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The mechanism of biomineralization of bone-like apatite on synthetic hydroxyapatite (HA)
has been investigated in vitro, in which the HA surface was surveyed as a function of soaking
time in simulated body fluid (SBF). In terms of surface structure by transmission electron
microscopy with energy-dispersive X-ray spectrometry, the HA whose Ca/P atomic ratio was
1.67 revealed three different characteristic soaking periods in SBF, i.e. the first soaking period,
in which the HA surface increased the Ca/P ratio up to 1.83 to form an amorphous phase of
Ca-rich calcium phosphate; the second soaking period, in which the HA surface decreased the
Ca/P ratio up to 1.47 to form an amorphous phase of Ca-poor calcium phosphate; and the
third soaking period, in which the HA surface gradually increased the Ca/P ratio up to 1.65
to eventually produce the bone-like nano-cerystallites of apatite, which grew forming complex
crystal assemblies with a further increase in immersion time. Analysis using electrophoresis
spectroscopy indicated that, immediately after immersion in SBF, the HA revealed a highly
negative surface potential, which increased to reach a maximum positive value in the first
soaking period. The surface potential then decreased to again reach a negative value in the
second soaking period and thereafter converge to a constant negative value in the third soaking
period. This implies that the HA induces biomineralization of apatite by smartly varying its
surface potential to trigger an electrostatic interaction, first with positive calcium ions and
second with negative phosphate ions in the SBF.

Keywords: hydroxyapatite; biomineralization; calcium phosphate; bioactivity;
simulated body fluid (SBF); surface potential
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1. INTRODUCTION

Apatite is the major mineral phase of which the hard
tissue such as bone and dentin in the human body is
composed. The biomineralization of apatite, which in
hard tissue is usually a self-remodelling process guided
by bone cells and proteins, has also been documented
to occur on surfaces of some synthetic ceramics of crys-
talline calcium phosphate and amorphous silicates and
titanates (Kokubo 1991, 1992; Hench 1991; Kim 2001;
Ohtsuki et al. 1991; Ohura et al. 1991; Neo et al. 1992,
1993). These ceramics are so-called bioactive ceramics
and, in fact, they smartly utilize the apatite that is
mineralized on their surfaces as an interface to integrate
spontaneously with living tissue (Ohtsuki et al. 1991;
Ohura et al. 1991; Kokubo 1992; Neo et al. 1992, 1993).
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The bioactive ceramics have not only granted us distin-
guished bone-repairing biomaterials, such as Bioglass®,
sintered hydroxyapatite (HA) and glass—ceramic A-W
(Hench et al. 1971; Jarcho et al. 1977; Kokubo et al.
1982), but also are inspiring bio-interactive materials
with enhanced or novel physical, chemical and biological
functions (Hench 1998; Kokubo et al. 2003), for which a
key requirement is the mechanism of biomineralization
of apatite on the known bioactive ceramics.

The biomineralization of apatite on a bioactive
ceramic is considered to be a consequence of a ceramic
surface reaction with interstitial blood plasma, of
which the core cascade appears inorganic. Specifically
in wvitro, an acellular simulated body fluid (SBF) with
ion concentrations nearly equal to those in blood
plasma could reproduce the formation of apatite on
bioactive ceramics in vivo (Kokubo et al. 1989, 1990;

© 2004 The Royal Society
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Kim et al. 1996; Ebisawa et al. 1993; Filguerias et al.
1993). Biomimetic assessments using SBF have shown
that bioactive silicates or titanates use surface func-
tional groups composed of Si-OH or Ti-OH to induce
the formation of apatite on their surfaces (Ohtsuki et al.
1992, 1995; Kim et al. 1995, 1996b; Li et al. 1992, 1994).
More recently, these functional groups have been shown
to induce the formation of apatite indirectly, through
formations of early precursors of amorphous calcium
silicate or calcium titanate and late precursors of amor-
phous calcium phosphate, which eventually crystallize
into apatite with bone mineral-like compositions and
structures (Takadama et al. 2001a, 2001b, 2002; Coretio
et al. 2001). This cascade was speculated as being
involved with the electrostatic interaction of the surface
functional groups with the calcium and phosphate ions
in the fluid. The mechanism of the biomineralization
of apatite in this context is particularly interesting in
relation to the sintered HA in view of its compositional
similarity to bone mineral and biomedical popularity,
but such scientific information is rare.

