegration than CPSC. In addition, the differences in preventing bone 

resorption between local and systemic effects might be attributed to the slow release of RA from 

CPSC. It was attempted to analyze the RA in vitro release from CPSC in PBS up to 6 months. 

However, the concentration of the drug was below the resolution of the chromatographic method. 

RA was likely taken up by peri-implant bone minerals, resulting in significant local effects, but 

insignificant systemic effects. 

The importance of PCR array is that all osteogenesis-related genes can be analyzed and 

compared simultaneously. In the PCR array results, two parameters determine the interpretation 
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of the results, the statistical significance and the biological significance. The statistical 

significance is easy to understand, i.e., through determination of the p-values of the results. The 

biological significance refers to the threshold fold changes in the data [239, 240]. This represents 

the upper and lower limits of indifferent gene expressions, within which gene expressions are 

considered not biologically up-regulated or down-regulated. The choice of this value is 

depending on particular diseases or pathways that PCR arrays analyze [239, 240]. In this study, 

the threshold value was 3 by default.  

The relevant information on all genes analyzed in this study can be found from the 

website of National Centre of Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/). 

For example, BMP5 (bone morphogenetic protein 5) and LOC100348414 (bone morphogenetic 

protein 3) are responsible for encoding the member proteins in the bone morphogenetic protein 

family [209]. Bone morphogenetic proteins have the ability to induce endochondral osteogenesis 

in vivo. CD36 (cluster of differentiation 36) encodes the fourth major glycoprotein of the platelet 

surface, which serves as a receptor for thrombospondin in platelets and various cell lines. 

Because thrombospondins are involved in adhesive processes [210], gene CD36 plays an 

important role in cell-matrix adhesion. CTSK (cathepsin K) encodes the synthesis of protein, 

cathepsin K, which is responsible for degrading collagens in ECM [40]. FN1 (fibronectin 1) 

encodes the protein, fibronectin, in ECM, which can promote cell attachment migration and 

differentiation [211]. ITGA1 (integrin, alpha 1) and ITGB1 (integrin, beta 1) are responsible for 

encoding subunits of integrin receptor, alpha 1 and beta 1, respective. Integrin receptors with 

alpha 1 and beta 1 subunits can form cell-surface receptors for collagens [212]. LOC100009177 

(collagen, type III, alpha 1) is used to encode type III collagen with alpha 1 chain [213]. 

LOC100342904 (annexin A5) is responsible for encoding proteins in annexin family, which can 
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bind Ca
2+

 ions from blood [214]. Other than these abovemetioned genes, there were another 6 

genes also up-regulated in both CPSC10 and CPSC10-05R as compared to the sham control. The 

functions of these 15 genes cover ossification, cell matrix adhesion, calcium biding, 

mineralization, cell differentiation and ECM formation during osteogenesis, and up-regulations 

of these genes in both statistical and biological ways indicate that CPSC promoted osteogenesis 

because releases of Ca
2+

 , PO4
3-

 and SiO4
4-

 ions from CPSC degradation encourage bone 

formation [215]. 

  There were additional 6 genes that were only up-regulated in the CPSC10-05R group as 

compared to the CPSC10 group. COL1A2 (collagen, type I, alpha 2), COL2A1(collagen, type II, 

alpha 1) and LOC100347598 (collagen, type I, alpha 1) are responsible for encoding collagens in 

osteoblast cells, which are subsequently forming the organic matrix in ECM [213], and 

especially COL2A1 is an important marker of chondrocyte differentiation, which converts 

immature proliferating chondrocytes into hypertrophying chondrocytes and facilitate the 

endochondral ossification [241-243]. LOC100338577 (colony stimulating factor 1 (macrophage) 

encodes macrophage colony stimulating factor 1 protein, which is less synthesized in 

osteoporotic conditions [216]. LOC100340503 (bone gamma-carboxyglutamate (gla)) encodes 

the synthesis of bone gamma-carboxyglutamate (gla) protein. This protein is mainly found in 

blood plasma and plays an important role in blood coagulation [217]. SMAD2 (SMAD family 

member 2) controls the synthesis of protein in the SMAD family. SAMD family proteins are 

important transcription factors controlling the transforming growth factor β pathways [218]. The 

up-regulations of these 6 genes can be explained by the incorporation of RA in CPSC [217, 244, 

245], and these results strongly indicate that RA had additional benefits in promoting 

osteogenesis under the osteoporotic conditions.  
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In conclusion, the PCR array analyzes results were in a good agreement with 

radiographic and histological observations. Though, from the global point of view, it was 

inconclusive to imply any benefits of RA in bone resorption prevention, the local bone formation 

studies including radiography, histology and PCR array indicates that RA could improve bone 

formation and prevent resorption of bone close to CPSC-R implants, possibly because the 

amount of RA released was small and mostly absorbed by bone close to implants [148].    
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Chapter 8: CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

The important discovery of this research is that both risedronic acid (RA) and mono-

calcium phosphate (MCP) have significant impact on calcium silicate cement (CSC) hydration 

process and thus also on the set material properties. Increasing the amount of RA loaded into 

CSC affected CSC properties in a concentration-dependent manner. In particular, the addition of 

RA increased the setting time of RA-free CSC from 58 min to 95 min and reduced its 

compressive strength to below 1 MPa when RA concentration was 1.0 wt%. However, when RA 

concentration was limited to 0.5 wt%, the setting time and compressive strength of the cement 

were 84 min and 19.4 MPa (7-day), respectively. This is a clear indication that RA interferes 

with CSC hydration reactions. Based on FTIR and adsorption/desorption studies, RA was found 

to be progressively adsorbed onto the unreacted calcium silicate (CS) to prevent further CS 

hydration. This mechanism changed the calcium-silicate-hydrate (CSH) gel microstructure and 

decreased hardened cement crystallinity. For example, compared to the pure CSC, the CSC10R 

(i.e., CSC with 1% addition of RA) had a discontinuous CSH microstructure, where CSH 

crystals were significantly smaller (i.e., 0.5 to 3 µm), as compared to the CSH crystals in RA-

free cements (i.e., up to 8 µm). Rietveld refinement based upon X-ray diffraction showed that the 

volume fraction of CSH gel in CSC10R was only about one fifth of that in CSC, for the same 

setting time of 7 days. 

