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Abstract
Carbonate apatite (CO3Ap) granules are known to show good osteoconductivity
and replaced to new bone. On the other hand, it is well known that a porous structure
allows bone tissue to penetrate its pores, and the optimal pore size for bone ingrowth is
dependent on the composition and structure of the scaffold material. Therefore, the aim
of this study was to fabricate various porous CO3Ap granules through a two-step
dissolution-precipitation reaction using CaSO4 as a precursor and 30-, 50-, 120-, and
205-μm diameter microfibers as porogen and to find the optimal pore size of CO3Ap.
Porous CO3Ap granules were successfully fabricated with pore size 8.2-18.7% smaller
than the size of the original fiber porogen. Two weeks after the reconstruction of rabbit
calvarial bone defects using porous CO3Ap granules, the largest amount of mature bone
was seen to be formed inside the pores of CO3Ap (120) [porous CO3Ap granules made
using 120-μm microfiber] followed by CO3Ap (50) and CO3Ap (30). At 4 and 8 weeks,
no statistically significant difference was observed based on the pore size, even though
largest amount of mature bone was formed in case of CO3Ap (120). It is concluded,
therefore, that the optimal pore size of the CO3Ap is that of CO3Ap (120), which is 85
μm.

Keywords: carbonate apatite, hydroxyapatite, bone substitute, optimal pore size, bone
formation
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INTRODUCTION
Bone apatite is not carbonate-free hydroxyapatite [HAp; Ca10(PO4)6(OH)2], but
carbonate apatite [CO3Ap; Ca10-a(PO4)6-b(CO3)c(OH)2-d], which contains 6 wt%–9 wt%
carbonate in its apatitic structure.1 Therefore, CO3Ap has a potential to be an ideal
artificial bone substitute. Unfortunately, CO3Ap begins to decompose and liberates CO2
at around 400 °C.2, 3 Doi et al.4 found that some CO3 remains in the apatitic structure,
when CO3Ap powder with higher CO3 content is sintered at 750 °C, even with limited
mechanical strength. In addition to the decreased CO3 content, the crystallinity of
CO3Ap fabricated using the sintering method is extremely high compared to that of
bone apatite.
Recently, a new method was proposed to fabricate chemically pure, low crystalline
CO3Ap through a dissolution-precipitation reaction in disodium hydrogen phosphate
(Na2HPO4) aqueous solution using chemically pure precursor blocks, such as calcium
carbonate

(CaCO3),5-11

dicalcium

phosphate

dihydrate

(CaHPO4·2H2O),12,

13

alpha-tricalcium phosphate (α-Ca3(PO4)2),14-19 and calcium sulfate (CaSO4).20-23 Upon
immersion of the precursor block into Na2HPO4 solution, its composition gradually
transforms to CO3Ap, while maintaining the macroscopic structure of the precursor. The
low crystalline CO3Ap thus fabricated was resorbed by osteoclasts and replaced with
bone similar to an autograft.24,

25

Furthermore, the CO3Ap block was found to

up-regulate differentiation of osteoblasts26 and exhibited much higher osteoconductivity
than HAp.24 Multi-center clinical trials for sinus floor augmentation also confirmed
replacement of CO3Ap with bone.27 In Japan, there were no artificial bone substitutes
3
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which are allowed for use adjacent to dental implants. Based on the clinical trials, the
CO3Ap was approved as an artificial bone substitute that can be used in all dental and
maxillofacial fields, including those adjacent to dental implants, in Japan as Cytrans
Granules® (GC Corporation, Tokyo, Japan).
On the other hand, it is well known that not only composition but also the structure
of the bone substitute are important factors governing the usefulness of the bone
substitute. Porous bone substitutes allow bone tissues and blood vessels to penetrate the
bone substitute easily, which leads to good osteoconductivity and quick replacement by
bone.19, 28 Furthermore, a porous surface improves mechanical interlocking between the
bone substitutes and surrounding existing bone, providing a greater mechanical
stability.29, 30 Therefore, CO3Ap granules with porous structures are expected to be an
ideal bone substitute owing to the their tendency to promote bone formation. To
maximize the advantages of porous structures, the pore sizes should be optimized. It is
well known that optimal pore size varies based on the composition of the structure.29, 31
The objective of this study, therefore, was to fabricate porous CO3Ap granules with
different pore sizes and find an optimal pore size for CO3Ap bone substitute.