This study investigates the variations in surface com-
position, structure and potential of HA in the process
of biomineralization of apatite on its surface in an in
vitro model using SBF. The HA surface was surveyed
using transmission electron microscopy (TEM), along
with energy-dispersive X-ray spectrometry (EDX) as
well as laser electrophoresis spectroscopy as a function
of immersion time in SBF. The pathway of biomin-
eralization of apatite on HA is discussed in terms of
changes in surface composition and structure, where the
mechanism is rationalized in terms of changes in surface
potential.

2. MATERIALS AND METHODS
2.1. Materials and in vitro model

The starting material was typical dense HA polycrystals
(Mitsubishi Materials Co., Tokyo, Japan), which was
prepared by conventional sintering of powder com-
paction at 1200 °C. The bulk HA was pulverized by
dry ball milling in a high-purity zirconia pot, and
sieve-screened into particles less than 5pm in size.
The solution for in vitro modelling was SBF (Kokubo
et al. 1990) with a pH of 7.40 and ion concentrations
nearly equal to those of human blood plasma (Na™
142.0, K+ 5.0, Mg?* 1.5, Ca®* 2.5, C1~ 147.8, HCO3
4.2, HPO3™ 1.0, SO~ 0.5 mM). The SBF was pre-
pared by dissolving reagent-grade chemicals of NaCl,
NaHC03, KCI, KQHPO4'3HQO7 MgCIQ'GHQO, CaClg
and NaySO, (Nacalai Tesque Inc., Kyoto, Japan) in
distilled water and buffering at a pH of 7.40 with
tris(hydroxymethyl)aminomethane ((CHyOH)3CNHg)
and 1.0 M hydrochloric acid (Nacalai Tesque Inc.,
Kyoto, Japan) at 36.5°C. The HA particles of 50 mg
in mass were immersed and soaked in 120 ml of SBF at
36.5°C.

2.2. Methods of surface characterizations

The surface composition and structure of the HA before
and after soaking in SBF were analysed using TEM
(JEM-2000FXIII, JEOL,Co., Tokyo, Japan) along with
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EDX (VOYAGER III, NORAN Instruments, Inc.,
Middletown, WI). After soaking for various periods,
the HA particles removed from the SBF were dispersed
in ethanol and deposited onto poly(vinylformal) film
supported by a 200 mesh, 3mm diameter nylon grid.
TEM observations were performed, finding sharp edge
spots of the HA particles to present two-dimensional
images. In particular in EDX analysis, the as-measured
results were calibrated using extra pure reagent ref-
erences of tricalcium phosphate (Cag(POy4)2; Nacalai
Tesque Inc., Kyoto, Japan) and HA (Ca19(PO4)s(OH)s;
Sigma Chemical Co., Ltd., St. Louis, MO).

The surface potential of the HA after immersion in
SBF was analysed in terms of its zeta potential, which
was measured using laser electrophoresis spectroscopy
(Model ELS9000K, Otsuka Electronics Co., Osaka,
Japan). After they were removed from the SBF, the HA
particles were dispersed into fresh SBF in a high-purity
silica glass cell, which was immediately equipped into
the electrophoresis system to measure the zeta potential
of the HA surface. This system adopts laser Doppler
electrophoresis to measure the electrophoretic mobility
of HA particles. The zeta potential (¢) is given by the
Smoluchowski equation,

¢ =4dmnUl/e, (2.1)
where U is the electrophoretic mobility of HA, 7 is
the viscosity of the solution and e is the dielectric
constant of the solution. As long as the HA particles
are floating in the solution, the electrophoretic mobility
(U) depends neither on the size nor the shape of the
particles, but solely on the current of electro-osmosis
by the zeta potential of the HA (van de Ven 1989). At
each condition of immersion time, the zeta potential was
measured at least five times to present an average value
with standard deviation.

