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vertical bone augmentation
Dental implant treatment is nowadays a successful and predictable method for 
rehabilitating the edentulous alveolar bone, both aesthetically and functionally1-3. 
The long-term success of osseointegrated dental implants requires a sufficient 
bone volume at recipient sites, which is frequently lacking because of atrophy, 
trauma, and periodontal disease4. The vertical alveolar bone loss in partially 
or totally edentulous patients presents a major challenge in the field of implant 
dentistry because of anatomical limitations and surgical difficulties. An insufficient 
bone height and an unfavorable inter-arch relationship makes placing the dental 
implants in a prosthetically ideal position very difficult5. A number of surgical 
methods for vertical bone augmentation have been developed, such as distraction 
osteogenesis6,7, guided bone regeneration (GBR)8,9, and onlay autografting10,11. 
Distraction osteogenesis can produce great bone height but causes a high incidence 
of complications12. GBR is also effective in vertical bone augmentation, but it can 
only regenerate bone along the axis of the applied force13. It is often applied with 
wound dehiscence and membrane exposure14, and secondary surgery for the 
removal of the membrane is needed when non-absorbable barrier membranes are 
used. Onlay autografting was introduced in early 1990s15 and it is considered to be 
the most reliable method for vertical bone augmentation5,16. Jensen et al.17 reported 
that the onlay blocks grafts yielded more gain in augmented bone height and less 
need for additional grafting procedures than the granular grafts used in GBR. Onlay 
autografting and the implant insertion can be performed in either a simultaneous 
(one-stage surgery) or staged approach (two-stage surgery). With the advanced 
treatment of implant surface and improved oseointegration of titanium implants, 
studies have found no significant differences in bone-to-implant contact for implants 
in the onlay bone grafts between the one-stage and the two-stage surgery18,19. 
One-stage surgery is simple to use, has minimal morbidity and decreases the time 
needed for treatment20,21. 

Although autologous bone grafts are regarded as the gold standard of the 
care, they are associated with limited availability, complications at the donor site22 
and unpredictable resorption23. Verhoeven et al.24 reported that although implants 
placed in the vertically augmented ridge showed a 100% survival rate, a 50% loss 
of the augmented height was found 10 to 11 years later. Chiapasco et al.25 also 
revealed that 32% of the implants in their study did not meet the success criteria 
propose by Albrektsson et al.26 after 3 years of function, because of crestal bone 
loss.
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1Bone tissue engineering
Given these limitations of autografts and the possibility of transferring pathogens 
with allografts, engineered bone tissue is seen as a potential alternative for 
conventional bone grafts27. Bone morphogenetic protein (BMP), which is a cytokine 
capable of activating the differentiation of pluripotential cells to bone forming cells 
plays a leading role in bone tissue engineering.

BMP can be applied in bone tissue engineering by three methods. They are 
cell therapy, gene therapy and cytokine therapy28. Cell therapy takes the advantage 
of using the patient’s own cells but it requires substantial labor and time to collect 
and culture the necessary cells29,30. Gene therapy involves the transduction of genes 
encoding for BMPs to cells at the repair site and the major problem is the difficulty 
of creating an appropriate vector28. Cytokine therapy is the most convenient and 
safest method with the potential for nearest clinical application28,31, since cell therapy 
and gene therapy are still in their infancy regarding their safety and efficacy for 
humans32. Cytokine therapy uses DNA recombination methodologies to synthesize 
BMP molecules and these recombinant proteins are delivered to the target sites. 
The recombinant human bone morphogenetic protein (rhBMP) retains its original 
biological ability of bone induction and the clinical use of rhBMP-2 (INFUSE® Bone 
Graft, Medtronic, USA) has already been approved by the United States Food and 
Drug Administration (FDA)33.

BMP-2 signaling 
BMP family is a subfamily of the transforming growth factor-β (TGF-β) superfamily. 
Canonical BMP signaling transduction (Figure 1) begins when BMPs bind to 
two different serine/threonine kinase cell surface receptors (BMP receptor type 
I and II) and induce the phosphorylation of receptor-regulated small mothers 
against decapentaplegic (R-Smad)34. Phosphorylated R-Smads perpetuate the 
signal by forming heterodimer complexes with common-partner Smads (Co-
Smads). The R-Smad/Co-Smad complexes then translocate into the nucleus to 
direct transcriptional response35. BMP-2 promotes the osteoblast maturation by 
increasing the upregulation expression of series of transcription factors in cell 
nucleus (runt-related transcription factor 2 (RUNX2), osterix (OSX), distal-less 
homeobox 5 (DLX5)), which then lead to the expression of osteoblast-specific cis-
acting element 2 (OSE2), the osteoblast marker gene that is responsible for the 
osteoblast differentiation36.

However, BMP-2 is much more multifunctional than that stated above. 
BMP-2 can activate peroxisome proliferator-activated receptor gamma (PPARγ) 
signaling37, which leads to adipogenesis differentiation and fat formation38. BMP-
2 also induces expression of numerous inflammatory cytokines and chemokines 
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such as interleukins (ILs) and tumor necrosis factor (TNF)-α, thus inducing 
inflammation39. In addition, BMP-2 plays a role in bone resorption. It can act directly 
on osteoclasts and their progenitors, which express BMPR-IA and II receptors 
on their membranes40, to stimulate bone resorption. It can also enhance bone 
resorption through upregulation of receptor activator of nuclear kappa-B ligand 
(RANKL)41,42. These explain the relevant side effects that BMP-2 elicits clinically. 

Figure 1.  Canonical BMP-2 signaling pathway. BMP-2 binds to two BMP receptors and induces 
the phosphorylation of R-Smads. Phosphorylated R-Smads form complexes with Co-
Smad and move into the nucleus, where they regulate transcription of target genes. 
BMPR: BMP receptor; Smad: small mothers against decapentaplegic; RUNX2: runt-
related transcription factor 2; OSX: osterix; DLX5: distal-less homeobox 5; OSE2: 
osteoblast-specific cis-acting element 2; P: phosphorylated.

Biomimetic calcium phosphate coating
By injection alone or delivery in an adsorption mode, BMP-2 shows a burst release 
and diffuses too fast from the implantation site to induce sustained bone formation 
and regeneration43,44. To be effective, very high doses of BMP-2 (in the milligram 
range) must be applied in these delivery modes45, which is neither efficient nor 
cost-effective46. In addition, since the effect of BMP-2 in bone resorption is dose-
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1dependent40, the incidence of BMP-2’s side effects is concomitantly increased with 
the high doses of BMP-235.

A sustained delivery of low doses of BMP-2 (in the microgram range) is 
needed to improve the efficacy of BMP-244. In fact, the major obstacle for the clinical 
application of BMP-2’s cytokine therapy is the selection of an appropriate carrier 
material for delivering the drug28. The biomimetic calcium phosphate (CaP) coating 
has been recently fully developed as an inorganic carrier for growth factor47,48. This 
coating is prepared under physiological conditions of temperature (37 °C) and pH 
(7.4). It consists of two layers: a thin seeding layer of amorphous CaP, which can 
deposit on the underlying materials, and a thick layer of crystalline octacalcium 
phosphate, which can grow on the seeding layer. BMP-2 can be incorporated into 
the latticework of crystalline CaP during the deposition and retain its biological 
activity49,50. Acting as a three-dimensional reservoir for BMP-2, the biomimetic 
CaP coating can release low doses of the incorporated BMP-2 slowly and steadily 
during its degradation51. These sustained low doses of BMP-2 are therefore 
effective in inducing new bone formation48. This technique can also both improve 
the osteoconductivity and osteoinductivity of the titanium implant surfaces52,53 and 
improve the biocompatibility of the graft when applied to deproteinized bovine bone 
(DBB)50.

Ceramic implants
Currently, commercially pure titanium is chosen for oral endosseous implants 
because of its excellent biocompatibility, its favorable mechanical properties and 
its long-term clinical success54,55. However, its greyish color is often visible through 
the thin peri-implant mucosa or can even be exposed completely in a gingival 
recession, thus impairing the esthetic outcomes56. Allergic reactions to titanium57 
and galvanic reactions after contact with the saliva and fluoride58 have also been 
reported.

Due to these disadvantages of titanium, ceramic materials for oral implants 
are being developed. Aluminum oxide was used in some of the early trials59,60. 
But the high hardness (~2300 HV) and modulus of elasticity (~420 GPa) of the 
material make it brittle. Together with the relatively low bending strength (~500 
MPa) and fracture toughness (KIC: ~4 MPa m1/2), aluminum oxide fractured easily 
when unfavorably loaded61. 

In recent years, zirconia ceramics have become attractive as new materials 
for implant manufacturing. Compared with aluminum oxide, zirconia has a lower 
modulus of elasticity (~200 GPa), a higher bending strength (~1200 MPa) and a 
higher fracture toughness (KIC: ~6-10 MPa m1/2)61,62. In addition to its mechanical 
properties, zirconia shows toothlike color, biocompatibility63,64, low plaque affinity65 
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and has been reported to exhibit desirable osseointegration66 as well as soft tissue 
response67. Although these properties make zirconia suitable for a dental implant, 
there is still not sufficient scientific data to recommend it for routine clinical use61.

Attachment of the implant surface to the connective tissue
To function properly, the dental endosseous implants must pass through the gingiva 
into the oral cavity. This gives a transmucosal connection between the implants and 
peri-implant soft tissue. The establishment of this soft tissue barrier is essential for 
preventing bacterial penetration that would undermine the implants. So the long-
term success of dental implants depends not only on their osteointegration but also 
on their integration with the soft tissue. 

The soft tissue interface consists of two zones, junctional epithelium and 
connection tissue. Both these tissues contribute to the establishment of the 
biological width, which prevents oral bacteria and their products from penetrating 
into the body68,69. The way the epithelial cells attach to titanium implants is similar 
to that with the teeth, which is the formation of hemidesmosomes and basal 
lamina70,71. Although this structure plays a role in sealing transmucosal implants 
from external contaminants, the epithelium tends to proliferate and to migrate along 
the implant surface and this can create sinus tracts and jeopardize the stability 
and the survival of the implants72-74. Apical epithelial migration can be inhibited 
by making a firm attachment between the implant and peri-implant connective 
tissue75,76. For a natural tooth, the dento-gingival collagen fibres are firmly inserted 
into the cementum and oriented perpendicularly or obliquely to the tooth surface. 
This connection deters the apical epithelial migration and thus impedes the bacterial 
invasion77. For implants, however, the fibers in the supracrestal connective tissue 
are oriented parallelly to the titanium implant surface and they are not inserted 
into the implant surface68,78,79. Consequently, the attachment of the implant with 
the connective tissue has a poor mechanical resistance compared with that of 
natural teeth. This can lead to the connective tissue separating from the implant 
surface and induce the apical migration of the junctional epithelium, accompanied 
by gingival recession and bone resorption70,80. The prognosis of dental implants 
can be therefore endangered.

The attachment of the implant with the soft tissue can be influenced 
significantly by the physicochemical properties of implant material70. Current 
designs for the transmucosal region of transmucosal implants (implant neck) used 
clinically are mechanically machined to achieve a smooth surface to prevent the 
retention of bacterial plaque81,82. This benefits the proliferation of epithelial cells 
but lacks attachment to the connective tissue. As the connective tissue interface is 
considered of paramount importance for supporting the epithelium and deterring its 
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1apical migration70, modification of the implant neck surface is required to help form 
a good seal of connective tissue.

Aims and outline of this thesis
This thesis aimed to: 
(1) develop an appropriate bone substitute for the one-stage onlay surgery with 

simultaneous implants insertion; 
(2) modify the surface of the zirconia implants for a better osseointegration;
(3) modify the surface of the implant neck to give a better attachment with the 

connective tissue. 
In Chapter 2, we made a systematic literature review and meta-analysis 

to investigate the efficacy of rhBMP-2 in vertical bone augmentation using bone 
substitutes in preclinical experiments (animal studies). 

In Chapter 3, we functionalized the DBB block with a biomimetic CaP coating 
incorporating BMP-2, and evaluated the release kinetics of the incorporated BMP-2 
in vitro.

In Chapter 4, we used this functionalized DBB block for the one-stage onlay 
surgery with simultaneous implants insertion and investigated its efficacy in vertical 
bone augmentation in vivo, compared with unfunctionalized DBB block (negative 
control) and autologous bone block (positive control).

In Chapter 5, we applied a biomimetic CaP coating with and without the 
incorporation of BMP-2 on the surface of zirconia implants and investigated their 
histological behavior in vivo.

In Chapter 6, we modified the transmucosal region of transmucosal 
implants with anodic oxidation and polydopamine deposition to test whether this 
modification can enhance the attachment between an implant and peri-implant 
connective tissue.

In Chapter 7, the results from previous chapters were discussed and 
summarized. An outlook for future studies was presented.
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ABSTrACT

Statement of problem: Recombinant human bone morphogenetic protein 2 
(rhBMP-2) has been introduced to clinical practice because of its osteoinductive 
capacity. However, the evidence of its efficacy in vertical bone augmentation 
procedures is not clear.

Purpose: The purpose of this systematic review and meta-analysis was to 
investigate the efficacy of rhBMP-2 in vertical bone augmentation using bone 
substitutes in preclinical experiments (animal studies).

Material and methods: An electronic search of 3 databases, PubMed/MEDLINE, 
EMBASE, and Web of Science, and a manual search of the reference list of relevant 
studies was performed. Only randomized controlled trials regarding animal studies 
comparing the efficacy of bone substitutes supplemented with and without rhBMP-2 
in vertical bone augmentation procedures were included and reviewed.

results: Nine studies were included. The results of the meta-analysis showed that 
the pooled weighted mean difference (WMD) of the percentage of newly formed 
bone was 9.97% (95% CI: -0.79 to 20.72%; P = 0.070), the WMD of the percentage 
of residual materials was -21.31% (95% CI: -70.62 to 28.00%; P = 0.400), the 
WMD of the augmented bone height was 1.70 mm (95% CI: -0.23 to 3.63 mm; P 
= 0.080), the WMD of the augmented bone height for studies with space-providing 
barriers was 1.00 mm (95% CI: 0.43 to 1.57 mm; P < 0.001), and the WMD of the 
percentage of regenerated tissue was 17.07% (95% CI: 8.52 to 25.62%; P < 0.001). 

Conclusions: Until now, the application of rhBMP-2 in bone substitutes has 
not enhanced new bone formation and residual graft resorption in vertical bone 
augmentation procedures. Tissue regeneration and the augmented bone height 
were significantly improved by the additional use of BMP-2. 

Key words: bone morphogenetic protein 2; bone substitutes; vertical bone 
augmentation; morphometric analysis; preclinical study
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iNTrODUCTiON

When there is vertical alveolar bone loss, bone must often be increased before 
an implant can be placed1. This represents a major problem in implant dentistry2. 
An autologous bone graft is regarded as the gold standard for increasing bone 
because it has excellent biological and mechanical properties3,4. However, with 
current grafting techniques, an autologous bone graft has problems of morbidity 
of the donor site, postoperative pain, and limited availability5,6. At present, a 
number of substitutes for a bone graft are available. The ideal substitute should 
be biocompatible, osteoconductive, and osteoinductive7. The osteoinductivity 
of a bone substitute can be improved by using an osteoinductive protein. Bone 
morphogenetic proteins (BMPs) are a subfamily of the transforming growth factor-β 
(TGF-β) superfamily. Their osteoinductivity was first noted by Urist in 19658. Since 
then, their roles in the regulation of bone induction, maintenance, and repair have 
been investigated9-13. Studies in animals and humans have confirmed that using 
the recombinant human bone morphogenetic protein 2 (rhBMP-2) induces and 
enhances the regeneration of bone14-18. The Food and Drug Administration (FDA) 
has approved the use of rhBMP-2 (INFUSE® Bone Graft, Medtronic, USA) for 
lumbar interbody fusions, sinus, and alveolar ridge defects associated with sockets 
resulting from tooth extraction19. 

With the increasing clinical use of rhBMP-2, a number of worrying and 
well-documented side effects have been reported. These include adipogenesis20, 
postoperative inflammation21, ectopic bone formation22, and osteoclast mediated 
bone resorption23,24. These are caused mainly by the high doses of rhBMP-2 
necessary to produce the desired results. Although efforts have been made in 
recent years to develop an appropriate carrier for rhBMP-2 to reduce its side effects 
and to increase its efficacy25-28, using it clinically is still controversial. 

In addition, vertical bone augmentation means replacing a one wall defect 
rather than a space providing defect. Compression of the soft tissue can limit bone 
formation29,30. If the augmented space is not carefully maintained, the outcome of 
the vertical bone augmentation is hard to predict31,32.

At present, little is known about using rhBMP-2 for vertical bone augmentation 
in humans, but several experiments have been done on animals2,3,33. Therefore, 
a systematic review and meta-analysis of animal studies that used rhBMP-2 for 
vertical bone augmentation were conducted to help justify further clinical and 
histometric studies.



Chapter 2

28

MATEriAL AND METhODS

Search methods
The electronic databases PubMed/MEDLINE, EMBASE, and Web of science were 
scanned for the title and abstract of relevant papers in English from the earliest 
publication to July 2017 (Figure 1). Searches were performed using the following 
medical subject headings (MeSH terms, represented as mh) and keywords: ((bone 
morphogenetic protein 2)[mh] OR (BMP-2) OR (rhBMP-2)) AND ((bone substitutes)
[mh] OR (block bone substitute) OR (particulate substitute)) AND ((alveolar ridge 
augmentation)[mh] OR (vertical bone augmentation) OR (bone formation)). A 
manual search of the reference list of relevant studies was also performed as a 
supplement of the electronic search.

The inclusion criteria are as follows:
(1) Articles only of randomized controlled trials (RCT) regarding animal 

experiments were included and reviewed. 
(2) Test groups were to use bone substitutes applied with rhBMP-2 for vertical 

bone augmentation.
(3) Control groups were to use the same bone substitutes alone (without 

rhBMP-2) for vertical bone augmentation.
(4) Animals used were adults.
(5) Numbers of grafts were stated.
(6) Numbers and types of test animals were stated.
(7) Data were reported for at least one of the following: percentage of newly 

formed bone, percentage of residual grafting, augmented bone height, 
percentage of regenerated tissue in original grafting material, or sufficient 
reporting of data to (re)calculate these.

(8) Follow-up periods were stated.
The exclusion criteria are as follows:

(1) Studies not published as full articles were excluded.
(2) In vitro studies, reviews, case reports, and duplicate publications were also 

excluded, but bibliographies of these studies were screened for potential 
articles that could be included.

(3) Studies were also excluded if they used one of the following: cell culture, 
bone transport models, injectable materials, and studies reporting on the 
vertical bone augmentation after or simultaneously with the insertion of 
implants.
All the studies identified by the electronic searches were examined to 

determine their eligibility for the present review. The full text of the study was 
obtained for those articles which appeared to meet the criteria for inclusion in the 
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survey and for those articles which had insufficient data in the title and abstract to 
enable a clear decision. For the latter group, the list of references was searched 
manually to find any potentially relevant articles. They were then added to the results 
of the electronic search. The eligibility of an article was considered independently 
by 2 reviewers. If they disagreed a third reviewer was consulted.

Data collection
For each study, the following data were recorded if applicable: study design, first 
author, year of publication, number of animals, number of augmented sites, sample 
size, dose of rhBMP-2, type of grafting material, barrier type, healing period, newly 
formed bone, percentage of residual grafting material in the regenerated tissue, 
augmented bone height, and percentage of regenerated tissue in the original 
grafting material. For studies involving more than one growth factor, only the results 
using rhBMP-2 were extracted. Authors of the relevant articles were contacted for 
more detailed data if necessary.

risk of bias assessment
The risk of bias of the included articles was assessed independently by 2 reviewers 
using the Systematic Review Centre for Laboratory Animal Experimentation 
(SYRCLE) risk of bias tool34, which is based on the Cochrane Risk of Bias tool35 
for randomized clinical trials and has been adjusted for animal intervention studies. 
The domains are: sequence generation, baseline characteristics, allocation 
concealment, random housing, blinding for performance bias, random outcome 
assessment, blinding for detection bias, incomplete outcome data, and selective 
outcome reporting. A risk of bias judgment (“high”, “low”, or “moderate”) was 
decided based on each domain. If each domain of SYRCLE was judged as “-” 
(low risk), the risk of bias of the study was scored as “low”. If only one domain was 
judged as “?” (unclear risk), the risk of bias of this study was scored as “moderate”. 
Otherwise, the risk of bias of the study was scored as “high”. Any disagreement 
was resolved through a discussion to reach a consensus. 

