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ABSTRACT: The present study was designed to investigate the
extent of osteoconductive property of a mechanical mixture of
octacalcium phosphate (OCP) and amorphous calcium phos-
phate (ACP). OCP was mixed with ACP in granules that had a
diameter of 300 and 500 ym, respectively, and at 25, 50, or 75 wt
%. The physicochemical characteristics and the osteoconductive
properties of the mixtures were compared with OCP alone or
ACP alone through implantation into rat critical-sized calvaria

New bone formation
Implantation in"'the bone defect

defects for up to 12 weeks and simulated body fluid (SBF) immersion for 2 weeks. The mixtures of OCP and ACP, in particular
the OCP 25 wt % and ACP 75 wt % (O25A7S), had higher radiopacity compared to ACP and OCP alone. O25A7S induced
greater enhancement of bone regeneration than ACP alone at 8 weeks and that than OCP alone at 12 weeks. X-ray diffraction
and Fourier transform infrared (FTIR) analyses of the retrieved mixtures showed that ACP, OCP, and O25A75 tended to
convert to hydroxyapatite (HA) after the implantation, while the structure of OCP remains without complete conversion after
SBF immersion. Analyses by FTIR curve fitting of the solids and the degree of supersaturation of the SBF supported the
observation that the existence of ACP enhances the kinetics of the conversion. Scanning electron microscopy found that the
surface of O25A75 had distinct characteristics with OCP and ACP after SBF immersion. The results suggest that the extent of the
osteoconduction of OCP could be controlled by the copresence of ACP most probably through the prevailing dissolution—

precipitation of the surface of ACP crystals to form HA.
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B INTRODUCTION

Previous studies have shown that synthetic octacalcium
phosphate (OCP; CagH,(PO,)sSH,0) enhances bone regen-
eration to a greater extent than calcium-deficient hydroxyapatite
(Ca-deficient HA) if implanted in a critical-sized rat calvaria
defect model.'! The Ca-deficient HA, which is a non-
stoichiometric form of HA (Ca;o(PO4)s(OH),), was obtained
through a hydrolysis reaction from the original OCP and
therefore considered a suitable control material to OCP." X-ray
diffraction analysis of the retrieved materials from the
implanted site confirmed that the crystal phase of OCP is
progressively hydrolyzed (converted) to that of low crystalline
HA in situ over time." We previously proposed that the higher
osteoconductive properties of OCP could be acquired as a
result of physicochemical conversion into HA." This hypothesis
was further supported by the in vitro observation that
osteoblastic differentiation of mouse bone marrow stromal
cells seeded directly on OCP crystals is enhanced in a dose-
dependent manner with a concomitant increase in the mRNA
levels of osteoblast differentiation marker genes.2 Moreover, a
similar conversion of OCP into HA occurs during the
incubation in the medium.'" However, the mechanism by
which the conversion of OCP itself affects the extent of the
osteoconductivity of this material remains unknown.
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OCP has been advocated as a precursor to bone apatite
crystals.” The structure of OCP consists of apatite layers
stacked with hydrated layers in an alternating fashion.* In
addition, the phase of OCP was shown to be a precursor to HA
based on experimentally prepared calcium and phosphate
solutions at physiological conditions.” OCP is considered to be
a direct precursor to HA because the process of HA formation
from OCP only consists of the OCP and HA phases.*” Once
initiated, the conversion advances spontaneously, irreversibly,
and topotaxially without changing its original crystal morphol-
ogy.*®” When OCP is converted to HA, the OCP crystals
absorb calcium ions and release phosphate ions into the
surrounding solution, which corresponds to the progressive
increase of the solid molar ratio in calcium and phosphorus.*®
This conversion induces progressive changes in adsorption
affinity of the crystals for serum proteins.”” OCP has a surface
pool of labile HPO, that exists as reversibly exchangeable acidic
ions on and in the crystal lattice, which progressively decreases
during the conversion to HA.'® The conversion rate of OCP to
HA is predominantly controlled by the degree of super-
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saturation with respect to HA and OCP, which is given a
numerical value based on the concentrations of calcium and
phosphate ions as well as the ion pairs that form with
physiologically ubic%uitous inorganic ions, such as Mg ions
under neutral pH.*"" The presence of fluoride ions affects the
conversion of OCP because fluoride promotes the formation of
fluoridated HA, which has lower solubility than HA."? If the
conversion of implanted OCP can be artificially regulated by
such environmental factors in vivo, then it is of interest to learn
whether the osteoconductivity of OCP could be strengthened
or weakened.