 The addition of MCP also affected CSC material properties. Both setting time and 

compressive strength of CPSC were reduced with MCP content. The setting time decreased from 

more than 150 min in CPSC5 (i.e., containing 5 wt% of MCP) to about 70 min in CPSC15 and 

both 3 and 7 day compressive strengths reduced from 22 MPa in CPSC5 to 10 MPa in CPSC15. 
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Although the presence of MCP increased CSC hydration rate, FTIR and Rietveld refinement 

analysis revealed that simultaneous formation of the apatite could have interrupted the continuity 

of the resulting CSH gel microstructure. In addition, µCT visualization of CPSC porosity 

demonstrated that excess water produced from the reaction between MCP and Ca(OH)2 

evaporated and thus increased the set CSC porosity (2.46% vs.12.86%, CPSC5 vs.CPSC15). 

Consequently, the excessive porosity was responsible for strength reduction of the hardened 

CPSC15 to 8.93MPa (vs.21.54 MPa for CPSC5, after 7 days setting).  

When RA was added into CSC with 10% MCP, it was found that both the setting time 

and compressive strength were affected as well in a concentration-dependent manner. When 

1.0% of RA was added, the setting time of CPSC10 increased by more than 40 min and the 3-day 

compressive strength of CPSC10 was nearly halved. Like RA in CSC, CSH gel formation and 

microstructure of CPSC were also compromised. Rietveld refinement found that RA resulted in 

increased content of the amorphous phase of CSH gel. Based upon FTIR study and previously 

determined RA impact on pure CSC, it is concluded that the adsorbed RA prevented further 

hydration of the unreacted CS in CPSC, thus disrupted the hydration process and therefore also 

changed the setting time and compressive strength. 

Our study indicates that RA can be released from CSC in a sustainable and controllable 

manner.  It appears that the overall RA release rate is determined to a large extent by the 

resorption rate of the carrier cement. Only ~10% of RA was released from CSC within the first 

month and, in the following 5 months, the release was almost equal to zero. The FTIR study 

found that RA formed RA-calcium complex, RAC in short. HPLC measurements revealed that 

RAC had a much smaller (i.e., by a factor of 10
4 

~ 10
5
) solubility in phosphate buffer solution 

(PBS) than RA. The experimental RA release profiles agreed well with the theoretical 
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predictions from the Higuchi model, providing the solubility of RAC was used in the 

calculations (rather than the solubility of RA). The release pattern of RA from CSC into PBS 

could be in general described as an initial burst in the first week, followed by a pseudo-steady 

state which slowed down significantly after 2 weeks. In total, 80% ~ 90% of the total RA release 

took place within that period. However, after 4 weeks of release, more than 90% of the initially 

loaded RA still remained inside the non-resorbed CSC, implying that the RA release from CSC 

was mainly degradation-controlled, rather than diffusion-controlled. It can be therefore 

anticipated that, when implanted in body, RA will be released into body with the rate limited by 

the relatively slow degradation of CSC. While this work did not generate sufficient volume of 

data to quantify in vivo degradation rate of CSC, it is anticipated that CPSC degradation rate 

could be up to ~10X slower than the degradation rate of calcium phosphate cements (CPC). It is 

also important to emphasize that such CSC-based drug delivery system (DDS) will not cause any 

adverse toxic side effects due the sudden increase of RA concentration in blood plasma.   

This work demonstrated that the CPSC-based RA delivery system was biocompatible and 

enhanced in vitro osteoblast cell proliferation and differentiation. MTT assays proved that RA-

added CSC, RA-free CPSC, and RA-added CPSC were non-cytotoxic to osteoblast cells as 

compared to cells treated by the control medium (purely nutrients). Genetic analyses provided 

evidence for up-regulation of TGF-β expression and down-regulations of ALP, runx2 and OCN 

expressions, suggesting that CPSC stimulates osteoblast cell proliferation. Flow cytometry data 

demonstrated that CPSC significantly increased the relative quantity of proliferating cells as 

compared to the control (p < 0.05), also implying that CPSC enhanced in vitro osteoblast 

proliferation. When RA was added into CPSC, differentiation-specific genes, such as ALP, 

runx2 and OCN, in osteoblast cells were significantly (p < 0.05) up-regulated by CPSC10-05R 
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(0.5% RA) as compared to CPSC10. These results prove that CPSC-R could improve in vitro 

osteoblast differentiation. Flow cytometry data showed that the relative quantities of the cells 

undergoing mitosis (i.e., proliferating) was statistically indifferent (p < 0.05) between CPSC and 

CPSC-R, implying that CPSC-R systems could improve in vitro osteoblast proliferation as much 

as CPSC.   

 In the in vivo study of CPSC, clinically used calcium phosphate cement (CPC) was the 

control (reference) material. Radiographic examinations of the implantation sites were performed 

after 2 and 3 months of material implantation. The histology studies were carried out after animal 

euthanasia to evaluate new bone formation and inflammation in regions close to implant or 

perforation. The X-ray images showed that CPSC degraded significantly slower than the 

reference CPC and had more newly formed trabecular bone after 3 months of implantation. CT 

images agreed well with the X-ray observations. These results imply that CPSC could provide 

better osseointegration than the current clinically CPC. However, due to the relatively low 

resolution of the X-ray images (80 µm per pixel) and the CT images (0.625 mm per layer) 

images, the volumes of the remnant implants and the newly formed trabecular bone could not be 

accurately differentiated and determined. As a result, the semi-quantitative studies attempted to 

quantify the differences in the in vivo material degradation and bone formation rates between 

CPSC and CPC failed. The histological slides analysis demonstrated that CPSC appeared to 

accelerate the local bone formation rate as compared to CPC and both CPSC and CPC appeared 

to enhance bone formation as compared to the sham control group.  

