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Delivery modes of BMP-2  

The in vivo osteoinductive efficiency of BMP-2 is highly dependent on its mode of 

delivery1. Currently, BMP-2 is administered experimentally in a freely soluble form 

with bone substitute to which it loosely adsorbs2; this surface-adsorbed depot of 

BMP-2 has proved to be released too rapidly to induce a sustained osteogenic 

response at the site of implantation3-5. Therefore, it is highly desirable, in order to 

reduce or avoid undesired side effects, to improve the osteoinductive efficacy of 

BMP-2 and reduce its drawbacks in bone generation. To this end, a proper drug 

delivery system, such as the OCP coating in which BMP-2 was released slowly and 

gradually to mimic the natural bone remodeling process has been developed and 

refined by several research groups6-8 in previous studies. The OCP coating has 

been proved as a simple and efficient tool for the slow release of growth factors1, 9, 

antibiotics10 and parathyroid hormone11. In chapter 2, the histomorphometric 

analysis revealed higher volume of newly generated bone and bone marrow and 

better osteoinductive efficacy of BMP-2 when about 20µg BMP-2 was delivered via 

coating-incorporated depot than surface-adsorbed depot, indicating that the 

osteoinductive capability and efficiency of BMP-2 is highly dependent on its delivery 

mode. Our findings are corroborated by several previous studies, in which the OCP 

coating method was applied to different substrates, such as metallic carriers12, 13, 

organic polymers14 and deproteinized bovine bone granules15, 16. The different 

osteoinductive efficacy of BMP-2 in the two application modes used here could be 

explained by various binding mechanics. In a surface-adsorbed mode, BMP-2 

molecules are loosely associated with the surface of substrates by electrostatic 

interaction rather than via a strong covalent binding when BMP-2 was applied via 

coating-incorporated mode17, 18. In the passively associated mode, BMP-2 will 

experience a rapid release within a biological milieu and diffuse away rapidly from 

the implantation site. Hence, the osteoinductive effect of BMP-2 will be exerted 

within a short time-span only (usually within one week) so that a sustained bone 

formation activity cannot be achieved3-5. Furthermore, the transiently high local 

concentration of BMP-2 during the rapid initial release may lead to some 

unfavorable side effects, including ectopic bone formation, osteoclast activation, 

cyst-like bone void formation and life-threatening cervical swelling in the spine 
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area19, 20. In contrast to this, BMP-2 molecules incorporated in OCP coating are 

liberated via a cell-mediated process, viz., during the osteoclastic degradation of the 

inorganic layer. This process is similar to physiological bone remodeling, by virtue of 

growth factors being liberated from the bone matrix during its degradation. This 

appears to be a very efficient way to induce bone formation without over stimulating 

bone resorption21. 

 

OCP coating enhanced the biocompatibility of CHA  

The biocompatibility of coral has been doubted in some previous studies22-25. The 

possible reason could be that some toxic substances, such as quaternary 

ammonium compounds, proteins, 5-hydroxytryptamine, catecholamines, histamine 

and histamine liberators contained in nematocytes, which inhabit in the polyp of 

coral, are present in the commercially available coral materials as remaining 

contaminant compounds and play a role in the foreign body reactions mentioned 

above. Furthermore, the granuloma of coral dermatitis is considered to be a 

foreign-body reaction, in which FBGCs are often found surrounding foreign body26. 

Although the organic material in commercially available coral or coral-derived 

products has been removed in the purification process according to the 

manufacturing protocols27, its special interconnected porous structure make it may 

be difficult to remove all the organic materials, and the remaining contaminants may 

have the potential to provoke host immunoreactions. It is also conceivable that the 

organic solvents used during the purification process of coral materials themselves 

will not be completely removed and that these contaminants also contribute to the 

reduced biocompatibility of the coral material. Furthermore, some researchers have 

also considered that bone xenografts are not suitable for transplantation due to the 

risk of disease or virus transmission, infection, toxicity effects, etc. associated with 

sterilization, immunogenicity and finally host rejection28.  