Data analyses
The investigated outcomes for the meta-analysis were the percentage of newly 
formed bone in the regenerated tissue, the percentage of residual grafting material 
in the regenerated tissue, the augmented bone height, and the percentage 
of regenerated tissue in the original grafting material. Adverse effects were not 
analyzed because they were not systematically reported in any of the articles. The 
pooled weighted mean difference (WMD) between the results with and without 
rhBMP-2 were assessed separately using RevMan version 5.3 (The Nordic 



Chapter 2

30

Cochrane Centre, The Cochrane Collaboration, Copenhagen, 2014). For the 
assessment of each result, the contribution of each article was weighed. For studies 
with several treatment arms, the results of all arms were combined. Heterogeneity 
was assessed with the chi-square test and the I2 test. I2 value is the percentage 
of the observed variance that reflects real differences between studies. Lower I2 
values represent less heterogeneity. For studies with an I2 value higher than 50%, 
a random-effect model was applied to minimize the bias caused by methodological 
differences in the studies. Otherwise, a fixed-effect model was chosen. Forest 
plots were generated to represent graphically the differences in the 4 results for 
all the included articles. Confidence intervals (CI) were reported at 95% levels (α 
= 0.05). The present study was conducted and reported according to the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement36.

rESULTS

Study selection
Figure 1 shows the selection process. Two hundred and ninety-five articles were 
identified by the electronic search. After screening the titles and abstracts, 18 
articles were selected for an evaluation of the whole text. The reference lists of 
these 18 articles were also examined and as a result 11 more articles were added 
to the 18, giving 29. Of these 29, 20 were excluded for reasons shown in Figure 1. 
The remaining 9 studies2,3,33,37-42 were included in this systematic review.

Features of the included studies
The main features and conclusions of the included studies are presented in Table 
1. The sample size used for the surgery was reported, except for 3 studies2,39,41. 
The surgery of vertical bone augmentation was done using space providing barriers 
(titanium cylinders or titanium meshes) in only 4 of the articles2,3,38,41. 

The results of the included studies were determined using a histomorphometric 
analysis for 7 studies, with a micro-CT for 1 study2 and with macroscopic 
measurements using a digital caliper for 1 study3. The duration of the study varied 
from 2 weeks to 4 months. The grafting materials used were not all the same and 
neither were the concentrations of rhBMP-2. In 7 studies, a low concentration (≤ 
1.0 mg/ml)19 of rhBMP-2 was used, while 2 studies2,3 used a high concentration (> 
1.0 mg/ml)19. Subgroup meta-analysis regarding the concentrations of rhBMP-2 
was not possible due to the limited number of relevant results.
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The assessment of the risk of bias 
The assessment of the risk of bias for the included studies is given in Table 2. 
The bias in the selection and in performance is low in most studies because the 
national or international guidelines for animal experiments were followed. Blinding 
for detection bias was rarely mentioned and so the detection bias is difficult to judge 
for most of the articles. Any specimen loss was clearly stated in all the articles, and 
almost all the studies maintained the study protocol, leading to a low risk of attrition 
bias and reporting bias. The study by Polo et al.3 showed a high reporting bias 
because part of the results regarding newly formed bone was missing. The results 
regarding the newly formed bone in this study were therefore excluded from this 
review. To summarize, 1 study was considered to have a low risk of bias, 5 studies 
were considered to have a moderate risk of bias, and the remaining 3 studies were 
considered to have a high risk of bias. Funnel plots to assess the publication bias 
could not be made because the number of articles was less than 10.

Figure 1. Flow chart of article selection process.
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Table 1. Features of included articles

Study

Subjects Surgical sites Outcomes (C/T)

Animal Surgery sites

N of 
ani-
mals

N of 
surgical 
sites (C 
vs T) 

Control group intervention 
vs test group intervention Size (mm3) Barriers

Healing 
period

% of newly formed 
bone 

% of residual 
materials

Augmented 
bone height 
(mm)

% of 
regenerated 
tissue Main conclusions

Murata et al. 
2000

rats calvaria 20 5 vs 5 atelocollagen vs 
atelocollagen + rhBMP-2

NA NA 2 weeks 0 ± 0 / 49.3 ± 7.4 94.4 ± 1.1 / 40.5 ± 8.2 NA NA The onlay implant of rhBMP-2 and 
atelocollagen should be biologically 
a novel effective system for bone 
augmentation.

5 vs 5 4 weeks 0 ± 0 / 92.5 + 2.0 88.3 ± 3.0 / 2.0 ± 0.8 NA NA

Kawakatsu et 
al. 2008

dogs mandibles 6 6 vs 6 PGS vs PGS + 0.4mg/ml 
BMP-2

30X8X6 NA 16 weeks NA NA 0.22 ± 0.28 / 
4.3 ± 0.9

NA RhBMP-2/PGS promoted substantial 
bone formation and provide sufficient 
space for bone formation with no 
immune or other adverse reactions, 
which might be effective for vertical ridge 
augmentation.

Jung et al. 
2008

rabbits calvaria 10 10 vs 10 PEG matrix + HA/TCP vs 
PEG matrix + HA/TCP + 
10μg/ml rhBMP-2

NA titanium 
cylinder

8 weeks 15.16 ± 7.95 / 26.32 
± 8.56

NA NA NA RhBMP-2 significantly enhances bone 
regeneration in rabbits when delivered 
by the synthetic PEG matrix containing 
HA/TCP.10 vs 10 PEG matrix + HA/TCP vs 

PEG matrix + HA/TCP + 
30μg/ml rhBMP-2

15.16 ± 7.95 / 30.15 
± 7.63

NA NA NA

Kim et al. 
2010

rabbits calvaria 10 5 vs 5 DBBB vs DBBB + 6µg 
rhBMP-2 

ϕ6X4 NA 12 weeks 4.89 ± 2.37 / 16.61 
± 6.13

41.02 ± 15.84 / 53.48 
± 18.24

1.85 ± 0.55 / 
1.89 ± 0.55

NA Vertical bone augmentation was not 
enhanced by the application of rhBMP-2 
or DBBB alone. In the CHBB groups, 
which showed a better result, there were 
no significant differences between the 
test and control groups.

5 vs 5 CHBB vs CHBB + 5µg 
rhBMP-2

ϕ6X4 29.83 ± 6.97 / 30.85 
± 7.45

91.01 ± 4.56 / 94.05 
± 5.75

4.00 ± 0.34 / 
4.11 ± 0.41

NA

Kim et al. 
2012

rabbits calvaria 14 7 vs 7 BCP vs BCP + 10µg 
rhBMP-2

ϕ8X3 NA 8 weeks 26.9 ± 10.0 / 40.9 
± 3.2

NA NA NA BCP-collagen blocks with rhBMP-2 
facilitate three-dimensional vertical bone 
augmentation.7 vs 7 BCP/Collagen vs BCP/

Collagen + 10µg rhBMP-2
23.3 ± 6.6 / 49.9 
± 1.8

NA NA NA

Schmitt et al. 
2013

pigs calvaria 11 5 vs 5 Bio-Oss block vs Bio-Oss 
block + 8µg/ml rhBMP-2/
Tissucol®

20X10X10 NA 30 days 3.92 ± 1.14 / 4.88 
± 1.09 

32.34 ± 6.88 / 31.56 
± 4.80

NA NA In the chosen setting and time frame, de 
novo bone formation did not increase 
with the additional use of BMP-2.5 vs 4 60 days 10.02 ± 5.43 / 9.33 

± 3.92
33.38 ± 0.45 / 33.15 
± 6.95

NA NA

Polo et al. 
2013

rabbits calvaria 22 10 vs 12 BBM vs BBM + 1.5mg/ml 
rhBMP-2/ACS

ϕ5X5 titanium 
cylinder

14 weeks NA NA NA 66.3 ± 20.73 / 
91.7 ± 9.09#

RhBMP-2/ACS significantly increases 
bone formation in a rabbit calvarium 
GBR model when combined with any of 
the β-TCP, BCP and BBM.

10 vs 11 BCP vs BCP + 1.5mg/ml 
rhBMP-2/ACS

NA NA NA 78.1 ± 12.05 / 
94.4 ± 5.91#

10 vs 12 β-TCP vs β-TCP + 1.5mg/
ml rhBMP-2/ACS

NA NA NA 70.1 ± 19.94 / 
93.3 ± 5.82#

10 vs 12 CL vs CL + 1.5mg/ml 
rhBMP-2/ACS

NA NA NA 41.7 ± 24.88 / 
57.9 ± 35.40#

Ikeno et al. 
2013

rabbits calvaria 5 5 vs 5 PM vs PM + 25µg/
mlrhBMP-2

ϕ6X7 titanium 
cylinder

8 weeks NA NA 3.47 ± 0.57 / 
4.39 ± 0.39

48.94 ± 11.33 / 
58.06 ± 14.84

PuraMatrix combined with rhBMP-2 
significantly enhanced bone 
regeneration in a bone augmentation 
model in rabbits.

Hsu et al. 
2017

dogs mandibles 3 11(3) vs 
11(3)*

human allografts vs 
human allografts + 1.5mg/
ml rhBMP-2/ACS

NA titanium 
meshes

4 months NA NA 3.49 ± 0.66 / 
5.15 ± 1.40

NA RhBMP-2 combined with allograft allows 
an increase of vertical gain compared 
with non-rhBMP-2 sites.

N: number; C: control group; T: test group; % of newly formed bone: percentage of newly formed 
bone; % of residual materials: percentage of residual grafting material in the regenerated tissue; 
% of regenerated tissue: percentage of regenerated tissue in the original grafting material; NA: not 
applicable; ϕ: diameter; PGS: poly gelatin sponge; PEG: polyethylene glycol; HA/TCP: hydroxyapatite/
tricalciumphosphate; DBBB: deproteinized bovine bone block; CHBB: cortico-cancellous human 
bone block; BCP: block-type biphasic calcium phosphate; BBM: bovine bone mineral; β-TCP: beta- 
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or DBBB alone. In the CHBB groups, 
which showed a better result, there were 
no significant differences between the 
test and control groups.

5 vs 5 CHBB vs CHBB + 5µg 
rhBMP-2

ϕ6X4 29.83 ± 6.97 / 30.85 
± 7.45

91.01 ± 4.56 / 94.05 
± 5.75

4.00 ± 0.34 / 
4.11 ± 0.41

NA

Kim et al. 
2012

rabbits calvaria 14 7 vs 7 BCP vs BCP + 10µg 
rhBMP-2

ϕ8X3 NA 8 weeks 26.9 ± 10.0 / 40.9 
± 3.2

NA NA NA BCP-collagen blocks with rhBMP-2 
facilitate three-dimensional vertical bone 
augmentation.7 vs 7 BCP/Collagen vs BCP/

Collagen + 10µg rhBMP-2
23.3 ± 6.6 / 49.9 
± 1.8

NA NA NA

Schmitt et al. 
2013

pigs calvaria 11 5 vs 5 Bio-Oss block vs Bio-Oss 
block + 8µg/ml rhBMP-2/
Tissucol®

20X10X10 NA 30 days 3.92 ± 1.14 / 4.88 
± 1.09 

32.34 ± 6.88 / 31.56 
± 4.80

NA NA In the chosen setting and time frame, de 
novo bone formation did not increase 
with the additional use of BMP-2.5 vs 4 60 days 10.02 ± 5.43 / 9.33 

± 3.92
33.38 ± 0.45 / 33.15 
± 6.95

NA NA

Polo et al. 
2013

rabbits calvaria 22 10 vs 12 BBM vs BBM + 1.5mg/ml 
rhBMP-2/ACS

ϕ5X5 titanium 
cylinder

14 weeks NA NA NA 66.3 ± 20.73 / 
91.7 ± 9.09#

RhBMP-2/ACS significantly increases 
bone formation in a rabbit calvarium 
GBR model when combined with any of 
the β-TCP, BCP and BBM.

10 vs 11 BCP vs BCP + 1.5mg/ml 
rhBMP-2/ACS

NA NA NA 78.1 ± 12.05 / 
94.4 ± 5.91#

10 vs 12 β-TCP vs β-TCP + 1.5mg/
ml rhBMP-2/ACS

NA NA NA 70.1 ± 19.94 / 
93.3 ± 5.82#

10 vs 12 CL vs CL + 1.5mg/ml 
rhBMP-2/ACS

NA NA NA 41.7 ± 24.88 / 
57.9 ± 35.40#

Ikeno et al. 
2013

rabbits calvaria 5 5 vs 5 PM vs PM + 25µg/
mlrhBMP-2

ϕ6X7 titanium 
cylinder

8 weeks NA NA 3.47 ± 0.57 / 
4.39 ± 0.39

48.94 ± 11.33 / 
58.06 ± 14.84

PuraMatrix combined with rhBMP-2 
significantly enhanced bone 
regeneration in a bone augmentation 
model in rabbits.

Hsu et al. 
2017

dogs mandibles 3 11(3) vs 
11(3)*

human allografts vs 
human allografts + 1.5mg/
ml rhBMP-2/ACS

NA titanium 
meshes

4 months NA NA 3.49 ± 0.66 / 
5.15 ± 1.40

NA RhBMP-2 combined with allograft allows 
an increase of vertical gain compared 
with non-rhBMP-2 sites.

N: number; C: control group; T: test group; % of newly formed bone: percentage of newly formed 
bone; % of residual materials: percentage of residual grafting material in the regenerated tissue; 
% of regenerated tissue: percentage of regenerated tissue in the original grafting material; NA: not 
applicable; ϕ: diameter; PGS: poly gelatin sponge; PEG: polyethylene glycol; HA/TCP: hydroxyapatite/
tricalciumphosphate; DBBB: deproteinized bovine bone block; CHBB: cortico-cancellous human 
bone block; BCP: block-type biphasic calcium phosphate; BBM: bovine bone mineral; β-TCP: beta- 

tricalcium phosphate; CL: blood clot; ACS: absorbable collagen sponge; PM: PuraMatix, a synthetic 
self-assembling peptide. #: Values in the column were calculated by the authors. *: Although 11 
dogs were used in Hsu’s study, only 3 dogs were euthanized for μ-CT analysis. In this systematic 
review, we only collected the data of augmented bone height from those 3 dogs.
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results of meta-analysis
Percentage of newly formed bone
Five studies37,39-42 that reported the percentage of newly formed bone in the 
regenerated tissue were included for the meta-analysis (Figure 2). A sixth study by 
Kawakatsu et al.33 reported the results of newly formed bone in mm2. This could not 
be converted into a percentage and so could not be compared with other studies 
nor used in the meta-analysis. The pooled WMD of the percentage of newly formed 
bone was 9.97% (95% CI: -0.79 to 20.72%; P = 0.070). There was a high degree 
of heterogeneity (P < 0.001 for chi-square test; I2 = 93%) in the selected studies.

Figure 2.  Meta-analysis for percentage of newly formed bone in regenerated tissue among 
selected studies. Pooled WMD of percentage of newly formed bone was 9.97% (95% 
CI: -0.79 to 20.72%). Difference between groups was not statistically significant (P = 
0.070). High degree of heterogeneity (P < 0.001 for chi-square test; I2 = 93%) among 
selected studies was noticed.

Percentage of residual materials
Three studies37,39,42 reported the percentage of residual materials in the regenerated 
tissue from histomorphometric measurements (Figure 3). The pooled WMD of the 
percentage of residual materials was -21.31% (95% CI: -70.62 to 28.00%; P = 
0.400). A high degree of heterogeneity (P < 0.001 for chi-square test; I2 = 98%) 
among selected studies was noticed. 

Figure 3.  Meta-analysis for percentage of residual materials in regenerated tissue among 
selected studies. Pooled WMD of percentage of residual materials was -21.31% 
(95% CI: -70.62 to 28.00%). Difference between groups was not statistically 
significant (P = 0.400). High degree of heterogeneity (P < 0.001 for chi-square test; 
I2 = 98%) among selected studies was noticed.
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Augmented bone height
Four studies2,33,37,38 reported the augmented bone height (Figure 4). The pooled 
WMD of augmented bone height was 1.70 mm (95% CI: -0.23 to 3.63 mm; P = 
0.080; P < 0.001 for chi-square test; I2 = 94%). Of the 4 studies, 2 studies2,38 used 
space-providing titanium barriers. A subgroup analysis for augmented bone height 
among studies conducted with space-providing barriers (Figure 5) was conducted. 
The pooled WMD was 1.00 mm (95% CI: 0.43 to 1.57 mm; P < 0.001) with a low 
heterogeneity (P = 0.43 for chi-square test; I2 = 0%). This result shows that when 
surgery was done using a titanium barrier, the augmented bone height in the group 
with rhBMP-2 increased compared with the group without rhBMP-2. 

Figure 4.  Meta-analysis for comparison of augmented bone height among selected studies. 
Pooled WMD of augmented bone height was 1.70 mm (95% CI: -0.23 to 3.63 mm). 
Difference between groups was not statistically significant (P = 0.080). High degree 
of heterogeneity (P < 0.001 for chi-square test; I2 = 94%) among selected studies 
was noticed.

Figure 5.  Meta-analysis for augmented bone height among studies conducted with space-
providing barriers. Pooled weighted mean in group with rhBMP-2 was 1.00 mm 
(95% CI: 0.43 to 1.57 mm) higher than that in the control group. The difference was 
statistically significant (P < 0.001). Low heterogeneity (P = 0.430 for chi-square test; 
I2 = 0%) among selected studies was noticed.

Percentage of regenerated tissue
Only 2 studies3,38 reported the percentage of regenerated tissue in the original 
grafting material (Figure 6). The pooled WMD of the percentage of regenerated 
tissue was 17.07% (95% CI: 8.52 to 25.62%; P < 0.001). This result means that 
a higher percentage of regenerated tissue was found when rhBMP-2 was used. 
There was a low degree of heterogeneity (P = 0.260 for chi-square test; I2 = 20%) 
between these 2 studies.
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2Figure 6.  Meta-analysis for percentage of regenerated tissue in original grafting material. 
Pooled weighted mean of percentage of regenerated tissue in group with rhBMP-2 
was 17.07% (95% CI: 8.52 to 25.62%) higher than that in control group. Difference 
between groups was statistically significant (P < 0.001). Low degree of heterogeneity 
(P = 0.260 for chi-square test; I2 = 20%) between selected studies was noticed.

DiSCUSSiON

The purpose of this systematic review and meta-analysis was to investigate if using 
rhBMP-2 with the bone substitutes gave better vertical bone augmentation than 
those without rhBMP-2. Only randomized controlled trials were included in this 
study because the randomized controlled trial shows higher level of evidence than 
other study designs such as cohort and case-control studies. 

Seven of the 9 articles reported a positive result which favored the use of 
rhBMP-2. Two articles37,42 reported that the vertical bone augmentation was not 
enhanced by the application of rhBMP-2 in their experiments. The results of the 
meta-analysis demonstrated that the tissue regeneration was significantly improved 
with rhBMP-2. When a space providing titanium barrier was used, the augmented 
bone height was also increased by using rhBMP-2. These positive results can 
be attributed to the osteoinductive efficacy of rhBMP-2. However, no statistically 
significant difference was found in the percentage of newly formed bone and 
residual materials between the groups with and without rhBMP-2. This contradicts 
the clear facts that BMP-2 promotes osteogenic differentiation in vitro13,18 and 
induces new bone formation at ectopic sites in vivo17,18. 

This finding may be because, when analyzing the percentage of newly formed 
bone and the percentage of residual materials, a high heterogeneity was noticed 
among the selected studies. This is because of the different grafting materials, 
surgical procedures, doses and concentrations of rhBMP-2, animal models, and 
healing periods used in these studies. These differences may have affected the 
final outcomes and lead to high heterogeneity among the studies. 