3. RESULTS

Figures 1-6 show the TEM—EDX profiles of the surfaces
of the HA before and after soaking in SBF for various
periods. The TEM image for each soaking time is
representative of those observations on several sites of
the HA surface. The asterisks indicate the centres of
the electron diffraction and EDX analysis areas, which
are around 100nm in diameter. The TEM image of
HA before soaking in SBF (0h, see figure 1) showed
the mill-fractured surface of a HA particle, where the
EDX detected Ca, P, O and C, among which the C
is revealed by the polymer film and grid supporting
the HA particles. The Ca/P atomic ratio of the spec-
imen HA was exactly 1.67, as was expected by the
stoichiometric composition of HA (Cajo(POy4)s(OH)2).
The electron diffraction revealed typical dot patterns
of polycrystalline ceramics, which are arranged on ring
indexes indicating the (002), (211) and (213) planes of
the HA crystal (see the inset in figure 1).

After soaking in SBF for 3h (see figure 2), an
electron-lucent product was observed on the HA in the
TEM image. The EDX elements of this product were
the same as those before soaking, but the Ca/P ratio
drastically increased to 1.74. In the electron diffraction,
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Figure 1. TEM-EDX profile of the surface of HA before
soaking in SBF (x: centre of electron diffraction and EDX;
inset: index of electron diffraction pattern of HA).
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Figure 2. TEM-EDX profile of the surface of HA after
soaking in SBF for 3h (x: centre of electron diffraction and
EDX).

6h Ca/P = 1.83
Ca
2
g p
£1l0
Ca
T |
0 20 40 6.0

energy (keV)

Figure 3. TEM-EDX profile of the surface of HA after
soaking in SBF for 6h (x: centre of electron diffraction and
EDX).

dim and broad ring patterns were revealed, decreasing
the resolution of the dot patterns of the HA. After
soaking for 6 h (see figure 3), this electron-lucent surface
product became dense in the bulk and flat on the
surface. While the Ca/P ratio increased further to
1.83, the electron diffraction patterns were apparently
unchanged compared with those observed after 3 h. This
indicates that a Ca-rich amorphous calcium phosphate
(ACP) was formed on the HA up to 3h and grew there
with a further increase in the soaking time to 6 h.

J. R. Soc. Interface (2004)
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Figure 4. TEM-EDX profile of the surface of HA after
soaking in SBF for 9h (x: centre of electron diffraction and
EDX).
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Figure 5. TEM-EDX profile of the surface of HA after
soaking in SBF for 12h (x*: centre of electron diffraction and
EDX).
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Figure 6. TEM-EDX profile of the surface of HA after
soaking in SBF for 120h (*: centre of electron diffraction
and EDX).

After soaking for 9 h (see figure 4), the TEM observed
a fibrous product on the HA. The EDX detected small
amounts of Na and Mg in addition to Ca, P, O and C,
and the Ca/P ratio decreased drastically to 1.47. The
electron diffraction revealed broad ring patterns around
the dim dot patterns of HA, which were not resolvable
so as to be attributed to a crystalline phase. This fibrous
product was therefore assumed to be a Ca-poor ACP,
different from the Ca-rich ACP that was observed on
the HA after 3—6h.
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Figure 7. Ca/P atomic ratio and zeta potential of the surface
of HA as a function of soaking time in SBF (note the scale
of the soaking time).