MATERIALS AND METHODS
Preparation of porous CO3Ap granules with different pore size
For preparation of porous CO3Ap granules, calcium sulfate hemihydrate
(CaSO4·1/2H2O; New Fuji Rock White GC Corporation) was used as the precursor.
CaSO4·1/2H2O powder and microfibers, 30 μm (Bellcouple; DIO CHEMICALS,
4
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Tokyo, Japan), 50 μm (22TI; DIO CHEMICALS), 120 μm (V3M; DIO CHEMICALS),
and 205 μm (Silver Thread; Unitika, Tokyo, Japan) in diameter were mixed such that
the weight of the microfibers would be 10% that of CaSO4·1/2H2O. Next, water was
added at a powder to liquid (P/L) ratio of 0.2 and allowed to set under 50 MPa for 30
min using a cold isostatic pressing machine (CIP-CPH50; NPa System, Saitama, Japan).
After compacting and setting, the sample was heated at a rate of 0.13 °C/min to 700 °C,
kept for 5 hour to burn out the microfibers in the sample, crushed with a mortar and
pestle, and sieved such that the size of the granules was between 1.0 and 1.4 mm.
These granules were immersed in 1.0 mol/L sodium carbonate (Na2CO3; Wako Pure
Chemical Industries, Tokyo, Japan) solution at 4 °C for 7 days, and they were washed
with distilled water. Next, they were immersed in a 1.0 mol/L Na2HPO4 (Wako Pure
Chemical Industries) solution at 120 °C for 14 days, washed again with distilled water,
and dried at room temperature. The diameter of the microfiber used for preparation of
the porous CO3Ap granules is stated in parenthesis in the following sentences. For
instance, CO3Ap (50) indicates porous CO3Ap granules made using microfibers 50 μm
in diameter according to the maker’s description, while CO3Ap (D) means dense
granules without microfiber.

Morphological observation and pore size measurement
Morphology of the granules was observed by scanning electron microscopy (SEM:
JCM-5700; JEOL, Tokyo, Japan) at an accelerating voltage of 15 kV after
gold-palladium coating using a magnetron sputtering machine (IB-3; EIKO Corporation,
5
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Tokyo, Japan). Diameter of the microfibers and pore size of each granule were
measured from the SEM images and mean and standard deviation (SD) were calculated
using 6 samples.
Additionally, pore size distribution was measured by the mercury intrusion
technique using an automated mercury porosimeter (Autopore Ⅳ 9520 porosimeter;
Micromeritics, Norcross, United States). Measurement was done based on the
assumption that the contact angle of the CO3Ap and the surface tension were 130° and
485 dynes/cm, respectively.

Compositional analysis
For compositional analysis, the granules were ground to fine powder and
characterized by X-ray diffraction (XRD) analysis and Fourier transform infrared
spectroscopy (FT-IR). XRD patterns were recorded using a powder X-ray
diffractometer (SmartLab; Rigaku Corporation, Tokyo, Japan) with CuKα radiation
operated at 40 kV and 40 mA. Scanning range was 2θ of 20° to 40° (where θ is the
Bragg angle) in a continuous mode. FT-IR spectra were recorded using an FT-IR
spectrometer (FT/IR-6200; JASCO Corporation, Tokyo, Japan) by the KBr method.
The XRD patterns of standard CaSO4 (Wako Pure Chemical Industries), CaCO3 (Wako
Pure Chemical Industries), commercial sintered HAp (NEOBONE®; Aimedic MMT,
Tokyo, Japan), and commercial dense CO3Ap granules (Cytrans Granules®) were used
for comparison. Additionally, the FT-IR spectra of NEOBONE® and Cytrans Granules®
were also used for comparisons.
6
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Animal experiments
All animal experiments conformed to the guidelines of the animal ethics committee
of the Institute for Frontier Medical Sciences, Tokushima University. Experimental
protocols were reviewed and approved by the Tokushima University Animal Studies
Committee (Approval number: T29-126). Thirty male Japanese white rabbits (body
weight 3.0-3.5 kg, SLC, Shizuoka, Japan) were used in this study. The rabbits were
subjected to general anesthesia by intravenous injection of ketamine (10 mg/kg) and
xylazine (3 mg/kg). After shaving and disinfecting the head with iodine, 2% lidocaine
was administered as local anesthesia. A 5-cm-incision was made into the calvarial skin,
and the skin and periosteum were elevated. Four 8-mm, critical-sized bone defects were
created by trephination using trephine bur (Dentech, Tokyo, Japan) under sterile saline
irrigation,32 and then CO3Ap (D), CO3Ap (30), CO3Ap (50), CO3Ap (120), and CO3Ap
(205) were implanted at random. After implantation, the periosteum and skin flap were
repositioned and sutured using 4–0 nylon sutures.

Micro-Computed Tomography (μ-CT)
The animals were euthanized using intravenous pentobarbital (120 mg/kg) and the
calvarial bone was harvested 2, 4, and 8 weeks after implantation. The extirpated
calvarial bone was scanned using micro-computed tomography (μ-CT: SkyScan1176;
Bruker microCT, Kontich, Belgium) at source voltage and current of 50 kV and 500 μA,
respectively. The image data were recreated using the software NRecon Reconstruction
7
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(Bruker micro-CT). Bone formation in the defect including the specimens was
observed.

