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Abstract 

Because of their bioactive property and chemical similarity to the inorganic component of 

bone, calcium phosphate (CaP) materials are widely used for bone regeneration. Six 

commercially available CaP bone substitutes (Bio-Oss, Actifuse, Bi-Ostetic, MBCP, Vitoss 

and chronOs) as well as two tricalcium phosphate (TCP) ceramics with either micron-scale 

(TCP-B) or submicron-scale (TCP-S) surface structure are characterized and their bone 

forming potential is evaluated in a canine ectopic implantation model. After 12 weeks of 

implantation in the paraspinal muscle of four beagles, sporadic bone (0.1 ± 0.1%) is observed 

in two Actifuse implants (2/4), limited bone (2.1 ± 1.4%) in four MBCP implants (4/4) and 

abundant bone (21.6 ± 4.5%) is formed in all TCP-S implants (4/4). Bone is not observed in 

any of the Bio-Oss, Bi-Ostetic, Vitoss, chronOs and TCP-B implants (0/4). When correlating 

the bone forming potential with the physicochemical properties of each material, we observe 

that the physical characteristics (e.g. grain size and micropore size at the submicron scale) 

might be the dominant trigger of material directed bone formation via specific 

mechanotransduction, instead of protein adsorption, surface mineralization and calcium ion 

release. 

Keywords: Bone regeneration; bone substitute; calcium phosphate; osteoinduction; surface 

structure 
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1. Introduction 

Calcium phosphate (CaP) ceramics such as beta-tricalcium phosphate (β-TCP), 

hydroxyapatite (HA) and biphasic calcium phosphate (BCP), have been developed to aid the 

healing of bone defects.
1,2

 Next to their biocompatibility, bioactivity and osteoconductivity, 

CaP ceramics with specific physicochemical properties have also been shown to initiate bone 

formation on their surface after ectopic implantation (e.g. intramuscular, and subcutaneous). 

As bone cells are not present at these locations, this phenomenon is described as material 

directed bone formation (i.e. osteoinduction).
3-5

  

With the ability to induce bone formation, osteoinductive CaP bone substitutes do not only 

trigger bone formation faster than those lacking osteoinductivity,
6
 but also allow the repair of 

critical-sized bone defects.
7,8

 Moreover, an osteoinductive CaP bone substitute showed equal 

bone regeneration capacity to autograft and collagen load with recombinant human bone 

morphogenetic protein 2 (rhBMP-2) in critical bone defects.
9 

The osteoinductive potential of 

CaP materials is largely dependent on their physicochemical properties.
10-18

 The chemical 

composition  plays a role in inductive bone formation. For instance, BCP (i.e. biphasic 

ceramic of HA and TCP) has a higher osteoinductive potential than HA,
6,10

 indicating a role 

of the faster resorbing TCP. However, a negative influence of TCP content was reported in a 

study where an increase of TCP in CaPs adversely affected the osteoinductive ability and no 

bone formation was detected in pure TCP ceramic.
11

 Next to the chemistry, the presence of 

micropores in the material has proven to be crucial for osteoinduction.
12

 For example, 

Ariizumi et al. found that TCP with interconnected macropores and micropores gave rise to 

inductive bone formation while in absence of micropores it did not.
13

 Furthermore, it was 

shown that the osteoinductive potential increased with microporosity.
14

 Moreover, the size of 

micropores has also been reported to greatly affect inductive bone formation by CaP 
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ceramics. For instance, a study where two BCP ceramics were compared in muscle of goats 

showed that only the BCP with smaller pore size and crystal size induced bone formation.
15

 

Given the fact that osteoinduction of CaP materials is material-dependent, it is likely that the 

bone forming potential of commercially available CaP bone substitutes varies due to 

differences in their physicochemical properties. In this study, six commercially available CaP 

bone substitutes (Bio-Oss, Actifuse, Bi-Ostetic, MBCP, Vitoss and chronOs) as well as two 