In addition, BMP-2 can not only induce osteogenic programming by 
upregulating the expression of series of transcription factors, such as runt-related 
transcription factor 2 (RUNX2) in osteoblasts11,12, but also enhance bone resorption 
by activating osteoclasts by upregulating cyclooxygenase-2 (COX-2) and the 
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receptor activator of nuclear kappa-B ligand (RANKL) 23,24. As Schorn et al.43 reported 
in a study of vertical bone regeneration with the simultaneous insertion of implants, 
the negative feedback mechanisms of the rhBMP-2 signaling cascade can put a 
brake on new bone formation. In a vertical bone augmentation model in rats, Kinard 
et al.44 reported increased osteoclastic bone resorption in groups releasing BMP-2 
and that the level of bone augmentation was not significantly different between the 
groups with and without BMP-2 after healing for 4 weeks. Although this article was 
excluded from this review because of insufficient data reported, it explained the 
results in the present review. Therefore, when applied in vitro or for ectopic sites, 
BMP-2 showed a clear osteoinductive efficacy in the absence of osteoclasts. When 
applied at orthotopic bone sites, the results are ambiguous23.

The side effects of osteoclastic bone resorption can be reduced and the efficacy 
of rhBMP-2 can be enhanced by using a proper carrier for a slow and sustained 
delivery of rhBMP-227,28. In a study reporting negative results, Kim et al.37 attributed 
the absence of significant differences between the cortico-cancellous human bone 
block (CHBB)/rhBMP-2 group and CHBB group to the small effect of CHBB on the 
maintenance and release of rhBMP-2. They suggested that the addition of a carrier 
which maintained and gave a controlled released of rhBMP-2 could improve the 
vertical bone augmentation. Similarly, in a study for investigating the effect of rhBMP-2 
around endosseous implants reported by Jones et al.45, no significant difference in 
sites with or without rhBMP-2 regarding new bone area or percentage of defect fill 
was found after 12 weeks. The authors suggested that sustained stimulation of bone 
growth might require additional delivery or the prolonged release of the rhBMP-2. 

Another reason affecting the results was also reported. Kawakatsu et al.33, 
Kim et al.37, and Schmitt et al.42 reported that, since the vertical bone augmentation 
is the reestablishment of a 1-wall defect rather than of a space-providing defect, 
bone grafting materials were not able to provide or maintain a space adequately. 
This could result in a limited bone formation because of soft tissue compression. 
Studies31,32 have reported that stable maintenance of the augmented space is 
essential for successful bone regeneration. Interestingly, for all the statistically 
significant results achieved in this review (the augmented bone height for studies 
with barriers and the percentage of regenerated tissue), most of the studies 
involved2,3,38 used space-providing titanium barriers. 

The current review presents several limitations. 
First, the number of the included studies is only 9. 
Second, the meta-analysis showed a high degree of heterogeneity among 

the studies when analyzing the percentage of newly formed bone, the percentage of 
residual materials, and the augmented bone height. This can be attributed to the large 
variation in the procedures used in the studies. There were differences in the grafting 
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materials, surgical procedures, doses and concentrations of rhBMP-2, animal models, 
and healing periods. In addition, 6 of the 9 studies had more than one treatment 
arm. Three studies used several types of grafting materials3,37,40; 1 study used 2 
concentrations of rhBMP-241; 2 studies allowed different times for healing39,42. The 
combination of the data from these studies can also contribute to the moderate or high 
degree of heterogeneity. A subgroup analysis is an option when the heterogeneity is 
moderate or high31. However, because of the small number of studies, only 1 subgroup 
analysis was made and that was the augmented bone height for studies with titanium 
barriers. The results of the remaining meta-analysis with high heterogeneity should be 
interpreted with caution. Further standardized studies are needed.

Third, no adverse effects of using rhBMP-2 for vertical bone augmentation 
were reported in the included studies. This may be due to the small sample sizes 
and the limited time for healing in these studies. In addition, the aims of these studies 
were to investigate the effect of using rhBMP-2 for vertical bone augmentation. 
Any side effects may have been overlooked. Further studies assessing the risk of 
adverse events after application of rhBMP-2 for vertical bone augmentation are 
therefore needed. 

This study suggested a possible method for vertical bone augmentation, but 
the results are not strong enough to support the current use of rhBMP-2 in routine 
clinical practice. The presence of space-providing barrier and proper carrier for 
rhBMP-2 may be important to optimize the osteoinductive efficacy of rhBMP-2. This 
study also motivates clinicians and researchers to explore further the application of 
rhBMP-2 for vertical bone augmentation in human. 

CONCLUSiONS

Based on the findings of this systematic review and meta-analysis, the following 
conclusions were drawn:
(1) Until now, the application of rhBMP-2 in bone substitutes has not enhanced 

bone formation and residual graft resorption in vertical bone augmentation 
procedures.

(2) Tissue regeneration was significantly improved by the additional use of BMP-2. 
(3) With the application of space-providing barriers, the augmented bone height 

was also significantly enhanced by the used of BMP-2. 
(4) These results are not strong enough to support the use of rhBMP-2 in routine 

clinical practice because of the limitations of the study. 
(5) Further higher quality clinical studies are needed to come to a definite 

conclusion.
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ABSTrACT

Objective: To functionalize the deproteinized bovine bone (DBB) block with a 
biomimetic coating incorporating bone morphogenetic protein 2 (BMP-2), and to 
evaluate the release kinetics of the incorporated BMP-2 in vitro.

Material and methods: We prepared DBB blocks with the size of 7 mm x 10 mm 
x 4 mm. Each block was immersed and suspended in 300 ml 5-fold-concentrated 
modified Tyrode solution for 24 hours to form a seeding substratum. BMP-2 at 
a concentration of 10 µg/ml was added into 120 ml supersaturated calcium 
phosphate solution and co-precipitated within the growing layer for 48 hours. The 
loading amount of incorporated BMP-2 was determined using an enzyme-linked 
immunosorbent assay. The surface characterization of the coating was evaluated 
using a scanning electron microscopy. The distribution of coating-incorporated 
protein was mapped with a confocal laser-scanning microscope. BMP-2 release 
profiles from the functionalized blocks under different circumstances were 
monitored.

results: The total loading of BMP-2 in a BMP-2-incorporated block was 50.35 ± 
6.41 μg. A crystalline coating layer was deposited on the superficial and internal 
surfaces of the block. The BMP-2 was distributed homogeneously in the whole 
block. The coating-incorporated depot of BMP-2 mildly released in Tris-HCl 
buffer (pH of 7.4). However, when the functionalized blocks were immersed in 
Sodium Citrate buffer (pH of 5), the release of BMP-2 was much faster. When the 
functionalized blocks were co-cultured with osteoclasts, the coating-incorporated 
BMP-2 depot showed a sustained release.

Conclusions: BMP-2 were successfully incorporated onto and into the DBB 
blocks. Sustained delivery of BMP-2 from the DBB blocks was achieved with the 
mediation of osteoclasts.

Key words: bone morphogenetic protein 2; biomimetic coating; drug delivery 
system 
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iNTrODUCTiON

Severely atrophic edentulous jaws are usually associated with vertical bone 
defects. To rehabilitate the atrophic edentulous jaws functionally and esthetically 
by implant-fixed dentures, primary surgical augmentation of hard tissue is often 
required. However, vertical bone augmentation for the severe horizontally absorbed 
alveolar ridges remains a formidable challenge in the field of implant dentistry. 

Although autologous bone block grafting is regarded as the gold standard of 
care, autografts are associated with limited availability, and with pain and morbidity at 
the donor site. The need for an appropriate bone substitute to repair the vertical defects 
is therefore increasing. Deproteinized bovine bone (DBB) block is a natural bone 
mineral of bovine origin, which is widely used in clinical work for bone augmentation. 
As the inorganic bone matrix of DBB block has a macro- and microporous structure 
similar to that of human spongious bone, it possesses good biocompatibility and 
osteoconductivity. However, due to the lack of osteoinductivity, DBB block alone cannot 
induce new bone formation in areas in which no host bone is present. Although bone 
morphogenetic protein 2 (BMP-2) has proved to be an effective osteoinductive protein, 
it has shown clinical side effects, such as excessive stimulation of bone resorption and 
the induction of bone formation at unintended sites. These are due mainly to the high 
concentrations (in the milligram range) of BMP-2 caused by the burst release of BMP-21.

To be optimally osteoinductive, BMP-2 should be delivered to target sites 
slowly and at a lower concentration (in the microgram range). For this reason, 
we previously developed a biomimetic calcium phosphate coating as a carrier for 
BMP-22,3. The present study aimed to functionalize the DBB block with biomimetic 
coating incorporating BMP-2 and to evaluate the release kinetics of the incorporated 
BMP-2 in vitro.

MATEriAL AND METhODS

Biomimetic coating preparation
DBB blocks (Bio-Oss® Block, Geistlich Pharma AG, Wolhusen, Switzerland) were 
prepared with the size of 7 mm x 10 mm x 4 mm. Each block was immersed and 
suspended in 300 ml 5-fold-concentrated modified Tyrode solution [684 mM NaCl, 12.5 
mM CaCl2·2H2O, 21 mM NaHCO3, 5 mM Na2HPO4·2H2O and 7.5 mM MgCl2·2H2O 
(Sigma, St. Louis, USA)] under high nucleation conditions, for 24 hours at 37 °C. At 
this stage, a thin, dense layer of amorphous CaP was formed to serve as a seeding 
substratum. Subsequently, the block was immersed into 120 ml of a supersaturated 
calcium phosphate solution (CPS) [40 mM HCl, 2 mM Na2HPO4·2H2O, 4 mM 



Chapter 3

48

CaCl2·2H2O (Sigma, St. Louis, USA)], which was buffered to pH 7.4 with 50 mM TRIS 
and 1 M HCl. BMP-2 (INFUSE® Bone Graft, Medtronic, USA) was added into the 
CPS at a concentration of 10 μg/ml and co-precipitated within the growing layer for 
48 hours at 37 °C2,3. This deposits a thick layer of crystalline CaP incorporating BMP-
2 on the amorphous CaP seeding substratum. The samples were then dried in air 
at room temperature. The entire procedure was conducted under sterile conditions.

in vitro evaluation methods
The amount of incorporated BMP-2 was determined using a commercially available 
enzyme-linked immunosorbent assay (ELISA) kit (PeproTech®, London, UK). Each 
BMP-2-incorporated-block (n = 3) (0.38 ± 0.03 g) was dissolved in 6 ml 0.5M EDTA 
(pH 8.0). ELISA was performed following the manufacturer’s protocol.

The surface morphology of DBB blocks with or without coating was 
observed using a scanning electron microscope (SEM, XL20, FEI Company, The 
Netherlands), after being sputter-coated with gold. 

To investigate the distribution of the incorporated protein within DBB 
block, BMP-2 was substituted by fluorescein-isothiocyanate labelled bovine 
serum albumin4 (FITC-BSA, Sigma, St. Louis, MO, USA). The coated samples 
were embedded in methylmethacrylate, sectioned, and ground. The section was 
examined with a con-focal laser scanning microscope (LEICA DM IRBE Confocal 
SPII). 490 nm was used as excitation wavelength.

The coating-incorporated BMP-2 release kinetics from functionalized DBB 
blocks (n = 3 per group) in Tris-HCl buffer (pH 7.4) were investigated. Each sample 
was placed in a plastic tube containing 3 ml Tris-HCl buffer. The tubes were 
incubated for up to 35 days in a shaking water bath (60 agitations/min) at 37 °C. 
The Tris-HCl buffer was refreshed at each time point (hour 3, 6, 9; day 1, 2, 4, 7, 
10, 13, 17, 22, 28, 35) and used for ELISA assay (n = 3 per time point). At the end 
of the release experiment, the residual BMP-2 in DBB block was determined by 
dissolving the samples in 3 ml 0.5M ethylene diaminetetraacetic acid (EDTA, pH 
8.0) for ELISA assay. The percentage of BMP-2 released from the DBB block was 
calculated according to the formula:

The percentage of released BMP-2 = (the accumulative amount of the 
released BMP-2 / total loaded BMP-2) × 100%.

The coating-incorporated BMP-2 release kinetics in Sodium Citrate buffer 
(pH = 5) were also monitored in the same way.

In vitro osteoclast-mediated release from BMP-2-corporated-block was 
monitored over a period of 16 days. Bone marrow cells (BMC), which were harvested 
from femurs of 6-week-old male C57BL/6J mice, were used for osteoclastogenesis. 
The mice were provided by the Vrije Universiteit Amsterdam Animal Facility, and 
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the research protocol was approved by the Animal Welfare Committee of the Vrije  
Universiteit Amsterdam. The functionalized blocks (n = 3) were cultured in 48-well 
plates (Cellstar, GreinerBio-One, Monroe, NC, USA) in 6.5 × 106 cells in 1 ml culture 
medium per well. The culture medium was ɑ-minimal essential medium (ɑ-MEM, 
Gibco, Thermo Fisher Scientific, Paisley, Scotland) containing 5% fetal clone I serum 
(FCI, HyClone, GE Healthcare Life Sciences, Logan, UT, USA) and 1% penicillin-
streptomycin-fungizone (PSF, Sigma Aldrich, St. Louis, MO, USA) with 30 ng/ml 
macrophage colony-stimulating factor (M-CSF, R&D Systems, Minneapolis, MN, 
USA) and 20 ng/ml receptor activator of nuclear kappa-B ligand (RANKL, RANKL-
TEC, R&D system, Minneapolis, MN, USA). The culture medium was refreshed and 
collected for ELISA assay at each time point (day 1, 2, 4, 7, 10, 13, 16).

rESULTS 

BMP-2 was successfully co-precipitated with the crystalline layer of biomimetic 
coating. ELISA assay demonstrated that the total loading of BMP-2 was 50.35 ± 
6.41 μg in a functionalized DBB block (0.38 ± 0.03 g).

Figure 1.  Scanning electron microscopy micrographs showing the surface of DBB block 
without coating (A, C) and DBB block with biomimetic coating (B, D). (C) and (D) 
show a higher magnification. White arrow shows the layer of amorphous calcium 
phosphate; black arrow shows the layer of crystalline calcium phosphate.
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SEM micrographs demonstrated the surface morphology of the DBB block 
without coating (Figure 1A, C) and the DBB block with biomimetic coating (Figure 
1B, D). The DBB block without coating showed a clean and porous surface. As 
shown in Figure 1D, the surface of the DBB block with biomimetic coating was 
covered by a layer of amorphous CaP (white arrow), and a thicker layer of crystalline 
CaP was deposited on it (black arrow).

The fluorescence micrograph of confocal laser-scanning depicted the 
distribution of co-precipitated protein (Figure 2). FITC-BSA (white arrow), which 
was co-precipitated with the crystalline CaP of biomimetic coating, was deposited 
along the porous surface of the DBB block and distributed homogeneously in the 
whole block.

Figure 2.  Confocal laser-scanning micrograph of cross-section of BMP-2-incorporated DBB 
block. White arrows show FITC-BSA has been incorporated in the coating and 
deposited along the porous surface of DBB block.

The in vitro release kinetics of coating-incorporated BMP-2 varied with 
different conditions (Figure 3). In Tris-HCl buffer at pH 7.4, the depot of coating-
incorporated BMP-2 mildly released (3.84 ± 1.1% during 35 days). In Sodium 
Citrate buffer at pH 5, the depot of coating-incorporated BMP-2 showed a much 
faster rate of release. The functionalized DBB blocks were dissolved gradually in 
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the Sodium Citrate buffer and were completely dissolved at day 13. The depot 
of coating-incorporated BMP-2 was therefore 100% released. Co-cultured with 
osteoclast, the functionalized DBB blocks showed a slow and sustained osteoclast-
mediated BMP-2 release (66.37 ± 5.95% during 16 days). 

Figure 3.  In vitro release kinetics of coating-incorporated BMP-2 under different conditions: in 
Tris-HCl buffer (pH = 7.4), in Sodium Citrate buffer (pH = 5), under cell-meditation 
(pH = 7.8).

DiSCUSSiON

In this study, DBB blocks were functionalized with biomimetic coating incorporating 
BMP-2. We observed that a layer of crystalline CaP was deposited on the surface of 
the functionalized DBB block by SEM. Since the DBB block is spongious, both the 
5-fold-concentrated modified Tyrode solution and CPS could infiltrate into the block 
and the biomimetic coating was deposited not only onto but also into the block. 
Furthermore, the fluorescence micrograph of confocal laser-scanning showed that 
coating-incorporated protein was deposited along the porous surface of the DBB 
block and therefore distributed homogeneously in the whole block. 

The biomimetic calcium phosphate coating that we currently used as a 
carrier for BMP-2, is a fully developed coating system in our previous study. It has 
been proved that the depot of coating-incorporated proteins showed a sustained 
and slow delivery5. In this study, biomimetic coating stays stable at pH 7.4, the 
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coating-incorporated BMP-2 therefore barely released under this circumstance. 
However, during the process of bone remodeling, osteoclasts attach to the 
mineralized bone surface and initiate resorption by the secretion of hydrogen ions 
and lysosomal enzymes, and the local pH value was decreased. We therefore 
monitored the released kinetics of the coating-incorporated BMP-2 in acidic 
solution and the release kinetics with the mediation of osteoclasts. The sustained 
release rate of coating-incorporated BMP-2 and under cell-mediation suggested 
that the coating-incorporated BMP-2 may function well during the process of bone 
remodeling. Containing the sustained released BMP-2 inside of the blocks, this 
novel functionalized DBB blocks may become osteoinductive in a consistent and 
efficient manner.

CONCLUSiONS

BMP-2 was successfully incorporated in the coating and deposited homogeneously 
along the surfaces of DBB block. A consistently slow delivery of a low concentration 
of BMP-2 from DBB block was achieved when mediated by osteoclasts, which 
may enable the BMP-2-incorporated-block function well when using as a bone 
substitute during the process of bone remodeling.
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ABSTrACT

Objective: We hypothesized that a biomimetic calcium phosphate (CaP) coating 
which incorporates bone morphogenetic protein 2 (BMP-2) on the deproteinized 
bovine bone (DBB) blocks could be used to enhance the vertical alveolar ridge 
augmentation for the one-stage onlay surgery with simultaneous implants insertion. 
We aimed to test this hypothesis in vivo.

Material and methods: Beagles dogs were used for the study (n = 6 dogs per 
group). One month after building the edentulous animal model, 4 mm vertical 
alveolar bone loss were surgically created and four groups of blocks (7 mm x 10 mm 
x 4 mm) were randomly fixed onto the reduced alveolar ridge by implants: (1) DBB 
blocks alone (negative control group); (2) DBB blocks with superficial adsorption of 
50 μg BMP-2 (ad.BMP-2 group); (3) DBB blocks coated by biomimetic CaP coating 
which incorporates 50 μg BMP-2 (inc.BMP-2 group); (4) autologous bone blocks 
(positive control group). After 3 months of healing, samples were harvested for 
micro-CT and histomorphometric analyses. 

results: The inc.BMP-2 group showed a significantly thicker and wider augmented 
bone area, better bone-to-implant contact and more mineralized tissue than the 
negative control group. The inc.BMP-2 group also showed significantly more newly 
formed bone and residual grafts than the negative control group in the upper half 
of the blocks. No significant differences were found between the inc.BMP-2 group 
and the positive control group. 

Conclusions: The additional use of the coating-delivered BMP-2 in the DBB 
blocks significantly enhanced the efficacy of vertical alveolar bone augmentation in 
the one-stage onlay surgery with simultaneous implant insertion.