The quantitative biomarker study in the in vivo evaluation of CPSC as local a drug 

delivery system of RA demonstrated that CPSC-R could significantly reduce the prevalence of 

osteoporosis but insignificantly prevent bone turnover and collagen breakdown as compared to 
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CPSC-treated rabbits. Serum TRACP-5b levels were significantly lower in the CPSC10-05R 

group than the sham control one by ~100% (p < 0.05); however, serum TRACP-5b levels in the 

CPSC10 group did not reduced significantly as compared to the sham control (p < 0.05). These 

results imply that CPSC as a local delivery system of RA could effectively reduce osteoclast cell 

activities and therefore also treat osteoporosis. Biomarkers, such as BSP, BALP and OCN are 

good indicators of bone turnover rate and these biomarkers were significantly lower in both 

CPSC10 and CPSC10-05R groups than in the sham control group (p < 0.05). However, the 

differences between the serum levels in CPSC10 and CPSC10-05 groups were not statically 

significant (p < 0.05). The above results suggest that CPSC as an implant could effectively 

reduce bone turnover rate in osteoporotic patients. The answer to question whether RA could 

result in additional effects in preventing bone remolding was inconclusive, possible because the 

RA concentration in CPSC10-05R was too low (i.e., only 0.5%) to be significantly effective. 

Furthermore, the biomarkers related to collagen breakdown during bone resorption, such as 

NTX, CTX, DPD, PYD, PICP, PINP, OHP and GHYL, were significantly lower in both 

CPSC10 and CPSC10-05R groups than in the sham control group (p < 0.05), implying that 

CPSC as an implant could effectively prevent collagen breakdown. Unfortunately, the 

assessment of RA effects in the prevention of collagen breakdown remained inconclusive, 

possibly also because RA concentration in CPSC10-05R was too low to be significantly effective 

Radiographic examinations in the in vivo study of CPSC-R were performed after 8 and 10 

weeks of material implantation and histology studies were carried out after animal euthanasia to 

evaluate new bone formation in the areas close to implant or perforation. The qualitative study 

on both X-ray and CT images showed that CPSC10-05R improved osseointegration of implant 

with the newly formed trabecular bone after 10 weeks as compared to the CPSC10 group. It is 
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suggested that this is because RA was locally released and prevented osteoclast cells from 

resorbing new trabecular bone. However, semi-quantitative studies could not be performed 

because the resolutions of the clinical X-ray and CT systems were too low (80 µm per pixel and 

0.625 mm per layer, respectively) to accurately determine the volumes of remnant implants and 

newly formed trabecular bones. Histological observations demonstrated that there appeared to be 

more newly formed trabecular bone in CPSC10-05R than CPSC10 possibly because RA 

improved local bone formation.  

Quantitative analyses of osteogenesis-related gene expressions in CPSC10 and CPSC10-

095R as compared to the sham control were performed with PCR arrays. PCR array results 

showed that 15 genes were significantly up-regulated in both CPSC10 and CPSC10-05R groups 

as compared to the sham control (p < 0.05). These up-regulations of gene expression were from 

the lowest of 9.07-fold (MMP2, CPSC10-05R vs. the sham control) to the highest of 97.93-fold 

(MMP13, CPSC10-05R vs. the sham control). In addition, there were 6 more genes that were 

significantly up-regulated only in CPSC10-05R, (and not in CPSC10), as compared to the sham 

control (p < 0.05). These additional up-regulations of gene expressions were attributed to effects 

of local RA release from CPSC10. These results indicate that both CPSC and CPSC-R had 

positive effects in promoting bone formation under the osteoporotic conditions. Because of the 

local release of RA from CPSC, the CPSC-R appeared to be superior to CPSC in improving 

osteogenesis. 

In summary, this research provided the initial indications that CPSC could act as a 

potential RA delivery system for the more effective bone loss and/or fracture restoration. This 

might be especially true for patients with osteoporosis. Based upon our results, it is concluded 

that CPSC-R drug delivery system could effectively improve local bone formation and 
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osteogenesis and prevent bone resorption. However, from the systemic (global) point of view, 

while CPSC as the RA drug delivery system effectively reduced osteoclastic activities, it could 

not be concluded that CPSC-R also prevented collagen breakdown and reduced bone turnover 

rates.    

 

8.2 Future work 

The present work generated only preliminary results for the complex CPSC-R bone 

cement as a possible drug delivery system for general use as well as for osteoporotic patients. 

Therefore there are many issues related to CPSC bone cement and its drug incorporation, which 

remain to be evaluated and resolved.  

The particular area requiring significant improvement relates to the cement material 

properties, in particular for the cements containing larger amounts of RA. The work should 

explore the kinetics and mechanisms of RAC complexes formation and absorption within the 

cements structure, thus elucidating the possibilities for avoiding the decreased hydration rate and 

decreased strength of CPSC-R systems. Alternatively, the search for biocompatible hydration 

rate accelerators should be initiated. Bone cements are usually injected into fracture bones in the 

paste form under the guidance of X-rays. Therefore, the injectability of CPSC-R is another 

research topic requiring particular attention if mechanically strong implants are of interest. As 

these are ceramic materials, any defect (e.g., pore or crack) produced during cement injection 

will affect the implant strength. X-ray visualization of such implants is one way to monitor in 

situ such defects formation. ZrO2 is typically used as an additive to increase the radio-opacity 

under the X-ray guidance. The effects of radio-opacifier on cement properties, both structural 

and biological, should be initiated in the future.   
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As determined in this work, RA significantly affects CPSC material properties by 

increasing the setting time and reducing the compressive strength. Therefore, alternative methods 

of RA loading into the cement, while avoiding the decrease of the cement strength (and without 

compromising its drug loading capacity), are needed. One possibility could be to formulate 

microspheres of drugs encapsulated within biodegradable polymers and then to incorporate such 

microspheres within the cement. Such research would also have to evaluate the impact of the 

microspheres on cement properties.   

CPSC drug loading capacity, and the quantitative specifics of drug release mechanism, is 

an important research area for future work, both for direct RA loading (explored in this work) as 

well as indirect drug loading through the admixed microspheres. In addition, there is increasing 

interest in adding protein-based bone growth factors into bone cements. However, CPSC is 

highly alkaline and thus will destroy the structure and functionality of these proteins. How to 

incorporate the proteins in CPSC without compromising the protein efficacy is another research 

topic concerning the broad issue of the application of CPSC in drug delivery systems.  