β-TCP ceramics with either micron-scale (TCP-B) or submicron-scale (TCP-S) surface 

architecture were characterized and their intramuscular bone forming potential was evaluated 

using a well-established canine osteoinduction study model.
8,16

 

2. Experiment section 

2.1. Calcium phosphate materials and characterization 

2.1.1. Calcium phosphate materials  

Six CaP bone substitutes (Bio-Oss, Actifuse, Bi-Ostetic, MBCP, Vitoss and chronOs) (Table 

1) were purchased and used as received. Two β-TCP ceramics with micron (TCP-B) or 

submicron (TCP-S) granules were prepared as previously described
8
 and were sterilized with 

gamma irradiation (dose 25-40 kGy, Isotron Netherland BV, Ede, the Netherlands) prior to 

use. 

2.1.2. Physicochemical characterization 

The chemistry and crystal structure of the eight CaP materials were evaluated with X-ray 

diffraction (XRD, Miniflex II, Rigaku, Tokyo, Japan). The surface structure of the materials 

was observed with scanning electron microscope (SEM, JEOL JSM-5600, JEOL Ltd, Tokyo, 

Japan). Grain size (the vertical lengths crossing the center of each grain) was measured by 

randomly selecting 100 grains from 10 SEM images (×5000). The microporosity (i.e. the 

volume percentage of pores smaller than 10 µm in the material), micropore size distribution, 
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and surface area were obtained by mercury intrusion (n = 1 per material, Micromeritics 

Instrument Incorporation, Norcross, USA).  

2.1.3. Protein adsorption  

The materials (0.1 cc ml
-1

, triplicates) were immersed in cell culture medium [minimal 

essential medium-alpha (a-MEM, Gibco, Invitrogen, UK) supplemented with 10% fetal 

bovine serum (FBS, Lonza, Germany) and 1% penicillin/streptomycin (Gibco, Invitrogen, 

UK)], and incubated at 37 °C in a humid atmosphere with 5% CO2 for 4 days. After washing 

three times with phosphate buffer solution (PBS, Invitrogen, Darmstadt, Germany), 0.5 ml of 

1% Triton solution was added to each sample. Thereafter, the amount of protein detached 

from the samples into the Triton solution was measured with the QuantiPro™ BCA Assay 

Kit (Pierce Biotechnology Inc., Rockford, USA) following the manufacturer’s instructions 

and absorbance was measured with a spectrophotometer (Anthos Zenyth 3100, Anthos 

Labtec Instruments GmbH, Salzburg, Austria) at 620 nm. Protein adsorption was converted 

to the same amount of material used for the in vivo implants (1.0 cc) and expressed as mean ± 

SD. 

2.1.4. Calcium and phosphate ions release  

With stirring at 70 rpm and at 37 °C, 0.5 cc of each material (in triplicates) was incubated in 

100 ml simulated physiological saline solution (SPS, 0.8% NaCl, 50 mM HEPES, 0.4 mM 

NaN3, 37 °C, pH = 7.3) for 1, 4 and 7 days. Calcium and phosphate concentrations in the 

SPS solution were measured with a QuantiChrom™ Calcium assay kit (BioAssay Systems, 

Hayward, USA) and PhosphoWorks
TM 

Colorimetric Phosphate assay kit (AAT Bioquest®, 

Inc., Sunnyvale, USA) respectively following the manufacturer’s guidelines. Thereafter, 

absorbance was measured with spectrophotometer (Anthos Zenyth 3100, Anthos Labtec 

Instruments GmbH, Salzburg, Austria) at 620 nm. The calcium and phosphate concentrations 

were quantified respectively with a standard calibration curve and expressed as mean ± SD. 
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2.1.5. Surface mineralization 

The bioactivity of the materials was evaluated in vitro with simulated body fluid (SBF).
17

 

SBF was prepared by dissolving reagent grade chemicals in distilled water (1000 ml) strictly 

in the order of  NaCl (8.035 g), NaHCO3 (0.355 g), KCl (0.225 g), K2HPO4·3H2O (0.231 g), 