Histological evaluation
Five samples in each group were fixed in 10% buffer formaldehyde for 7 days and
dehydrated by immersing in graded ethanol solutions from 70% to 100%. Finally, the
samples were embedded in methyl methacrylate. Sections were prepared for
pathological analysis using a modified interlocked diamond saw (Exakt, Hamburg,
Germany) and Villanueva Goldner stain was applied to all the sections. In this method,
mature bone and woven bone were stained green and red, respectively. Three samples in
each group were submitted for decalcification and routine histological processing, and
embedded in paraffin blocks. Specimens were sectioned horizontally at a thickness of 4
μm and stained with hematoxylin and eosin. All specimens were observed using an
all-in-one microscope (BZ-X700; KEYENCE, Osaka, Japan). To clarify the elongation
of newly formed bone from both edges of the bone defect, the defect area was divided
into three parts, i.e., central portion and both sides of peripheral portion. The number of
CO3Ap granules contacted with new bone was counted at the central portion. Also, the
percentage of newly formed woven bone and mature bone in the defect was calculated
using Image J software as the ratio of the area of woven or mature bone to the area of
original defect created by trephination.33, 34 Furthermore, the percentage of woven bone
and mature bone occupied in the pore of granules was also calculated as the area of
newly formed bone to the total pore area of each granule.
8

Page 8 of 45

Page 9 of 45

Journal of Biomedical Materials Research: Part A

Statistical analysis
For statistical analysis, one-way factorial analysis of variance (ANOVA) and
Fisher’s least significant difference (LSD) post-hoc tests were performed using Kaleida
Graph 4. Values are expressed as mean ± SD. A p-value of <0.05 was considered
statistically significant.

RESULTS
Figure 1 shows the typical SEM images of (a) CO3Ap (D), (b) CO3Ap (30), (c)
CO3Ap (50), (d) CO3Ap (120), and (e) CO3Ap (205). It is evident from these images
that porous CO3Ap granules with different pore sizes were successfully fabricated.
Figure 2 summarizes the typical XRD patterns of the heated set gypsum (a) before
and (b) after immersion in 1 mol/L Na2CO3, and (c) after immersion in 1 mol/L
Na2HPO4 solution. XRD patterns of standard (d) CaSO4, (e) CaCO3, (f) CO3Ap, and (g)
HAp were also recorded to facilitate comparison. As shown in the figure, heated set
gypsum granules were CaSO4. After the CaSO4 granules were immersed in 1 mol/L
Na2CO3,