Key words: bone substitutes; animal experiments; material sciences; growth factor
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iNTrODUCTiON

Alveolar ridges can be absorbed severely as a result of trauma, tooth loss or 
periodontal disease. This can lead to an insufficient bone height for osseointegrated 
implants to insert or a large interarch space which is unfavourable for final 
prosthetic reconstruction1. Surgery for vertical alveolar ridge augmentation is 
needed to treat the severely absorbed alveolar ridges. Onlay autografting is one 
of the most reliable techniques2. The autologous bone blocks can be positioned 
at the same time of implant placement (one-stage surgery)3-6 as well as before 
implant placement (two-stage surgery)5,7. With the advanced treatment of implant 
surface and improved osseointegration of titanium implants, studies have reported 
no significant differences in bone-to-implant contact between one-stage and two-
stage surgeries implants in the onlay bone grafts8,9. The one-stage surgery shows 
the advantages of simplicity, less morbidity, and decreased time for treatment3,4. 
Although an autologous bone graft is regarded as the gold standard, it is associated 
with limited availability, pain and morbidity at the donor site10,11, and unpredictable 
resorption12. 

These limitations have led to the pursuit of appropriate bone substitutes. 
Deproteinized bovine bone (DBB), a bovine xenograft that is available in unlimited 
quantities, is one of the most widely used bone substitutes in clinical dentistry. 
Its physicochemical structure is similar to that of natural bone13 and it shows 
osteoconductive properties when it is in close contact with host bone14. Acting as a 
scaffold with slow rate of degradation, DBB granules are recommended to be mixed 
with autologous bone chips to save the use of autografts and to reduce the rate 
of resorption15. In the case of bone blocks, however, a mixture is impossible. DBB 
alone cannot induce new bone formation because it does not have osteoinductive 
ability16 as the autologous bone does. To solve this problem, an osteoinductive 
protein can be used. 

Bone morphogenetic protein 2 (BMP-2) is an osteogenetic growth factor, 
whose osteoinductive capacity has already been confirmed by studies in animals 
and humans17-19. Attempts have been made to adsorb BMP-2 onto DBB blocks 
for vertical alveolar ridge augmentation. Schmitt et al.20 investigated the effect of 
DBB blocks combined with BMP-2 on vertical bone augmentation and reported 
that the new bone formation did not increase with the additional use of BMP-2. 
Similarly, in another study conducted by Kim et al.21, no enhancement of vertical 
bone augmentation by the application of BMP-2 was reported. These negative 
results can be attributed to the burst release of BMP-2 resulting from the adsorption 
mode of delivery21. When delivered by an adsorption mode, BMP-2 was released 
in a single high-dose burst, which was too rapid to induce a sustained osteogenic 
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response22,23. Increasing the dose of BMP-2 (in the milligram range) to produce the 
desired results24,25 is not an ideal solution because the high dose of BMP-2 can 
trigger a number of undesirable side effects, including post-operative inflammation, 
ectopic bone formation, and osteoclast mediated bone resorption26,27. A proper 
carrier, which can maintain and give a slow delivery of BMP-2, is required for 
effective bone formation22,28.

We have previously developed a technique by which the implant materials 
can be biomimetically coated with an osteoconductive layer of calcium phosphate 
(CaP)29,30. BMP-2 can be incorporated into the crystalline latticework of this 
biomimetic CaP coating during its deposition30,31 and can retain its biological 
activity32. Acting as a three-dimensional reservoir for BMP-2, the biomimetic CaP 
coating can release low doses of incorporated BMP-2 slowly and steadily during 
its degradation31. These sustained low doses of BMP-2 are therefore effective in 
inducing new bone formation30.

In the present study, we hypothesized that the additional use of a coating-
delivered BMP-2 in DBB blocks could enhance the vertical alveolar augmentation 
for the one-stage onlay surgery with simultaneous implants insertion. We aimed to 
test this hypothesis in the mandibles of beagle dogs.

MATEriAL AND METhODS

Grouping 
Four groups were established for the surgery of vertical alveolar ridge augmentation 
with the simultaneous insertion of dental implants (WEGO implants ϕ3.8 × 9 mm, 
WEGO Company, Weihai, China) (n = 6 animals per group).

Group 1  (negative control group): commercially available DBB blocks (Bio-
Oss® Blocks, Geistlich Pharma AG, Wolhusen, Switzerland) without 
any modifications.

Group 2  (ad.BMP-2 group): commercially available DBB blocks with 
superficial adsorption of BMP-2 (INFUSE® Bone Graft, Medtronic, 
USA).

Group 3  (inc.BMP-2 group): commercially available DBB blocks coated by 
biomimetic CaP coating which incorporates BMP-2 inside.

Group 4  (positive control group): autologous bone blocks.

Sample preparation
The DBB blocks were prepared with the size of 7 mm x 10 mm x 4 mm and 
biomimetically coated according to a previously-established protocol29,30,32. First, 
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each block was immersed and suspended in 300ml 5-fold-concentrated modified 
Tyrode solution [684 mM NaCl, 12.5 mM CaCl2·2H2O, 21 mM NaHCO3, 5 mM 
Na2HPO4·2H2O and 7.5 mM MgCl2·2H2O (Sigma, St. Louis, USA)] for 24 hours at 
37 °C. Next, the block was immersed into 120 ml of a supersaturated CaP solution 
(CPS) [40 mM HCl, 2 mM Na2HPO4·2H2O, 4 mM CaCl2.2H2O, 50 mM TRIS (pH 
7.4)(Sigma, St. Louis, USA)] for 48 hours at 37 °C. A thin and dense layer of 
amorphous CaP was formed as a seeding substratum at the first step and a thick 
layer of crystalline CaP was deposited on the amorphous CaP seeding substratum 
at the second step. The samples were then dried in air at ambient temperature. The 
entire procedure was conducted under sterile conditions.

For the inc.BMP-2 group, BMP-2 was added into the CPS at a concentration 
of 10 μg/ml and was therefore co-precipitated within the growing crystalline layer 
for 48 hours at 37 °C29,30. The samples were then dried in the air at an ambient 
temperature and the entire procedure was conducted under sterile conditions. The 
amount of incorporated BMP-2 was determined using a commercially available 
enzyme-linked immunosorbent assay (ELISA) kit (PeproTech®, London, UK) in our 
previous study33 and the result demonstrated that the total loading of BMP-2 was 
50.35 ± 6.41 μg in a functionalized DBB block. For the ad.BMP-2 group, 50 μg 
BMP-2 was directly adsorbed onto each DBB block. This was achieved by applying 
a total of 100 μl BMP-2 stock solution (500 μg/ml) on all the surfaces of each DBB 
block34, allowing for complete evaporation under sterile and ambient conditions.

in vivo experiment
Surgical procedure
The research protocol was submitted to and approved by the Ethical Committee 
for Animal Experiments in Zhejiang Chinese Medical University, China (Ethical 
Permission No. ZSLL-2016-27). The animal experiment was conducted in 
accordance with the European Communities Council Directive of 24 November 
1986 (86/609/EEC). National and institutional guidelines for the care and use of 
animals were also followed. Six one-year-old beagle dogs (each approximately 15 
kg in weight) were used in this experiment. The dogs were provided by the Animal 
Experiment Centre of Zhejiang Chinese Medical University and were housed 
individually in kennels with free access to water and feed of moistened balanced 
dog’s chow.
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Figure 1.  The surgical procedures of the animal experiment. (A) Surgical schematic diagram. 
(B) A supra-alveolar bone loss with a height of 4 mm from the alveolar crest was 
surgically created. (C,D) The grafting blocks were then randomly fixed onto the 
reduced alveolar ridge by implants. Implants were placed through the hole of the 
blocks, leaving 5 mm within the surgically reduced alveolar ridge and 4 mm within the 
blocks. (E) Absorbable membranes was used to cover and to immobilize the blocks. 
(F) The flaps were sutured.

All the surgery was performed under general and local anesthesia in sterile 
conditions. The general anesthesia was induced by intravenous pentobarbital 
sodium (25 mg/kg) accompanied with penicillin (5 × 104 U/kg) and atropine (0.03 
mg/kg). Local anesthesia was performed with 1% lidocaine containing adrenaline 
at a concentration of 1:100000. Skin disinfection (0.5% iodophor solution) were 
done at the surgery site35.

Bilateral mandibular premolars were extracted. One month after the tooth 
extraction, bilateral, supra-alveolar bone loss was created throughout the edentulous 
area8,36. The surgical schematic was shown in Figure 1A. Briefly, buccal and lingual 
mucoperiosteal flaps were raised and the alveolar crest was trimmed to achieve 
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approximately the same height and width. Alveolar bone was cut with a water-
cooled rotating bur and a supra-alveolar bone loss with a height of 4 mm from the 
alveolar crest was created surgically, resulting in a flat bone crest of around 9 mm 
in width (Figure 1B). The removed autologous bone splint was stored temporarily 
in saline and shaped into the size of 7 mm x 10 mm x 4 mm, which would be used 
as the autologous bone block for the positive control group36. A 3.8 mm hole was 
predrilled in the center of every block. After the preparation of osteotomy on the 
mandibles, the grafting blocks were then randomly fixed onto the reduced alveolar 
ridges by WEGO implants (WEGO Company, Weihai, China) (Figure 1C, D). Every 
implant was 9 mm long and 3.8 mm in diameter with a sandblasted, large-grit, acid-
etched (SLA)surface. Implants were placed through the hole of the blocks, leaving 
5 mm within the surgically reduced alveolar ridges and 4 mm within the blocks 
(Figure 1A). All the implants were installed with good primary stability, insert torque 
> 25 N•cm. After placing the cover screws, absorbable membranes (Bio-Gide®, 
Geistlich Pharma AG, Wolhusen, Switzerland) were used to separate the blocks 
from each another and to cover and to immobilize the blocks (Figure 1E). The flaps 
were sutured (Figure 1F). After surgery, the dogs received anti-inflammatory and 
analgesic drugs for 5 days and antibiotics for 15 days. 

After 3 months of healing, the animals were sacrificed by an overdose of 
anesthesia (thiopental). The implants were retrieved together with the surrounding 
tissues from the mandibles and immersed in 10% formalin for fixing. Then they were 
dehydrated in ascending degrees of ethanol and embedded in methylmethacrylate 
(MMA, Technovit 7200, Heraeus Kulzer, Wehrheim, Germany)30.

Micro-computed tomography analysis 
For the three-dimensional analysis, each MMA block including one implant was 
scanned using a high-resolution micro-computed tomography (micro-CT, Skyscan 
1272, Bruker Micro-CT NV, Kontich, Belgium). The X-ray source was operated at 
a voltage of 100 kV and current of 100 μA with an exposure time of 5171 ms. A 
copper filter (Cu 0.11 mm) was used. Data were recorded with the pixel size of 
3.99 μm. The acquired images were 4032 X 2688 pixels. All samples underwent 
a 360o rotation, with a rotation step of 0.1o and a frame averaging of two. The 
NRecon software (Bruker Micro-CT NV, Kontich, Belgium) was used to reconstruct 
the cross-sectional images (axial) from the X-ray projections. The reconstructed 
images were 2016 X 2016 pixels with the pixel size of 7.99 μm. The implant was 
perpendicularly aligned using the Data Viewer software (Bruker Micro-CT NV, 
Kontich, Belgium). The CT Analyser software (Bruker Micro-CT NV, Kontich, 
Belgium) was used to define a region of interest on the two-dimensional images to 
obtain a volume of interest (VOI) dataset. The selected VOI was a cylinder with 6.8 
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mm in diameter and 4 mm in apico-coronal height, which contains the upper 4 mm 
of the implant in the center, subtracting the volume of the upper 4 mm of the implant. 
This VOI therefore represented the augmented region of 1.5 mm surrounding the 
implants in all directions (Figure 2A). Since the quantity of newly formed bone 
could vary along the height of the grafting blocks37, the VOI was also divided into 
two halves, the lower 2 mm volume (VOI-L), which was close to the host bone, and 
the upper 2 mm volume (VOI-U), which was far away from the host bone (Figure 
2A). Two more groups of measurements in VOI-L and VOI-U were therefore taken. 
Three-dimensional reconstruction was performed using CT Analyser and viewed 
by Paraview (Kitware, Inc., New York, USA) (Figure 2).

Figure 2.  Three-dimensional reconstruction of micro-CT images showing the augmented 
area after 3 month of healing. Implants are shown in grey, DBB is shown in white, 
bone tissue is shown in red. (A) DBB block without BMP-2 (negative control). The 
augmented region (upper 4 mm of the implant) of 1.5 mm surrounding the implant in 
all directions was selected as the volume of interest (VOI). The VOI was divided into 
VOI-L (the lower 2 mm volume) and VOI-U (the upper 2 mm volume). (B) DBB block 
with superficial adsorption of BMP-2. (C) DBB block with coating-delivered BMP-2. 
(D) Autologous bone block (positive control).

All the images were binarized using the same grayscale thresholds 
(newly formed bone: 76-138; DBB materials: 138-230; titanium dental implants: 
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230-255). The binary images of the volume of interest dataset were used for the 
three-dimensional morphometric analysis with the CT Analyser software. Bone-
to-implant contact percentage (%BIC), bone-to-graft contact percentage (%BGC), 
percentage of newly formed bone (%NB), percentage of mineralized tissue (%MT) 
were measured.

For the measurement of %BIC, all the pixels of the implant surface within the 
VOI was selected as a reference of interest (ROI). The number of bone pixels in 
this ROI divided by the total number of pixels in the ROI was used to derive %BIC. 
The measurement of %BGC used the same method. 

For the measurement of %NB, the number of bone pixels in the VOI divided 
by the total number of pixels in the VOI was used to derive the bone volume 
percentage. Since micro-CT could not distinguish the newly formed bone from the 
autologous bone blocks in the positive control group, the data from the positive 
control group were excluded when comparing %NB and %BGC. The measurement 
of %MT was therefore conducted to evaluate the percentage of all the mineralized 
tissue in the VOI. For the negative control group, inc.BMP-2 group, and ad.BMP-2 
group, the mineralized tissue included both the DBB block and newly formed bone. 
For the positive control group, the mineralized tissue included both the autologous 
bone block and newly formed bone. 

Histological preparation and analysis
Each MMA block including one implant was first cut into two halves in a bucco-
lingual plane using a diamond saw fitted in a Leica SP1600 slicing machine (Leica 
Microsystems, Wetzlar, Germany). The half adjacent to the teeth was also cut in a 
bucco-lingual plane and the other half was cut in a mesio-distal plane. According 
to a systematic sampling protocol38, each half was sawn into 3 to 5 slices (200 μm 
in thickness) with a cutting distance of 250 μm. Slices representing the implant at 
full length were chosen and were mounted on plexiglass holders and polished. 
The histological slices were stained with McNeil’s Tetrachrome, basic Fuchsine 
and Toluidine Blue30 and examined under a stereomicroscope (Zeiss Stemi SV6, 
Carl Zeiss, Jena, Germany) with a cold light source (KL 2500 LCD, Carl Zeiss). 
Pictures were taken with a camera (Axio Cam, Carl Zeiss) at a magnification of 
14×. Detailed pictures with higher magnification (100×) were taken under a Leica 
DMRA microscope (Leica Microsystems, Wetzlar, Germany).

For histomorphometric analysis, the following landmarks were identified 
(Figure 3): the shoulder of the implant (IS); the most coronal bone-to-implant 
contact location (B); the most coronal point of peri-impalnt bone tissue(C). 
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Figure 3.  Diagram depicting the landmarks for histological evaluation: the shoulder of implant 
(IS); the most coronal bone-to-implant contact location (B); the most coronal point 
of peri-impalnt bone tissue (C). The augmented region (upper 4 mm of the implants) 
of 1.5 mm surrounding the implant in all directions was selected as the volume of 
interest (VOI). The horizontal width of the alveolar ridge 2 mm apically to the IS 
(Width½) was measured as well. The red line represents direct bone-to-implant 
contact; the blue line represents no direct contact. The newly formed bone (black 
star) could be distinguished clearly from the residual DBB material (black triangle). 
The border between newly formed bone and old host bone was clearly observed 
(white arrow). Original magnification 14×. Scale: 1 mm.

The following measurements of the bone tissue dimension were taken parallel 
to the long axis of the implant: the vertical distance between the most coronal point 
of peri-implant bone tissue and the implant shoulder (C-IS); the vertical distance 
between the implant shoulder and the most coronal bone-to-implant contact point 
(IS-B). The horizontal width of the alveolar ridge 2 mm apically to the IS (Width½) 
was measured as well. 

In addition, stereological histomorphometric analysis with regard to bone-
to-implant contact percentage, percentage of newly formed bone, percentage of 
residual grafts (%RG) and percentage of mineralized tissue was also performed. 
The same VOI, VOI-L and VOI-U from the micro-CT analysis were used for the 
measurements of each parameter. 
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For each histological slice, the surface area of newly formed bone (SNB) and 
the whole area of VOI (SV) were measured using the point-counting technique39. 
The interval between two slices was 250 μm. %NB was calculated as:

%NB = [(∑SNB) x 250 μm]/[(∑SV) x 250 μm] x 100%
The surface area of residual grafts (SRG), which meant for DBB blocks in 

the negative control group, inc.BMP-2 group, ad.BMP-2 group, and meant for 
autologous bone blocks in the positive control group, was also measured. %RG 
was calculated as:

%RG = [(∑SRG) x 250 μm]/[(∑SV) x 250 μm] x 100% 
%MT was calculated as:
%MT = [(∑SNB) x 250 μm + (∑SRG) x 250 μm]/[(∑SV) x 250 μm] x 100%
%BIC measurement was conducted using the Image Pro-Plus software 

(Media Cybernetics, Rockville, USA). As shown in Figure 3, we drew red lines 
along the implant surface with direct bone-to-implant contact (LC), and drew blue 
lines along the surface with no direct contact (LN). The interval between two slices 
was 250 μm. %BIC was expressed as: 

%BIC = [(∑LC) x 250 μm]/[(∑LC) x 250 μm + (∑LN) x 250 μm] x 100%

Statistical analysis
The person who conducted all the measurements was blinded to the grouping. All 
the data were presented as mean values together with the standard deviations 
and were compared using a one-way analysis of variance (ANOVA). Post-hoc 
comparisons were made using least significant difference corrections (α = 0.05).

rESULTS

All experimental sites healed uneventfully without significant complications except 
one from the negative control group. The soft tissue at this site was not healed 2 
weeks after surgery and the DBB block was rejected out of the surgical site due to 
the inflammation. This one was therefore excluded from subsequent analysis. After 
3 months of healing, all the implants showed clinical signs of osseointegration. One 
implant from the negative control group was exposed to the oral cavity and the 
others were covered by soft tissue. Soft tissue around all the implants was free of 
any signs of inflammation, such as swelling or redness. 

Micro-computed tomography analysis
Measurements obtained from micro-CT images were shown in Figure 4. The data 
of %BIC measured in VOI-L, VOI-U and VOI were recorded as %BIC-L, %BIC-U, 
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%BIC-ALL. The rest (e.g. %BGC, %NB and %MT) were done in the same manner. 
Although no significant differences were found either in %BIC-L, %BIC-U or in 
%BIC-ALL, the inc.BMP-2 group showed the highest mean values in %BIC-U 
(42.95 ± 15.26%) and %BIC-ALL (48.76 ± 9.06%). 

 

Figure 4.  Micro-CT analysis on bone-to-implant contact (A), bone-to-graft contact (B), newly 
formed bone (C), and mineralized tissue (D) for untreated DBB blocks (negative 
control), DBB blocks with superficial adsorption of BMP-2 (ad.BMP-2), DBB blocks 
with coating delivered BMP-2 (inc.BMP-2), and autologous bone blocks (positive 
control). %BIC-L: bone-to-implant contact percentage in the lower half of the volume 
of interest (VOI-L); %BIC-U: bone-to-implant contact percentage in the upper half of 
the volume of interest (VOI-U); %BIC-ALL: bone-to-implant contact percentage in 
the volume of interest (VOI); %BGC-L: bone-to-graft contact percentage in VOI-L; 
%BGC-U: bone-to-graft contact percentage in VOI-U; %BGC-ALL: bone-to-graft 
contact percentage in VOI; %NB-L: percentage of newly formed bone in VOI-L; 
%NB-U: percentage of newly formed bone in VOI-U; %NB-ALL: percentage of newly 
formed bone in VOI; %MT-L: percentage of mineralized tissue in VOI-L; %MT-U: 
percentage of mineralized tissue in VOI-U; %MT-ALL: percentage of mineralized 
tissue in VOI. Data are presented as mean values together with the standard 
deviations. *: P < 0.05.
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For the analysis of %BGC and %NB, the data from positive control group 
were excluded. The inc.BMP-2 group showed the highest mean values in %BGC-L 
(76.92 ± 5.82%), %BGC-U (72.93 ± 6.80%), and %BGC-ALL (74.92 ± 5.70%). The 
differences between the inc.BMP-2 group and ad.BMP-2 group were statistically 
significant in %BGC-L and %BGC-ALL. 