Recent studies argue the safety of X-rays exposure, i.e., in terms of permanent damage to 

tissues and organs in surgery operators. There is increasing interest to use magnetic resonance to 

replace X-rays as the visualization method. Therefore, the future work should look into the 

modifications to CPSC to achieve acceptable response to magnetic fields.   

Finally, more in vivo studies are required to help better understanding CPSC as the RA 

local delivery system. As discussed in the previous sections, semi-quantitative analyses 

attempting to quantify the rates of in vivo CPSC degradation and new bone formation based upon 

clinical X-rays and CT systems failed because of too low image resolutions. In future, it is 

proposed to use 3D micro-CT to quantify the bone formation as well as material degradation. 
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µCT has a much higher resolution (5 µm) than the clinical CT systems (0.625 mm). This high 

resolution could enable non-invasive visualization of the implant as well as the tissue around 

implant and quantitatively determine the parameters important in evaluating implant in vivo 

performance, such as rates of implant degradation, rates of new bone formation, degrees of 

osseointegration and contact areas between the implants and trabecular bones.  

The current studies were inconclusive in indicating that RA locally released from CPSC 

may additionally help in preventing high bone turnover and collagen breakdown. In the future 

studies, RA concentrations in CPSC should be increased in a stepwise manner until it can be 

observed that RA results in significant changes in the prevention of collagen breakdown. 

Furthermore, large animals studies are needed to evaluate the long-term effects of CPSC-R in 

bone restoration and osteoporosis treatment as well as the potential hazards to immune systems.  

Long-term study (> 1 year) of both intra- and post implantation effects, e.g., biosafety and 

bioactivity, of implants on host animals is needed. Finally, clinical trials must be commenced to 

observe CPSC-R biological performance in human beings, i.e., whether CPSC-R could meet the 

rigorous requirements of safety and positive clinical expectations (effectiveness).       
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APPENDICES 

Appendix A  List of equipment   

Name Manufacturer and Model Purpose 

Autoclave SANYO MLS-3780 Autoclave General Sterilization 

Biological Safety 

Cabinets 

Thermo Scientific MSC-

Advantage™ Class II Biological 

Safety Cabinets 

Cell Culture and MTT Assays 

CO2 Incubator SANYO MCO-18AIC(UV) CO2 Cell 

Culture Incubator 

Cell Culture 

CT Testing Station GE Healthcare Discovery CT750 HD CT Scans of Surgery 

Disperser IKA T25 Digital ULTRA-

TURRAX
®

 

RNA Extraction from Tissues and 

Bone Fragments 

Dry Bath BIOER Technology CHB-100 Dry 

Bath 

RNA Separation from Cells 

Electronic Balance Mettler-Toledo AL204-1C Chemical Weighing 

Fourier Transform 

Infrared 

Spectrometer 

PerkinElmer PE100 Series FTIR 

Spectrometer 

FTIR Analysis 

High Performance 

Liquid 

Chromatography 

Agilent 1100 Series HPLC Drug Release Detection 

Ice Making SANYO SIM-F140AY65 Laboratory Ice Making for RNA and Protein 
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Name Manufacturer and Model Purpose 

Machine Shivering Ice Making Machine Separation 

Incubator EYELA LTI-700 Low Temp 

Incubator 

MTT and ELISA Assays, Drug 

Release and Cement Setting 

Inverted 

Microscope 

Olympus IX71 and CKX31 Inverted 

Microscope 

Cell Culture and Histology 

Low-Temperature 

Centrifuge 

Beckman Coulter Allegra 64R 

Benchtop Centrifuge 

RNA Extraction from Cells, 

Tissues and Bone Fragments 

Low-Temperature 

Shaker 

Thermo Scientific MaxQ™ 4000 

Benchtop Orbital Shakers 

Protein Separation from Cells 

Magnetic Stirrer Yuhua SZCL-4B Magnetic Heating 

Stirrer 

Solution Preparation 

Micro Centrifuge eppendorf  Micro Centrifuge 5430 RNA Extraction from Cells, 

Tissues and Bone Fragments 

Micro-Computed 

Topography 

SCANCO Medical AG MicroCT 100 µCT Analysis of Porosity 

Microplate Strip 

Washer 

BioTek ELx50 96-well Microplate 

Strip Washer 

96-well Plates Washing 

Multi-Mode 

Microplate Reader 

BioTek Synergy HT Multi-Mode 

Microplate Reader 

MTT Assay and ELISA Reading 

PCR Amplifier Bio-Rad Thermal Cycler S1000™ cDNA Reverse Transcription 

Real-time PCR Bio-Rad CFX96 Real-Time System Gene Expression Analysis 
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Name Manufacturer and Model Purpose 

Scanning Electron 

Microscope 

Hitachi S-3000N Scanning Electron 

Microscope 

SEM Micrographs 

Testing System Instron 3369 Test Machine Compressive Strength Test 

UV-Vis 

Spectrophotometer 

Thermo Scientific Nanodrop 2000C RNA Quality and Concentration 

Detection 

Ventilating Dryer JingHong DMG-9426A Constant 

Temperature Ventilating Dryer 

Cement Setting and Sterilization 

Water Bath DongFang DianGong DFD-700 Chemical Dissolution 

Water Purifier Millipore Milli-Q
®

 Integral Water 

Purification Systems 

Cell Culture, RNA and Protein 

Separation, MTT Assays and 

ELISA 

X-ray 

Diffractometer 

Rigaku MultiFlex X-ray 

Diffractometer 

X-ray Diffraction and Rietveld 

Refinement Analysis 

X-ray Testing 

Station 

Kodak DirectView DR7500 X-ray Observation of Surgery 
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Appendix B  Experimental protocols  

B.1 Protocol for total RNA isolation from cells 

Total RNA was isolated by RNeasy
® 

Mini kit (Qiagen, U.S.A.) according to the 

manufacture instructions. Protocols were modified to fit our experimental needs and listed below: 

 This kit includes the following reagents and consumables: 

a) 70% ethanol  

b) Buffer RLT 

c) Buffer RW1 

d) Buffer RPE 

e) RNeasy spin column  

f) RNase-free water 

 