their

chemical

composition

became

that

of

CaCO3

through

a

dissolution-precipitation reaction. On the other hand, on immersion of CaCO3 granules
in 1 mol/L Na2HPO4 solution, their composition became that of CO3Ap. The
crystallinity of CO3Ap was smaller when compared to sintered HAp (g). No difference
was found based on the pore size (data not shown).
FT-IR spectra of (a) fabricated CO3Ap, (b) standard HAp, and (c) standard CO3Ap
9
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are summarized in Figure 3. Peaks corresponding to CO3 (▲) in CO3Ap were observed
for fabricated CO3Ap and standard CO3Ap, whereas no such peaks were observed for
HAp. In the case of fabricated CO3Ap, a small OH peak (△) was observed similar to
that in case of HAp. Thus, CO3Ap fabricated by this method contains a hydroxyl group.
Figures 4 and 5 summarize the pore size distribution. As shown in Figure 4, three
different pores were observed for porous CO3Ap regardless of pore size. The smallest
pores, with a diameter of approximately 0.02 μm, are the ones inside the CO3Ap
crystals. The medium pores, approximately 1 μm in diameter, are those between the
CO3Ap crystals, while the large pores with a diameter of 20 μm or larger, are the pores
made by a fibrous porogen. The larger pore size distribution may be understood more
clearly in Figure 5, where the pore volume is plotted laniary against the pore diameter.
The pore diameters of CO3Ap (30), CO3Ap (50), CO3Ap (120), and CO3Ap (205) were
21 μm, 33 μm, 85 μm, and 171 μm, respectively.
Table 1 summarizes the diameters of original microfiber and the diameters of pores
in each preparation step as measured by SEM. The diameter of pores decreased in each
preparation step. Pore size of CaSO4 granules was reduced by approximately 5% of the
original fibers’ diameter. The reduction rates of pore size of CaCO3 and CO3Ap
granules through the dissolution-precipitation reaction were from 1.2 to 5.9% and 2.5 to
6.7% as compared to that in the previous reaction steps. In total, 8.2 to 18.7% linear
shrinkage was observed when compared with the diameter of the original fiber and pore
of the CO3Ap granules.
Figure 6 shows the typical μ-CT images of (a-c) CO3Ap (D), (d-f) CO3Ap (30),
10
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(g-i) CO3Ap (50), (j-l) CO3Ap (120), and (m-o) CO3Ap (205) at 2, 4, and 8 weeks after
implantation. Pores were observed for all porous CO3Ap granules up to at least 8 weeks
after implantation. At 2 weeks after implantation, new bone was formed only at the
periphery of the bone defect, which then gradually elongated from the peripheral area to
the central area at 4 weeks after implantation. At 8 weeks after implantation, most of the
CO3Ap granules were contacted with new bone.
Figure 7 shows the typical histological images with Villanueva Goldner staining of
(a-c) CO3Ap (D), (d-f) CO3Ap (30), (g-i) CO3Ap (50), (j-l) CO3Ap (120), and (m-o)
CO3Ap (205) at 2, 4, and 8 weeks after implantation. The formation of new bone was
observed from both ends of the defect, and it matured with the progression of the
implantation period. All CO3Ap granules demonstrated good osteoconductivity,
regardless of the pore size. No tissue penetration was observed inside the CO3Ap (D) at
any instance after the implantation, whereas connective tissue, including new bone,
penetrated the pores of the CO3Ap granules at as early as 2 weeks after implantation.
New bone elongated from the existing bone, and some of CO3Ap granules, which were
located at the periphery of the bone defects, were contacted with new bone at 4 weeks
after implantation. Figure 8 indicates the percentage of CO3Ap granules contacted with
new bone at central portion in the defect. The amount of new bone elongated to the
central portion of the defect increased with time. At 8 weeks after implantation,
approximately 70% of the CO3Ap granules contacted with new bone. No differences
were observed based on the pore sizes.
Figure 9 shows the higher-magnification histological images of Villanueva Goldner
11
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staining of (a-c) CO3Ap (30), (d-f) CO3Ap (50), (g-i) CO3Ap (120), and (j-l) CO3Ap
(205) at 2, 4, and 8 weeks after implantation. As early as 2 weeks after implantation,
mature bone was observed in the pores of CO3Ap (30), CO3Ap (50), and CO3Ap (120)
even though the amount observed was small. In contrast, no mature bone was observed
in the pores of CO3Ap (205). At 4 weeks after implantation, new bone was observed in
the pores of all porous CO3Ap granules regardless of the pore size. The amount of
mature bone in the pores of porous CO3Ap granules increased at 8 weeks after
implantation.
Figure 10 shows the histological images of hematoxylin and eosin staining of (a)
CO3Ap (30), (b) CO3Ap (50), (c) CO3Ap (120), and (d) CO3Ap (205) at 2 weeks after
implantation. CO3Ap granules demonstrated excellent biocompatibility. In other words,
no inflammatory cell infiltration and abscess formation were observed around the
granules. Osteoblast-like cells arranged along the surface of pores, red blood cells, and
capillaries were observed at the center of most of the pores in the CO3Ap (30), CO3Ap
(50), and CO3Ap (120) implantations. In contrast, fibrous tissues were mainly observed
instead of osteoblasts-like cells and blood vessels in the pores in the case of CO3Ap
(205). The amounts of fibrous tissue in the pore of CO3Ap (30), CO3Ap (50), CO3Ap
(120), and CO3Ap (205) were 8.6 ± 3.1, 20.1 ± 9.0, 32.8 ± 15.5, and 77.7 ± 15.8%,
respectively.
Figure 11 summarizes the amounts of new woven bone (a) and mature bone (b)
formed inside of CO3Ap granules as a function of the pore size and implantation period.
Basically, the similar results were observed for woven bone and mature bone.
12
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Statistically larger (p < 0.05) amounts of woven bone and mature bone were observed in
the pores of CO3Ap (120) than in CO3Ap (30) and CO3Ap (205) at 2 weeks after
implantation. Although the largest amount of bone was seen in CO3Ap (120) at both 4
and 8 weeks after surgery, no statistically significant difference was observed based on
the pore sizes considered in this study. As expected, no bone tissues were observed in
CO3Ap (D) even up to 8 weeks after implantation.
Figure 12 summarizes the amounts of new woven bone (a) and mature bone (b)
formed in the bone defect. No statistical difference was observed based on the pore size.
The amount of woven bone was larger at 4 weeks when compared to 2 weeks, and no
further increase was observed at 8 weeks. In contrast, the amount of matured bone
increased gradually and became approximately twice at 8 weeks when compared to the
results of 4 weeks.
To evaluate the resorption of the granules, the areas of the remaining granules were
measured using histological sections. Although the sizes of CO3Ap (D), CO3Ap (30),
CO3Ap (50), CO3Ap (120), and CO3Ap (205) in the bone defect decreased 6.6 ± 7.6, 2.3
± 6.7, 1.4 ± 9.4, 12.0 ± 6.8, and 18.0 ± 3.2% from 2 to 8 weeks after implantation,
respectively, no statistical difference was observed among all implantation periods. The
pore sizes in the implanted granules showed an increasing tendency with time, however
no statistical difference was observed among the periods.