MgCl2·6H2O (0.311 g), CaCl2 (25 ml) (calcium ion standard solution, 0.1 M, Metrohm, 

Herisau, Swizerland) and Na2SO4 (0.072 g). The solution was then buffered to pH=7.4 at 36.5 

°C with Tris (CH2OH)3CNH3 (6.118 g) and 1M HCl (25 ml). Fifty granules of each material 

as well as aluminum oxide ceramic granules (an internal negative control
18

 and prepared as 

described elsewhere
19

) were soaked in 200 mL of SBF at 37 °C for up to 14 days. A 

minimum of 5 granules were taken out at each time point of 1, 4, 7, and 14 days. The 

granules collected were carefully rinsed with distilled water, dried, gold-sputtered and 

observed with SEM in secondary electron modality.   

2.2. Ectopic bone formation 

2.2.1. Animal experiments 

All animal experiments were performed in compliance with the laws and institutional 

guidelines of the local animal care committee. After approval of the local animal care 

committee (i.e. the management committee of experimental animals of Sichuan province, 

China). The eight CaP materials (n=4, 1.0 cc per material) were intramuscularly implanted in 

the para-spinal muscles of 4 canines (beagles, male, 12-month old, 8 samples per animal). 

The surgical operation was conducted under general anesthesia by intravenous injection of 

sodium pentobarbital (30 mg kg
-1

 body weight) and sterile conditions. Following the 

surgeries, buprenorphine (0.1 mg per animal) was intramuscular injected to the dogs for 2 

days to relieve pain, while penicillin (40 mg kg
-1

) was intramuscular injected for three 

consecutive days to prevent infection. After operation, the animals received normal diet. 

Fluorochromes were intravenously injected at 3 weeks (calcein, Sigma, Louis, USA, 10 mg 
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kg
-1

), 6 weeks (xylenol orange, Sigma, 50 mg kg
-1

) and 9 weeks (tetracycline, Sigma, 10 mg 

kg
-1

) after surgery to monitor the onset time of bone formation. Twelve weeks after operation, 

animals were sacrificed by a celiac injection of an excessive amount of pentobarbital sodium, 

and implants were harvested with the surrounding tissues. 

2.2.2. Histological and histomorphometric analysis 

The explants were fixed in 4% buffered formaldehyde solution (pH = 7.4) at 4 °C for one 

week, then  dehydrated with  a series of gradient ethanol solutions and finally embedded in 

methyl methacrylate (MMA, K-plast, LTI Netherland, Bilthoven, the Netherlands). Serial 

non-decalcified sections with an average thickness of 10-20 µm were obtained using a 

microtome (SP-1600, Leica, Wetzlar, Germany) equipped with diamond saw blade. Sections 

for light microscopy observation were stained with 1% methylene blue (Sigma-Aldrich, 

Louis, USA) and 0.3% basic function (Sigma-Aldrich) after etching with acidic ethanol 

(Merch, Darmstadt, Germany). Non-stained sections were used for fluorescent microscopical 

observation with the FITC Texas Red filter (bandpass mirror wavelengths of 510-555 nm and 

585-665 nm; Nikon, Tokyo, Japan). Overview images were made from the stained sections 

with a slide scanner (Dimage Scan Elite 5400II, Konica Minolta Photo Imaging Inc, Tokyo, 

Japan) for histomorphometric analysis, which was performed using Adobe Photoshop 

Elements 4.0 software (CS5, v12, Adobe Systems Benelux BV, Amsterdam-Zuidoost, the 

Netherlands). The area with CaP materials was selected as a region of interest (ROI) and the 

corresponding number of pixels was read as ROI. Then the bone tissue area and CaP 

materials were pseudo-colored and their respective pixels were counted as B and M 

respectively. The percentage of bone in the available space was determined as B% = 

B∗100/(ROI-M) and presented as mean ± SD.  

2.3. Statistics 

Page 7 of 29 Biomaterials Science

B
io

m
at

er
ia

ls
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
5 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 C
ha

lm
er

s 
T

ek
ni

sk
a 

H
og

sk
ol

a 
on

 2
7/

10
/2

01
7 

16
:1

6:
13

. 

