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Chapter 1 
 
 

General Introduction 
 



	  

 
 

Bone tissue engineering 

The high incidence of bone loss as a result of trauma, infection, or disease is evidenced by the 

2.2 million bone grafts used in orthopedic procedures annually worldwide1. For the repair of 

bone defects, autologous bone is considered as the gold standard. However, the method is 

associated morbidity and pain of the donor site2, 3. Also, the supply of autologous bone is 

limited. Accordingly, there is an increasing demand for a suitable bone substitute that is 

available on a large scale, which makes it necessary for the rapid development of bone tissue 

engineering. Bone tissue engineering is a complex and dynamic process that initiates with 

migration and recruitment of osteoprogenitor cells followed by their proliferation, differentiation, 

matrix formation along with remodeling of the bone. There are four characteristics of 

engineered bone play key roles in the process of new bone formation: biocompatibility, 

biodegradability, osteoconduction, and osteoinduction4. 

 

Biocompatibility 

Biocompatibility refers to the ability of a material to perform with an appropriate host response 

in a specific situation5. It is the most important factor that distinguishes a biomaterial from any 

other material6.The general host tissue reactions to the implantation of biomaterials include 

highly orchestrated events, such as injury, blood-material reactions, provisional matrix 

formation, acute inflammation, chronic inflammation, development of granulation tissue, 

foreign body reaction and development of fibrous capsule7. The foreign body reaction 

composed of macrophages and foreign body giant cells is the end-stage response of the 

inflammation following biomaterial implantation. Macrophages are pivotal to the foreign body 

response by orchestrating the proliferative response through the secretion of chemokines, 

cytokines, and growth factors8. When macrophages encounter an implanted material that is 

too large to be phagocytosed, they are said to experience “frustrated phagocytosis” and fuse 

into foreign body giant cells in an attempt to remove the material9. Like macrophages, foreign 

body giant cells can secrete inflammatory cytokines such as TGF-β1 that induce fibroblasts to 

deposit a layer of collagen around the biomaterial10.   

 



	  

 
 

Biodegradability 

Biodegradability is the ability to degrade with time in in vitro or in vivo environments, preferably 

at a controlled resorption rate to create space for new tissue to grow. A proper biodegradability 

can provide space for cell growth and rearrangement as well as tissue ingrowths when 

implanted into the body or during wound healing. In other words, it is expected that 

degradation rate of the material should match growth rate due to healing or regeneration 

process11. It is recognized that crystallinity and structure are important factors that influence 

biodegradability. 

 

Osteoconduction 

In bone tissue engineering field, osteoconduction refers to that new bone growth on the 

surface of a foreign material12. The new bone growth usually extends from previously 

differentiated bone cells of the host bed to the adjacent graft materials 13. Apart from the 

guided bone formation on the surface of biomaterials, osteoconduction also highlights the 

chemical bond between the newly formed bone and the biomaterial’s surface and no other 

tissues exist between them14. 

 

Osteoinduction 

Osteoinduction is defined as the ability of material to induce new bone formation in tissues that 

would otherwise not form bone15, which means that primitive, undifferentiated and pluripotent 

cells are stimulated into preosteoblasts12. This process is a basic biological response to the 

bone, marrow, and soft tissue injury,  which trigger the subsequent repair by releasing local, 

biochemical and biophysical messengers that guide the differentiation and organization of 

cells. During the differentiation process from bone marrow stromal cells to osteoblasts, various 

hormones and cytokines are required for the regulation of osteoblastic differentiation. BMPs 

are among the most potent inducers of osteoblastic differentiation. Although there exist a large 

number of distinct forms of BMPs, BMP -2 is the most widely studied16 and have been 

FDA-approved for clinical use17. The safest way to test the osteoinductivity of a particular 

agent is to inject it into an ectopic position such as a muscle pouch or subcutaneous pocket 



	  

 
 

and then to analyze any potential bone formation. Osteoinductive agents naturally function in 

bone surroundings too, but it  is hard to differentiate between bone induction and bone 

conduction in an orthotopic site. 

 

Biomimetic octacalcium phosphate coating  

Biomimetic calcium phosphate coatings were first developed by Kokubo18 and his colleagues 

in 1990. It involved the nucleation and formation of bone-like crystals on a pretreated 

substratum by immersing it in a supersaturated solution of CaP under physiological conditions 

of temperature (37°C) and pH (7.4). This biomimetic octacalcium phosphate coating consists 

of two layers: a thin seeding layer of amorphous Cap coating on the surface of graft materials 

and a crystalline layer octacalcium phosphate (OCP) formed above the seeding layer19. It has 

been proved that BMP-2 and parathyroid hormone (PTH) could be biomimetically incorporated 

into OCP coatings to improve osseointegration of implants in vivo20, 21. Apart from improving 

the osteoinductive efficiency of BMP-2, this technique was shown to be able to improve the 

biocompatibility of graft materials when it is applied to polymer materials 22 and deproteinized 

bovine bone23. 