Amorphous calcium phosphate (ACP; Cay(PO,),'nH,0),
which was recently recognized to be amorphous tricalcium
phosphate (ATCP), is considered to be another precursor to
HA formation in bone mineralization."*™"> It is known that
ACP has égreater solubility than OCP under physiological
conditions.”'® ACP is formed as the first mineral solid fhase
from supersaturated calcium and phosphate solutions'* and
then crystallizes to an OCP-like phase that subsequently
transforms to HA.® The latter phase is the most thermodynami-
cally stable phase in calcium phosphate compounds at
physiological pH.® Calcium phosphate cluster theories have
been proposed to explain the structural and chemical
relationships between these precursor phases and HA, in
which HA formation occurs through the nucleation of calcium
phosphate clusters with subsequent transformation into HA
through aggregation of the clusters.'”~'” The structural unit of
the cluster, which preserves ACP and OCP, is present in the
structural domains of the HA that forms."

It has been shown that synthetic ACP shows a bioactive
property if used as a scaffold material in hard tissue
formation.”*~** Our previous study indicated that ACP
(ATCP, Ca/P molar ratio 1.5) as well as OCP enhances
bone formation more than nonsintered and nonstoichiometric
HA (Ca/P molar ratio 1.5) and stoichiometric HA (Ca/P
molar ratio 1.67) when compared to a subperiosteal onlay
implantation onto murine calvaria.”* In the present study, we
hypothesized that if ACP is present together with OCP, then
the conversion and the osteoconductivity of OCP are
controlled possibly due to the delivery of calcium and
phosphate ions from ACP under physiological pH.>'® The
present study was therefore designed to investigate whether the
conversion of OCP is controlled in the copresence of ACP and
whether the osteoconductivity of OCP is strengthened in vivo.

B EXPERIMENTAL SECTION

Synthesis and Preparation of OCP, ACP, and Ca-Deficient
HA. OCP was synthesized by mixing calcium and phosphate solutions
under constant pH 5—6 and temperature at 70 °C according to a well-
established wet synthesis method previously reported.”> The
precipitate was recovered from the reacting solution and was then
washed by water several times and dried at 105 °C for subsequent use.
ACP was synthesized by a method by Eanes et al.'* with modification
as reported previously.” Briefly, calcium solution (nitric salt solution)
was rapidly mixed with phosphate solution (ammonium salt solution)
at room temperature.”> The precipitate was immediately recovered
from the reacting solution and was then washed by dilute ammonium
water several times and lyophilized for subsequent use. Ca-deficient
HA, as a control for the analysis of materials, was obtained by the
hydrolysis of the original OCP precipitate, just after the synthesis of
OCP, for 48 h at 65 °C in hot water.' The method to obtain Ca-
deficient HA and the characteristics of this material have been well
documented previously.' The granules were prepared by lightly
grinding the dried OCP or ACP cake using a mortar and pestle, and
then they were passed through a standard testing sieve. The granules

with diameters ranging from 300 to 500 ym were prepared. Both the
granules were mixed at different ratios of OCP:ACP as follows: 100:0,
75:25, 50:50, 25:75, and 0:100 (Table 1). The mixtures were agitated
by a rotary shaker for 1 h for dispersing them from each other.

Table 1. Mixing Ratios between OCP and ACP

OCP wt % ACP wt % designation
100 0 OCP
75 25 O75A25
S0 S0 OS0AS0
25 75 0O25A75
0 100 ACP

Characterization of OCP and ACP. OCP and ACP were
characterized by powder X-ray diffraction (XRD) and Fourier
transform infrared spectroscopy (FTIR). XRD patterns were recorded
using a step scanning at 0.05 degree intervals from 3.0 degrees to 60.0
degrees, with Cu Ka X-rays on a diffractometer (Mini Flex; Rigaku
Electrical Co., Ltd., Tokyo, Japan) at 30 kV and 15 mA. The 26 range
measurement included the main reflection (100) of OCP at 4.7° 26.
Joint Committee for Powder Diffraction Standard (JCPDS) numbers
26-1056A9 for OCP and 9-432 for HA were utilized to identify their
crystalline phases. The FTIR spectrum of OCP was obtained by FTIR
spectroscopy (FT/IR-6300; JASCO Corporation, Tokyo, Japan) with
the sample diluted in KBr over a range of 4,000—400 cm™" with 4
cm™" resolution. The morphology of crystals and granules was
examined using a JEOL analytical scanning electron microscope
(SEM) JSM-6390LA (Tokyo, Japan) operating at an accelerating
voltage of 10 kV. Au—Pd sputtering was performed using the powder
samples before the observation.