View Article Online
DOI: 10.1039/C7BM00717E

http://dx.doi.org/10.1039/c7bm00717e


 

 8

Statistical analysis was carried out using one-way analysis of variance (ANOVA) with 

Tukey’s test. Differences were considered statistically significant at p < 0.05. 

3. Results 

3.1. Calcium phosphate materials and characterization 

3.1.1. Physicochemical properties of the CaP materials 

The physicochemical properties of the materials are summarized in Table 1. The XRD 

patterns (Figure 1) show that the CaP materials are chemically different and consist of either 

HA (Bio-Oss and Actifuse) or TCP (Vitoss, chronOs, TCP-B and TCP-S) or BCP (Bi-Ostetic 

and MBCP). The wider peaks in the XRD pattern of Bio-Oss indicate its lesser crystalline 

nature compared to the other materials. SEM images show that the eight CaP materials have 

different surface structure regarding grain size, dimension and amount of micropores (Figure 

2 and Table 1). Mercury intrusion data indicate variations in the micropore size, micropore 

distribution, microporosity and specific surface area among these CaP materials (Table 1 and 

Figure 2A). The nano-scaled crystal grains and nano-scaled micropores indicate that Bio-Oss 

has a nano-scale surface architecture. Having both the crystal grains and the micropores 

smaller than 1 µm, MBCP and TCP-S belong to submicron-scale surface structured CaP 

materials. With either crystal grains or micropores larger than 1 µm, the surface structure of 

Actifuse, Bi-Ostetic, Vitoss, chronOs and TCP-B is at the micron scale.  

3.1.2. Calcium and phosphate ions release 

The release of calcium and phosphate ions from the CaP materials into SPS solution varied 

with the content of TCP component. In general, TCP materials (Vitoss, TCP-S, TCP-B and 

chronOs) released the most calcium and phosphate ions, while HA materials (Bio-Oss and 

Actifuse) released the least, with the BCP materials (Bi-Osetic and MBCP) in between 

(Figure 3B, C). In addition, having same chemistry, Vitoss released more calcium and 

phosphate ions, followed by TCP-S TCP-B and chronOs.   
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3.1.3. Protein adsorption 

The amount of protein adsorbed by the eight CaP materials is shown in Figure 3A, and it is 

related to the specific surface area of the materials. Having the largest surface area (18.01 m
2
 

ml
-1

), Bio-Oss has the highest protein adsorption capacity, followed by MBCP, TCP-S, Bi-

Ostetic, TCP-B and chronOs. Because of their smaller surface area, Vitoss (0.30 m
2
 ml

-1
) and 

Actifuse (0.32 m
2
 ml

-1
) adsorbed the least.  

3.1.4. Surface mineralization 

No apatite formed on the surface of alumina ceramic after 14-day soaking in SBF (data not 

shown), which validated the in vitro bioactivity evaluation system.
17,18

 Layers of CaP apatite 

formed on the surface of all the tested materials after 1-day soaking in SBF at 37°C (Figure 

3D), but the degree of mineralization varied among the CaP materials. Scattered 

mineralization was detected on the surface of Vitoss, chronOs and TCP-B, while the rest 

other materials were completely covered by a layer of mineralized apatite. With the soaking 

time, the apatite layers gradually deposited eventually covering the surface of all CaPs after 

14 days soaking in SBF. 

3.2. Tissue response after intramuscular implantation of the CaP materials 

Newly formed bone was observed in TCP-S (4 out of 4), MBCP (4 out of 4) and Actifuse 

implants (2 out of 4), while no bone formation was seen in any of Bio-Oss, Bi-Ostetic, 

Vitoss, chronOs and TCP-B (Figure 4).  

Normal bony structures with osteocytes embedded in the lacunae and osteoblasts laid on de 

novo bone were often observed in TCP-S and MBCP implants, while sporadically in Actifuse 

implants (Figure 5). In addition, macrophage-like cells engulfing fine ceramic particles were 

mainly observed in TCP-S and MBCP samples (Figure 5). 