%NB-U in the inc.BMP-2 group (29.70 ± 6.30%) and ad.BMP-2 group (28.28 
± 6.98%) were significantly higher than that in the negative control group (16.03 
± 7.09%). There were no significant differences among the four groups in %NB-L 
and %NB-ALL.

%MT-U in the inc.BMP-2 group (49.46 ± 11.60%) and the positive control 
group (49.17 ± 2.79%) were significantly higher than that in the negative control 
group (23.21 ± 7.40%); %MT-U in the inc.BMP-2 group (49.46 ± 11.60%) was also 
significantly higher than that in the ad.BMP-2 group (35.80 ± 8.49%). Similarly, 
%MT-ALL in the inc.BMP-2 group (54.80 ± 7.15%) and the positive control group 
(54.20 ± 5.71%) were significantly higher than that in the negative control group 
(38.67 ± 6.96%); %MT-ALL in the inc.BMP-2 group (54.80 ± 7.15%) was significantly 
higher than that in the ad.BMP-2 group (43.13 ± 8.92%). No significant difference 
was found in %MT-L among all the four groups.

histomorphometrical analysis 
The histological images are shown in Figure 5 and detailed images with higher 
magnification are shown in Figure 6. Successful osseointegration was observed in 
all the groups of implants (Figure 5). In the inc.BMP-2 group (Figure 5C, 6C), the 
complete network structure of the DBB block (black triangle) was well preserved 
and mostly surrounded by newly formed bone (black star). In the negative control 
group (Figure 5A, 6A), the network structure of the DBB block was not continuous 
or complete. Detached DBB chips (black arrow in Figure 5A and black triangle 
in Figure 6A) were observed to be surrounded by fibrous capsular tissue (black 
arrow in Figure 6A) instead of newly formed bone tissue. In the ad.BMP-2 group 
(Figure 5B, 6B), the network structure of the DBB block (black triangle) was also 
not complete and the DBB surface was partially surrounded by newly formed bone 
(black star). In the positive control group (Figure 5D, 6D), the newly formed bone 
(black star) can be distinguished clearly from the old bone graft (black square) by 
histological observation.
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Figure 5.  Light micrographs of histological sections showing the augmented area after 3 month 
of healing. (A1) The buccal view of the negative control. (A2) The mesial-distal view 
of the negative control. (B1) The buccal view of the ad.BMP-2 group. (B2) The 
mesial-distal view of the ad.BMP-2 group. (C1) The buccal view of the inc.BMP-2 
group. (C2) The mesial-distal view of the inc.BMP-2 group. (D1) The buccal view of 
the positive control. (D2) The mesial-distal view of the positive control. Black arrow 
shows the DBB chips without new bone deposition on their surfaces. Black triangle 
shows DBB blocks. Black star shows newly formed bone. Black square shows old 
bone graft. Original magnification 14×. Scale: 1 mm.
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Figure 6.  Light micrographs of histological sections with higher magnification. (A) DBB block 
without BMP-2 (negative control). (B) DBB block with superficial adsorption of BMP-
2. (C) DBB block with coating-delivered BMP-2. (D) Autologous bone block (positive 
control). Black arrow shows the fibrous capsular tissue surrounding DBB chips. 
Black triangle shows DBB blocks/chips. Black star shows newly formed bone. Black 
square shows old bone graft. Original magnification 100×. Scale: 100 μm.

The histological measurements of the bone tissue dimensions (Figure 7) 
showed that the value of C-IS in the negative control group (-0.53 ± 0.23 mm) was 
significantly smaller than that in the ad.BMP-2 group (1.38 ± 0.59 mm), inc.BMP-2 
group (0.81 ± 0.72 mm) and positive control group (0.89 ± 1.11 mm), indicating that 
the augmented bone in the negative control group was the thinnest. Although no 
significant difference was found in IS-B, the inc.BMP-2 group showed the smallest 
mean value of IS-B (0.57 ± 0.64 mm) compared with the others, indicating a 
highest first bone-to-implant contact position in the inc.BMP-2 group. The results of 
Width½ measurements showed that when measured at the midline, the augmented 
bone was significantly wider in the inc.BMP-2 group (8.04 ± 0.64 mm) and positive 
control group (7.88 ± 1.26 mm) than that in the negative control group (6.45 ± 0.49 
mm) and ad.BMP-2 group (6.03 ± 0.48 mm). 
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Figure 7.  Histomorphometric measurements on C-IS (A), IS-B (B), Width½ (C) for untreated 
DBB blocks (negative control), DBB blocks with superficial adsorption of BMP-2 (ad.
BMP-2), DBB blocks with coating delivered BMP-2 (inc.BMP-2), and autologous 
bone blocks (positive control). C-IS: the vertical distance between the most coronal 
point of peri-implant bone tissue and the implant shoulder; IS-B: the vertical distance 
between the implant shoulder and the most coronal bone-to-implant contact point; 
Width½: the horizontal width of the alveolar ridge 2 mm apically to the IS. Data are 
presented as mean values together with the standard deviations. *: P < 0.05.

All these results from the bone tissue dimensions revealed that the inc.
BMP-2 group and positive control group showed a thicker and wider augmented 
bone area than the negative control group (Figure 2, 5). There were no significant 
differences in the thickness or width of the augmented bone between the inc.BMP-
2 group and positive control group. The first bone-to-implant contact point in the 
inc.BMP-2 group seemed to be more coronally located when compared with the 
other groups.

The stereological histomorphometric results (Figure 8) showed that the 
%BIC-U in the inc.BMP-2 group (47.71 ± 16.12%) was significantly higher than 
that in the negative control group (19.95 ± 5.28%). %BIC-ALL in the inc.BMP-2 
group (57.22 ± 9.53%) was significantly higher than that in the negative control 
group (36.24 ± 5.29%) and ad.BMP-2 group (43.67 ± 7.25%). The positive control 
group (51.76 ± 5.98%) also showed a significantly higher %BIC-ALL compared with 
the negative control group. The inc.BMP-2 group showed the highest mean values 
in both %BIC-U and %BIC-ALL, which was in accordance with the results from the 
micro-CT analysis (Figure 4).

In accordance with the results from micro-CT, the %NB-U (Figure 8B) in the 
inc.BMP-2 group (37.06 ± 3.44%) was significantly higher than that in the negative 
control group (19.76 ± 8.74%). Considering results of %NB-L and %NB-ALL, no 
significant differences were found among the four groups.
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Figure 8.  Histomorphometric results of bone-to-implant contact (A), newly formed bone (B), 
residual grafts (C), and mineralized tissue (D) for untreated DBB blocks (negative 
control), DBB blocks with superficial adsorption of BMP-2 (ad.BMP-2), DBB blocks 
with coating delivered BMP-2 (inc.BMP-2), and autologous bone blocks (positive 
control). %BIC-L: bone-to-implant contact percentage in the lower half of the volume 
of interest (VOI-L); %BIC-U: bone-to-implant contact percentage in the upper half of 
the volume of interest (VOI-U); %BIC-ALL: bone-to-implant contact percentage in the 
volume of interest (VOI); %NB-L: percentage of newly formed bone in VOI-L; %NB-U: 
percentage of newly formed bone in VOI-U; %NB-ALL: percentage of newly formed 
bone in VOI; %RG-L: percentage of residual grafts in VOI-L; %RG-U: percentage 
of residual grafts in VOI-U; %RG-ALL: percentage of residual grafts in VOI; %MT-L: 
percentage of mineralized tissue in VOI-L; %MT-U: percentage of mineralized tissue 
in VOI-U; %MT-ALL: percentage of mineralized tissue in VOI. Data are presented as 
mean values together with the standard deviations. *: P < 0.05.

For the percentage of residual grafts (Figure 8C), the positive control group 
showed the highest mean values in %RG-U (38.56 ± 15.75%) and %RG-ALL (30.15 
± 11.79%). Both the %RG-U and %RG-ALL in the positive control group were 
significantly higher than that in the negative control group and ad.BMP-2 group. 
The %RG-U in inc.BMP-2 group (25.91 ± 4.53%) was also significantly higher than 
that in the negative control group (10.45 ± 1.71%). No significant differences were 
found in %RG-L among the four groups.
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When analyzing all mineralized tissue (Figure 8D), both the inc.BMP-2 
group and positive control group showed significantly higher %MT-U and %MT-ALL 
compared with the negative control group. The %MT-U in ad.BMP-2 group (41.30 
± 5.60%) was significantly lower than that in the inc.BMP-2 group (61.23 ± 7.11%) 
and positive control group (68.99 ± 7.19%). 

The stereological histomorphometric analysis revealed a better bone-to-
implant contact and more mineralized tissue in the inc.BMP-2 group and positive 
control group compared with the negative control group. No significant differences 
were found between the inc.BMP-2 group and the positive control group in any 
relative parameters. In the region of VOI-U, inc.BMP-2 group showed better bone-
to-implant contact, more mineralized tissue, more newly formed bone and more 
residual grafts, compared with the negative control group.

DiSCUSSiON

In the present study, we applied the biomimetic CaP coating which incorporates 
BMP-2 on the DBB blocks, aiming to evaluate its osteogenic response in the 
one-stage surgery of vertical alveolar ridge augmentation with the simultaneous 
insertion of dental implants. The in vitro investigations were performed in our 
previous study33 and showed that the biomimetic CaP coating was successfully 
deposited along the porous surfaces of the DBB block, and the co-precipitated 
protein was distributed homogeneously in the whole block. The present in vivo 
study showed that the additional use of the coating-delivered BMP-2 in the DBB 
blocks enhanced the efficacy of vertical alveolar bone augmentation in the one-
stage surgery.

All the results (bone-to-implant contact percentage, percentage of newly 
formed bone, percentage of mineralized tissue) from micro-CT analysis were in 
accordance with the histomorphometric analysis. For some results which showed 
statistically significant differences in one analysis but not in the other, the same 
trends were detected. This finding corroborates Rebaudo et al.’s study which report 
that micro-CT enabled a three dimensional evaluation of bone biopsies containing 
titanium implants and also allowed an analysis of the bone-to-implant contact40. 

For the whole VOI, significant increases in the augmented bone width and 
height, peri-implant mineralized tissue volume, as well as bone-to-implant contact 
percentage were observed in the inc.BMP-2 group compared with the negative 
control group. This result can be attributed to the osteoinductive ability of BMP-
241-43.
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With the division of VOI into VOI-L and VOI-U, the lower half of VOI 
was close to the host bone and can be regarded as an area mainly affected by 
osteoconductive activity. The upper half of VOI which was far away from the host 
bone can be regarded as an area mainly affected by osteoinductive activity. No 
significant differences were observed in VOI-L among the four groups respecting 
%NB, %RG, %MT, and %BIC, which confirmed the osteoconductive capacity of 
DBB14. But for the VOI-U, the inc.BMP-2 group showed significantly more newly 
formed bone, more mineralized tissue, and a higher bone-to-implant contact 
compared with the negative control. 

This is because that in the area where the osteoconduction was hard to 
reach, the osteoinductive capacity of BMP-2 stood out. In addition, BMP-2 not 
only induces osteogenic programming44, but also activates osteoclasts to stimulate 
bone-resorbing activity45,46. The osteoinductive effect of BMP-2 was always clear in 
the absence of osteoclasts when applied far away from the host bone, but rather 
controversial when applied at sites close to the host bone where osteoclasts are 
coupled to adjacent osteoblasts47. This may also explain the finding of the present 
study that the coating-delivered BMP-2 significantly enhanced new bone formation 
in VOI-U, which was farther away from the host bone, but did not make any 
difference in VOI-L. In a vertical bone augmentation model in rabbit, Polo et al.37 
also divided the augmented area into two halves. They reported that the upper half 
of the augmented area showed significantly less bone formation compared with the 
lower half, and that this difference was nullified when BMP-2 was added. This result 
is in accordance with our finding that our coating-delivered BMP-2 showed a more 
active effect in the VOI-U than that in VOI-L.

According to the histomorphometric results, no significant differences were 
found between the ad.BMP-2 group and the negative control group in Width½, 
%NB, %RG, %MT, or %BIC. This was due to the single, rapid, burst-release 
kinetics of BMP-2 depot which was adsorbed directly onto the DBB31. As Kim et 
al.21 reported in their study, the application of BMP-2 could not enhance vertical 
bone augmentation in such a delivery mode. To optimize its osteoinductive efficacy, 
BMP-2 needs to be delivered to target sites at a sustained and low level48,49. Our 
biomimetic calcium phosphate coating has been proven as an effective tool for 
delivering growth factors slowly and steadily28,50. In the present study, the inc.
BMP-2 group showed more mineralized tissue, and better bone-to-implant contact 
compared with the ad.BMP-2 group. This confirmed that the coating-incorporated 
depot of BMP-2 was more efficient than the adsorption mode. The inc.BMP-2 
group especially showed a significantly better bone-to-graft contact compared 
with the ad.BMP-2 group. This suggested that the BMP-2 released steadily from 
the coating-incorporated depot on the DBB surface could induce an effective and 
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sustained new bone formation. More bone was therefore formed in direct contact 
with the DBB surface in inc.BMP-2 group than in ad.BMP-2 group.

The positive control group showed the highest percentage of residual grafts 
among all groups. This is because the DBB block had a spongious structure 
whereas the autologous bone block was much denser. So the difference in %RG 
between the positive control group and the other three groups should not be taken 
into account. For the three groups with DBB blocks, the inc.BMP-2 group showed 
a significantly higher %RG-U compared with the negative control group. This result 
seems to contradict the findings reported by Polo et al.37 that BMP-2 accelerated 
material biodegradation. A possible explanation is that without abundant newly 
formed bone, the DBB block alone could not stand the multifactorial forces in the 
oral cavity. Part of the DBB block, especially in VOI-U, can break into DBB chips 
and be lost. As is shown in Figure 5A and Figure 6A, the network structure of 
the DBB block was not continuous or complete. The detached DBB chips, which 
were surrounded by fibrous capsular tissue instead of newly-formed bone, were 
observed in the negative control group, especially in the VOI-U.

No statistically significant differences were observed between the inc.
BMP-2 group and the positive control group. This suggest that our DBB block with 
coating-delivered BMP-2 can act as well as the autologous bone block does for 
the surgery of vertical alveolar ridge augmentation with a simultaneous insertion 
of dental implants at an early stage. For this one-stage surgery, the unpredictable 
resorption of an autologous bone block is the main reason that jeopardizes the 
stability of the inserted implants51. In a study about sinus floor augmentation in 
humans, Mordenfeld et al.15 reported that the DBB particles showed no significant 
changes in particle size after 11 years. The impressively slow rate of degradation 
makes us believe that our DBB block with coating-delivered BMP-2 is more reliable 
in the long run than the autologous bone block. Further investigations with long-
term observations are needed.

CONCLUSiONS

The results obtained in this study indicate that the additional use of the coating-
delivered BMP-2 in the DBB blocks significantly enhanced the efficacy of vertical 
alveolar bone augmentation in the onlay surgery with simultaneous implant 
insertion. The BMP-2 incorporated DBB block can be used as an appropriate bone 
substitute for vertical alveolar bone augmentation in the one-stage onlay surgery.
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ABSTrACT

Objective: We aimed to histologically investigate the bone tissue response to 
the zirconia implants functionalized with a biomimetic calcium phosphate (CaP) 
coating incorporating bone morphogenetic protein 2 (BMP-2).

Material and methods: Zirconia implants coated with biomimetic CaP were 
prepared with and without BMP-2. The two groups are named the inc.BMP-2 
group and the BioCaP group, respectively. Untreated zirconia implants served 
as a control. The surface microstructure and crystal structure of the coating were 
observed using a scanning electron microscopy (SEM) and by X-ray diffraction 
(XRD). The amount of BMP-2 incorporated onto the surface was determined using 
an enzyme linked immunosorbent assay. Six beagle dogs were used and each 
dog was given three groups of implants for the in vivo experiment. Three months 
after implantation, histomorphometrical analyses of the peri-implant bone density 
(bone volume percentage, %BV), bone-to-implant contact percentage (%BIC) and 
marginal bone loss were performed.

results: SEM and XRD graphs showed that the biomimetic CaP coating was 
successfully formed on the surface of the zirconia implant. The loading of BMP-2 
was 38.7 ± 4.5 μg per implant. Histomorphometrical analysis showed the %BV in 
the inc.BMP-2 group was significantly higher than that in the control group (P < 
0.05). No significant differences were found in %BIC and marginal bone loss, in 
spite of a tendency that the inc.BMP-2 group showed least marginal bone loss 
among the three groups (P > 0.05).

Conclusions: The present study showed the application of the biomimetic CaP 
coating incorporating BMP-2 enhanced the peri-implant osteogenesis for zirconia 
implants but did not enhance the bone-to-implant contact for zirconia implants. 

Key words: bone morphogenetic protein 2; dental implant; drug delivery systems; 
osseointegration
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iNTrODUCTiON

Commercially pure titanium has been regarded as the gold standard for 
osseointegrated dental implants, because of its excellent biocompatibility, favorable 
mechanical properties and the well documented beneficial results. However, the 
greyish color of the titanium implants might shine through the thin peri-implant 
mucosa or even be exposed completely in a gingival recession. This is esthetically 
less satisfactory especially if the soft tissue is not optimal1,2. Furthermore, although 
it is very rare, titanium allergy in dental implant patients has been reported3. 
Accumulations of titanium have been found locally in the vicinity of implants4, which 
may be a potential health hazard and an unwelcome reaction in the host2.

A zirconia implant has been proposed as an alternative for a titanium implant 
on account of its color, biocompatibility5, low plaque affinity6, and its mechanical 
properties, such as resistance to fracture and bending7. In the last 20 years, 
histological analyses and animal experiments have shown that zirconia has good 
osseointegration5,8. The surface topography of zirconia implants is important in 
peri-implant bone apposition in the same way as for titanium implants5,9,10.

There are two main methods of surface modification for implants to improve 
the osseointegration. One is to optimize the microroughness and the other is to 
apply a bioactive coating1. Most of the studies have used the former method by 
sandblasting, etching with acid or blasted/etched5,9,11. The influence of coating the 
surface of zirconia implants on its osseointegration has not yet been extensively 
investigated.

Calcium phosphate coating can be used to improve the implant surface12. 
In addition, osteoinductive proteins, such as bone morphogenetic protein 2 (BMP-
2)13, could be administered locally to improve the osteogenesis surrounding the 
implants. The usual way of applying BMP-2 gives a rapid and burst release. This 
gives a locally high concentration of BMP-2 which can stimulate the proliferation 
and differentiation not only of osteoprogenitor cells but also of osteoclasts, thus 
inducing the resorption of newly formed bone14. In addition, the over dosage of 
BMP-2 can trigger the production of intrinsic BMP-inhibitors15. Therefore, to achieve 
the optimal osteoinductivity, a slow delivery of a lower concentration of BMP-2 is 
needed16,17.

Nowadays, biomimetic calcium phosphate materials have gained popularity 
because they are not only osteoconductive, but can also carry bioactive agents 
without compromising their bioactivity18,19. A biomimetic calcium phosphate 
(CaP) coating has been developed in our previous study20,21. BMP-2 can retain 
its biological activity when incorporated into the crystalline latticework of this 
biomimetic CaP18 and be released slowly and steadily during the degradation of the 
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coating22. These sustained low doses of BMP-2 are therefore effective in inducing 
new bone formation21.

In this study, we hypothesized that our fully developed biomimetic coating 
incorporating BMP-2 could be used to improve the osseointegration of zirconia 
implants. We tested this hypothesis in the mandibles of 6 beagle dogs. Peri-implant 
bone density (bone volume percentage, %BV), bone-to-implant contact percentage 
(%BIC) and marginal bone loss were regarded as the key indicators to be measured. 