Implantation of OCP and ACP Granules and the Mixed
Granules. Twelve-week-old male Wistar rats (SLC, Hamamatsu,
Shizuoka, Japan) were used. The principles of laboratory animal care
were followed as well as the national laws. All procedures were
approved by the Animal Research Committee of Tohoku University.
The experimental rats were anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg) supplemented by ether inhalation. A skin
incision was made aseptically along the bilateral temporal line and the
middle of the forehead, and the dissection was continued to the
calvarium. The periosteum of the calvarium was ablated, and a full-
thickness standardized trephine defect (9 mm in diameter) was made
in the calvarium under continuous saline buffer irrigation. Extreme
care was exercised to avoid injury to the midsagittal blood sinus and
dura mater. The OCP or ACP or the mixed granules were implanted
into the trephine defect. As a negative control, untreated animals were
processed in the same way except that no implantation was made after
the defects were created. After the defects were treated, the ablated
periosteum and skin were repositioned and sutured, respectively.

Radiographic Analysis. Rats were anesthetized with an intra-
peritoneal injection of sodium pentobarbital (50 mg/kg) supple-
mented with ether inhalation. The rats were then sacrificed, and the
implants were resected with the surrounding calvaria bones. The
tissues were immersed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4)
for tissue fixation and incubated overnight at 4 °C. The specimens
were radiographed using a micrography unit (Softex CMBW-2, Softex,
Tokyo, Japan) with X-ray film (FR; Fuji photo film, Tokyo, Japan)
under standardized conditions (20 kV, S mA, 20 s), in which OCP and
ACP showed no radiopacity. The percentage of X-ray opacity in the
defect (Radiopacity%) was calculated as the area of radiopacity per
area of the defect originally created by trephination X100. The
radiopacity% was quantified on a computer using Scion Image public
domain software (Scion Corporation, Frederick, MD).

Tissue Preparation. After the radiographs were taken, the samples
were decalcified in 10% ethylenediaminetetraacetic acid in 0.01 M
phosphate buffer, pH 7.4, for 2—4 weeks. The samples were
dehydrated in a graded series of ethanol and embedded in paraffin.
The center of the defect in calvaria was extracted and sectioned
coronally with a thickness of 5 um. The sections were stained with
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hematoxylin and eosin (H&E) by a standard method, and photographs
were taken with a photomicroscope (Leica DFC300 FX, Leica
Microsystems Japan, Tokyo, Japan). Light micrographs of the sections
stained with H&E were used for histomorphometric measurements.
Photographs projecting the overall defect were taken for each
specimen. The percentage of newly formed bone in the defect (n-
Bone%) was calculated as the area of newly formed bone per area of
the defect originally created by trephination X100. The n-Bone% was
quantified on a computer using Scion Image public domain software
(Scion Corporation, Frederick, MD).

Evaluation of Change in the Crystal Phase in Vivo. The
implanted granules in the rat calvaria were examined for XRD. The
granules were retrieved from rat calvaria bone defects of two to four
rats at 2 weeks postimplantation using tweezers so as to exclude as
much of the soft tissue around the implanted granules as possible. The
granules were ground using a mortar and pestle after lyophilization.
The XRD analysis was performed under the same conditions used for
the characterization of the crystals as described above.

Structural Changes of Crystals in SBF. SBF solution was
prepared according to a method previously described®® by dissolving a
reagent grade of sodium chloride, sodium hydrogen carbonate,
potassium chloride, dipotassium hydrogen phosphate trihydrate,
magnesium chloride hexahydrate, and calcium chloride dihydrate in
purified water. The solution was then buffered with trihydroxymethyl
aminomethane and hydrochloric acid to attain pH 7.4 at 37.0 °C. The
OCP, ACP, and their mixtures (50 mg) were immersed in S0 mL of
the fresh SBF (solid/solution ratio 1 mg/1 mL) in separate plastic
tubes placed in a 37.0 °C water bath. The experiment was performed
with constant stirring to avoid possible pH change in particular the pH
increase by the effect of ACP dissolution. The immersed granules were
collected after 1 and 2 weeks, washed with water, and then lyophilized
for XRD observation. The concentration of calcium and inorganic
phosphate ions in the supernatants after the immersion in the SBF
solution was determined quantitatively using Calcium E and Phosphor
C tests (Wako Pure Chemical Industries, Osaka, Japan), respectively.

FTIR Spectroscopy and Curve Fitting Analysis. The FTIR
spectrum of the composites was obtained by FTIR spectroscopy (FT/
IR-6300; JASCO Corporation, Tokyo, Japan) with the dilution in
potassium bromide over a range of 4000—400 cm™' with 4 cm™
resolution. The intensities of apatitic OH and HPO, or nonapatitic
HPO, in FTIR spectra were estimated by employing curve-fitting with
Spectra Manager Version 2.10 (Curve fitting Version 2.05). An IR
band ratio between 450 and 700 cm™" was used according to a method
reported by Rey et al>"*®