DISCUSSION
Porous CO3Ap granules were fabricated by two-step dissolution-precipitation
13
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reaction using gypsum as a precursor and microfiber as a porogen. Gypsum was found
to have at least two advantages as a precursor. First, is its self-setting ability. Set
gypsum containing microfiber was fabricated at under 50 MPa pressure. This allows for
a relatively high content of the microfiber in the precursor. The second advantage is its
thermal stability, as a high temperature is required to burn out the microfiber. Gypsum
transforms to CO3Ap through a dissolution-precipitation reaction and both one-step and
two-step dissolution-precipitation reaction can be used for this fabrication. In this study,
the two-step method was chosen to eliminate the remaining sulphate in the CO3Ap
granules. In the case of the two-step dissolution-precipitation reaction, first, the CaCO3
granules are fabricated from CaSO4 in Na2CO3 solution. When CaSO4 granules are
immersed in an aqueous solution, they slightly dissolve and supply Ca2+ and SO42－ to
the solution as shown in Equation (1). When the solution contains CO32-, it is
supersaturated with respect to CaCO3 and thus, the CaCO3 precipitates, as shown in
Equation (2).35
CaSO4 → Ca2+ ＋ SO42－

(1)

Ca2+ ＋ CO32－ → CaCO3

(2)

Another dissolution-precipitation reaction was carried out in the same manner using
CaCO3 granules as precursors. When CaCO3 granules are immersed in aqueous
solution, they dissolve to release Ca2+ and CO32- into the solution as shown in Equation
(3). When the solution contains PO43-, the solution is supersaturated with respect to
CO3Ap, and thus, CO3Ap is precipitated, as shown in Equation (4).1
CaCO3 → Ca2+ ＋ CO32－

(3)
14
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Ca2+ ＋ PO43－＋ CO32－ → Ca10-a(PO4)6-b(CO3)c(OH)2-d

(4)