MATEriAL AND METhODS

Grouping
As one of the commercially available zirconia implants, White Implants (White 
Implants Development Corp, Amsterdam, The Netherlands) with blasted/etched 
surfaces were used in this study. Every implant was 4 mm in diameter and 13 mm 
in length, with a 3 mm high transmucosal region. All the implants were divided into 
three groups with 6 samples in each group.

Group 1 (control group): uncoated White Implants without any modifications.
Group 2 (BioCaP group): White Implants with biomimetic CaP coating.
Group 3  (inc.BMP-2 group): White Implants with biomimetic CaP coating 

incorporating BMP-2.

Sample preparation
Biomimetic CaP coating was fabricated by a well-established biomimetic 
mineralization approach20,21. Each implant was immersed and suspended in 300 ml 
5-fold-concentrated modified Tyrode solution [684 mM NaCl, 12.5 mM CaCl2·2H2O, 
21 mM NaHCO3, 5 mM Na2HPO4·2H2O and 7.5 mM MgCl2·2H2O (Sigma, St. 
Louis, USA)], for 24 hours at 37°C. At this stage, a 1-to-3-μm-thick dense layer of 
amorphous CaP, which served as a seeding substratum was formed. Subsequently, 
the implant was incubated in a shaking water bath (60 agitations/min) at 37 °C for 
48 hours, immersed into 20 ml of a supersaturated calcium phosphate solution 
(CPS) [40 mM HCl, 136 mM NaCl, 4 mM CaCl2·2H2O, 2 mM Na2HPO4·2H2O and 
50 mM TRIS (pH 7.4) (Sigma, St. Louis, USA)]. Thereby, a 50-μm-thick layer of 
crystalline CaP was deposited on the amorphous CaP seeding substratum23.

For samples in the inc.BMP-2 group, BMP-2 (INFUSE® Bone Graft, 
Medtronic, USA) was introduced into the CPS at a concentration of 10 μg/ml17 and 
co-precipitated within the crystalline CaP layer. The samples were then dried in air 
at room temperature. The entire procedure was conducted under sterile conditions.
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in vitro evaluations
The surface morphology and crystal structure of all groups of implants were 
observed using a scanning electron microscope (SEM, XL20, FEI Company, The 
Netherlands) and X-ray diffraction (XRD, X’Pert, PANalytical B.V., Almelo, The 
Netherlands), respectively. For the inc.BMP-2 group, cost-effective bovine serum 
albumin (BSA, Sigma, St. Louis, MO, USA) was used (recorded as inc.BSA Group), 
as a substitute of BMP-2, for the SEM and XRD examinations.

The amount of BMP-2 incorporated from implants was determined using 
a commercially available enzyme linked immunosorbent assay (ELISA) kit 
(PeproTech®, London, UK). Each BMP-2-incorporated-implant (n = 3) was dissolved 
in 3 ml 0.5 M EDTA (pH 8.0). ELISA was performed following the manufacturer’s 
protocol.

in vivo experiments
Surgery 
The research protocol was submitted to and approved by the Ethical Committee 
for Animal Experiments in Zhejiang Chinese Medical University, China. The animal 
experiment was conducted complying with the national and institutional guidelines 
for the care and use of animals were also followed. Six 2-year-old beagle dogs 
weighing approximately 15 kg were used. The animals were housed individually in 
kennels with a free access to water and a feed of the moistened balanced dog’s 
chow.

To build the mode of edentulous alveolar ridges, unilateral mandibular 
premolars of the dogs were extracted. One month after the extraction, all the 18 
implants were inserted into the edentulous regions of the dogs. The position of the 
implants was randomized systematically and every dog had three different types 
of implants installed in its alveolar bone in the middle of the crest and a healing 
abutment was connected to the implant. The flaps were immobilized and sutured 
to allow a non-submerged healing. Both the extraction and implantation were 
performed under general anesthesia induced by intravenous pentobarbital sodium 
(25 mg/kg) accompanied with penicillin (5 × 104 U/kg) and atropine (0.03 mg/kg). 
Local anesthesia (1% lidocaine with 1:100000 adrenaline) and skin disinfection 
(0.5% iodophor solution) were done at the surgery sites24.

After surgery, the dogs were kept under anti-inflammatory and analgesic 
drugs for 5 days and antibiotics for 15 days. We inspected the wounds and cleaned 
the healing abutments 3 times per week for the entire duration of the study. Three 
months after the surgery, the animals were euthanized with an overdose of the 
anesthetic thiopental25.
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Histological procedures and analysis
Block sections, each containing one implant and the surrounding tissues, were 
harvested from the mandibles and immersed in a 10% formaldehyde solution 
for 2 weeks. They were then dehydrated in a graded series of ethanol and then 
embedded in methylmethacrylate (MMA)21.

Samples were cut in a bucco-lingual plane using a diamond saw fitted in a 
Leica SP1600 slicing machine (Leica Microsystems, Wetzlar, Germany). Following 
a systematic random sampling protocol26, each sample was sawn into 3 to 5 slices 
(200 μm in thickness) with a cutting distance of 250 μm. Slices representing the 
full length of the implant were chosen27 and mounted on plexiglass holders and 
polished. The histological slices were stained with McNeil’s Tetrachrome, basic 
Fuchsine and Toluidine Blue21. The histological examination was done under a 
Leica DMRA microscope (Leica Microsystems, Wetzlar, Germany).

In addition to a subjective histological observation, stereological 
histomorphometric analysis of the peri-implant bone density (bone volume 
percentage, %BV) and bone-to-implant contact area percentage (%BIC) was 
performed (Figure 1). Marginal bone loss was also measured as the vertical 
distance between the implant neck and the first bone-to-implant contact (fBIC) 
point. All the measurements were conducted by a same person who was blind to 
the grouping.

Both %BV and %BIC was calculated within the area from the fBIC to the 
last bone-to-implant contact (lBIC)11. A border at the outer implant surface was 
placed to define an area within the implant chamber, which served as a region 
of interest (ROI) for %BV measurement (Figure 1A). For each slice, the surface 
areas of bone (SB) and connective tissue (SCT) within the ROI were measured using 
the point-counting technique28. The interval between two slices was 250 μm. %BV 
were calculated as:

%BV = [(∑SB) x 250 μm]/[(∑SB) x 250 μm + (∑SCT) x 250 μm] x 100%
%BIC measurement was conducted using the Image Pro-Plus software 

(Media Cybernetics, Rockville, USA). Because 3 to 5 histological slices per implant 
were evaluated, %BIC in our study was referred to as the percentage of the area of 
osseointegration. For %BIC measurement (Figure 1B), we drew red lines along the 
implant surface with direct bone-to-implant contact (LC), and drew blue lines along 
the surface with no direct contact (LN). %BIC was expressed as:

%BIC = [(∑LC) x 250 μm] / [(∑LC) x 250 μm + (∑LN) x 250 μm] x 100%
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Figure 1.  Histomorphometric analysis with regard to bone volume percentage (%BV) and bone-
to-implant contact area percentage (%BIC). (A) An example of %BV measurement. 
A border at the outer implant surface was placed to define an area within the 
implant chamber, which served as a region of interest (black marked area) for %BV 
measurement. %BV was expressed as the percentage of bone volume out of the 
region of interest. (B) An example of %BIC measurement. The red line represented 
direct bone-to-implant contact; the blue line represented no direct contact. %BIC 
was expressed as the percentage of bone-to-implant contact area out of the whole 
area of the red and blue line. Original magnification 50×.

Statistical analysis
All data are presented as mean values together with standard deviations. Data 
were compared using one-way analysis of variance (ANOVA)29 and post-hoc 
comparisons were made using least significant difference corrections (α = 0.05).

rESULTS

in vitro evaluations
SEM micrographs demonstrated that the biomimetic CaP coating was successfully 
precipitated onto the surface of the zirconia implant. Compared with the control 
group (Figure 2A), a thick layer of crystalline CaP composed of straight, plate like 
units with sharp edges was easy to observe in the BioCaP group (Figure 2B). With 
the incorporation of BSA, which was used as a substitute of BMP-2, the crystalline 
plates decreased slightly in size, showed a marked curvature and became more 
densely packed (Figure 2C).
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Figure 2.  Scanning electron microscopy images showing the surface microstructure of zirconia 
implants in an uncoated condition (A), and after coating with the biomimetic calcium 
phosphate in the absence (B) or presence of bovine serum albumin (C). (A) A rough 
zirconia surface treated by blasted/etched was observed in control group. (B) A thick 
layer of crystalline CaP composed of straight, plate-like units with sharp edges was 
observed in BioCaP group. (C) In inc.BSA group, the crystalline plates decreased 
slightly in size, showed a marked curvature and became more densely packed. The 
scale bar represents 5 μm. Original magnification 5000×.

XRD patterns revealed two new peaks (at 2θ = 26° and 32°) in the BioCaP 
group and the inc.BSA group compared with the diffraction spectrum of the control 
group (Figure 3). These peaks are associated with low crystallinity calcium deficient 
apatite30, thus indicating the existence of the crystalline layer of calcium phosphate 
in both the BioCaP group and inc.BSA group.

 An ELISA assay showed the successful incorporation of BMP-2 and that the 
total loading of BMP-2 was 38.7 ± 4.5 μg for each implant in the inc.BMP-2 group.

Figure 3.  X-ray diffraction graph for zirconia implants in an uncoated condition (A), and after 
coating with the biomimetic calcium phosphate in the absence (B) or presence of 
bovine serum albumin (C). Compared with the diffraction spectrum of the control 
group (A), two new peaks (at 2θ = 26° and 32°) were detected in that of BioCaP 
group (B) and inc.BSA group (C).
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in vivo experiment
After inserting the implants, excellent primary stability was obtained in all 6 
dogs. The healing period was uneventful and the experimental sites healed well 
during the 3 months. Gross histological observation showed bone formation and 
osseointegration around all implants. Soft tissue was attached well around the 
implant neck with no obvious inflammation.

In the control group, the osseointegration was mainly due to ingrowth of 
the bone from the surroundings (Figure 4). Loose connective tissue was observed 
between the surfaces of the implants and the surrounding bone tissues (Figure 
4B). Solitary bone formation, which was separated from the implant surface by 
cells, was also observed (Figure 4C).

Figure 4.  Histological images showing uncoated zirconia implants and surrounding tissues after 
3 months of healing. (A) Overview showing bone apposition from the surroundings 
toward the implant surface. Original magnification 10×. (B) Higher magnification 
showing loose connective tissue between implant surface and surrounding bone 
tissue. Original magnification 50×. (C) Solitary bone formation near the implant 
surface. The bone was separated from the surface by cells. Osteoblasts (black 
arrows) were observed along the bone. Original magnification 100×.

Figure 5.  Histological images showing zirconia implants coated by biomimetic calcium 
phosphate and surrounding tissues after 3 months of healing. (A) Overview showing 
bone formation in a direction from the surrounding tissue. Original magnification 
10×. (B) Direct contact between bone and implant surface was observed with a 
higher magnification. Original magnification 50×. (C) New bone formation from the 
surroundings was observed in direct contact with the implant surface (red arrows). 
Osteoid (star) and osteoblasts (black arrows) were observed along the newly formed 
bone (black triangle). Original magnification 100×.
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Figure 6.  Histological images showing zirconia implants functionalized by coating-delivered 
BMP-2 and surrounding tissues after 3 months of healing. (A) Overview. Original 
magnification 10×. (B) Higher magnification showing bone formation in contact with 
the implant surface. Original magnification 50×. (C) In addition to the bone formation 
from the surroundings (red circle), solitary bone formation could be observed in direct 
contact with the implant surface (red arrows) and in a direction toward the surrounding 
tissue. Osteoid (star) and osteoblasts (black arrows) were observed along the newly 
formed bone (black triangle). Original magnification 100×.

For the implants coated by biomimetic CaP, with or without the incorporation 
of BMP-2, the biomimetic CaP coating could not be observed because it was 
completely degraded after the 3 months of healing23 (Figure 5, 6). In the BioCaP 
group, more bone was seen in intimate contact with the surface of the implant. Bone 
is also formed in a direction from the surrounding tissue (Figure 5B). New bone 
formation from the surroundings was observed in direct contact with the implant 
surface (Figure 5C). In the inc.BMP-2 group, mineralized bone islets could be 
observed in direct contact with the implant surface in addition to the bone formation 
from the surroundings, (Figure 6C). Osteoid and active osteoblasts could be seen 
along the bone islets, indicating the active bone formation directly at the implant 
surface and in a direction toward the surrounding tissue.

Figure 7.  Histomorphometric results with regard to bone volume percentage (%BV), bone 
to implant contact area percentage (%BIC) and marginal bone loss. (A) The %BV 
in inc.BMP-2 group is significantly higher than that in control group. * P < 0.05. 
(B) There were no significant differences among the three groups with regards of 
%BIC in spite of a slight increase of %BIC in BioCaP group compared with control 
group (P > 0.05). (C) No significant differences were found in the marginal bone loss 
among the three groups, though a tendency was observed that the inc.BMP-2 group 
showed the least marginal bone loss (P > 0.05). 
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Table 1.  Histomorphometric results with regard to peri-implant bone density (bone volume 
percentage, %BV), bone to implant contact area percentage (%BIC) and marginal 
bone loss

 Control group  BioCaP group  Inc.BMP-2 group

%BV (%) 80.2 ± 1.7a 83.4 ± 4.8 86.7 ± 2.1a

%BIC (%) 40.8 ± 14.6  47.8 ± 12.1  43.6 ± 10.7

Marginal bone loss (mm) 1.51 ± 0.82 1.16 ± 0.37 0.61 ± 0.84

Data are displayed as mean values ± standard deviations. 
a: significant difference (P < 0.05) between control group and inc.BMP-2 group in %BV.

Histomorphometric measurements (Table 1) showed significantly higher peri-
implant bone volume percentage (86.7% ± 2.1%) in the inc.BMP-2 group compared 
with that in the control group (80.2% ± 1.7%) (P < 0.05) (Figure 7A). There was 
a slight increase of %BIC in the BioCaP group (47.8% ± 12.1%) compared with 
the control group (40.8% ± 14.6%). However, there was no significant difference 
among the three groups (P > 0.05) (Figure 7B). With regard to the marginal bone 
loss, no significant differences were found among the three groups, and a tendency 
that the inc.BMP-2 group showed the least marginal bone loss (0.61 ± 0.84 mm) 
was observed (P > 0.05) (Figure 7C).

DiSCUSSiON

In the present study, we modified the zirconia implants with a fully developed and 
easily prepared biomimetic CaP coating and investigated the peri-implant bone 
density (%BV), direct bone-to-implant contact (%BIC) and marginal bone loss for all 
the groups of implants. The histomorphometric results showed that the peri-implant 
bone density in the inc.BMP-2 group was significantly higher (P < 0.05) than that in 
the control group. This demonstrated a better osteogenesis surrounding implants 
in the inc.BMP-2 group. A tendency was also observed that the inc.BMP-2 group 
showed the least marginal bone loss, though it is not statistically significant (P 
< 0.05). This also implied a better stability of implants in the inc.BMP-2 group. 
These positive results can be attributed to the optimized osteoinductive capacity of 
coating-incorporated BMP-2.

It has been proved that the depot of coating-incorporated proteins showed a 
sustained and slow delivery30, which is effective in inducing new bone formation. The 
gradual release of BMP-2 from the biomimetic CaP coating is a process mimicking 
the biological process of bone remodeling. During the process of bone remodeling, 
osteoclasts attach to the bone surface, secrete hydrions and Cathepsin K, and 
initiate bone resorption. When the hydrions dissolve bone mineral and Cathepsin 
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K dissolves the organic matrix, the calcium ions and pre-embedded growth factors 
(such as BMP-2) can be gradually released with the process of bone resorption 
and therefore be used subsequently for new bone formation31,32. Imitating this 
biological phenomenon, BMP-2 was incorporated and embedded in the crystalline 
layer of the biomimetic CaP coating. When implanted in the mandibles of the dogs, 
the biomimetic CaP coating on the surface of the implants was degraded gradually 
under the mediation of multinucleated cells such as osteoclasts and foreign body 
giant cells. Calcium ions and the incorporated BMP-2 can be released gradually 
with the degradation of biomimetic CaP coating33.

As Liu et al. reported in 200723, the bone-to-implant contact of titanium 
implants was enhanced by the application of calcium phosphate coating and 
was severely impaired by BMP-2 when the drug was delivered in a superficially 
adsorbed mode23. In this study, however, no significant differences were found 
in the bone-to-implant contact neither between the groups with and without the 
biomimetic calcium phosphate coating, nor between the groups with and without 
coating-delivered BMP-2. This may be because that the surface chemistry of the 
zirconia overrides the effects of calcium phosphate coating and coating-delivered 
BMP-2.

In addition, our previous study investigated the mechanical insertion 
properties of the biomimetic CaP coatings on implants34. We found that the 
surface coverage of the implants with the coating was 92% to 100% before the 
implantation. After the implantation, the surface coverage decreased by 38% for 
coatings with the incorporation of proteins and by 52% for those without. The mean 
thickness of the biomimetic CaP coatings also decreased with the insertion of the 
implant: by 70% with the incorporation of proteins and by 86% without. Although 
fragments of the coating were sheared off and retained within the peri-implant 
space by the insertion, the fragmentation would not reduce the osteoinductivity of 
the incorporated osteogenic protein, which was BMP-2 in the present study. The 
reduced thickness and percentage coverage of the biomimetic CaP coatings, with 
or without the incorporation of proteins, may also explain the insignificant difference 
of bone-to-implant contact percentage in the present study. And the significantly 
higher peri-implant bone density in the inc.BMP-2 group than that in the control 
group can be attributed to the fragments containing osteoinductive BMP-2 which 
were retained within the peri-implant space.

In this study, the measured %BIC for uncoated zirconia implants (with 
blasted/etched surfaces) is 40.8% ± 14.6%. This value is similar to the %BIC of 
42.1% for blasted/etched zirconia implants reported by Gredes et al.5. However, 
the reported %BIC of zirconia implants varied a lot from study to study. Akagama 
et al.35 examined the osseointegration of zirconia implants with smooth surfaces 
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in beagle dogs, a %BIC of 81.9% was reported 3 months after implantation. 
Sennerby et al.10, reported a %BIC for zirconia implants with smooth surfaces of 
35%. Depprich et al.36 inserted 24 zirconia implants with etched surfaces into the 
tibiae of mini pigs. They reported a %BIC of 71.4% 3 months after implantation. 
In another study in pigs, the %BIC was reported to be 43.7% for etched zirconia 
implants 3 months after implantation5.

One reason for this variation is the different animal models and different 
references of interest used in different studies. Another reason is the limited 
number of histological slices per sample used for the calculation. In several 
studies, such as the ones conducted by Gahlert et al.37 and Depprich et al.36, only 
1 section was analyzed which can only give the two dimensional characteristics for 
the section, instead of the three dimensional characteristics available by using the 
whole sample. The selection of only 1 or 2 histological slices per sample strongly 
influenced the determined value of the %BIC27. In the current study, 3 to 5 slices 
per sample were therefore selected for a more accurate representation of %BIC 
and %BV, following the suggestion of Bernhardt et al.27. We used a systematic 
random sampling protocol for the preparation of the histological sections, which 
allowed us to calculate the surrounding bone volume and bone-implant contact 
area as mentioned by the formulas above.