1. Harvest cells in a 6-well plate and maintain the cell number at 5 × 10
6 

in each well; 

2. Add 350 µL of lysis Buffer RLT in each well and mix by pipetting; 

3. Add 350 µL 70% ethanol into lysate and mix by pipetting; 

4. Aspirate 700 µL of lysate into a RNeasy spin column, which is placed in a 2 mL 

collection tube, close the lid on the RNeasy spin column, and centrifuge the column 

at 10,000 rpm for 15 sec at room temperature; 

5. Discard the liquid flew though at the bottom of column; 

6.  Add 700 µL of Buffer RW1 into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 15 sec at room 

temperature; 

7. Discard the liquid flew though at the bottom of column; 

8. Add 500 µL of Buffer RPE into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 15 sec at room 

temperature; 
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9. Discard the liquid flew though at the bottom of column; 

10. Add 500 µL of Buffer RPE into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 2 min at room 

temperature; 

11. Place the RNeasy spin column in a new 2 mL collection tube and centrifuge the 

column at 14,000 rpm for 1 min at room temperature;  

12. Place the RNeasy spin column in a new 1.5 mL collection tube, add 40 mL of 

RNase-free water into the column, centrifuge the column at 10,000 rpm for 1 min at 

room temperature; 

13.  Measure the quantity and quality of RNA on the UV-Vis spectrophotometer; 

14. Keep RNA solutions in the -80 °C fridge for future use.   

 

 

B.2 Protocol for extracted RNA stabilization 

RNA in bone fragments must be stabilized immediately after these fragments were 

exercised from animal bodies.  The stabilization reagent was RNAlater
® 

(Qiagen, AMBION 

trademark, Texas, U.S.A.). The protocol is given below: 

1. Prepare 15 mL RNAlater
® 

reagent in a sterilized vial; 

2. Excise a bone fragment of 50 mg approximately; 

3. Remove tissues attached on the fragment; 

4. Submerge the fragment into RNAlater
® 

reagent; 

5. Keep the tissue-containing RNAlater
® 

reagent in the fridge under -80 °C. 
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B.3 Protocol for cDNA reverse transcription 

cDNA is reversely transcribed  with PrimeScript
® 

 RT reagent Kit (TaKaRa Biotechnology, 

Dalian, China) according to the manufacture instructions. Protocols were modified to fit our 

experimental needs and listed below: 

 This kit includes the following reagents: 

a) 5x PrimeScript
®  

Buffer 

b) PrimeScript
® 

RT Enzyme Mix I 

c) Oligo dT Primer 

d) Random 6 mers 

e) RNase Free dH2O 

1. Prepare the mixture by mixing 2 µL 5x PrimeScript®  Buffer, 0.5 µL PrimeScript® 

RT Enzyme Mix I, Oligo dT Primer and Random 6 mers, 2 µL RNA solution and 

add RNase Free dH2O up to 10 µL per vial; 

2. Add 90 µL of PrimeScript® RT Enzyme Mix I to the mixture;  

3. Prepare 10 vials of one RNA sample as mentioned above; 

4. Reversely transcribe for 15 min at 40 °C; 

5. Denature RT enzyme for 5 sec at 85 °C; 

6. Remove cDNA vials from thermal cycler and cool them on ice to room temperature; 

7. Keep cDNA in -80 °C fridge for future use.    
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B.4 Protocol for real-time PCR 

RT-PCR is performed with RealMasterMix (SYBR Green, Tiangen Biotech, Tianjin, 

China) according to the manufacture instructions. Protocols were modified to fit our experimental 

needs and listed below: 

 This kit includes the following reagents: 

a) RealMasterMix 

b) 20× SYBR Solution 

c) Specific Primers 

d) cDNA templates 

e) RNase-free water 

 

1. Shake RealMasterMix vigorously at room temperature; 

2. Add 125 µL of 20× SYBR Solution into 1 mL of RealMasterMix and shake well; 

3. Aspirate 11.25 µL of the mixture , add 1 µL of forward primer, reverse primer and 

cDNA templates and dilute with  RNase-free water to 25 µL; 

4. Initialization of the sample for 2 min at 95 °C; 

5. Denature the sample for 30 sec at 94 °C, anneal it for 30 sec at 55 °C and extend it 

for 30 sec at 68 °C; repeat this procedure for 40 cycles;  

6. Export the data and calculate fold changes from the 2
ΔΔCT

 equation. 

 

 

B.5 Protocol for total RNA isolation from bone fragments 

Total RNA was isolated by RNeasy
® 

Mini Plus Kit (Qiagen, U.S.A.) according to the 

manufacture instructions. Protocols were modified to fit our experimental needs and listed below: 

 This kit includes the following reagents and consumables: 

a) 70% ethanol 

b) Qiazol  

c) Chloroform   
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d) Buffer RW1 

e) Buffer RPE 

f) gDNA Eliminator spin column 

g) RNeasy spin column  

h) RNase-free water 

 

1. Excise 5 mg of bone fragment from bone fragments stored in the RNAlater
®

 

reagent; 

2. Grind the fragment into powders completely in the liquid nitrogen; 

3. Add 2 mL of Qiazol into the fragment powder and lyze well; 

4. Aspirate 1mL of lysate, add 200 µL of chloroform into lysate and shake vigorously; 

leave the mixture without any interruption for 15 min and centrifuge the mixture for 

15 min at 4 ºC to allow phase separation;  

5. Aspirate the top, clear layer carefully, transfer it to a gDNA Eliminator spin column 

and centrifuge the column at 10,000 rpm for 30 sec at room temperature; 

6. Discard the column, aspirate 350 µL of the flow-through, add 350 µL of 70% 

ethanol and mix by pipetting; 

7. Transfer 700 µL of the sample into a RNeasy spin column, which is placed in a 2 

mL collection tube, close the lid on the RNeasy spin column, and centrifuge the 

column at 10,000 rpm for 15 sec at room temperature; 

8. Discard the liquid flew though at the bottom of column; 

9. Add 700 µL of Buffer RW1 into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 15 sec at room 

temperature; 

