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Bone-like apatite formation on porous calcium phosphate ceramics was investigated in
static simulated body fluid (SBF) and dynamic SBF at different flowing rates. The results of
a 14-day immersion in static SBF showed that the formation of bone-like apatite occurred
both on the surface and in the pores of the samples. When SBF flowed at the physiological
flow rate in muscle (2 ml/100 ml·min), bone-like apatite could be detected only in internal
surface of the pores of samples. The result that bone-like apatite formation could only be
found in the pores when SBF flowed at physiological flow rate was consistent with that of
porous calcium phosphate ceramics implanted in vivo: osteoinduction was only detected
inside the pores of the porous calcium phosphate ceramics. This result implicates that the
bone-like apatite may play an important role in the osteoinduction of Ca-P materials. The
dynamic model used in this study may be better than usually used static immersion model
in imitating the physiological condition of bone-like apatite formation. Dynamic SBF
method is very useful to understand bone-like apatite formation in vivo and the mechanism
of ectopic bone formation in calcium phosphate ceramics.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Approximately a decade ago, several research groups
in the world reported osteoinduction of calcium phos-
phate ceramics. Zhang [1] and Klein [2] reported ec-
topic formation of bone in porous calcium phosphate
ceramics implanted in muscle and subcutis of dogs.
Heughebeart [3] found that bone-like material forma-
tion in porous hydroxyapatite implanted in non-bone
tissue. Ripamonti [4] also observed osteoinductivity of
coral derived hydroxyapatite implanted heterotopically
in primates. After intensive studies of many research
groups all over the world in the past decade, the osteoin-
ductivity of some calcium phosphate ceramics has been
widely accepted by biomaterial circles [5]. Owing to its
excellent performance as bone substitute and its poten-
tial use as scaffold materials in bone tissue engineering
[6], osteoinductive calcium phosphate ceramics has at-
tracted much research interests. The mechanism of os-
teoinduction is the focus of exploration. However, it is
very difficult for researchers to identify the contribution
of individual factors to the osteoinductivity of materials
in vivo due to the complexity of tissues and organs in
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animals and the difference between animal species. An
in vitro study in simulated physiological environment
of the body is a good choice to solve this problem. The
formation of a bone-like apatite layer on biomaterials
is assumed to be the precondition for their osteoinduc-
tivity to induce bone formation on the biomaterials in
non-osseous site [6]. Therefore, the research of the fac-
tors effecting bone-like apatite formation is an effective
approach to understand the mechanism of osteoinduc-
tion. The research method of bone-like apatite forma-
tion in vitro commonly is to immerse specimen in static
SBF and bone-like apatite layer can be formed on all
kinds of bioactive materials [7–11]. These results from
the immersion experiments in static SBF could not ex-
plain why only calcium phosphate ceramics with cer-
tain microstructure and chemical composition posses
osteoinductivity. The major drawback of these in vitro
experiments is in that body fluids are always cycling
in body while SBF used in in vitro experiments were
static [11]. Therefore, an in vitro experiment with dy-
namic SBF to mimic the flowing of body fluid in vivo
is of great significance. In this study, we investigated
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the bone-like apatite formation on calcium phosphate
ceramics in SBF flowing at a rate similar to that of body
fluid of human in muscle [13]. Our objective is to eval-
uate the factors to effect the apatite formation and the
possibility of calcium phosphates formation on surface
of porous calcium phosphate ceramics.

2. Materials and methods
2.1. Materials and equipment
Powder of biphasic porous hydroxyapatite/tricalcium
phosphate (HA/TCP = 70/30) was prepared in our lab.
Previous study indicated that HA/TCP (70/30) is one
of the best osteoinduction materials. Biphasic ceramics
were foamed with H2O2 and sintered at 1200 ◦C. The
porosity of the materials was 50–60% and the pores in
the samples were interconnected. Samples were cylin-
ders of 4 mm in diameter and 8 mm in length. The ion
composition of SBF was nearly the same as that of the
plasma of human [14]. The SBF of 1 liter was prepared
by dissolving NaCl 7.995 g, NaHCO3 0.353 g, KCl
0.224 g; K2HPO4·3H2O 0.228 g, MgCl2·6H2O 0.305
g, CaCl2 0.227 g, Na2SO4 0.0710 g into distilled wa-
ter and, adjusting pH with tris-hydroxymethylamino-
methane and HCl to 7.4. The cycling equipment of
SBF was shown in Fig. 1. The sample chamber and
storage tank of SBF solution were immersed in an in-
cubator to keep the temperature of the solution at 36.5
± 1 ◦C. The SBF solution was pumped from storage
tank into the sample chamber of 100 ml and passed
the sample, then returned into the tank. The peristaltic
pump was used to control the rate at which SBF solution
flowed through the sample chamber.