However, when BMP-2 or OCP coatings were used to decorate coral granules, the 

biocompatibility of the material improved. This view is supported by previous 

researches14, 15 that reported coating-incorporated depot of BMP-2 is able to 
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attenuate the inflammatory reaction. Possible reasons could be that an 

augmentation of the osteogenic activity has the ability to dampen inflammation by 

suppressing the participation of foreign-body giant cells which is mediated by 

osteopontin, via occupying the CD44 surface receptors on macrophages, and thus 

inhibits the multinucleation process29 that is indispensable for the formation of 

foreign-body giant cells30. The presence of osteoprogenitor cells is also known to 

dampen the inflammatory reactivity31.  

According to the established biomimetic coating technique (Liu, et al. 2001), the 

main component of the outer layer of CaP coating is OCP, which displays a much 

better performance with regard to osteoconductive and biodegradable properties 

compared with HA32, 33, the outer layer of CHA34. The influence of different surface 

characteristics of OCP and HA on biocompatibility were found by the significantly 

reduced volumes of FBGCs in the group of CHA with OCP coating than in the group 

of CHA alone (Figure 4B). Respecting the molecular mechanisms underlying this it 

can be speculated that the crystals of OCP increase the alkaline phosphatase 

activity or the expression of one of the markers of osteoblasts osteopontin35, 36, 

which then is able to attenuate the inflammatory activity as described above29. 

 

The degradation of OCP coating CHA 

For bone repair, lots of biomaterials were used in preclinical studies to replace the 

autologous bone graft. These biomaterials may have different properties such as 

being biodegradable, osteoconductive, osteoinductive, and maintain their integrity 

until the newly formed host tissue is able to contribute to proper functions37. In other 

words, these biomaterials should be resorbable and be cleared from the 

implantation site to make way for the new bone. In chapter 2, there is no statistical 

difference in the volume of non-degraded CHA between groups associated with 

coating-incorporated depot of BMP-2 and groups related to the surface-absorbed 

depot of BMP-2. It indicates that different delivery systems do not significantly affect 

the material degradation process. This finding is supported by a previous study in 

which the degradation rate of deproteinized bovine bone was not affected by 
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different delivery systems16. However, the rates of CHA degradation in groups 

associated with OCP coating functionalized with or without BMP-2 are significantly 

lower than that of CHA alone. This result was supported by the data of previous 

studies5, 38 and the possible reason is that the coating can prevent and delay the 

degradation of underlying materials, even though it is biodegradable. The coating 

was fully digested by a cell-mediated manner, in which osteoclasts or foreign body 

giant cells play an important role39. The underlying CHA was thus exposed and 

underwent degradation later on. In our experiment, the BMP-2 functionalized OCP 

coating was totally degraded 5 weeks after implantation.  This is in agreement with 

previous studies using the same ectopic rat model, in which OCP coating was 

totally degraded 5 weeks after implantation when more than 10µg BMP-2 was 

incorporated into it14, 15, 40. Furthermore, Hunziker et al. found that OCP coating 

functionalized by similar amounts of BMP-2 had been completely degraded within 3 

weeks at orthotopic sites in miniature pigs38, 41. The different degradation rate of 

OCP coating possibly results from a different environment. Any materials placed in 

the soft tissue may stimulate the formation of a fibrous connective tissue capsule 

wall against the surrounding conditions. Therefore, the coating may undergo a 

slower degradation in the ectopic site compared with the orthotopic one. 

Interestingly, it was reported that BMP-2 functionalized OCP coating could be 

observed at 4 weeks but not at 8 weeks at orthotopic sites in sheep16. This suggests 

that coating degradation was affected not only the implantation site but also by the 

animal species.  