10. Discard the liquid flew though at the bottom of column; 
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11. Add 700 µL of Buffer RW1 into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 15 sec at room 

temperature; 

12. Discard the liquid flew though at the bottom of column; 

13. Add 500 µL of Buffer RPE into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 15 sec at room 

temperature; 

14. Discard the liquid flew though at the bottom of column; 

15. Add 500 µL of Buffer RPE into the RNeasy spin column, close the lid on the 

RNeasy spin column, and centrifuge the column at 10,000 rpm for 2 min at room 

temperature; 

16. Place the RNeasy spin column in a new 2 mL collection tube and centrifuge the 

column at 14,000 rpm for 1 min at room temperature;  

17. Place the RNeasy spin column in a new 1.5 mL collection tube, add 40 mL of 

RNase-free water into the column, centrifuge the column at 10,000 rpm for 1 min at 

room temperature; 

18.  Measure the quantity and quality of RNA on the UV-Vis spectrophotometer; 

19. Keep RNA solutions in the -80 °C fridge for future use.   

 

 

B.6 Protocol for PCR array 

PCR Arrays are performed with PCR Array (Osteogenesis PCR Array, catalogue #PANZ-

026Z, Qiagen, U.S.A.) according to the manufacturer instructions. Protocols were modified to fit 

our experimental needs and listed below: 

 This kit includes the following reagents: 
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a) Buffer GE  

b) 5x Buffer BC3  

c) RE3 Reverse Transcriptase Mix  

d) Control P2  

e) RNase-free Water 

f) 2x SYBR Green qPCR Mastermix 

g) RNA solutions 

h) Arrays 

 

1. Thaw Buffer GE, 5x Buffer BC3, RE3 Reverse Transcriptase Mix and Control P2 at 

room temperature, centrifuge these reagents at 1,000 rpm for 15 sec;   

2. Aspirate 3 µL of the RNA solution, add 2 µL of Buffer GE and dilute with RNase-

free Water to 10 µL; 

3. Incubate the mixture for 5 min at 42 °C and immediate place the mixture on ice for 

5 min;  

4. Mix 4 µL of 5x Buffer BC3, 1 µL of Control P2, 2 µL of RE3 Reverse Transcriptase 

Mix, and 3 µL of RNase-free Water and shake well;  

5. Combine two mixtures, incubate this mixture for 15 min at 42 °C and then incubate 

for 5 min at 95 °C; 

6. Add 91 µL of RNase-free Water , mix well by pipetting and place the mixture on 

ice;  

7. Aspirate 102 µL of the mixture , add 1,350 µL of 2x SYBR Green qPCR Mastermix 

and 1,248 µL of RNase-free water and mix well; 

8. Place the array on ice, aspirate 25 µL of the mixture and add it to each well;  

9. Centrifuge the array for 1 min at room temperature to remove air bubbles at the 

bottom; 
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10. Activate the array for 10 min at 95 °C and repeat 40 cycles of fluorescent data 

collection by annealing and extending it for 15 sec at 95 °C and 1 min at 60 °C, 

respectively;  

11. Export the data into an excel file, upload it to Qiagen web-based PCR array data 

analysis software and perform analysis. 

 

  



174 

 

Appendix C  Long-term daily monitoring log 

Animal #:        Species: 

Date of Surgery:       Performed by: 

Endpoint:  
 

 

Date 

 

Time 
Body 

weight (g) 
Urine/Feces Incision 

Pain 

assessment 
Comments 

 

Initials 
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Appendix D  Post-surgery monitoring sheet 

Animal #：        Species： 

Date of Surgery:       Pre-operative weight: 

Procedure:                                                                                Duration: 

Performed by: 

 

Post-Procedure ~24 hours 24~48 hours 48~72 hours 

Monitoring Frequency 

(Time) 

            

Analgesia（Y/N）             

EXTERNAL OBSERVATIONS 

Activity level             

Piloerection（Y/N）             

Eye discharge（Y/N）             

Appetite             

Drinking             

Feces             

Urine             

PHYSICAL EXAMINATION 

 
Breathing             

Gait             

Diarrhea（Y/N）             

Signs of pain             

Dehydration             

Thin appearance（Y/N）             

Vocalization（Y/N）             

Body Weight (gm)             

Temperature             

SUTURE 

Incision red &swollen

（Y/N） 

            

Mucus             

Drainage（Y/N）             

chewing/scratching

（Y/N） 

            

Observer's initials             
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Appendix E  Supplementary data 

E.1 Supplementary radiographic images 
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Appendix figure 1: Four selected X-ray radiographs of rabbit tibiae implanted with CPC for 2 

months. One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular 

bones (blue arrow) were identified. 
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Appendix figure 2: Four selected X-ray radiographs of rabbit tibiae implanted with CPC for 3 months. 

One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones (blue 

arrow) were identified. 
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Appendix figure 3:Four selected X-ray radiographs of rabbit tibiae implanted with CPSC5 for 2 months. 

One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones (blue 

arrow) were identified. 
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Appendix figure 4: Four selected X-ray radiographs of rabbit tibiae implanted with CPSC5 for 3 months. 

Both remnant cement (red arrow) and newly formed trabecular bones (blue arrow) were identified. 
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Appendix figure 5: Four selected X-ray radiographs of rabbit tibiae implanted with CPSC10 for 2 

months. One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones 

(blue arrow) were identified. 
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Appendix figure 6: Four selected X-ray radiographs of rabbit tibiae implanted with CPSC10 for 3 

months. One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones 

(blue arrow) were identified. 
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Appendix figure 7: Four selected X-ray radiographs of rabbit tibiae implanted CPSC15 for 2 months. 