After soaking for 12h (see figure 5), the TEM
observed a number of tiny needle-like precipitates on the
top surface of the HA, where the EDX detected that the
Ca/P ratio increased to 1.54. In the electron diffraction,
resolvable ring patterns ascribed to the (002), (211)
and (213) planes of crystalline apatite appeared instead
of the dot patterns of the substrate HA, indicating
that the apatite had finally formed on the HA surface.
Thereafter with an increase in soaking time up to 120 h
(see figure 6), these apatite crystals were observed to
grow and assemble together in the form of needle-like
particles. The Ca/P ratio increased to 1.65 and the
ring diffraction patterns of the apatite became much
more distinct. Specifically, these apatites were shown
to incorporate Na and Mg, have a Ca/P ratio slightly
lower than that of stoichiometric HA and reveal ring
patterns in electron diffraction. These results indicate
that the apatite produced on HA in SBF is a solid
solution containing minor elements such as Na and Mg,
and it is composed of low crystalline defective nano-
crystallites. These characteristics are, in fact, those
typically observed in biological apatite in bone tissue
(Kokubo 1990, 1991; Hench 1991; Kim 2001; Ohtsuki
et al. 1991; Ohura et al. 1991; Daculsi et al. 1990;
Kitsugi et al. 1990).

Figure 7 shows the Ca/P atomic ratio and zeta
potential of the surface of HA as a function of soaking
time in SBF. The Ca/P ratio, which was initially
1.67, increased up to 1.83 in the soaking period 0-6h,
decreased to 1.47 in the next soaking period 6-9h and
then increased again to converge at 1.65 in the soaking
period 9-120h. The zeta potential showed a consonant
change with the Ca/P ratio. The zeta potential of
the HA was highly negative immediately after soaking,
i.e. —6.47mV. In the soaking period 0-6h, the zeta

J. R. Soc. Interface (2004)

potential increased to reveal a maximum positive value
of +5.81mV, then decreased to again reveal a negative
value of —0.92mV in the next soaking period 6-9h and
decreased to converge at around —10mV in the soaking
period 9-120h.

4. DISCUSSION

The above TEM—-EDX profiles and interpretations indi-
cate that, after immersion in SBF, the HA undergoes
three characteristic surface structural changes in the
process of apatite formation on its surface. The first
surface structural change is the formation of a Ca-
rich ACP on the HA, which was shown to take place
in the nominal soaking period 0—-6h. In view of the
change in the Ca/P ratio, the formation of Ca-rich
ACP is assumed to be a consequence of interaction
of the HA surface specifically with the calcium ions
in the SBF. The second surface structural change is
the formation of Ca-poor ACP on the HA in the next
soaking period 6-9h. In this soaking period, the HA
appears to use the Ca-rich ACP on its surface to interact
with the phosphate ion in the fluid to form the Ca-
poor ACP. The third surface structural change is the
formation of apatite in the soaking period 9-12h, in
which the Ca-poor ACP on the HA appears to crys-
tallize into apatite with bone mineral-like composition
and structure. Thereafter with increased soaking time
in SBF, the apatite was shown to grow, incorporating
the calcium and phosphate ions in the SBF. The zeta
potential indicates that the HA changes the surface
potential, which was highly negative immediately after
exposure to SBF, in a very consonant way during the
above soaking periods of surface structural changes.
The HA was shown to increase the surface potential to
reveal a maximum positive charge when it was forming
the Ca-rich ACP and to decrease it to again reveal
a negative charge when it was forming the Ca-poor
ACP. It then continued to decrease the surface potential
whilst forming the apatite and then stabilized it at a
constant negative charge.

The changes of bioactive surfaces during in witro
exposures have been documented in terms of the Ca/P
ratio and surface potential in some of the literature.
Hench (1991), Ogino & Hench (1980) and Ohtsuki et al.
(1991, 1995) showed in witro that the formation of
apatite on Bioglass®-type glass and glass—ceramic A-W
was preceded by the formation of ACP with a low
Ca/P ratio. Lu et al. (2001) showed that on immersion
in electrolyte solution with fibronectin, a Bioglass®-
type glass reveals negative, positive and finally negative
zeta potential with the increase in immersion time; the
present authors also documented the same tendency
of the zeta potential change using bioactive sodium
titanate (Takadama et al. 2001b). The HA model in
this study indicates, in fact, that bioactive surfaces
would undergo the same sequence of changes in surface
potential and Ca/P ratio, and suggests a correlation
between the surface composition and potential.