Without the preventive effect of OCP coating, the degradation rate of CHA granules 

in the group of the surface-absorbed depot of BMP-2 is significantly higher than that 

in the group of OCP coating without BMP-2, which is the least in all groups in the 

current study. This indicates that the biomimetic CaP coating technique could be an 

effective method not only to improve the biocompatibility of implant biomaterials but 

also to modulate the in vivo degradation rate as well, especially when it is applied 

with easily degradable scaffolds, such as collagen14.  

Although there is no significant difference in the rate of CHA degradation between 

the groups associated with OCP coating without BMP-2 and that with a 
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coating-incorporated depot of BMP-2, there seems to be a trend that the CHA 

granules degrade more in the former group than the latter group. The possible 

reason is that the BMP-2 will be released at the initial stage as coating degraded, 

which will enhance the activity of osteoblasts as well as osteoclasts, resulting in a 

transient acceleration in the rate of coating degradation, bone formation as well as 

of bone resorption activity38. The increased coating degradation, in turn, will lead to 

the higher release of BMP-2 to promote the recruitment of more osteoclasts and 

heighten their bone-resorption activity38. When the coating was fully digested by 

osteoclasts or foreign body giant cells, the underlying CHA was exposed and 

underwent degradation.  

 

Some indications for applied stereological methods  

In the field of science, accuracy and precision are two terms which are easy to be 

confused. The accuracy of a measurement system is the degree of closeness of 

measurements of a quantity to that quantity's true value42. The precision of a 

measurement system, related to reproducibility and repeatability, is the degree to 

which repeated measurements under unchanged conditions show the same 

results 42 Accuracy and precision are entirely different terminologies in science and 

have no necessary connections. For example, a measurement method can be 

precise but not accurate, accurate but not precise, neither, or both. A measurement 

method is considered valid only if it is both accurate and precise.  

In chapter 4, by virtue of the artificial sections with known true area, the accuracy of 

the manual planimetry and the point counting methods has been compared. The 

results show that the point counting method is more accurate than manual 

planimetry method, which is in agreement with one previous research43. This could 

be explained by different working mechanisms of the two methods. In point counting 

method, the counts are made of randomly overlaid lattice points that fall within a 

closed boundary area and a positive hit is scored by the eye-brain complex only44. 

The primary source of error in this technique is the decision errors about whether a 

point is inside or outside an area’s boundary45. On the contrary, the errors in the 
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application of manual planimetry method result from not only the decision process 

which point counting experienced but also the manual tracing process, which is 

tedious and demanding for operator’s patience and experience. Tracing a thin line 

by hand easily introduces deviations due to the mechanical and dynamic limitations 

of the hand, especially when tracing tortuous structures46. Therefore, the error 

probability of the use of point counting is lower than manual planimetry because the 

borderline tracing is not needed. This opinion is also supported by the results from 

table 3 of chapter 3, in which the accuracy of manual planimetry method decreased 

along with the size of the area of interest increased. In our experiment, bigger size 

of the area of interest means more manual tracing for planimetry method because 

of more fragments increase the workload of tracing. The increasing workload has no 

relationship with the size of the area of interest. For example, drawing the boundary 

for a huge size of a circle is much easier than that for a small size of the irregular 

shape. Therefore, to be precise, the accuracy of manual planimetry is mainly 

influenced by the complex of the contour of the area of interest, not the size of it. 

However, the accuracy of point counting is not influenced by the contour of area of 

interest because the manual tracing is not necessary.  

 

Peri-implantitis beagle dog model  

Animal models play a critical role in many domains of study in medicine and biology. 

These can generally be categorized in the following areas: fundamental discovery, 

feasibility and bioactivity testing and clinical modeling and efficacy prediction47. 