2.2. Experimental procedure
Each time 3 samples were immersed in SBF solution of
the sample chamber. The volume of the sample cham-
ber was 100 ml. The flow rate of SBF solution flowing
through the sample chamber was expressed as refresh
ratio of the SBF solution in the chamber by flowing. The
flow rate of 2 ml/100 ml·min meant that 2 ml among
100 ml solution in sample chamber flowed out and 2 ml
of solution from the store tank was pumped into the
chamber at the same time. Three flow rates were chose
in this study. The flow rate 2 ml/100 ml·min was chose
because it is nearly the same as that of body fluid in
muscle. The flow rate 0 ml/100 ml·min (static state)
and 10 ml/100 ml·min (much higher than normal) were

Figure 1 Schematic diagram of flow chamber system: (1) sample cham-
ber; (2) sample; (3) water bath; (4) pump; (5) SBF storage tank.

TABLE I Experimental condition of immersion (36.5 ◦C)

Flow rate of SBF Static 2 ml/100 ml·min 10 ml/100 ml·min

SBF 14 days 14 days 14 days
1.5 SBF∗ 7 days 7 days 7 days

∗The concentration of Ca2+ and HPO2−
4 in 1.5 SBF is 150% of that in

SBF.

chose as contrast in two extremes of the body fluid rate.
The in vivo experiment showed that the deposition of
new bone occurred and went into active period about
14 days after implantation into bone [15]. So, experi-
ment was conducted according to the conditions shown
in Table I. The SBF was changed every other day to
keep the composition of the solution constant during
the immersion experiments.

Samples were rinsed with distilled water after immer-
sion and dried at 50 ◦C. Samples without subjecting to
immersion in SBF were used as control. The formation
of apatite layer on the surface of samples and on the wall
of pores was identified by the separate observation of
the surface of samples and the section of the samples
with scanning electron microscopy (SEM). The chem-
ical composition of the sample surface was analyzed
with reflectance infrared spectroscopy (RIR). The dis-
solution of calcium phosphate and formation of bone-
like apatite on the samples may result in the changes
in ion concentration of Ca, P in SBF. Detection of the
changes in ion concentration of Ca, P in SBF helps us
understand the mechanism of bone-like apatite forma-
tion. The changes in ion concentration of immersion
solution were obtained by testing the ion concentration
of 2 ml solution taking from sample chamber at time
points of 4, 8, 16, 24, 48, 72, 96, 120, 144, 168 h after
immersion.

3. Results
Table II shows the examination results of SEM, which
clearly indicates that the apatite formation relies on
the flow rate and concentrations of solution. The mor-
phology of the samples obtained with SEM was shown
in Figs. 2 and 3. There was no change could be ob-
served on the sample surface after 14 days immersion
in SBF flowing at normal physiological rate of tissue
fluid while flake-like crystal could be found on the in-
ternal surface of pores (Fig. 2(d)). On the contrary,

TABLE I I Morphology of the porous ceramics after immersion in
SBF and 1.5 SBF

Flow rate of SBF Static 2 ml/100 ml·min 10 ml/100 ml·min

SBF (14ds)
Surface Needle-like No changes No changes

(Fig. 2(b))
Section Litter potion Flake -like No changes

(Fig. 2(c)) (Fig. 2(d))
1.5 SBF (7ds)

Surface Flake-like Flake-like No changes
(Fig. 3(a)) (Fig. 3(c))

Section Flake-like Flake-like Flake-like
(Fig. 3(b)) (Fig. 3(d)) (Fig. 3(e))
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Figure 2 SEM micrograph of calcium phosphate ceramics before and after immersion for 14 days in SBF: (a) the outer surface of HA/TCP before
immersion; (b) apatite formed on the surface in static SBF; (c) apatite formed in the internal surface of the pores in static SBF; (d) apatite formed in
the internal surface of pores in SBF flow at rate 2 ml/100 ml·min.

crystal deposition appears on the surface of the sam-
ples in static SBF (Fig. 2(b)); formed little crystal can be
also observed in pores (Fig. 2(c)). No obvious changes
could be found both on the surface and in the pores of
the samples when SBF flowed at the rate of 10 ml/100
ml·min.

Fig. 3 shows the apatite formed on calcium phos-
phate ceramics immersed for 7 days in 1.5 SBF. When
samples were immersed in 1.5 SBF, flake-shaped crys-
tal could be found both on pore wall and outer sur-
face of materials immersed in static solution and in
solution flowing at a physiological rate of tissue fluid.
When 1.5 SBF flows at a rate (10 ml/100 ml·min) higher
than physiological rate, evenly distributed flake-shaped
crystal could also be found in pores (Fig. 3(e)), but no
changes could be found on the outer surface of the ma-
terials.