Complementing the change in surface potential,
the change in the surface structure of HA is due to
the sequential process directed towards the formation
of apatite, which reveals the electrostatic interaction of
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Figure 8. Schematic presentations of the origin of the negative charge on the HA surface (in case of the (100) projection of
crystal structure), and the process of bone-like apatite formation thereon in SBF.

the HA surface with the calcium and the phosphate
ions in the SBF. Figure 8 schematically summarizes
the mechanism of bone-like apatite formation on HA
in SBF, by indicating the processes of formation of the
Carrich ACP incorporating calcium ions, the Ca-poor
ACP incorporating phosphate ions and the apatite
incorporating both the calcium and phosphate ions.

While the solubility of HA is extremely low in water,
its iso-electric point, i.e. 57, is lower than the pH of
the SBF, i.e. 7.4 (Bell et al. 1972; Somasundaran &
Markovic 1998; Elliot 1994). On immersion in SBF, the
HA could reveal a negative surface charge by exposing
hydroxyl and phosphate units in its crystal structure
(Bell et al. 1972; Somasundaran & Markovic 1998).
The HA surface uses this negative charge to specifically
gather the positive calcium ions in the fluid, thereby
forming the Ca-rich ACP. This process is assumed to
take place in consecutive accumulation of the calcium
ions, which makes the Ca-rich ACP acquire and increase
the positive charge. The Ca-rich ACP thereby relays the
electrostatic interaction from the HA to use its positive
charge for specifically gathering the negative phosphate
ions in the fluid. The consequence is the formation of
the Ca-poor ACP, which has been documented to take
place in the process of apatite formation on various
bioactive ceramics (Ebisawa et al. 1993; Ohtsuki et al.
1992; Kim et al. 1995, 1996b; Takadama et al. 2001a,
2001b; Corefio et al. 2001). The solubility of apatite
is in fact lower than any other calcium phosphates in
water, and therefore most of the calcium phosphates
stabilize thermodynamically by transforming into a
crystal phase of apatite in an aqueous environment.
Namely, the Ca-poor ACP crystallizes into the apatite
to form a stable surface phase in SBF. The SBF
mimics the blood plasma in ion composition as well
as in ion concentrations, which presents a metastable
supersaturation with respect to the apatite (Ohtsuki
et al. 1992; Neuman & Neuman 1958; Gamble 1967).
Therefore, once formed on a bioactive surface in SBF,
the apatite grows spontaneously consuming the calcium
and phosphate ions, incorporating sodium, magnesium
and carbonate ions, and thereby revealing bone mineral-
like compositional and structural features.

5. CONCLUSION

On immersion and soaking in SBF, the synthetic HA
was found to induce the formation of bone-like apatite
on its surface through the formation of Ca-rich ACP

J. R. Soc. Interface (2004)

in the early soaking period and the formation of Ca-
poor ACP in the late soaking period. The formations of
these two precursor ACPs are sequential consequences
of electrostatic interactions of the HA surface with
the calcium and the phosphate ions in the SBF. On
exposure to SBF, the HA surface naturally reveals a
negative charge, and thereby interacts with positive
calcium ions in the fluid to form the Ca-rich ACP
acquiring a positive charge. The Ca-rich ACP on the
HA relays the following electrostatic interaction with
negative phosphate ions in the fluid to form the Ca-
poor ACP, which eventually crystallizes into bone-like
apatite. This indicates that the biomineralization of
bone-like apatite on the HA is a smart process involved
with the electrostatic interaction of the HA surface with
the calcium and the phosphate ions in blood plasma.

This work was supported in part by Korea Research Foun-
dation Grant No. 2003-003-D00169.
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