As a consequence, porous CO3Ap granules were fabricated, with the pore size
corresponding to that of the original microfiber (Figure 1), although the diameter of the
pore was decreased in each step (Table 1). It should be noted that CO3Ap granules
fabricated in this study have a hydroxyl group in apatitic structure, in contrast to those
fabricated till date (Figure 3). Although gypsum was used as a precursor, CaCO3 is
formed after the initial dissolution-precipitation reaction. Therefore, a key difference is
the temperature of the second dissolution-precipitation reaction in which CaCO3
transformed to CO3Ap, maintaining the macroscopic structure. In this study, Na2HPO4
solution at 120 °C was used to shorten the reaction period instead of at 80 °C, which is
the temperature mostly used for CO3Ap fabrication. The carbonate content of fabricated
porous CO3Ap (4.2 wt%) was less than that of commercial CO3Ap (11.9 wt%) because
the carbonate content of CO3Ap was seen to decrease with increase in treatment
temperature.
The actual diameter of the created pores of CO3Ap granules was observed to be less
than the size of the original fiber used in this study (Table 1). It is reasonable to
speculate that this phenomenon resulted from the following two processes. The first is
the linear shrinkage of gypsum caused by heating at 700 °C to burn out the
microfibers.36 The other cause is the precipitation of newly formed CaCO3 and/or
CO3Ap crystals on the surface of the created pores during the dissolution-precipitation
reaction.28, 35 The thickness of the precipitated CO3Ap is generally constant per surface
area of the pore, provided that the reaction conditions are the same. Therefore, its
15
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influence on narrowing the pore becomes lesser as the diameter of the pore becomes
larger. Thus, the reduction rate through the dissolution-precipitation reaction decreased
as the pore size increased.
The histological results revealed that CO3Ap granules fabricated through two-step
dissolution-precipitation reaction using gypsum as a precursor demonstrate excellent
tissue compatibility and osteoconductivity similar to other CO3Ap, even though a
detailed comparison has not been done in the present study. Therefore, presence of a
hydroxyl group in apatitic structure may not be a major factor in determining the tissue
compatibility and osteoconductivity.
At 2 weeks after implantation, a statistically significant difference (p < 0.05) was
observed in the case of the new bone tissue penetration interior to the CO3Ap granules
based on pore size (Figures 6, 11). Larger amounts of both woven and mature bones (p
< 0.05) were seen to be formed inside the pores of CO3Ap (120) than in those of CO3Ap
(30) and CO3Ap (205). Blood vessels and red blood cells were observed in addition to
osteoblasts inside the pores of CO3Ap (120), CO3Ap (50), and CO3Ap (30). In other
words, Haversian-like structures were formed inside the CO3Ap pores. Interestingly, in
the case of CO3Ap (205), the pores were filled with fibrous tissue, while no mature bone
and a few blood vessels were observed. Based on these results, we can safely conclude
that the optimal size of the CO3Ap fabricated using CaSO4 as a precursor is 85 μm.
The optimum pore size for bone infiltration has been debatable and is known to
depend on biomaterials, such as titanium, calcium phosphate, and synthesized
polymer.29, 31
16
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Frosch et al.37 investigated the effect of different pore sizes (300, 400, 500, 600,
and 1000 μm) of porous cylindrical titanium channels on cultured human osteoblasts. It
was reported that higher osteocalcin gene expression in human osteoblasts and a greater
degree of matrix mineralization were found in titanium channels with a pore size of 600
μm than in those with pore sizes 300 and 1000 μm. Moreover, channels with a pore size
of 600 μm allowed for much deeper and faster osteoblast ingrowth than those with other
pore sizes (300, 400, 500, and 1000 μm). Taniguchi et al.38 also reported that porous
titanium implants of pore size 600 μm showed rapid bone ingrowth and high fixation
ability in rabbit femur and tibia as compared to those with pore sizes of 300 and 900 μm.
Hara et al.39 implanted porous cylindrical titanium implants with four different pore
sizes (500, 640, 800, and 1000 μm) into the distal femur of rabbits. They observed that
there was no difference in bone ingrowth in the titanium implants with pore sizes 500,
640, and 800 μm; however, less bone ingrowth was observed in the case of implants
with 1000-μm pore size. These results suggest that porous titanium implants with a pore
size of about 600 μm are suitable for bone formation.
HAp and beta-tricalcium phosphate (β-TCP) are the representative calcium
phosphates for bone substitutes. Chang et al.40 reported bone ingrowth in the porous
HAp implants with different pore sizes (50, 100, 300, and 500 μm) in the proximal tibia
of rabbits and concluded that the 300-μm sized pores in the HAp implants were
optimum. Kuboki et al.41 reported that alkaline phosphatase activity and osteocalcin
content were higher in the BMP-containing porous HAp blocks with a pore size of 300–
400 μm than in those with different pore sizes (106-212, 212-300, 400-500, and
17
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500-600 μm), when implanted subcutaneously in rats. Moreover, infiltration of
capillaries was observed in the porous HAp blocks with pore sizes more than 300 μm.
Klenke et al.42 reported the effect of pore sizes in the ranges 40-70, 70-140, 140-210,
and 210-280 μm on the vascularization and osseointegration of porous biphasic calcium
phosphate, composed of 80% HAp and 20% β-TCP, that was implanted into cranial
defects in mice. The functional capillary density in the pores was significantly higher in
cases where the pore sizes exceeded 140 μm than in those with pore sizes less than 140
μm. The volume of newly formed bone deposited within the pores increased as the pore
size increased up to 280 μm. Taking these reports into consideration, a pore size ranging
from 300 to 400 μm seems to be optimal for porous HAp.
Diao et al.43 reported that porous β-TCP scaffolds with 100-μm pore size achieved
the highest percentage of new bone ingrowth compared to those with other pore sizes
(250 and 400 μm) in calvarial defects of rats at 4 weeks. Interestingly, pores of both 250
and 400 μm were occupied by larger amount of fibrous tissue. Their results are the same
with the results of this investigation. In other words, fibrous tissue occupied pores of
CO3Ap(205) even though other pores, CO3Ap(30), CO3Ap(50), and CO3Ap(120) were
occupied by bone. Diao et al. claimed this phenomenon was caused by cell-cell contact.
In short, smaller pore size provides narrower space for colonization and increases the
opportunities for cell-cell contact, which facilitates osteoblastic differentiation.
Therefore, faster new bone formation was observed in 100 μm pores than those in larger
pores. Galois et al.44 performed a study to quantify the bone ingrowth and
biodegradability of porous β-TCP cylinders with different pore size ranges (45-80,
18
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80-140, 140-200, and 200-250 μm) in the femoral condyles of rabbits. The amount of
newly formed bone was statistically smaller in cylinders with 45-80 μm pore size than
that in cylinders with larger pore sizes. Based on these studies, it was suggested that the
optimum pore size of β-TCP is around 100 μm, which is smaller than that of HAp.
There has been no report till date regarding the optimal pore size of CO3Ap
granules for bone formation. Our results in this study demonstrated that CO3Ap (120)
showed the largest new bone formation inside the pores during the early stage among
various porous CO3Ap granules. This result indicated that the optimal pore size of
CO3Ap was relatively smaller than HAp, which is almost a non-resorbable bone
substitute, and similar to β-TCP, which is a resorbable bone substitute. And, CO3Ap is
known to exhibit much higher solubility than sintered HAp. 45, 46 Therefore, one of the
factors to govern optimal pore size may biodegradability of calcium phosphates.
Dissolution of calcium phosphate elevate calcium ion concentration, leading
up-regulation of osteoblast function.47, 48 González-Vázquez et al.48 reported that a 10
mmol/L extracellular calcium concentration promotes chemotaxis, proliferation, and
differentiation in rat bone marrow mesenchymal stromal cells.
Additionally, it was reported that CO3Ap has an ability to promote osteoblastic
differentiation of human bone marrow cells earlier than sintered HAp,26 which might be
one of the reasons of increased bone formation in the smaller pore of CO3Ap in an early
stage.
Clinically, one of the drawbacks of dense granular bone substitutes is postoperative
migration,49,