Though regarded as a common parameter in assessing the osteointegration 
of implants27, bone-to-implant contact percentage is of limited values23. Most 
studies have reported that there was no correlation between the bone-to-implant 
contact percentage and the implant stability38,39. This is because the bone-to-
implant contact percentage does not directly reflect the stiffness of the surrounding 
bone. A thin layer of bone covering the implant surface cannot provide adequate 
biomechanical support for implants40. As in the present study, although there were 
no significant differences in %BIC among the three groups, a higher peri-implant 
bone density and a tendency of less marginal bone loss was found in the inc.BMP-
2 group compared with the control group. This can lead to an increased interlocking 
of bone with the implant surface and a better potential in implant stability for the 
zirconia implants modified by biomimetic CaP coating incorporating BMP-2. To 
further the investigation of the osteointegration for zirconia implants with clinical 
significance, removal torque should be measured in the future study.
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CONCLUSiONS

The present study showed the application of the biomimetic CaP coating 
incorporating BMP-2 enhanced the peri-implant osteogenesis for zirconia implants 
but did not enhance the bone-to-implant contact for zirconia implants.
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ABSTrACT

Background and objective: Nowadays, most designs for the transmucosal 
surface of implants are machined-smooth. However, connective tissue adhered to 
the smooth surface of an implant has poor mechanical resistance, which can render 
separation of tissue from the implant interface and induce epithelial downgrowth. 
Modification of the transmucosal surface of implants, which can help form a good 
seal of connective tissue, is therefore desired. We hypothesized that anodic 
oxidation (AO) and polydopamine (PD) deposition could be used to enhance the 
attachment between an implant and peri-implant connective tissue. We tested this 
hypothesis in the mandibles of beagle dogs.

Material and methods: AO and PD were used to modify the transmucosal region 
of transmucosal implants (implant neck). The surface microstructure, surface 
roughness and elemental composition were investigated in vitro. L929 mouse 
fibroblasts were cultured to test the effect of PD on cell adhesion. Six beagle dogs 
were used for the in vivo experiment (n = 6 dogs per group). Three months after 
building the edentulous animal model, four groups of implants (control, AO, PD and 
AO + PD) were inserted. After 4 months of healing, samples were harvested for 
histometric analyses.

results: The surfaces of anodized implant necks were overlaid with densely 
distributed pores, 2–7 μm in size. On the PD-modified surfaces, N1s, the chemical 
bond of nitrogen in PD, was detected using X-ray photoelectron spectroscopy. 
L929 developed pseudopods more quickly on the PD-modified surfaces than on the 
surfaces of the control group. The in vivo experiment showed a longer connective 
tissue seal and a more coronally located peri-implant soft-tissue attachment in the 
AO + PD group than in the control group (P < 0.05).

Conclusions: The modification of AO + PD on the implant neck yielded better 
attachment between the implant and peri-implant connective tissue.

Key words: animal experiment; connective tissue attachment;histometric analysis; 
tissue-implant interaction
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iNTrODUCTiON

The long-term success of dental implants depends not only on their osteointegration 
but also on their integration into soft tissue. The quality of the soft-tissue seal can 
be influenced significantly by the physicochemical properties of implant materials1. 
Most current designs for the transmucosal region of transmucosal implants (implant 
neck) used in clinical work are mechanically machined to achieve a smooth surface 
to prevent retention of bacterial plaque2,3.

Although epithelial cells play a role in sealing transmucosal implants from 
contaminants in the external environment by the formation of hemidesmosomes1, 
the epithelium tends to proliferate and migrate along the implant surface, which 
can induce gingival recession, bone resorption and even implant loss4-7. Apical 
epithelial migration can be inhibited by a firm attachment between the implant 
and peri-implant connective tissue5,8. However, unlike the dentogingival collagen 
fibers at a natural tooth, which are firmly inserted into the cementum and oriented 
perpendicular to the tooth surface9, the fibers in the supracrestal connective 
tissue compartment are parallel to the smooth surface of implant necks10,11 and 
are not inserted in the implant surface11,12. As a consequence, connective tissue 
adhesion at the implant has a poor mechanical resistance compared with that of 
natural teeth. In other words, the attachment of soft tissue to the implant surface 
is much poorer than that to natural teeth. This lack of soft-tissue attachment can 
increase the vulnerability of implants to bacterial invasion1,13. Moreover, this lack of 
mechanical resistance can render separation of tissue from the implant interface, 
which could induce apical migration of the junctional epithelium, accompanied by 
gingival recession and bone resorption1,8.

In order to enhance attachment between the implant neck and its adjacent 
tissues, modification of the implant neck surface, which can help to form a good seal 
of connective tissue, is required. Several studies14,15 have reported that connective 
tissue fibers are oriented perpendicularly around implants with porous surfaces. 
Glauser et al.8 reported a shorter epithelial attachment and a longer connective 
tissue seal at rough implant surfaces compared with smooth implant surfaces 
but perpendicularly oriented collagen fibers were not observed. In our previous 
study, we applied anodic oxidation (AO) on titanium sheets because it is an easily 
controlled method of surface-roughening which can be readily applied to the implant 
surface at room temperatures16-18. We found that when the voltage reached 180 V, 
the anodized titanium dioxide (TiO2) films (Ra = 1.3383 ± 0.1839 μm) promoted 
protein adsorption, enhanced fibroblast growth and inhibited bacterial adhesion19. 
However, the inorganic anodized structure could not form a direct biochemical 
bond with the organic collagen fibers in the peri-implant connective tissue.
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A coating which can enhance the attachment between the organic collagen 
fibers and the inorganic TiO2 surface is therefore necessary. It has been shown 
that mussels can attach themselves to virtually all types of inorganic and organic 
surfaces20,21. The adhesive proteins they secrete contain both catechol and amine 
functional groups. The mussel-inspired polydopamine (PD), which contains 
functional groups similar to those of these adhesive proteins21, also has versatile 
adhesion capability. In 2007, Lee et al. 22 used dopamine self-polymerization to 
form thin, surface-adherent PD films, which provided a quick and easy method 
of fabricating the PD coatings on a titanium surface. PD therefore has aroused 
our great interest as an ideal coating layer on the inorganic implant surface to 
help enhance the attachment of organic collagen fibers in peri-implant connective 
tissue.

We hypothesized that AO and PD could be used together to enhance 
the attachment between an implant and the peri-implant connective tissue. We 
therefore conducted this study by modifying the implant necks with either AO or 
PD, and tested their different impacts on peri-implant tissues in beagle dogs.

MATEriAL AND METhODS

Grouping
DIO RBM Implants (DIO Company, Busan, Korea) were used in this study. Every 
implant was 8.5 mm long and 3.75 mm in diameter, with a 2-mm-high transmucosal 
region (implant neck). All the implants were divided into four groups (Figure 1A) 
with 6 samples in each group, as follows: 

group 1 (control group): DIO implants without any modifications.
group 2 (AO group): implants whose surfaces were treated with AO.
group 3 (PD group): implants whose surfaces were coated with PD.
group 4  (AO + PD group): the group of implants whose surfaces were first 

anodized and then coated with PD.

Sample preparation
Anodic oxidation
According to our previous study19, AO was performed at room temperature with a 
direct-current supply system (QUERLI DC Power Supply WYJ-500 V 1 A, Querli 
Electronic Equipment Co., Shanghai, China). Sodium acetate solution (1 mol/L) 
was used as the electrolyte and 180 V was adopted as the final voltage. The current 
density was 50 mA/cm2 and the time at the final voltage was 2 minutes. The entire 
implant served as the anode and a circled titanium sheet was used as the cathode.
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PD coatings
The dopamine monomer used in this experiment was 2-(3,4)-dihydroxy-
phenethylamine (H8502, molecular weight: 189.64; Sigma-Aldrich® Co. LLC, 
Shanghai, China). Dopamine solution (2 g/L) was prepared and the pH was 
adjusted to 8.5 using a 10 mmol/L Tris-buffered solution22. Entire implants and 
titanium sheets (99.9% Ti; Northwest Institute for Nonferrous Metal Research, 
Shanghai, China) were immersed in the dopamine solution at 25°C, placed in an 
orbital shaker for 24 h and a thin adherent coating of polymer was spontaneously 
deposited onto the surface of implants. Thereafter, the implants and titanium sheets 
were cleaned ultrasonically with distilled water for 5 minutes and the procedures 
described above were repeated twice.

in vitro characterization
The surface topography of the anodized implant neck was observed by scanning 
electron microscopy (Hitachi S-4800, Tokyo, Japan) and atomic force microscopy 
(AIST-NT SmartSPM, Novato, CA, USA).

The surface microstructure and elemental composition of the PD coating 
on the implant neck was observed by scanning electron microscopy and X-ray 
photoelectron spectroscopy (KRATOS XPSAM800, Manchester, UK).

L929 mouse fibroblasts (provided by the State Key Laboratory of Oral 
Diseases, West China Hospital of Stomatology, Sichuan University) were seeded 
onto four groups of titanium sheets (mechanically polished, AO, PD and AO + 
PD groups) to investigate the influence of different surfaces on the growth and 
morphology of L929 cells.

L929 fibroblasts were cultivated in Dulbecco’s modified Eagle’s medium 
containing 10% fetal bovine serum and 1% penicillin/streptomycin. An L929 
fibroblast monolayer was formed, which was passaged upon confluence using 
trypsin [0.5% (w/v) in phosphate-buffered saline]. The cells were subsequently 
harvested from the culture by immersion in trypsin solution for 5 minutes. Then, 
the cells were centrifuged and the supernatant was discarded. Dulbecco’s modified 
Eagle’s medium (3 mL) supplemented with serum was added to neutralize any 
residual trypsin and then the cells were resuspended, at a concentration of 1 × 104 
cells/mL, in serum-supplemented Dulbecco’s modified Eagle’s medium. Afterward, 
the cells were seeded onto the surfaces of the titanium sheets and cultivated in 5% 
CO2 at 37°C for 4 and 24 hours separately. Then the sample surfaces were washed 
with phosphate-buffered saline to remove loosely adsorbed cells. Cells were 
fixed by application of phosphate-buffered saline containing 4% glutaraldehyde 
for 4 hours at 4°C, followed by dehydration with 25%, 50%, 70% and 95% (v/v) 
ethanol for 15 minutes each and final dehydration in absolute ethanol twice. The 
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surfaces with immobilized cells were dried in supercritical carbon dioxide and were 
subsequently observed by scanning electron microscopy.

Figure 1.  The clinical procedures of the animal experiment. (A) Four groups of implants. From 
left to right: control group; polydopamine (PD) group; anodic oxidation (AO) group; 
AO + PD group. (B) A full-thickness mucoperiosteal flap was elevated buccally and 
lingually to allow visibility during the procedure. (C) Drills of increasing diameters 
were used sequentially to prepare the osteotomy site to the desired diameter for 
the placement of implants. (D) Implants (PD group [left] and control group [right]) 
were inserted with the apical portion of implant necks placed flush with the crestal 
margin. (E) Implants (AO group [left] and AO + PD group [right]) were inserted with 
the shoulders placed flush with the crestal margin. (F) The flaps were mobilized and 
sutured to allow nonsubmerged healing.

in vivo experiment
Surgical procedure
The research protocol was submitted to and approved by the Ethics Committee 
of the State Key Laboratory of Oral Diseases, West China School of Stomatology, 
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Sichuan University, China (Ethical Permission No. SKLODLL2013A155). All 
applicable international, national and institutional guidelines for the care and use 
of animals were followed.

Six beagle dogs (each approximately 20 kg in weight and with a mean age 
of 2 years) were used. The dogs were provided by the Animal Experiment Centre 
of West China Hospital, Sichuan University, and were kept during the experimental 
period in kennels with free access to water and feed of moistened balanced dog’s 
chow.

At the start of the experiment, the dogs were anesthetized with 3% 
pentobarbital sodium, and the mandibular second and third premolars were 
extracted bilaterally, to build the mode of edentulous alveolar ridges.

Three months after tooth extraction, all 24 implants were inserted into the 
edentulous regions of the dogs. Under general anesthesia (3% pentobarbital 
sodium), a horizontal incision was made (slightly lingual to the crest) in the surgical 
region. A full-thickness mucoperiosteal flap was raised both buccally and lingually 
to allow visibility during the procedure (Figure 1B) and the alveolar crest was 
trimmed to achieve approximately the same height of crest on both the buccal and 
lingual sites. A probe was used to measure the thickness of the gingiva above the 
crest. A round bur was used to decide the position of osteotomy and a pilot drill 
was used to prepare the osteotomy for the final length of implant to be placed. 
Subsequently, DIO drills (IFI/SM; DIO Company) of increasing diameters were 
used sequentially to prepare the osteotomy site to the desired diameter for the 
placement of implants (Figure 1C). After that, a sliding caliper was used to measure 
the width of the alveolar ridge (1 mm apical to the crestal margin) on both the 
buccal and lingual sites. After preparation of the osteotomy, four groups of implants 
were randomly inserted into the bony envelopes of the 6 beagle dogs, respectively. 
Every dog had four different types of implants installed in its alveolar bone. Every 
implant was installed in the middle of the crest, with the apical portion of the implant 
neck placed flush with the crestal margin and a 2-mm-high healing abutment was 
connected to the implant (Figure 1D, E). The flaps were mobilized and sutured to 
allow nonsubmerged healing (Figure 1F).

After surgery, the dogs received anti-inflammatory and analgesic drugs for 
5 days and antibiotics for 15 days. We inspected the wounds and cleaned the healing 
abutments 3 times per week for the entire duration of the study. Four months after 
surgery, the animals were euthanized by overdose of anesthesia (thiopental)23 and 
the carotid arteries were perfused with a fixative (4% paraformaldehyde solution).
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Histological preparation and analysis
Block sections, each containing one implant, were harvested from the mandibles 
and immersed in 4% paraformaldehyde solution for 2 weeks. Then, they were 
dehydrated in a series of graded ethanol and subsequently imbedded in resin 
(Technovit® 7200 VLC; Kulzer, EXAKT, Heidelberg, Germany). The blocks were 
cut in a buccolingual plane using a diamond band saw fitted in a precision slicing 
machine (Exakt®; Apparatebau, Norderstedt, Germany). One central section was 
selected and reduced to a thickness of about 50 μm using a cutting-grinding device 
(Exakt®; Apparatebau). The histological slides were stained with toluidine blue and 
examined under a standard light microscope for histomorphometric analysis.

In a Olympus BX63 microscope (Olympus Corporation, Tokyo, Japan) 
connected to a computer and using the software CellSens (Olympus Corporation), 
the following landmarks were identified (Figure 2): the margin of the peri-implant 
mucosa (PM); the shoulder of the implant (IS); coronal termination of the junctional 
epithelium (cJE); apical termination of the junctional epithelium (aJE); and the most 
coronal bone-to-implant contact location (B).

Figure 2.  Diagram depicting the 
landmarks for histological 
evaluation. aJE, apical 
termination of the junctional 
epithelium; B, most coronal 
bone-to-implant contact 
location; cJE, coronal 
termination of the junctional 
epithelium; IS, shoulder of 
the implant; PM, margin of 
the peri-implant mucosa; 
WPM, the horizontal width of 
peri-implant soft tissue 1 mm 
apically to the PM.
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The following measurements8,23,24 of the hard- and soft-tissue dimensions 
were taken parallel to the long axis of the implant: the height of the peri-implant 
soft-tissue barriers (hPSTB) = the vertical distance between the PM and B (PM-
B); sulcus length = the vertical distance between the PM and the cJE (PM-cJE); 
connective tissue (CT) length = the vertical distance between the aJE and B (aJE-B); 
the vertical distance between the PM and the IS (PM-IS); the horizontal width of the 
peri-implant soft tissue 1 mm apically to the PM (WPM); and the vertical distance 
between the IS and B (IS-B).

Statistical analysis
All measurements were conducted by the same person who was blinded to the 
grouping. Each data point was the average of measurements performed 3 times. 
Mean values and standard deviations were calculated for each outcome variable. 
The primary variables for the soft tissue were hPSTB (PM-B), sulcus length (PM-
cJE), CT length (aJE-B), WPM and PM-IS, whereas for the hard tissue, the primary 
variable was IS-B. Data were compared using a one-way ANOVA and post-hoc 
comparisons were made using least significant difference corrections (α = 0.05).

rESULTS

in vitro characterization
Anodized films
Scanning electron microscopy micrographs showed that the surfaces of the 180 V 
anodized titanium sheet (Figure 3A) and the 180 V anodized implant neck region 
(Figure 3B) were both uniform and were overlaid with densely distributed pores 
with sizes that ranged from 2 to 7 μm. Atomic force microscopy graphs showed 
that the roughness of the titanium sheet (Figure 3C) was Ra = 1.3383 ± 0.1839 μm 
and that of the implant neck (Figure 3D) was Ra = 1.3745 ± 0.2016 μm; analysis 
with the t test showed that this difference was not statistically significant (P < 0.05). 

Polydopamine coatings
On the surface of the titanium sheet modified with PD, atomic force microscopy 
(Figure 4) detected a peak located at 399.85 eV, which was the N1s of PD25,26. The 
scanning electron microscopy micrograph of the PD group (Figure 5B) showed a 
layer of amorphous substance on the mechanically polished surface. The scanning 
electron microscopy micrograph of the AO + PD group (Figure 5D) showed that 
after modification with PD, the anodized implant surface was still porous but the 
sizes of the pores were smaller than the pores on the surface of the AO group.
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Figure 3.  Scanning electron microscopy micrographs and atomic force microscopy graphs of 
the anodized samples. (A) Scanning electron microscopy micrograph of the surface 
of the 180 V anodized titanium sheet. (B) Scanning electron microscopy micrograph 
of the 180 V anodized implant neck region. (C) Atomic force microscopy graph of the 
surface of the 180 V anodized titanium sheet. (D) Atomic force microscopy graph of 
the 180 V anodized implant neck region.

Figure 4.  X-ray photoelectron spectroscopy graph of the titanium surface modified by 
polydopamine.
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Figure 5.  Scanning electron microscopy micrograph of the surface of implant neck regions. (A) 

Control group. (B) Polydopamine (PD) group. (C) Anodic oxidation (AO) group. (D) 
AO+PD group. 

The L929 co-culture experiment showed that, after 4 hours, L929 fibroblasts were 
attached to the surfaces in all groups (Figure 6). On the surfaces modified with 
PD, pseudopodia were observed and cells were spread over a large area (insets 
of Figure 6B, D). However, on the control-group surfaces, L929 fibroblasts showed 
a smaller spherical shape with no pseudopods, which is typically a nonspreading 
morphology (insets of Figure 6A, C). After 24 hours of co-culture, on the surfaces 
modified with PD, cell pseudopodia formed further, cells spread out rapidly 
(appearing in fusiform, triangular and polygonal shapes) and bridge connections 
were formed between adjacent cells (Figure 6B, D). However, on the control-group 
surfaces, most of the L929 fibroblasts were still spherical with little protrusions 
(Figure 6A, C). These results indicate that the PD coating is conducive to cell 
adhesion and spreading.
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Figure 6.  Scanning electron microscopy images of L929 cells cultured for 24 hours on different 
surfaces. (A) Control group. (B) Polydopamine (PD) group. (C) Anodic oxidation 
(AO) group. (D) AO + PD group. Insets shows the images of L929 cells cultured for 
4 hours on four groups of surfaces.

in vivo experiment
After installation of the implant, excellent primary stability was obtained in all 6 
dogs. No complications had occurred during the healing period and no artifacts 
were generated during histological processing.

Clinical evaluation
The clinical measurements at the time of implant surgery (Table 1) showed that 
there were no significant differences in the thickness of the hard and soft tissues 
between the control group and any of the three test groups. In all four groups, the 
thicknesses of the buccal bony ridges after osteotomy preparation that measured 
1 mm apically to the crestal margin of the alveolar ridge were more than 1.5 mm. 
Therefore, we deemed that the initial conditions of all four groups were the same 
and were all suitable for implant surgery.
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Table 1.  Clinical measurements of hard and soft tissues dimensions in millimeters at the time 
of implant installation

Mucosa thickness Buccal bony crest thickness (1 mm apically to the crestal margin)

A M (SD) 3.1 (0.3) 2.1 (0.4)

25th, 50th, 75th 2.8, 3.3, 3.4 1.7, 2.2, 2.5

B M (SD) 2.8 (0.2) 2.1 (0.1)

25th, 50th, 75th 2.5, 2.8, 2.9 2.1, 2.1, 2.3

C M (SD) 3.3 (0.3) 2.0 (0.4)

25th, 50th, 75th 3.1, 3.3, 3.5 1.7, 1.9, 2.3

D M (SD) 3.2 (0.3) 1.9 (0.3)

25th, 50th, 75th 3.0, 3.3, 3.3 1.5, 1.9, 2.1

Mean values, standard deviations (SD) and percentiles 25th, 50th (median) and 75th in 
millimeters. A: control group; B: poly-dopamine group; C: anodic oxidation group; D: anodic 
oxidation combined poly-dopamine group.
P > 0.05 among all the four groups.