 

Animal model for bone tissue engineering 

The performance of biomaterials derived from tissue engineering needs to be evaluated in 

preclinical studies before the evaluation in human subjects. These studies usually being 

carried out in small animals firstly. If the results are positive, the studies will be carried out in 

bigger animals that have a more similar physiological condition of human beings in the clinic 

than small animals24. The appropriate choice of an experimental model is critical to the 

success of the evaluation of biomaterials applied in preclinical studies. One property is 

essential to choose a proper animal is that the animal model must be biologically analogous to 

human beings in associated clinical settings model. Nevertheless, and before using more 

technical challenging or commercially expensive animal model, the researchers can use 

simpler models, such as ectopic models. Small-sized animal models are easier to optimize 



	  

 
 

many parameters or steps involved in the experiments than medium- and large-sized animals 

although the latter can simulate human clinical settings more closely25. 

 

Stereology principle used in bone tissue engineering 

The volume of newly formed bone, bone marrow and remaining bone substitute is critical 

parameters to analyze the osteogenesis performance of engineered bone substitute. To this 

purpose, the stereological method has been widely used in biological or medical fields. 

Stereology is a branch of morphometry, which is used to obtain three-dimensional data from 

two-dimensional sections from virtually biological structures26. The unbiased stereology or 

design-based stereology is the use of a systematic random sampling method, which meets the 

statistical requirements necessary to ensure an unbiased estimate of the feature of interest27.  

The unbiased stereological analyses involve a two-step process. Statistical sampling 

principles are used to obtain statistically valid histological sections from an organ to reduce the 

amount of tissue for analysis without reducing the precision of the estimate. Then, appropriate 

geometric probes (e.g., points, lines) are superimposed on sections, and the number of 

interactions of the probes with the structural feature being estimated is determined28. As one of 

the unbiased stereological methods, the Cavalieri method is named in honor of Bonaventura 

Cavalieri (1598-1647). He, as a student of Galileo in the 17th century, made significant 

advances in the mathematics of numerical integration and was the first to consider 

measurements of volume via the analysis of sections through the solid three-dimensional 

objects. By using the Cavalieri method, an unbiased estimate of the volume of a structure of 

an arbitrary shape may be obtained efficiently with known precision29. In brief, the total section 

area of a compartment times the section interval estimates the volume of the compartment 

without bias30. Planimetry and point counting are two commonly used methods based on the 

Cavalieri principle for estimating volume. In general, planimetry involves manually tracing the 

boundaries of the area of interest and the area is estimated by the numbers of corresponding 

pixels31. Point counting estimates the area of interest by multiplying the number of points 

hitting the object by the area one point represent in the grid32. 

Air polishing for surface cleaning 



	  

 
 

Air polishing is a mechanical cleaning method using an abrasive powder applied by a jet 

(stream) of compressed water. The aim of the air polishing is to clean and polish a surface by 

removing the organic deposits attached to it33. This method was first developed for 

supra-gingival surfaces of natural teeth and subgingival use of it was avoided because of the 

possibility of damage to the sub-gingival tissues34, 35. However, in 2003, with the development 

of low abrasive glycine and eythritol powders together with subgingival nozzle, its application 

has widened to cover sub-gingival root surface cleaning and even implant surface cleaning36-38. 

To prove the success of the air polishing as an implant surface cleaning method, several 

aspects such as cleaning efficiency, surface modification, cell response and clinical results 

were tested39-41. The in-vitro studies showed that the cleaning efficiency on the titanium discs 

was significantly higher than other mechanical cleaning methods but it caused a slight 

modification on the titanium surface depending on the powder type used42 43. The in-vivo 

studies showed that considerable re-osseointegration was reported when applied in 

combination with surgical treatment44, 45. The clinical studies tested the method either as a 

maintenance care or treatment for peri-implant infections46 47, 48. In both cases, a significant 

improvement of the clinical symptoms was observed. When used as a maintenance care, the 

air polishing was more effective than the other methods (such as plastic curettes)49.  However, 

if it was used as an adjunctive treatment, it had a limited beneficial effect compared to the 

mechanical treatment alone50. In case of being the main surface treatment for peri-implantitis 

and when applied non-surgically, certain clinical parameters (BOP, PPD, GI) improved better 

than the other treatment groups51. The studies which applied the method surgically as the 

main surface treatment also reported significant improvements in all clinical parameters52-54.  

 

Objectives of the thesis 

The aims of the thesis are as follows: 

1. To ascertain whether the biocompatibility of CHA granules could be improved by the 

presence of an OCP coating functionalized with BMP- 



	  

 
 

2. To review biomimetic calcium phosphate coatings with regard to their preparation 

techniques, physicochemical properties, potential as a drug carrier, and pre-clinical 

application both in ectopic and orthotopic animal models. 

3. To compare the accuracy, precision, and efficiency of the manual planimetry and the 

point counting method with the presence of a new simple, reliable gold standard when 

estimating volumes. 

4. To develop a new method for a peri-implantitis model in beagle dogs in which a 

stainless steel ligature (SSL) was used. 

5. To unravel how the air-polishing behaves on a titanium surface by evaluating the size 

and the shape of the cleaned area, influence of the different device settings, and 

pocket depths and cleaning movements. 
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