Animal models used to address questions in these domains are designed to create 

an environment that is as close as possible to the clinical setting in which therapy 

will be employed. One of the animal models most commonly used to study the 

pathology and treatment of peri-implantitis is the Beagle dog48-50. The reason is that 

the beagle is relatively small size breed with a gentle temperament and has 

well-documented physiological responses in research51, 52. In the past 20 years, a 

cotton ligature is a material most commonly used to induce bone loss and 

peri-implantitis in dogs.  A cotton ligature promotes a minor local trauma at the 

bone to implant contact point and allows the formation of a subgingival biofilm. This 
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causes an acute inflammatory reaction and early tissue breakdown and bone loss. 

One potential problem is that thread type ligatures might become loose, suffer wear 

and even get lost during the process and the ligature may fail to induce bone loss 

around the implants48, 53. Similarly, an increasing distance between the bottom of 

the bone defect and the ligature weakens the stimulus from the ligature. The bone 

loss cannot then continue until a new ligature is pushed into the bone to implant 

contact53 and this must regularly be repeated and   requires frequent general 

anesthesia. Furthermore, the induction site may be affected by the additional 

manipulations introducing extra variables in the experiment possibly because the 

tensile strength of the cotton ligature around the neck of the implant decreases and 

then the relative security of the knot is also poor. In contrast, as stainless steel 

ligature (SSL)  has a certain degree of hardness, they separate the gingiva from 

the protective cover screw, making it easier to place more SSL at the bone to 

implant contact. This makes it stable on the surface of the implant at the first ligation. 

This may give more mechanically injurious effects and more space for bacteria to 

accumulate. This would be highly conducive to promoting a bone defect around the 

implant. Due to the tensile strength and stability of the SSL, the tension of the 

ligation in our study was well maintained 12 weeks after ligature was placed, so 

there was no need at all to replace it. 

 

Study models for evaluation of cleaning efficiency of air polishing 

To the best of our knowledge, there has been no other study investigating the 

cleaning path of subgingival air polishing so far. However there has been in vivo 

and in vitro studies showing the cleaning efficiency on teeth and implants and 

comparing it with other methods54-57.  Flemmig et al58 showed the efficacy of 

glycine powder air polishing was greater in removing bacteria biofilms in deep 

periodontal pockets than scaling and root planning. He claims that the main function 

of the water jet appears to be flushing of biofilm dislodged by the glycine-air jet and 

residual glycine powder out of the pocket which is in line with our findings.  Another 

study59 which investigated the in vitro cleaning potential of glycine air flow 

application on implants showed that, the efficiency changed depending on the 
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angulation of the pocket where the implant is inserted. Similar to our approach, the 

authors used an indelible ink for the assessment of accessibility instead of biofilm. 

This kind of biofilm-alternatives provide us with better visibility of the method’s 

working principle. Our results are in line with the clinical success of the method. 

Furthermore, knowing how the method works, the clinician can improve his nozzle 

handling to increase the clinical outcome. 

 

CONCLUSIONS 

1. Our findings demonstrate that the biocompatibility of CHA granules can be 

significantly improved by either coating with a layer of OCP or adding BMP-2. 

BMP-2 incorporated into the OCP coating has substantially higher 

osteoinductive efficiency than BMP-2 adsorbed directly onto the surface of CHA 

at ectopic sites in rats.  

2.  We compared the accuracy, precision, and efficiency of manual planimetry and 

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

reference. Although both methods showed comparable high precision, point 

counting method exhibits higher accuracy and better efficiency than manual 

planimetry method. The accuracy of manual planimetry method depends on the 

workload of manual tracing, viz., the more irregularity of the contour of the area 

for estimation, the less accuracy of the results. On the contrary, the point 

counting method is not influenced by that. 

3. Within the limitation of the current study, we can conclude that SSL method is 

more rapid, more efficient and less complicated than cotton ligature method for 

inducing peri-implantitis in the Beagles. 

4. Within the limitation of this in vitro study, it is shown that to get the most effective 

clinical use of air polishing, it should be applied with high pressure, with deep 

insertion of the nozzle and sufficient water flow. The powder flow is not an 

important factor. Apart from that, the nozzle has to be moved to get the best 

cleaning effect. 
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