Estimation of the Degree of Supersaturation. Degree of
supersaturation (DS) of SBF and those after immersing OCP,
025A75, and ACP were calculated to estimate the dissolution of
granules with respect to OCP, HA, and dicalcium phosphate dihydrate
(DCPD) in the solution. The DS value is the numerical value obtained
by dividing the ionic product with the solubility product for objective
calcium phosphates. The DS corresponds to the point at which the
solution is saturated for a specific calcium phosphate salt. The DS
calculations were made for 37 °C using a modification of ion
speciation software previously developed.””*® The DS value is in
general calculated by the analytical concentration of Ca, Mg, Na, K, P,
Cl, and F as well as the pH value combined with the three mass
balance equations for [Ca], [P], and [Mg], according to previous
reports." "> The calculation also assumes the presence of HCO;™ in
the fluid. The ion pairs included in the calculation were CaH,PO,’,
CaHPO,’, MgHPO,’, CaHCO,", and MgHCO,". The DS was defined
in terms of the mean ionic activity product with respect to HA, OCP,
and DCPD. In the present study, the concentration of Ca®* and
inorganic phosphate (Pi) obtained by chemical analyses was used for
the SBF. Ion concentrations of 142 mM Na, 5 mM K, and 1.5 mM Mg
of the SBF composition”® were used. The pH value 7.4 and the
physiologic partial pressure 1.86% in carbonate were used for the
calculation. The solubility product constants used were 7.36 X 107
for HA'? and 2.51 x 107 for OCP.*°

Statistical Analysis. All values were reported as the means =+
standard deviations. All experiments were performed at least three

times and showed reliable reproducibility. Statistical differences among
specimens were evaluated by the Tukey-Kramer multiple comparison
analysis. A value of p < 0.05 was regarded as statistically significant.

B RESULTS

Characteristics of OCP and ACP. Figure 1 shows SEM
photographs of OCP and ACP granules. OCP exhibited a platy

Figure 1. Scanning electron micrographs of OCP (A, C) and ACP (B,
D). Bars = 100 ym (A, B) and 1 um (C, D).

morphology of several micrometers in length and had the same
characteristics as previously reported (Figure 1A and C).” ACP
granules consisted of densely packed spherelike nanocrystals
(Figure 1B and 1D).

Figure 2a shows the XRD pattern of OCP. All reflections of
XRD observed for OCP, including the characteristic (1 0 0)

(a) OCP before implantation W

(b) 025A75 before implantation A et o~

(c) ACP before implantation e e AN e,

(d) OCP implanted for 2 weeks R A-—JWM
(e) 025A75 i d for 2 weeks A—-/\-MM..—

(f) ACP implanted for 2 weeks

(g) Ca — deficient HA A

Degree, 20

Figure 2. X-ray diffraction patterns of OCP before implantation (a),
O25A75 before implantation (b), ACP before implantation (c), OCP
implanted for 2 weeks (d), O25A7S implanted for 2 weeks (e), ACP
implanted for 2 weeks (f), and Ca-deficient HA (Ca/P molar ratio:
1.56) (g).

reflection at 20 = 4.9° and (7 0 0) reflection at 20 = 33.6°,
corresponded well to those expected from an OCP
structure.”*" Figure 2c shows the XRD pattern of ACP. The
ACP powder showed a broadened peak around 30°, which was
characteristic of an amorphous state.”>

Structural Changes of OCP, ACP, and Their Mixture in
Vivo. Figure 2 also shows the XRD patterns of the OCP, ACP,
and their mixture before (Figure 2b) and 2 weeks after
implantation (Figures 2d—2f) in rat calvarial defects and also
Ca-deficient HA as a control material (Figure 2g). The
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structure of all samples tended to convert to that of HA. The
conversion of implanted ACP and the mixture seemed to
advance faster than the implanted OCP.

Radiographic Examination 8 Weeks Postimplanta-
tion. In the untreated defects, radiopacity was observed along
the defect margins at week 8 (Figure 3a). In the implanted

L

(a) Untreated

N,

(b) ACP

(c) 025A75

(e) O75A25 (fy ocP

(d) 050A50

Figure 3. Radiographs of rat calvarial defects of untreated control (a)
or with implantation of ACP (b), 025A75 (c), OS0AS0 (d), O75A2S
(e), or OCP (f) for 8 weeks. Bars = 3 mm.

groups, isolated granulose radiopacity was scattered throughout
the defect, showing a distinct degree in the radiopacity (Figure
3b—Figure 3f). Figure 4 shows the analytical results of

* *
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||
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0 T

Untreated ACP 025A75 O50A50 O75A25 ocpP

Radiopacity (%)

Figure 4. Quantitative analysis of the percentage of radiopacity in the
defect at 8 weeks postimplantation of ACP, OCP/ACP mixtures, or
ACP. Data are the mean + SD *p < 0.05.

radiomorphometry in the defect. The radiopacity + SD in
the untreated, ACP, O25A75, OS0AS50, O75A2S, and OCP
treated areas was 33.6 + 8.6%, 63.2 + 11.8%, 79.3 + 6.7%, 71.9
+ 8.6%, 71.8 + 82%, and 59.2 + 3.5%, respectively. A
significant difference was observed between the untreated and
implanted groups. Moreover, the radiopacity of O25A75 was
significantly higher than the OCP and ACP implanted groups
(p < 0.05).