Under fluorescent microscopy, three colors (green, calcein 3 weeks; red, xylenol orange, 6 

weeks; and yellow, tetracycline, 9 weeks) were seen in TCP-S implants, while only green 
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color was observed in MBCP, Actifuse, Bio-Oss and Bi-Ostetic implants, and no color was 

detected in Vitoss, chronOs and TCP-B implants (Figure 6). Since the green color was seen 

on the CaP materials, it suggests mineralization in vivo. The red and yellow colors stained the 

bone tissues in TCP-S implants, indicating that bone formation started between 3 and 6 

weeks after implantation, and bone was still actively formed at week 9. Red and yellow 

colors were not seen in MBCP and Actifuse implants, suggesting that the bone formation 

process in these two materials started 9 weeks after implantation.  

Quantitatively TCP-S gave rise to significantly more bone formation in the available space 

(21.6 ± 4.5%) than MBCP (2.1 ± 1.4%). The bone formed in Actifuse (0.1 ± 0.1%) was 

significantly less than in TCP-S and MBCP (Figure 7).  

4. Discussion 

4.1. Which material factors are triggers for ectopic bone formation? 

In the current study, Actifuse, MBCP and TCP-S implants triggered bone formation after 12 

weeks, with different incidence, onset time and amount of bone. No bone formation was 

detected in Bio-Oss, Bi-Ostetic, Vitoss, chronOs and TCP-B. The ectopic bone forming 

potential among the eight CaP materials is related to their physicochemical properties.  

4.1.1. Chemical composition 

When the chemical composition was evaluated as potential material factor for inductive bone 

formation, the influence of HA/TCP ratio was observed in individual studies.
6,10,11 

In this 

study, bone formation was induced in Actifuse (Si-HA), MBCP (BCP) and TCP-S (TCP), 

indicating that osteoinduction was not constrained to only one chemistry. It has been reported 

that the presence of TCP could release more calcium and phosphate thus enhance inductive 

bone formation.
6,10

 However, despite their identical chemistry, we observed that Vitoss 

released most calcium and phosphate ions in vitro but did not induce any bone formation 

while TCP-S did. Similarly, Bio-Ostetic contained more TCP and released more calcium and 
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phosphate ions than MBCP, but it was MBCP rather than Bio-Ostetic to induce bone 

formation. Furthermore, other studies demonstrated that some materials free of CaP induced 

ectopic bone formation.
19,20

 Therefore, the chemical composition may not be appointed as 

determinant trigger in CaP material-driven osteoinduction. 

4.1.2. Macroporous structure 

Bone formation has never been observed in dense structure of CaPs and was always detected 

in the pores of osteoinductive CaPs, indicating the necessity of macroporous structure in 

inductive bone formation.
3-6

 All eight CaP materials evaluated in this study have 

macroporous structure, but only three of them induced ectopic bone formation, suggesting 

that the macrostructural property is a prerequisite but is not a sufficient factor to trigger 

osteoinduction.  

4.1.3. Microporous structure 

Micropores (i.e. smaller than 10 µm) and microporosity have been shown essential for CaPs 

material-driven osteoinduction.
12-15

 In the current study, when TCP-S was compared to 

chronOs, the role of the microporosity on inductive bone formation was shown. The higher 

microporosity in TCP-S led to inductive bone formation, while the less microporous chronOs 

did not. However, given the same chemistry and similar microporosity, TCP-S induced bone 

while TCP-B and Vitoss did not. This indicates that the high microporosity does not 

guarantee inductive bone formation in CaP materials. At the same time, the variation in 

micropore size and crystal grain size among TCP-S, TCP-B and Vitoss suggests the 

importance of the dimension of surface structure in material-driven osteoinduction, which 

was further confirmed in BCP materials. In fact, despite having higher microporosity than 