50

which may cause outflow of granules from the implantation site after
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surgery and the collapse of the form reconstructed with the granules. The resulting
shortage of granules can lead to insufficient new bone formation. It is essential that
granules allow bone tissue to penetrate them and combine with bone in the early stage
to prevent postoperative migration. The results obtained in this study demonstrated that
new bone formation was observed in the pores of porous CO3Ap granules as early as 2
weeks after implantation. This may lead to earlier material fixation because of the
improvement of mechanical interlocking between the porous granules and the
surrounding bone.29, 30
It is known that porous bioceramics with higher porosity promote bone formation
when compare to dense materials.51-53 However, in our study, no statistically significant
difference was found for the total amount of new bone formed at the bone defect based
on the absence and presence of pores and the pore sizes (Figure 12). Obviously, this is
due to the limited volume of pores introduced in the CO3Ap granules. The amount of
pores in CO3Ap granules was approximately 7.5%, which may be negligible for total
bone formation. Therefore, highly porous CO3Ap granules made up of 85 μm-sized
pores may be ideal artificial bone substitutes.

CONCLUSION
In conclusion, porous CO3Ap granules were fabricated through a two-step
dissolution-precipitation reaction using gypsum granules as precursor and microfibers
as porogen. The pore size could be regulated by the diameter of original fiber used.
Furthermore, CO3Ap (120) showed the most efficient bone formation inside the pores
20
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among the various fabricated porous CO3AP granules in the calvarial defects of rabbits
in early stage. It suggested that porous CO3Ap granules may be useful for bone
substitute material as compared to dense CO3Ap granules, and the optimal pore size of
the CO3Ap bone substitute was estimated to be approximately 85 μm.
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Figure captions
FIGURE 1. Typical SEM images of (a) CO3Ap (D), (b) CO3Ap (30), (c) CO3Ap (50),
(d) CO3Ap (120), and (e) CO3Ap (205).

FIGURE 2. Typical XRD patterns of the heated set gypsum (a) before immersion, (b)
after immersion in 1 mol/L Na2CO3, (c) after immersion in 1 mol/L
Na2HPO4 solution, (d) with CaSO4, (e) with CaCO3, (f) with commercial
CO3Ap (Cytrans Granules®), and (g) with commercial sintered HAp
(NEOBONE®).

FIGURE 3. FT-IR spectra of (a) fabricated porous CO3Ap, (b) commercial sintered
HAp (NEOBONE®), and (c) commercial CO3Ap (Cytrans Granules®).
(▲:CO3, △:OH)

FIGURE 4. Mercury intrusion porosimetry curves and pore distributions obtained for
fabricated porous CO3Ap granules.

FIGURE 5. Mercury intrusion porosimetry curves and large pore distributions obtained
for fabricated porous CO3Ap granules.
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FIGURE 6. μ-CT images of (a, b, c) CO3Ap (D), (d, e, f) CO3Ap (30), (g, h, i) CO3Ap
(50), (j, k, l) CO3Ap (120), and (m, n, o) CO3Ap (205) at 2, 4, and 8 weeks
after implantation.

FIGURE 7. Typical histological images with Villanueva Goldner staining of (a, b, c)
CO3Ap (D), (d, e, f) CO3Ap (30), (g, h, i) CO3Ap (50), (j, k, l) CO3Ap
(120), and (m, n, o) CO3Ap (205) at 2, 4, and 8 weeks after implantation.

FIGURE 8. Percentage of the CO3Ap granules contacted with new bone at central
portion in the bone defect at 2, 4, and 8 weeks after implantation (n = 5) (*p
< 0.05).

FIGURE 9. Typical higher-magnification histological images with Villanueva Goldner
staining of (a, b, c) CO3Ap (30), (d, e, f) CO3Ap (50), (g, h, i) CO3Ap (120),
and (j, k, l) CO3Ap (205) at 2, 4, and 8 weeks after implantation. ( ＊ :
CO3Ap granule)

FIGURE 10. Typical histological images with hematoxylin and eosin staining of (a)
CO3Ap (30), (b) CO3Ap (50), (c) CO3Ap (120), and (d) CO3Ap (205) at 2
weeks after implantation. (Ob: osteoblast, V: blood vessel, F: fibrous tissue)
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FIGURE 11. Percentage of new woven bone (a) and mature bone (b) in the pores of
CO3Ap granules at 2, 4, and 8 weeks after implantation (n = 5) (*p < 0.05,
**p < 0.01).