Histological and Histomorphometric Examination 8
Weeks Postimplantation. Figure S shows the histological
section of OCP, ACP, and their mixtures at 8 weeks after
implantation. New bone formation in the untreated control
group was limited to the margin of the defect, and most of the
defect was filled with fibrous tissue (Figure Sa). In the animals

treated with OCP, ACP, and their mixtures, newly formed bone
was observed around the implanted OCP or ACP (Figure Sb—
Figure 5f). This suggests that the granular radiopacity in Figure
3 corresponds to newly formed bone around the implanted
granules or calcification due to the conversion from the
OCP**7** or ACP to an apatitic phase.”> The previous studies
confirmed that OCP can be recognized as hematoxyliniphoilic
substances, after the decalcification, which come from
accumulated serum proteins."** It seems likely that the granule
of ACP tends to remain in comparison with the granule of
OCP (Figure S).

Histomorphometric Examination 8 Weeks Postim-
plantation. Histomorphometric findings regarding n-Bone%
are shown in Figure 6. At week 8, the n-Bone% =+ SD in the
untreated, ACP, O25A75, OS0AS50, O75A2S, and OCP treated
areas was 16.9 + 2.9%, 294 + 7.0%, 48.8 + 12.4%, 39.3 +
3.7%, 47.6 + 6.0%, and 38.2 + 4.3%, respectively. A significant
difference was seen between the untreated and implanted
groups without the ACP implanted group (p < 0.05). The n-
Bone% of O25A75 was significantly higher than the ACP
implanted group (p < 0.05).

Examination of Bone Formation for 12 Weeks. Since
025A7S enhanced the increase of the radiopacity most and the
bone regeneration more than OCP and ACP alone at 8 weeks,
we investigated O25A7S in comparison with OCP with
prolonged implantation. Figure 7a and Figure 7b show
radiographic examination of the O25A7S and OCP groups at
12 weeks postimplantation. Although greater radiopacity was
observed at 12 weeks postimplantation compared to 8 weeks
based on the amalgamation of isolated radiopacity in both
groups, the radiopacity observed for the O25A75 group was
greater than that in the OCP group. Figure 7c shows the
examination of radiomorphometry in the defects of animals at
12 weeks postimplantation. The radiopacity = SD in the
025A75 and OCP treated areas was 83.8 + 7.3% and 63.5 +
8.9%, respectively. The radiopacity of the O25A7S group was
significantly higher than the OCP implanted groups (p < 0.05).
Figure 7d and Figure 7e show histological sections of the
defects from the O25A75 and OCP animals at 12 weeks
postimplantation. Newly formed bone in the defect became
abundant in both groups. However, the magnified view reveals
that O25A75 may induce bone regeneration more than OCP
(Figure 7d and Figure 7e). Histomorphometrical findings of
the n-Bone% in the defect revealed that O25A7S significantly
enhanced new bone formation compared to OCP (54.0 + 5.1
vs 42.0 + 3.7%, respectively) (Figure 7f). The results from the
histomorphometric examination were consistent with those of
the radiomorphometric examination as shown in Figure 7c.

Immersion in SBF Solution. The changes in surface
characteristics of OCP, O25A75, and ACP after immersion in
SBF for 1 and 2 weeks were examined by SEM (Figure 8).
Platelike morphology of OCP was relatively remained even
after immersion in SBF solution (Figure 8A and Figure 8D),
which has been suggested to be a pseudomorph reflecting the
original OCP underwent the hydrolysis.® After the immersion
in SBF, the surface of ACP was covered with smaller and
homogeneous spherical particles (Figure 8C and Figure 8F).
The SEM micrographs of O25A75 (Figure 8B and Figure 8E)
show that smaller spherical particles, as observed in ACP,
deposited on the mixture of the original spherical particles
(most probably ACP) and the platelike particles (most
probably OCP).
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(e) O75A25

(f) OCP

Figure S. Overview and a magnified image of the black-lined square of the overview image of the sections stained with hematoxylin and eosin at 8
weeks postimplantation: (a) untreated control group, (b) ACP, (c) O25A7S, (d) OS0ASO, (e) O75A2S, and (f) OCP. The implantations were
assessed after 8 weeks. ¥, defect margin. Bars with overview = 1 mm, and bars with magnified image = 100 gm. N, newly formed bone; *, implanted

OCP or ACP.
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O50A50  O75A25 OCP

Untreated ACP

025A75

Figure 6. Quantitative analysis of the percentage of new bone in the
defect (n-Bone%) at 8 weeks postimplantation of ACP, OCP/ACP
mixtures, or ACP. Data are the mean + SD *p < 0.05.