MBCP, Bi-Ostetic did not induce bone formation but MBCP with finer pore and grain size 

did. It should be stressed again that MBCP and TCP-S have different chemistry but similar 

submicron scale structure, and both induced bone formation. Further, having either nano-
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scale (Bio-Oss) or micron-scale (Vitoss, Bi-Ostetic, chronOs and TCP-B) surface structure, 

the materials did not induce any bone formation. These results suggest the essential role of 

surface structure when at the submicron scale rather than at the nano- or micron-scale as 

trigger in CaP materials-driven bone formation. Despite its micron-scale surface architecture, 

Actifuse triggered sporadic bone formation which may be attributed to silicon 

incorporation.
21 

 

We have previously said that the chemistry may not be a crucial trigger of material-driven 

bone formation. However, once the bone formation process is triggered, TCP-S having more 

TCP content induced more bone as compared with MBCP. Therefore, the influence of the 

chemistry on inductive bone formation is still important for the quantity of new bone tissue 

formation.  

4.2. How do material factors trigger bone formation? 

As described above, the surface structure at the submicron-scale may be the essential trigger 

for osteoinduction by CaP materials, but how it triggers CaP-induced bone formation is not 

clear as yet. It is generally thought that bone induction of CaP materials is the result of 

protein adsorption,
3,5,9,13,22,23

 surface mineralization
10,24,25

 and calcium and phosphate ions 

release.
26-28

 

4.2.1 Protein adsorption 

When CaP materials are implanted in the body, they adsorb proteins from the body fluids 

(including growth factors). Inductive bone formation of CaP materials was often addressed as 

the secondary response of protein adsorption.
22,23

 Indeed the protein adsorption theory 

explains well the role of the presence of micropores (including the quantity of micropores) 

and the size of the crystal grains and micropores in CaP-induced bone formation.
3,5,9,13

 With 

the presence of micropores and the decrease in size of micropores and crystal grains, the 

specific surface area of CaP materials  increases and more protein can be concentrated 
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favoring bone induction. However, the protein adsorption theory is not fully demonstrated 

because the possible proteins involved in material-induced bone formation were not 

identified. The data obtained in the current study does not support the protein adsorption 

theory either. When the same volume of CaP materials was soaked in simulated body fluids 

(cell culture medium containing foetal bovine serum), a large amount of proteins was 

adsorbed onto Bio-Oss, which has the highest surface area but no bone was formed in any of 

Bio-Oss implants.  

4.2.2. Surface mineralization 

Next to the protein adsorption, the ability to favor mineral deposition from body fluids 

appears to be a characteristic of osteoinductive materials as it could facilitate osteogenesis 

and explained bone induction in surface-active titanium implants.
29.

 The surface area and 

chemical composition of CaP materials affect the dissolution and reprecipitation events 

eventually leading to apatite layer formation on their surface.
10,24 

However, as seen in the 

current study, the green signal of calcein was present in Bio-Oss, Actifuse, Bi-ostetic, MBCP 

and TCP-S implants but not in Vitoss, chronOs and TCP-B (Figure 6). As fluorochromes 

form chelate complexes with apatite via their iminodiacetic acid groups, which is a 

phenomenon depending on the availability of the binding sites that could originate from 

ongoing bone formation or surface mineralization processes.
30,31

 Thus, the green color 

observed in implants indicates in vivo biomineralization of materials within 3 weeks after 

implantation. Cerruti et al
32

 also showed that higher surface area led to faster compositional 

changes of the surrounding fluids hence facilitating early apatite formation. BioOss, with the 

highest surface area and more amorphous structure, had the strongest calcein signal. Because 

of their lower surface area, Vitoss, chronOs and TCP-B did not mineralize in vivo and thus 

no calcein was detected in the implants. The in vivo mineralization is well correlated with the 

1-day in vitro data, where scattered mineralization was observed on the surface of Vitoss, 
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chronOs and TCP-B, while all the other materials were completely covered by a layer of 

mineralized apatite. Actifuse has as similar specific surface area as Vitoss, but the former 

underwent mineralization in vivo and was completely covered by an apatite layer in vitro, 

which might be attributed to the silica incorporation.
21 

Nevertheless, mineralization occurred 

in all materials in vitro, and in 5 out of 7 materials in vivo, but only 3 of them induced bone 

formation. This suggests that surface mineralization of CaP materials may be a prerequisite 

but is not sufficient to trigger ectopic bone formation. 