FIGURE 12. Percentage of new woven bone (a) and mature bone (b) in the whole bone
defects reconstructed by porous CO3Ap at 2, 4, and 8 weeks after
implantation (n = 5).
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FIGURE 1. Typical SEM images of (a) CO3Ap (D), (b) CO3Ap (30), (c) CO3Ap (50), (d) CO3Ap (120), and (e)
CO3Ap (205).
833x455mm (30 x 30 DPI)
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FIGURE 2. Typical XRD patterns of the heated set gypsum (a) before immersion, (b) after immersion in 1
mol/L Na2CO3, (c) after immersion in 1 mol/L Na2HPO4 solution, (d) with CaSO4, (e) with CaCO3, (f) with
commercial CO3Ap (Cytrans Granules®), and (g) with commercial sintered HAp (NEOBONE®).
561x626mm (40 x 40 DPI)
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FIGURE 3. FT-IR spectra of (a) fabricated porous CO3Ap, (b) commercial sintered HAp (NEOBONE®), and
(c) commercial CO3Ap (Cytrans Granules®). (▲:CO3, △:OH)
566x627mm (40 x 40 DPI)
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FIGURE 4. Mercury intrusion porosimetry curves and pore distributions obtained for fabricated porous CO3Ap
granules.
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FIGURE 5. Mercury intrusion porosimetry curves and large pore distributions obtained for fabricated porous
CO3Ap granules.
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FIGURE 6. μ-CT images of (a, b, c) CO3Ap (D), (d, e, f) CO3Ap (30), (g, h, i) CO3Ap (50), (j, k, l) CO3Ap
(120), and (m, n, o) CO3Ap (205) at 2, 4, and 8 weeks after implantation.
844x623mm (30 x 30 DPI)
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FIGURE 7. Typical histological images with Villanueva Goldner staining of (a, b, c) CO3Ap (D), (d, e, f)
CO3Ap (30), (g, h, i) CO3Ap (50), (j, k, l) CO3Ap (120), and (m, n, o) CO3Ap (205) at 2, 4, and 8 weeks
after implantation.
807x623mm (30 x 30 DPI)

Journal of Biomedical Materials Research: Part A

FIGURE 8. Percentage of the CO3Ap granules contacted with new bone at central portion in the bone defect
at 2, 4, and 8 weeks after implantation (n = 5) (*p < 0.05).
781x527mm (40 x 40 DPI)
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FIGURE 9. Typical higher-magnification histological images with Villanueva Goldner staining of (a, b, c)
CO3Ap (30), (d, e, f) CO3Ap (50), (g, h, i) CO3Ap (120), and (j, k, l) CO3Ap (205) at 2, 4, and 8 weeks after
implantation. (＊: CO3Ap granule)
618x635mm (30 x 30 DPI)
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FIGURE 10. Typical histological images with hematoxylin and eosin staining of (a) CO3Ap (30), (b) CO3Ap
(50), (c) CO3Ap (120), and (d) CO3Ap (205) at 2 weeks after implantation. (Ob: osteoblast, V: blood vessel,
F: fibrous tissue)
681x516mm (30 x 30 DPI)
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FIGURE 11. Percentage of new woven bone (a) and mature bone (b) in the pores of CO3Ap granules at 2, 4,
and 8 weeks after implantation (n = 5). (*p < 0.05, **p < 0.01)
843x511mm (40 x 40 DPI)

Journal of Biomedical Materials Research: Part A

FIGURE 12. Percentage of new woven bone (a) and mature bone (b) in the whole bone defects
reconstructed by porous CO3Ap at 2, 4, and 8 weeks after implantation (n = 5).
846x510mm (40 x 40 DPI)
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TABLE 1. Diameter of microfiber and pore size of porous CaSO4, CaCO3, and
CO3Ap granules, and reduction rate. Pore size was measured by SEM images.
Diameter (μｍ)

Maker’s
description

Original fiber

CaSO4

CaCO3

CO3Ap

30 μm

32.8 ± 1.3

30.7 ± 1.7

28.8 ± 2.7

26.7 ± 1.1

50 μm

51.3 ± 1.8

48.7 ± 2.0

46.2 ± 1.8

44.8 ± 1.8

120 μm

124.8 ± 2.3

119.3 ± 1.8

116.5 ± 1.7

112.0 ± 1.6

205 μm

206.5 ± 2.8

197.0 ± 3.3

194.5 ± 2.9

189.5 ± 3.3

Reduction rate (%)
Fiber to CaSO4 CaSO4 to CaCO3

CaCO3 to CO3Ap

Fiber to CO3Ap

30 μm

6.5 ± 5.6

5.9 ± 7.3

6.7 ± 9.6

18.7 ± 4.3

50 μm

5.2 ± 2.1

2.9 ± 6.0

4.9 ± 4.3

12.6 ± 2.3

120 μm

4.3 ± 1.7

2.3 ± 2.6

3.9 ± 2.5

10.3 ± 1.6

205 μm

4.6 ± 1.3

1.2 ± 2.4

2.5 ± 2.3

8.2 ± 2.0