Figure 9 shows the XRD pattern of the OCP, O25A75, and
ACP immersed in SBF for 1 and 2 weeks. The OCP structure
tended to change to that of HA with a reduction in the peak
intensity of the (1 0 0) reflection at 20 = 4.9° over time. In the
ACP and O25A75 groups, the characteristic peaks of HA were
observed over time. These results suggest that OCP, ACP, and
their mixture tend to be converted to an apatite structure by
incubation in SBF solution.

Table 2 shows the DS of the SBF before and after the
immersion of OCP, O25A75, and ACP. The results showed
that the DS of all solutions examined was supersaturated with
respect to HA but undersaturated with respect to DCPD. The
DS of ACP decreased with respect to HA and became saturated
with respect to OCP after 2 weeks. The DS of OCP decreased
with respect to HA but remained slightly supersaturated with
respect to OCP even after 2 weeks. The DS of O25A75 after 1
week of incubation was lower than ACP with respect to HA but

relatively comparable after 2 weeks. However, the DS of
025A7S became saturated with respect to OCP at both 1 and 2
weeks. These results indicated that O25A75 had a higher
potential to convert to OCP as well as that by ACP only and
tended to form OCP, while OCP remains to a condition
slightly supersaturated with respect to OCP. The results
indicate that ACP and O25A7S tend to saturate with respect to
the OCP phase in terms of the solution composition, but the
structure of both materials examined by XRD changed to that
of HA. On the other hand, OCP does not attain the saturation
completely with respect to the OCP phase, although the
structure of this material by XRD tended to change to HA
(Figure 9), indicating that the conversion from OCP to HA did
not complete in terms of the solution composition. Since it has
been proposed that OCP to HA conversion takes place by a
hydrolytic process within the OCP structure and not only
dissolution-reprecipitation process,””>*~*" the present analyt-
ical results by this solution DS and the solid XRD may include
such multiple conversion processes.

Figure 10 shows FTIR spectra of ACP, O25A75, and OCP
before and after 2 weeks of immersion in SBF. The results
indicated that OCP, ACP, and their mixture tended to convert
to an apatite structure by incubation in SBF solution, which
corresponded to the changes in the XRD patterns.

Figure 11 shows the curve fitting of OCP, ACP, and O25A75
before and after 1 and 2 weeks of immersion in SBF. As
reported in the previous studies, apatitic and nonapatitic
HPO,’” ions were detected around 550 and 530 cm ™. Apatitic
OH™ ions were also observed around 630 cm™'. FTIR fitting
analyses showed that the apatitic PO,*” ions at 575 and 600
cm™' peaks increased both in ACP and O25A7S as the
immersion time increased, indicating advancement of the
crystallization into HA formation. However, little change was
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Figure 7. Radiographs of rat calvarial defects with O25A75 (a) or OCP (b) implantations after 12 weeks. Bars = 3 mm. Quantitative analysis of the
percentage of radiopacity in the defect after 12 weeks (c). *p < 0.05. Overview and a magnified image of the black-lined square of the overview image
of the sections stained with hematoxylin and eosin at 12 weeks postimplantation: (d) O25A7S or (e) OCP. ¥, defect margin. Bars with overview = 1
mm, and bars with magnified image = 100 ym. N, newly formed bone; *, implanted OCP or ACP. Quantitative analysis of the percentage of new

bone in the defect (n-Bone%) at 12 weeks postimplantation (f). *p < 0.0S.

OCP 025A75 ACP
1W after immersion in SBF

ocpP 025A75 ACP

2W after immersion in SBF

Figure 8. Scanning electron micrographs of OCP immersed in SBF for
1 week (A) or 2 weeks (D), O25A75 immersed in SBF for 1 week (B)
or 2 weeks (E), and ACP immersed in SBF for 1 week (C) or 2 weeks
(F). Bars = 1 um.

discernible for OCP, even after 2 weeks of immersion. The
peak height ratios at 630 to 530 cm™', which are indicators of
OH in an apatite structure, progressively increased in ACP
(from 042 to 4.02) and O25A75 (0.51 to 4.29) but only
slightly increased in OCP (from 0.71 to 1.37) before and after
the immersion for 2 weeks (n = 2 in the same experiment; the
representative tendency is described here). In contrast, the peak
ratios at 530 to 550 cm™, which are indicators of nonapatitic
HPO,’”, remained unchanged in ACP (from 0.20 to 0.32) and
slightly decreased in O25A7S (from 0.59 to 0.24) but modestly