4.2.3. Calcium and phosphate ions release 

CaP materials could release calcium and phosphate ions with degradation or resorption. Such 

ions have shown their positive influence on osteogenic differentiation of mesenchymal stem 

cells (MSCs) and osteogenesis of osteogenic cells.
26-28

 For instance, Shih et al., recently 

reported that phosphate ions released from CaP materials could induce osteogenic 

differentiation of human MSCs through phosphate-ATP-adenosine signaling.
28 

It was thus 

assumed that bone induction by CaP materials could be the result of calcium and phosphate 

ions release. Indeed, these ions release may have enhanced the bone formation in CaP 

materials having a high content of TCP.
6,10,17

 However, calcium and phosphate ions release 

may not be considered as the triggers of bone induction. As shown in Figure 3B, C, Vitoss 

released the most calcium and phosphate ions but it did not induce bone formation at all. 

Furthermore, the ion release theory is not supported by literature as other studies showed 

ectopic bone induction of non-CaP materials such as alumina
19

 and polymeric implants.
20

   

4.2.4. Surface topography 

From the discussion above, the overall results in this study could not assign any of the 

biochemical theories of protein adsorption, surface mineralization and ion release to CaP-

induced bone formation. Indeed, without the presence of chemical signals, special surface 

topographies, more especially with a scale range from nano- to micron-meters, have shown to 
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directly modulate the cellular behavior and guide specific biological responses.
33-45 

For 

example, Giulio et al. found that ridges with 15 µm increased the differentiation of 

mesenchymal stem cells (MSCs) into adipogenic lineages, while smaller ridges enhanced 

osteogenic differentiation.
45

 Similar phenomenon has been described by Hatano et al. who 

observed that rough surface (0.81 µm) enhanced the proliferation, alkaline phosphatase 

(ALP) activity and osteocalcin expression of rat osteoblasts in comparison with smoother 

one.
46

 Presumably the submicron surface topography directly induce osteogenesis through 

mechanotransduction, i.e. the translation of mechanical stimuli at the cell-substrate interface 

into electrochemical signals which elicit specific cellar responses, through YAP and TAZ 

regulators.
47-49 

It is also likely that through the mechanotransduction, mesenchymal stem cells 

adapt their shape to surface structure, recruit TGF receptor on primary cilia and undergo 

osteogenic differentiation.
50

  

In addition to modulating stem cells and osteoblasts, giant cells (e.g. macrophage) are 

sensitive to surface topography. For instance, Fellah and colleagues observed that the amount 

of macrophages and giant cells varied according to the surface grain size of CaP ceramic 

implants.
51

 Furthermore Davison et al. showed that CaP ceramics with submicron sized 

surface architecture could induce an inflammatory response of macrophages, and their 

subsequent secretion of cytokines instructed stem cell differentiation.
16,52

 In line with the 

findings by Kondo et al, who observed plenty of active multinucleated giant cells prior to 

osteoinductive bone formation in CaP implants,
53

 we observed in this study macrophage-like 

cells on the submicron structured surface of osteoinductive TCP-S and MBCP. It is possible 

that the crosstalk between macrophages and mesenchymal stem cells on  the submicron 

scaled surface topography initiated the CaP-directed osteoinduction through 

mechanotransduction.   
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Osteoinductive CaP materials are useful for bone regeneration
6-9

, and identifying the crucial 

material factors would be helpful for further optimization of CaP materials with respect to 

bone forming ability. The submicron dimension of the surface structure of CaP materials was 

clearly shown to be the stronger trigger of ectopic bone formation. However, more studies are 

necessary to further understand the material-driven osteoinduction from a biological 

perspective. 