The composition of sample surface was analysis by
a reflection infrared (R-IR). Fig. 4 shows the results of
R-IR. Before immersion, a peak appears in 870 cm−1,
which is specific for HPO2−

4 (Fig. 4(a)). After immer-
sion, two peaks, which represent CO2−

3 , appear at 1320–
1530 cm−1(Fig. 4(b) and (c)), and while the peak of
870 cm−1 specific for HPO2−

4 also appears (Fig. 4). The
C O absorption bands due to CO2−

3 group were pre-
sented in the porous HA/TCP samples. This result indi-
cated the CO2−

3 ions in the simulated body fluid substi-
tuted a part of HPO2−

4 . The calcium phosphate formed
on the HA/TCP ceramics surface is apatite. This re-
sult is similar to bone apatite. So the apatite was called
bone-like apatite. Similar results were reported by other
researcher [7–10].

As shown in Fig. 5, the profiles of Ca concentration
change of SBF solution during immersion both in dy-
namic and static condition were somewhat similar each
other. The concentration of Ca ions in SBF increases
with the immersion time in the first several hours, then
the increment rate is getting slow in the following 30 h.
After 2 days immersing, the concentration of Ca ions
decreases with time. The difference between static and
dynamic SBF is that the concentration of Ca ions in
static condition increases faster in first several hours
and decreases slower after two-day immersion than that
in dynamic condition. The variation of P ion concen-
tration with immersion time is different from that of Ca
ion concentration in first two days. After the fast incre-
ment in first several hours, the Ca ion concentration is
no much change in the following 40 h, while the con-
centration of P ion concentration appears a continued
increment.

Fig. 3(f) shows the examination results of SEM,
which clearly indicates that flake-like crystal could be
found on the wall of pores of HA/TCP porous ceramic
implanted in muscle of dogs for 15 days. Crystal de-
position could be also observed on the surface of the
concave regions of the samples when samples were im-
plantation in dogs’ body.

4. Discussion
4.1. Mechanism of bone-like apatite

formation
The process of bone-like apatite formation on the sur-
face of calcium phosphate ceramics actually is a process

797



Figure 3 SEM micrograph of apatite formed in HA/TCP ceramics immersing in 1.5 SBF for 7 days: (a) on the surface in static; (b) in pores in static;
(c) on the surface at flow rate 2 ml/100 ml·min; (d) in the pores at flow rate 2 ml/min; (e) in the pores at flow rate 10 ml/min. (f) Flake-like Crystal
formed on the wall of pores of HA/TCP porous ceramic implanted in muscle of dogs for 15 days.

Figure 4 RIR spectra for the HA/TCP before and after immersion in 1.5 SBF: (a) before immersion; (b) after immersion for 7 days in 1.5 SBF; (c)
after immersion for 7 days in 1.5 SBF flows at rate 2 ml/100 ml·min.
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Figure 5 Changing profile of Ca, P in the immersion solution: (a) in
static condition; (b) in dynamic condition (2 ml/100 ml·min).

of phase transformation in which a new solid phase
grows up from liquid phase [16]. This process can be
divided into two stages: nucleation and crystal growth.
The apatite formation from SBF solution usually is con-
sidered as a process of heterogeneous nucleation on
calcium phosphate ceramics following the spontaneous
growth of crystals. The enough supersaturability of Ca
and P ion concentration in the immersion solution and
suitable nucleation sites on the specimen is the prereq-
uisite for heterogeneous nucleation. So the first stage
of the phase transformation, the nucleation, is critical
to apatite formation. The induction period for the ap-
atite nucleation depends largely on the parameters of
SBFs and conditions of experiments. Normal SBF does
not provide the sufficient supersaturation of Ca and P
ions required for spontaneous nucleation, but it is suf-
ficient for the growth of apatite crystal. Thus, higher
super-saturation of Ca and P in the SBF near the solid
surface is required for nucleation than for crystal grow.
The nucleation can only happened when the local Ca
ion concentration in SBF near the surface of samples
reaches to a certain level, which is higher than that of
the standard SBF. This phenomenon was observed by
examining concentration changes in SBF. Either disso-
lution of HA/TCP ceramics or adding Ca and P ions
to the SBF can provide the super-saturation for nucle-
ation. Only when Ca2+ and HPO2−

4 concentration on
the surface of calcium phosphate ceramics reaches the
threshold for nucleation, could crystal nucleation occur
on the surface of material. The induction period became
shorter and thus apatite formation is accelerated when
Ca2+ and/or HPO2−

4 concentrations rise in SBF. The
local concentration of Ca2+ and HPO2−

4 on the surface
of materials is higher, the faster the speed of nucleus
formation is. In closed static solution, nucleation for-
mation is faster than in dynamic solution. When the
crystal nucleus grows to a certain size, it becomes sta-
ble and will grow naturally if sufficient ions needed
are available. Once the apatite nuclei were formed they
grew [17], taking a spherulitic form by consuming the
calcium and phosphate ions from the surrounding fluid.
Each spherulite consisted of a lot of flake that clustered

into a petal-like morphology. The flake was carbonate-
containing hydroxyapatite of small-crystallites and/or
defective structure. The Ca/P ration of the apatite was
estimated as 1.5–1.67. Thus, the apatite formed was
able to induce secondary nucleation of the apatite.