A AN OCP before

A M OCP after 1W
A M OCP after 2W
025A75 before
. s e,
025A75 after 1W
P S J\_._A s s i,
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Ca-deficient HA
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Degree, 20

Figure 9. Changes in the XRD pattern of granules before and after
immersion in SBF for 1 or 2 weeks. The XRD pattern of Ca-deficient
HA was shown as a control material.

decreased in OCP (from 1.91 to 1.20) (n = 2 in the same
experiment; the representative tendency is described here).
These results indicate that the hydrolysis of OCP into HA
advances very slowly, while ACP is converted to HA relatively
rapidly. The hydrolysis of O25A7S could be explained by the
rapid conversion of ACP and the enhancement of the modest
decrease of HPO,, which may be controlled by the hydrolysis
reaction of ACP occurring in the vicinity around OCP.

dx.doi.org/10.1021/am5067139 | ACS Appl. Mater. Interfaces 2014, 6, 22602—22611



ACS Applied Materials & Interfaces

Research Article

Table 2. Solution Composition and Degree of Supersaturation (DS) of Simulated Body Fluid (SBF) before and after the

Immersion of OCP, ACP, and the Mixture (O25A75)

concentration” (mM)

DS at pH 7.40 and 37 °C

calcium phosphate HA OCP DCPD
SBF original 241 + 0.01 1.01 + 0.01 9.46 x 10" 2.30 X 10° 6.46 x 107
ACP 1w 3.02 + 0.044 0.29 + 0.0051 7.13 x 10" 1.36 X 10* 232 x 107!
2W 1.29 + 0.010 0.18 + 0.036 2.95 x 10° 1.30 x 10° 6.53 x 1072
025A75 1w 0.84 + 0.083 0.33 + 0.012 2.19 x 10° 1.49 x 10° 7.88 X 1072
2w 1.20 + 0.023 0.32 + 0.058 1.14 x 10° 5.46 x 10° 1.08 X 107
oCP 1w 1.60 + 0.010 0.59 + 0.010 2.79 x 10" 1.01 X 10* 2.60 x 107!
2W 1.25 + 0.024 0.50 + 0.041 5.19 x 10° 2.39 x 10! 1.75 x 107

“The calcium and phosphate concentrations in “SBF original” are averages from three independent analyses from one SBF solution. Those in the
experimental solutions are the average from three independent immersions of the calcium phosphate.
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Figure 10. Changes in the FTIR spectra of granules before and after
immersion in SBF for 1 or 2 weeks. (a) OCP, (b) 025A7S, (c) ACP,
or Ca-deficient HA (d).

B DISCUSSION

It has been reported that OCP and ACP exhibits
osteoconductivity, respectively, if implanted in the subperiosteal
region of mouse calvaria, but new bone forms on OCP more
quickly than on ACP.** The present study found that the
osteoconductivities of OCP and ACP respectively can be
augmented if OCP was mixed with ACP in the range from 25
wt % OCP to 75 wt % OCP with ACP and when they are
coimplanted in critical-sized rat calvaria defects. The
copresence of ACP with OCP affected the conversion process
of OCP into HA as clearly shown by the DS estimation from
the SBF immersion experiment. The surface of the O25A7S
after the SBF immersion changed to the surface different than
both the respective original surfaces of OCP and ACP after the
SBF immersion. These results indicate that the extent of
conversion of OCP into HA in vivo is controlled by the
presence of ACP and suggests that the apatitic materials formed
from the conversion contributes to increase the extent of
osteoconductivity of OCP.

22608

The osteoconductivity of O25A7S was higher than ACP and
OCP by the radiographically and higher than ACP
histomorphometrically at 8 weeks significantly. However, the
effect was not clear between the mixing ratios from 25 wt %
OCP to 75 wt % of OCP with ACP. It is still unclear why the
mixing of ACP into OCP enhances the osteoconductivity
compared to the single phase of these materials. We
investigated the possible mechanism underlying the intrinsic
metastable properties of OCP and ACP under physiological
conditions. The XRD analysis of the implanted and then
retrieved OCP, ACP, and their mixtures at 2 weeks post-
implantation confirmed that they corresponded to the low
crystalline HA phase. The rate of conversion from high to low
was ACP, OCP/ACP, and OCP, respectively. ACP was not
dissolved completely by its implantation in rat critical-sized
calvaria defects, as shown in the histological findings, which was
consistent with previous work of subperiosteal implantation of
ACP onto mouse calvaria.”> This could be due to the use of
relatively large ACP granules in the present study. The results
by the histological examination (Figure 7d and Figure 7e)
suggested that bone formation was enhanced by the advance-
ment of the biodegradation of OCP coupled with new bone
deposition, which is a property of OCP as previously
reported.>”*® On the other hand, ACP may have a role to
provide the osteoconductive surface for the new bone
formation.