Histological evaluation
All the implants appeared to be well integrated, soft tissue attached well around the 
implant neck and no obvious inflammation was observed.

Figure 7.  Histological sections illustrating the 
healing after 4 months. (A) Control 
group. (B) Anodic oxidation 
plus polydopamine (AO + PD) 
group. aJE, apical termination 
of the junctional epithelium; B, 
most coronal bone-to-implant 
contact location; IS, shoulder of 
the implant. Downgrowth of the 
junctional epithelium toward the 
alveolar bone crest was observed 
with machined surfaces in the 
control group (A). The AO + PD 
group (B) showed a longer 
connective tissue seal and a more 
coronal attachment of peri-implant 
tissues compared with the control 
group (A). Toluidine blue stain. 
Original magnification 16×.
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Table 2. Histological measurements of peri-implant tissues after 4 months of healing 
hPSTB (PM-B) (mm) Sulcus length (PM-cJE) (mm) CT length (aJE-B) (mm)

Control group 2.4 ± 0.4 1.2 ± 0.2 0.8 ± 0.2

PD group 2.2 ± 0.4 1.1 ± 0.3 0.8 ± 0.3

AO group 2.8 ± 0.3 1.2 ± 0.4 1.4 ± 0.5a,b

AO + PD group 2.7 ± 0.3 1.1 ± 0.4 1.4 ± 0.4c,d

WPM (mm) PM-IS (mm) IS-B (mm)

Control group 1.3 ± 0.3 -0.3 ± 0.6 2.8 ± 0.6

PD group 1.4 ± 0.1 0 ± 0.4 2.2 ± 0.1f

AO group 1.3 ± 0.1 0.1 ± 0.3 2.7 ± 0.1

AO + PD group 1.2 ± 0.4 0.4 ± 0.5e 2.3 ± 0.4

hPSTB: hight of peri-implant soft tissue barrier; PM: margin of the peri-implant mucosa; B: most 
coronal bone-to-implant contact location; cJE: coronal termination of the junctional epithelium; 
aJE: apical termination of the junctional epithelium; CT: connective tissue; WPM: the horizontal 
width of peri-implant soft tissue 1 mm apically to PM; IS: shoulder of the implant.
Data are displayed as mean values ± standard deviations.
a: significant difference (P < 0.05) between AO group and control group at CT length.
b: significant difference (P < 0.05) between AO group and PD group at CT length.
c: significant difference (P < 0.05) between AO + PD group and control group at CT length.
d: significant difference (P < 0.05) between AO + PD group and PD group at CT length.
e: significant difference (P < 0.05) between AO + PD group and control group at PM-IS.
f: significant difference (P < 0.05) between PD group and control group at IS-B.

On the surface of AO + PD group, aJE was clearly visible and the length of 
connective tissue was comparatively long (Figure 7B), whereas at the machined 
surface of the control group, junctional epithelium downgrowth was observed 
toward the alveolar crest (Figure 7A). The AO + PD group (Figure 7B) also showed 
a more coronal attachment of peri-implant tissues compared with the control group 
(Figure 7A). Between the alveolar crest and the aJE, the connective tissue was 
in direct contact with the implant surface. Meanwhile, at the area adjacent to the 
implant surface, the connective tissue was dominated by collagen fibers oriented 
parallel to the longitudinal axis of the implant (Figure 8). No perpendicularly oriented 
collagen fibers, directly contacting the implant surface, were observed in any of the 
sections.

The histological dimensions of peri-implant soft and hard tissues after 
4 months of healing (Table 2) showed that the differences in hPSTB (PM-B), sulcus 
length (PM-cJE) and WPM between the control group and the three test groups 
(AO group, PD group, AO + PD group) were not significant.
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Figure 8.  Connective tissue was in direct contact with the implant surface. Collagen fibers were 

oriented parallel to the longitudinal axis of the implant. Toluidine blue stain. Original 
magnification 32×.

The values of aJE-B in both the AO group and the AO + PD group were 
significantly larger than those in the control group (P < 0.05) and the PD group 
(P < 0.05), which revealed a longer connective tissue seal in the AO group and the 
AO + PD group compared with the control group and the PD group.

The value of PM-IS in the AO + PD group was larger than that in the control 
group (P < 0.05), which means that the PM in the AO + PD group was located more 
coronally than that in the control group. The differences in the PM-IS between the 
control group and the other two test groups were not significant (P > 0.05).

The value of the IS-B in the PD group was smaller than that in the control 
group, which means that point B was located more coronally in the PD group than 
in the control group. The difference was statistically significant (P < 0.05). However, 
although the value of IS-B was slightly smaller in the AO + PD group than in the 
control group, this difference was not statistically significant (P > 0.05).

DiSCUSSiON

Our results suggest that the application of AO and PD can enhance attachment 
between implants and the peri-implant connective tissue.

The scanning electron microscopy and atomic force microscopy graphs 
showed similarities in roughness and surface topography between the 180 V 
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anodized implant neck and the 180 V anodized titanium sheet. We therefore 
consider that the surface of the 180 V anodized implant neck possesses the same 
bioactivity we saw in the 180 V anodized titanium sheet in our previous study and 
that it shares the ability to promote the adsorption of proteins, to inhibit bacterial 
adhesion and to enhance fibroblast proliferation19.

Effective adhesion of fibroblasts to the implant surface is important 
for integration of peri-implant soft-tissue27. Several studies have shown that 
PD could enhance the adhesion and spreading of various cell lines on various 
substrates28-32. Ku et al. 30 reported that PD could be applied to virtually any type 
of substrate with no toxic effect to cells. Liu et al. 28 reported that PD was able to 
enhance the proliferation and adhesion of gingival fibroblasts while reducing the 
adhesion of bacteria. The outcomes of our L929 co-culture experiment and in vivo 
experiment are in accordance with these reports. The possible mechanism for the 
enhancement of cell adhesion by the PD coatings has been investigated. Tsai et 
al. 31 suggested that the enhancement of cell adhesion to PD-coated surfaces is 
a result of increased immobilization and adsorption of adhesive proteins, such as 
fibronectin, on the substrates. Liu et al. 28 showed that expression of the integrin α5, 
β1, β3 genes, which have been identified in gingival tissue and play an important 
role in cell adhesion33,34, and fibronectin, which is an extracellular matrix protein 
and plays a major role in cell adhesion through interactions with integrins35, were 
significantly upregulated on PD-coated surfaces.

At the end of the healing period, implants in both the AO group and the 
AO + PD group revealed a longer connective tissue seal compared with implants 
in the PD group and with machined-surfaced implants in the control group. This 
is because a rough surface is preferable for connective tissue adhesion during 
healing and the attachment between the connective tissue and the implant can 
impede the epithelial downgrowth. This result is in accordance with the ideas 
suggested by Glauser et al. 8 and Kim et al.5.

The PM in the AO + PD group was located more coronally compared with 
that in the control group and we attribute this result to the functions of both the AO 
and PD. The porous titanium dioxide films19 formed by 180 V AO on the implant 
neck can enhance fibroblast growth36, and the high photocatalytic crystalline phase 
of anatase, which was formed as a result of AO, possesses antibacterial activity37. 
The rough surface formed by AO also resulted in a longer connective tissue seal, 
as stated above. Meanwhile, as shown in the L929 cell-culture experiment, PD 
could enhance the adhesion of fibroblasts, which is important for the integration 
of peri-implant soft tissue27. In addition, dopamine can form a strong covalent 
interaction with inorganic metallic ions, such as the titanium surface of implants, by 
its catechol groups22. PD coatings, formed by the self-polymerization of dopamine, 
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can form covalent bonds with organic proteins, such as the collagen fibers in the 
peri-implant connective tissue38,39. PD coatings therefore could enhance adhesion 
of connective tissue to the implant surface. Thanks to the merits of both the AO and 
PD, the peri-implant soft tissues of the AO + PD group formed a better biological 
seal around the implant neck region, which could yield better defense against 
bacterial invasion and reduce gingival recession.

The fact that B was located more coronally in the PD group than in the control 
group but PM stayed in a similar position for both the PD group and the control 
group indicates that PD could also have a positive effect between the implant 
surface and the bone tissues. To some extent, it could reduce the postsurgical 
resorption of the marginal crest. This result can be partly explained by the fact that 
PD can also enhance the adhesion of osteoblasts, as reported by Ku et al.30.

However, limited by the experimental condition, we were not able to divide 
the surface modification of the implant neck from the implant root. The treatment of 
AO may break the more sophisticated surface treatment of the intact implant root 
region, worsening the attachment between the implant surface and peri-implant 
bone tissue. This can also explain the fact that although PD was applied in the AO 
+ PD group, the difference in the positions of B between the AO + PD group and 
the control group was not statistically significant. Subsequent research should try 
to solve this problem. In addition, further in vitro investigation with quantitative data 
regarding the mechanism of PD should also be conducted.

CONCLUSiONS

The implant neck modified by AO + PD can enhance the attachment of peri-implant 
connective tissue, inhibit epithelial downgrowth and facilitate formation of the peri-
implant soft-tissue seal, thus indicating a positive effect on maintaining its stability.
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Bone morphogenetic protein (BMP) plays a leading role in bone tissue engineering 
because progenitor cells cannot differentiate into the osteogenic pathway 
without BMPs and only BMPs can induce bone formation at an ectopic site1,2. 
Its osteoinductive capacity has been clearly proved by studies in animals and 
humans3-5. The identification and development of recombinant human bone 
morphogenetic protein 2 (rhBMP-2) has led to the commercial availability of an 
osteoinductive autograft substitute. In 2002, rhBMP-2 (INFUSE® Bone Graft, 
Medtronic, USA) was approved by the United States Food and Drug Administration 
(FDA) as an alternative to an autograft for single-level anterior lumbar interbody 
spinal fusion procedures6,7. In 2004, INFUSE® Bone Graft was approved for 
open tibial nonunions8. In 2007, INFUSE® Bone Graft was approved for sinus 
augmentation and for localized alveolar ridge augmentation associated with 
extraction sockets8,9. Currently, most of the clinical applications of BMP-2 involve 
the use of INFUSE® Bone Graft, which contains rhBMP-2 at a concentration of 1.5 
mg/ml adsorbed onto an absorbable collagen sponge (ACS)10,11. This adsorption 
mode of delivery is neither efficient nor cost-effective. When BMP-2 is delivered by 
an adsorption mode, it shows a burst rate of release and it diffuses too fast away 
from the implantation site to induce a sustained new bone formation. Effective bone 
healing requires high amounts of BMP-2 (in the milligram range) in this way and 
excessive concentrations of BMP-2 is the main cause of a variety of clinical side 
effects12. In fact, worries over a number of well documented side effects, including 
post-operative inflammation, ectopic bone formation and osteoclast mediated bone 
resorption12, have been addressed. This prompted the FDA to issue a Public Health 
Notification in 2008 about the use of BMP-212.

Dental implant treatment has been widely used for oral reconstruction 
in recent years thanks to the advent of osseointegration and advances in 
biomaterials. A prerequisite to predict long-term success for osseointegrated 
implants is a sufficient bone volume at recipient sites, which is frequently lacking 
because of atrophy, trauma and periodontal disease. Vertical alveolar bone loss 
in partially or totally edentulous patients presents a major challenge in the field of 
implant dentistry. Although autogenous bone is regarded as the gold standard in 
regenerative dentistry, its various limitations stimulate the search for alternatives. 
Engineered bone tissue using BMP-2 has been seen as a potential alternative for 
the conventional use of bone grafts. However, the worrying side effects of BMP-2 
mentioned above makes using BMP-2 clinically controversial. 

The potential of recombinant human bone morphogenetic protein 2 (rhBMP-2) 
as an alternative for autogenous bone in vertical bone augmentation is discussed 
in Chapter 2. Literatures dealing with the preclinical application of rhBMP-2 in 
vertical bone augmentation were included and systematically reviewed. Meta-
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analysis was performed on the percentage of newly formed bone, percentage of 
residual materials, augmented bone height and percentage of regenerated tissue. 
No statistically significant difference was found in the percentage of newly formed 
bone and residual materials between the groups with and without rhBMP-2. The 
tissue regeneration was significantly improved by the additional use of rhBMP-2. 
With the application of space-providing barriers, the augmented bone height was 
also significantly enhanced by using rhBMP-2. These results are limited by the 
small number of included studies and a high degree of heterogeneity. Consequently, 
there is not enough evidence to support the current application of rhBMP-2 for 
vertical bone augmentation in routine clinical work.

The key point for improving the efficacy of BMP-2 is to find an appropriate 
carrier which can give and maintain a sustained delivery of low doses of BMP-2 
(in the microgram range)13. A biomimetic calcium phosphate (CaP) coating was 
developed in our previous study as a carrier of BMP-214,15. BMP-2 can retain its 
biological activity when incorporated into the crystalline latticework of this biomimetic 
CaP and be released slowly and steadily during the degradation of the coating. In 
Chapter 3, we functionalized the deproteinized bovine bone (DBB) block with this 
biomimetic CaP coating incorporating BMP-2, and evaluated the release kinetics of 
the incorporated BMP-2 in vitro. The results showed that BMP-2 was successfully 
incorporated onto and into the DBB blocks and a sustained delivery of BMP-2 from 
the DBB blocks was achieved with the mediation of osteoclasts.

After proving the in vitro slow-release characteristics of incorporated BMP-2 
in Chapter 3, in Chapter 4, we investigated its potential in replacing autogenous 
bone in vertical bone augmentation in vivo. DBB blocks with incorporated BMP-
2 (inc.BMP-2), with superficially adsorbed BMP-2 (ad.BMP-2), or without any 
functionalization (negative control) are used in the one-stage onlay surgery and 
examined for their new bone formation. The results are compared to those from 
the autologous bone blocks (positive control). The inc.BMP-2 group and the 
positive control showed a similar efficacy for vertical bone augmentation. They 
both exhibited a significantly thicker and wider augmented bone area, better 
bone-to-implant contact, and more mineralized tissue than the negative control. 
Furthermore, the inc.BMP-2 group induced significantly more newly formed bone 
in the upper half of the volume of interest (VOI-U) than the negative control. VOI-U 
was far away from the host bone and can be regarded as an area mainly affected by 
osteoinductive activity. In the area where the osteoconduction was hard to reach, 
the osteoinductive capacity of BMP-2 stood out. Compared with the ad.BMP-2 
group, the inc.BMP-2 group showed significantly more mineralized tissue, better 
bone-to-implant contact and better bone-to-graft contact. This indicates that the 
efficacy of BMP-2 was significantly enhanced by the biomimetic CaP coating as 
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a carrier for the slow and sustained delivery of BMP-2. Combined with the fact 
that DBB block has a slow rate of degradation, we propose that DBB block with 
coating-delivered BMP-2 can act as an appropriate bone substitute for the vertical 
bone augmentation.

Another prerequisite for the successful ossteointegration is the favorable 
surface properties of the implant materials. Commercially pure titanium has been 
regarded as the gold standard for osseointegrated dental implants but its greyish 
color might shine through the thin peri-implant mucosa and affect the esthetical 
outcome. A zirconia implant has been proposed as an alternative for a titanium 
implant because of its toothlike color. The surface property of zirconia implants is 
important in peri-implant bone apposition in the same way as for titanium implants. 
BMP-2 functionalized biomimetic CaP can be directly coated onto the surface of 
implants to confer osteoconductivity and osteoinductivity on the implants16,17. In 
Chapter 5, we functionalized the zirconia implants with our biomimetic CaP coating 
with or without the incorporation of BMP-2 and investigated their histological behavior 
in vivo. We found that the application of the biomimetic CaP coating incorporating 
BMP-2 enhanced the peri-implant bone density significantly for zirconia implants 
and had a tendency to reduce the marginal bone loss. This indicates that our BMP-2 
incorporated biomimetic CaP coating has a histologically positive influence on the 
osseointegration for zirconia implants. When BMP-2 was applied on the titanium 
implant surfaces in a superficially adsorbed mode16, the bone-to-implant contact 
of implants can be severely impaired. Applied in a coating-delivered mode in our 
study, BMP-2 did neither compromise nor enhance the bone-to-implant contact of 
zirconia implants. Although it is reported that the bone-to-implant contact of titanium 
implants can be enhanced by the application of CaP coating16, the bone-to-implant 
contact percentage of zirconia implants was not enhanced by the biomimetic CaP 
in the current study. This indicates that the surface chemistry of the zirconia may 
override the effects of CaP coating and coating-delivered BMP-2 respecting the 
bone-to-implant contact.

While BMP-2 functionalized CaP coating enhances the osseointegration of 
the implants, the long-term success of dental implants is also affected by their 
integration into the soft tissue. The quality of the soft-tissue seal can be influenced 
significantly by the physicochemical properties of implant materials. Current 
designs for the transmucosal region of transmucosal implants (implant neck) 
used in clinical work are mechanically machined to achieve a smooth surface to 
prevent the retention of bacterial plaque18. But the connective tissue adhesion 
at this implant surface has a poor mechanical resistance compared with that of 
natural teeth, which increases the vulnerability of implants to bacterial invasion19. 
In order to enhance the attachment of the implant neck with its adjacent tissues, 
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we developed a modification of the implant neck surface in Chapter 6. We used 
anodic oxidation (AO) to roughen the surfaces of implant necks and applied a layer 
of polydopamine (PD) on the roughened surfaces. In vitro investigations showed 
that the surfaces of anodized implant necks were overlaid with densely distributed 
pores of 2–7 μm in size with a roughness of Ra = 1.3745 ± 0.2016 μm. PD was 
successfully deposited on the PD-modified surfaces. L929 fibroblasts developed 
pseudopods more quickly on the PD-modified surfaces than on the surfaces of 
the control, which is in accordance with the findings that PD could enhance the 
adhesion and spreading of various cell lines on various substrates20,21. The in vivo 
experiment showed a longer connective tissue seal for implants treated with AO 
(the AO group and AO + PD group), compared with those without (the PD group and 
control group). This is because a rough surface is preferable for connective tissue 
adhesion during healing and the attachment between the connective tissue and the 
implant can impede the epithelial downgrowth22,23. A more coronally located peri-
implant soft-tissue attachment was also observed in the AO + PD group, compared 
with that in the control group and we attribute this result to the functions of both 
the AO and PD. Therefore, the implant neck modified by anodic oxidation and 
polydopamin deposition can enhance the attachment of peri-implant connective 
tissue, inhibit epithelial downgrowth and facilitate the formation of the peri-implant 
soft-tissue seal, thus indicating a positive effect on maintaining its stability.

The conclusions of this thesis can be summarized as follows:
(1) The current application of rhBMP-2 in bone substitutes did not significantly 

enhance the new bone formation or the residual graft resorption in vertical 
bone augmentation procedures. The tissue regeneration was significantly 
improved by the additional use of BMP-2. With the application of space-
providing barriers, the augmented bone height was also significantly 
enhanced by using BMP-2. These results are not strong enough to support 
the use of rhBMP-2 in routine clinical work because of the limitations of the 
study. Further clinical studies are needed to come to a definite conclusion. 
(Chapter 2)

(2) BMP-2 was successfully incorporated onto and into the DBB blocks. A 
sustained delivery of BMP-2 from the DBB blocks was achieved in acidic 
solution or with the mediation of osteoclasts. (Chapter 3)

(3) The additional use of the coating-delivered BMP-2 in the DBB blocks 
significantly enhanced the efficacy of vertical alveolar bone augmentation in 
the one-stage onlay surgery with simultaneous implant insertion. (Chapter 
4)
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(4) The application of the biomimetic CaP coating incorporating BMP-2 
enhanced the peri-implant osteogenesis for zirconia implants but did not 
enhance the bone-to-implant contact for zirconia implants. (Chapter 5)

(5) The modification of anodic oxidation and polydopamin deposition on the 
implant neck yielded a better attachment between the implant and the peri-
implant connective tissue. (Chapter 6)
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