One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones (blue 

arrow) were identified. 
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Appendix figure 8: Four selected X-ray radiographs of rabbit tibiae implanted with CPSC15 for 3 

months. One bar equals to 1 cm. Both remnant cement (red arrow) and newly formed trabecular bones 

(blue arrow) were identified. 
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 Appendix figure 9: Four selected X-ray radiographs of the sham control group after 8 weeks. One bar 

equals to 1 cm. 
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 Appendix figure 10: Four selected X-ray radiographs of the sham control group after 10 weeks. One bar 

equals to 1 cm. 
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Appendix figure 11: Appendix figure 11: Four selected X-ray radiographs of rabbit tibiae implanted 

CPSC10 for 8 weeks. All analytical readings on images were used for semi-quantitative analyzes. One bar 

equals to 1 cm. Newly formed trabecular bones (blue arrow) were identified. 
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Appendix figure 12: Four selected X-ray radiographs of rabbit tibiae implanted CPSC10 for 10 weeks. 

All analytical readings on images were used for semi-quantitative analyzes. One bar equals to 1 cm. 

Newly formed trabecular bones (blue arrow) were identified. 
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 Appendix figure 13: Four selected X-ray radiographs of rabbit tibiae implanted CPSC10-05R for 8 weeks. 

All analytical readings on images were used for semi-quantitative analyzes. One bar equals to 1 cm. Newly 

formed trabecular bones (blue arrow) were identified.  
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Appendix figure 14: Four selected X-ray radiographs of rabbit tibiae implanted CPSC10-05R for 10 

weeks. All analytical readings on images were used for semi-quantitative analyzes. One bar equals to 1 

cm. Newly formed trabecular bones (blue arrow) were identified. 
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E.2 Supplementary histological images 

 
 
 
 

 

Appendix figure 15: Histological image of CPC implantation sites after the 2-month implantation 

(40X magnification). Proliferative fibrous tissue encapsulation (yellow arrows) and proliferated 

adipose tissue and fibrous tissue (blue arrows) are observed. Broken lines indicate the site of 

implantation. One bar equals to 0.25 mm. 
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Appendix figure 16: Histological image of CPC implantation sites after the 2-month 

implantation (100X magnification). Proliferative fibrous tissue encapsulation (yellow arrows), 

proliferated adipose tissue and fibrous tissue (blue arrows), bone lacunae (orange arrows) and 

new bone formation (green arrows) are observed. One bar equals to 0.1 mm. 
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Appendix figure 17: Histological image of CPC implantation sites after the 2-month 

implantation (400X magnification). New bone formation (green arrows) is observed. One bar 

equals to 0.025 mm. 
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Appendix figure 18: Histological image of CPC implantation sites after the 3-month implantation (40X

magnification). Proliferative fibrous tissue encapsulation (yellow arrows), proliferated adipose tissue and

fibrous tissue (blue arrows) and new bone formation (green arrows) are observed. Broken lines indicate the 

site of implantation. One bar equals to 0.25 mm. 
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Appendix figure 19: Histological image of the sham control perforation site after the 2-month implantation

(40X magnification). Bone lacunae (orange arrows), proliferated adipose tissue and fibrous tissue (blue

arrows) are observed. Broken lines indicate the site of implantation. One bar equals to 0.25 mm. 
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Appendix figure 20: Histological image of the sham control perforation site after the 3-month

implantation (40X magnification). Inflammation by neutrophils infiltration (black arrows),

proliferative fibrous tissue encapsulation (yellow arrows), bone lacunae (orange arrows) and new bone

formation (green arrows) are observed. One bar equals to 0.25 mm. 
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Appendix figure 21: Histological image of CPSC5 implantation sites after the 2-month implantation (100X

magnification). Proliferative fibrous tissue encapsulation (yellow arrows) is observed. Broken lines indicate

the site of implantation. One bar equals to 0.1 mm. 
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Appendix figure 22: Histological image of CPSC5 implantation sites after the 3-month implantation (40X

magnification). Inflammation by neutrophils infiltration (black arrows), proliferative fibrous tissue

encapsulation (yellow arrows), proliferated adipose tissue and fibrous tissue (blue arrows), bone lacunae

(orange arrows) and new bone formation (green arrows) are observed. One bar equals to 0.25 mm. 
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Appendix figure 23: Histological image of CPSC10 implantation sites after the 3-month implantation (40X 

magnification). New bone formation (green arrows) is observed. Broken lines indicate the site of implantation. 

One bar equals to 0.25 mm. 
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Appendix figure 24: Histological image of CPSC10 implantation sites after the 3-month implantation (100X 

magnification). Proliferated adipose tissue and fibrous tissue (blue arrows) and new bone formation (green 

arrows) are observed. One bar equals to 0.1 mm. 
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Appendix figure 25: Histological image of CPSC15 implantation sites after the 2-month implantation   

(40X magnification). Proliferative fibrous tissue encapsulation (yellow arrows), proliferated adipose 

tissue and fibrous tissue (blue arrows) and new bone formation (green arrows) are observed. One bar 

equals to 0.25 mm. 
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Appendix figure 26: Histological image of CPSC15 implantation sites after the 3-month implantation (40X

magnification). Proliferated adipose tissue and fibrous tissue (blue arrows) and new bone formation (green

arrows) are observed. One bar equals to 0.25 mm. 
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Appendix figure 27: Histological observations of the perforation in the sham control group after 10 weeks

(20X magnification). Proliferative fibrous tissue encapsulation (yellow arrows) and proliferated adipose

tissue and fibrous tissue (blue arrows) are observed. One bar equals to 0.5 mm. (Osteoporotic condition) 
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Appendix figure 28: Histological observations of the perforation in the sham control group after 10 

weeks (40X magnification). Inflammation by neutrophils infiltration (black arrows), proliferative 

fibrous tissue encapsulation (yellow arrows) and proliferated adipose tissue and fibrous tissue (blue 

arrows) are observed. One bar equals to 0.25 mm. (Osteoporotic condition) 

 



240 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Appendix figure 29: Histological observations of the perforation in the sham control group after 10 

weeks (100X magnification). Inflammation by neutrophils infiltration (black arrows), proliferative 

fibrous tissue encapsulation (yellow arrows), proliferated adipose tissue and fibrous tissue (blue arrows), 

osteoclast cells (red circle) and osteoblast cells (black circle) are observed. One bar equals to 0.1 mm. 