It is known that ACP exhibits a variety of Ca/P molar ratios
that range from 1.15*" to 1.5."* The physicochemical and the
bioactive properties of ACPs have been well described in
relation to the structure.'> ACP has been recently recognized as
an active material that shows osteoinduction by increasing local
calcium concentration through the involvement of connexin 43-
gap junction in a three-dimensional dental pulp cell construct.”
Our previous study found that ACP is an osteoconductive
material when placed onto mouse calvaria and can directly bind
new bone tissue; however, the appearance of new bone occurs
more quickly on OCP than ACP, despite the crystal phase of
both materials being converted to HA.>* A chemical study
revealed that ACP transformed to HA via an OCP-like phase.”
Although the OCP-like phase is a transitory phase that rapidly
transforms to HA,” the characteristics of the OCP-like phase
are different from the well-crystallized OCP used in the present
study."” The chemical relationship between ACP and OCP has
been previously reported based on a mechanistic model of HA
formation from supersaturated solution using a cluster theory
of nano-ACP particles.'™'” The present study did not analyze
how the presence of ACP affects the structural relationship
between ACP and OCP. However, it is likely that the control of
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Figure 11. FTIR spectral curve fitting of OCP (a, d, g), O25A75 (b, e, h), or ACP (c, f, i) before and after immersion into SBF for 2 weeks. A

spectrum of Ca-deficient HA was shown as a control material (j).

the conversion is associated with the osteoconduction of OCP:
the osteoconductive property of OCP is in fact augmented
together with the enhancement of conversion of OCP to HA.
Our recent study confirmed that the reduction of calcium
concentration around OCP crystals increased phosphorylation
of p38 in osteoblastic signaling, which is a possible mechanism
of OCP to enhance osteoblast activation** and could be related
in the present stimulatory capacity of OCP with ACP.

It is interesting to further understand not only the structural
relationship but also the surface structural changes of OCP that
could directly affect the tissue response. SEM observation
found that the surface morphology of O25A75 differs from the
respective original surface of OCP and ACP. FTIR curve fitting
analysis showed that the conversions of OCP and the mixture
of OCP and ACP (025A75) had similar surface characteristics
that increased the surface apatitic hydroxide and decreased the
acid phosphate species. The latter change corresponded to the
hydrolysis of OCP into HA as determined by chemical
analyses”'® or FTIR spectroscopic analysis.”® These surface
structural changes and motifs induce a distinct adsorption
affinity of serum proteins onto OCP””* and specific
interactions of small molecules with HA.** Thus, they may
lead to the distinct osteoconductive properties observed
between OCP and HA,"* which could explain in part the
increase in osteoconductivity of OCP enhanced by the
introduction of ACP.

The in vitro immersion study of OCP, ACP, and the mixture
(O25A75) in SBF indicated that the conversion advancement
was similar under in vitro and in vivo conditions. The
calculation of solution saturation (DS) after the immersions
reflects the rate of the HA formation. The DS decreased the
most so as to become saturated with respect to HA in the
introduction of ACP alone. DS remained relatively constant
after OCP was introduced, indicating that SBF does not

accelerate the conversion of OCP. This finding is in agreement
with previous works showing that SBF becomes saturated with
OCP quickly before hydrolysis begins.%_48 In contrast, the
copresence of ACP with OCP reduced the DS with respect to
HA and OCP after 1 week of incubation and became similar to
that of ACP after 2 weeks of incubation, indicating that the
OCP conversion in the mixture is accelerated earlier than that
by OCP alone. These results suggest that ACP contributes to
enhance the OCP conversion by providing calcium and
phosphate ions to OCP in SBF. It is also probable that ACP
may contribute to the conversion of OCP by changing pH
locally: the local increase of pH through the dissolution of ACP
catalyzes transformation of OCP to HA-catalytic hydrol-
ysis.>*'#1¢ Taken together, it is reasonable to postulate that
the observed increase in bone regeneration of rat critical-sized
calvaria defects by mixing ACP with OCP is associated with the
newly deposited crystals on the surface of OCP and ACP as a
result of the conversion of these materials and possibly soluble
ions from the loaded ACP for OCP.

B CONCLUSIONS

In conclusion, the present study provided a mechanism for the
improvement of the osteoconduction of calcium phosphate
materials and in particular the osteoconductive properties of
OCP bone substitute material. The rate of conversion from
OCP into HA can be accelerated in the presence of ACP as a
secondary phase and is likely to be the cause of the
osteoconduction of OCP. The present study may also provide
a clue to develop further highly osteoconductive calcium

phosphate ceramics as bone substitute materials.
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