5. Conclusion 

We compared the bone forming potential of eight synthetic CaP bone substitutes and found 

that the bone forming ability varied with materials. It was observed that the specific 

topography engineered by submicropores and submicron crystal grains appear to be the 

necessary trigger for osteoinduction, and that ceramics releasing ions could enhance the 

amount of inductive bone formation. The submicron-scale surface topography, via specific 

mechanotransduction, might be the direct trigger of osteoinduction in CaP bone substitutes 

rather than the theories already in the literature such as proteins adsorption, surface 

mineralization and calcium ions release.  
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Figure 1. XRD pattern showing the chemistry of the eight CaP materials as compared with 

standard HA and β-TCP. 
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Figure 2. A: distribution plots of the micropore with size; B: SEM images showing the 

surface structure of seven CaP materials.  
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Figure 3. A: amount of proteins adsorbed into implants (1 ml) from culture medium after 4-

day incubation; B, C: calcium and phosphate ions release from the materials into SPS at day 

1, day 4 and day 7 (*: p<0.05); D: SEM images showing the apatite formation on the seven 

CaP materials after soaking in SBF for 1 day.  
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Figure 4. The histological overviews showing the tissue formation in CaP materials 

intramuscularly implanted in beagles for 12 weeks (un-decalcified sections stained with 

methylene blue and basic fuchsin, bone was stained fresh-red). 
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Figure 5. Histological images showing tissue responses to CaP materials intramuscularly 

implanted in beagles for 12 weeks (B: bone; M: material; O: osteoid; Black arrow: 

Osteoblast, Red arrow: foreign body giant cells). 
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Figure 6. The fluorescent images showing the mineralization of materials and onset time of 

bone formation within CaP materials intramuscularly implanted in beagles for 12 weeks 

(Green, calcein, 3 weeks; Red, xylenol orange, 6 weeks; Yellow, tetracycline, 9 weeks; M: 

materials; B: bone). 
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Figure 7. The area percentage of bone in the available spaces of the CaP material implants 

(*: p<0.05). 
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Table 1. Physicochemical properties of calcium phosphate materials  

Material Supplier Chemistry
a)

 
Micropore 

size
b)

 
Grain size 

[µm]
c)
 

Surface 
structure 

dimension 

Micro 
porosity 

[%]
b)

 

Specific 
surface 
area by 
weight 
[m

2
/g]

b)
 

Specific 
surface 
area by 
volume 
[m

2
/ml]

b)
 

Bio-Oss 
Geistlich 

Pharma AG 
HA Nano Nano-scale 

Nano 
 

43.01 28.46 18.01 

Actifuse 
Apatech 
Baxter 

Si-HA Micron 1.02 ± 0.43 
Micron 

 
22.05 0.33 0.32 

MBCP Biomatlante 
55HA/ 
45TCP 

Submicron 0.71 ± 0.20 
Submicron 

 
40.53 2.93 2.09 

Bi-

Ostetic 

Berkeley 
Advanced 

Biomaterials 

45HA/ 

55TCP 
Micron 0.91 ± 0.24 

Micron 

 
53.74 1.42 1.10 

Vitoss 
Orthovita 
Stryker 

TCP Micron 1.93 ± 0.70 
Micron 

 
42.74 0.36 0.30 

chronOs Synthes TCP Micron 5.03 ± 1.90 Micron 31.52 0.51 0.59 

TCP-B Home made TCP Micron 2.52 ± 0.34 Micron 46.32 0.83 0.73 

TCP-S Home made TCP Submicron 0.81 ± 0.21 Submicron 45.14 1.85 1.59 
 

a)
 as evaluated by X-ray diffractometry; 

b)
 obtained from mercury intrusion; 

c)
 as confirmed by 

quantitative measurements on scanning microscopic images (5000×);         
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The submicron-scaled surface structure triggers osteoinduction in CaPs via 

mechanotransduction, rather than protein adsorption, surface mineralization and calcium 

ion release. 
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