(Osteoporotic condition) 
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Appendix figure 30: Histological observations of the perforation in the sham control group after 10

weeks (400X magnification). Inflammation by neutrophils infiltration (black arrows), osteoclast cells

(red circles) and osteoblast cells (black circles) are observed. One bar equals to 0.025 mm. (Osteoporotic

condition) 
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Appendix figure 31: Histological observations of the perforation in the CPSC10 group after 10 weeks 

(20X magnification). Proliferative fibrous tissue encapsulation (yellow arrows) is observed. One bar 

equals to 0.5 mm. (Osteoporotic condition) 
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Appendix figure 32: Histological observations of the perforation in the CPSC10 group after 10 weeks 

(40X magnification). Inflammation by neutrophils infiltration (black arrows), osteoclast cells (red 

circles) and osteoblast cells (black circles) are observed. One bar equals to 0.25 mm. (Osteoporotic 

condition) 
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Appendix figure 33: Histological observations of the perforation in the CPSC10 group after 10 weeks (100X 

magnification). Proliferative fibrous tissue encapsulation (yellow arrows) and new bone formation (green 

arrows) are observed. One bar equals to 0.1 mm. (Osteoporotic condition) 
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Appendix figure 34: Histological observations of the perforation in the CPSC10 group after 10 weeks

(400X magnification). Inflammation by neutrophils infiltration (black arrows), new bone formation

(green arrows) and osteoblast cells (black circles) are observed. One bar equals to 0.025 mm.

(Osteoporotic condition) 
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Appendix figure 35: Histological observations of the perforation in the CPSC10-05R group after 10

weeks (20X magnification). Proliferated adipose tissue and fibrous tissue (blue arrows) and new 

bone formation (green arrows) are observed. One bar equals to 0.5 mm. (Osteoporotic condition) 
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Appendix figure 36: Histological observations of the perforation in the CPSC10-05R group after 10 

weeks (40X magnification). Proliferated adipose tissue and fibrous tissue (blue arrows) and new bone 

formation (green arrows) are observed. One bar equals to 0.25 mm. (Osteoporotic condition) 
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Appendix figure 37: Histological observations of the perforation in the CPSC10-05R group after 10 weeks

(100X magnification). Inflammation by neutrophils infiltration (black arrows) proliferated adipose tissue and

fibrous tissue (blue arrows), new bone formation (green arrows), osteoclast cells (red circles) and osteoblast

cells (black circles) are observed. One bar equals to 0.1 mm. (Osteoporotic condition) 
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E.3 Supplementary PCR array results  

 

 

 

 

 

 

 

 

 

Appendix figure 38: Genes related to bone mineralization analyzed by PCR array in CPSC10 vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). 

(n = 4) 
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Appendix figure 39: Genes related to bone mineralization analyzed by PCR array in CPSC10-05R vs. the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale 

(base = 2). (n = 4) 
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Appendix figure 40: Genes related to calcium ion binding and homeostasis analyzed by PCR array in 

CPSC10 vs. the sham control. Pink lines represent threshold fold changes (= 3). The data are presented by 

fold changes of genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithm scale (base = 2). (n = 4) 
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Appendix figure 41: Genes related to calcium ion binding and homeostasis analyzed by PCR array in 

CPSC10-05R vs. the sham control. Pink lines represent threshold fold changes (= 3). The data are 

presented by fold changes of genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham 

control (x-axis) in logarithm scale (base = 2). (n = 4) 
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Appendix figure 42: Genes related to cartilage condensation analyzed by PCR array in CPSC10 vs. the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 

2). (n = 4) 
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Appendix figure 43: Genes related to cartilage condensation analyzed by PCR array in CPSC10-05R vs. the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale 

(base = 2). (n = 4) 
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Appendix figure 44: Genes related to cell adhesion analyzed by PCR array in CPSC10 vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). 

(n = 4) 
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Appendix figure 45: Genes related to cell adhesion analyzed by PCR array in CPSC10-05R vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 

2). (n = 4) 
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Appendix figure 46: Genes related to ECM analyzed by PCR array in CPSC10 vs. the sham control. Pink 

lines represent threshold fold changes (= 3). The data are presented by fold changes of genes in CPSC10 (y-

axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). (n = 4) 
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Appendix figure 47: Genes related to ECM analyzed by PCR array in CPSC10-05R vs. the sham control. 

Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes in 

CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 

2). (n = 4) 
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Appendix figure 48: Genes related to growth factors analyzed by PCR array in CPSC10 vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). (n 

= 4) 
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Appendix figure 49: Genes related to growth factors analyzed by PCR array in CPSC10-05R vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes in 

CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). 

(n = 4) 
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Appendix figure 50: Genes related to ossification analyzed by PCR array in CPSC10 vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale 

(base = 2). (n = 4) 
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Appendix figure 51: Genes related to ossification analyzed by PCR array in CPSC10-05R vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base 

= 2). (n = 4) 
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Appendix figure 52: Genes related to osteoblast differentiation analyzed by PCR array in CPSC10 vs. the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base 

= 2). (n = 4) 
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Appendix figure 53: Genes related to osteoblast differentiation analyzed by PCR array in CPSC10-05R 

vs. the sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold 

changes of genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithm scale (base = 2). (n = 4) 
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Appendix figure 54: Genes related to osteoclast differentiation analyzed by PCR array in CPSC10 vs. the 

sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of 

genes in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 

2). (n = 4) 
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Appendix figure 55: Genes related to osteoclast differentiation analyzed by PCR array in CPSC10-05R vs. 

the sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold 

changes of genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithm scale (base = 2). (n = 4) 
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Appendix figure 56: Genes related to transcription factors analyzed by PCR array in CPSC10 vs. the sham 

control. Pink lines represent threshold fold changes (= 3). The data are presented by fold changes of genes 

in CPSC10 (y-axis) versus fold changes of genes in the sham control (x-axis) in logarithm scale (base = 2). 

(n = 4) 
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Appendix figure 57: Genes related to transcription factors analyzed by PCR array in CPSC10-05R vs. 

the sham control. Pink lines represent threshold fold changes (= 3). The data are presented by fold 

changes of genes in CPSC10-05R (y-axis) versus fold changes of genes in the sham control (x-axis) in 

logarithm scale (base = 2). (n = 4) 