4.2. The precipitation sequence of Ca2+ and
HPO2−

4 in the process of nucleation
The adhesion of ions to solid surface is related to the
pH of medium. When pH of the medium is higher
than the isoelectric point of the surface, solid surface
would be negative electrically, which showed strong
adsorption to positive ions. The isoelectric point of cal-
cium phosphate ceramics is lower than that of SBF and
therefore, the surface of calcium phosphate ceramics
is electrically negative in SBF [18, 19]. So, calcium
phosphate ceramics shows strong adsorption to pos-
itive ions in SBF solution at the first stage of bone-
like apatite formation. Then, opposite ions, i.e. nega-
tive ions are attracted to the solid-liquid interface. We
deduce that Ca2+ is appeared on the surface of calcium
phosphate ceramics first and subsequently HPO2−

4 is
attracted.

4.3. The changing for Ca, P concentration
in immersion solution

The release of Ca2+, HPO2−
4 and PO3−

4 form the sur-
face of calcium phosphate ceramics would result in the
increase of concentration of Ca and P in the solution
as shown in Fig. 5. These ions, together with ions in
SBF, react directly with the solid surface of the mate-
rial through static electricity and finally result in adhe-
sion of ions in solution to the solid surface. When the
concentration of related ions reaches a certain value in
SBF, nucleation would occur and subsequently the sec-
ond stage of bone-like apatite formation began. Once
crystal nucleus forms, crystal grows rapidly, which re-
sult in decrease of concentration of Ca and P in the
solution as observed in Fig. 5.

4.4. Bone-like apatite formation
in static SBF

When SBF is static, Ca2+, HPO2−
4 released from the

material surface can not easily disperse and the resul-
tant relatively high concentration of Ca2+ and HPO2−

4
near the surface of the samples may reach the thresh-
old of nucleation. After nucleation, growth of crystal
consumes great amount of ions from the SBF solution,
which results in the decrease of ion concentration near
the sample surface to a level lower than standard SBF.
Because SBF is static, ions could only be driven to move
by ion concentration gradient. In a certain time period,
the ions needed for crystal growth are more than that
dissolved from the surface and thus, once nucleation
occurs on some spot of the surface, new nucleation at
the near spot of established crystal nucleus will be sup-
pressed, newly released ions from the samples surface,
together with those in SBF, are used for the growth
of crystal. This results in the vertical outgrowth of the
crystal from the surface as shown in Fig. 2.
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4.5. Bone-like apatite formation
in dynamic SBF

In dynamic solution, ions are driven to move by two
different mechanisms transmission. The first is the
concentration-gradient-driven ion dispersion. The sec-
ond is the stress-gradient-driven ion transportation. The
resultant ion movement in solution is called convective
dispersion [11]. The flowing rate caused by convec-
tion is in direct proportion to the flowing rate and ion
concentration of the solution [14]. In cycling SBF, ions
dissolved from sample surface can easily leave the sam-
ple surface to enter the SBF solution under the function
of concentration-gradient-driven dispersion and stress-
gradient-driven transportation. Ca and P concentration
near the sample surface can only be slightly higher than
that in solution and thus, ions can not easily concen-
trate on the surface. The threshold for nucleation is not
easily reachable. The SBF flowing may take away the
excessive Ca and P ions from the surface of samples and
destroy supersaturating of Ca and P caused by the disso-
lution of HA/TCP ceramics, thus the nucleation on the
surface will be prevented. In our experimental condi-
tion that SBF flowed at physiological rate, there was no
bone-like apatite formation on the outer surface of the
samples. On the contrary, in the internal surface of the
pore of the sample, relatively high concentration of Ca
and P could be reached due to the dissolution of Ca and
P from the large internal surface and slower rate caused
by sinus internal structure and so, the Ca and P con-
centration in internal surface of the pore of the sample
is higher than that on the outer surface and nucleation
and subsequent crystal growth could eventually occur
there.

The bone-like apatite was formed on the bioactive ce-
ramics before bone tissues were induced on or near the
ceramics. The apatite plays a key role in bone bonding
of bioactive materials [23]. If the bone-like apatite also
plays an important role in osteoinduction of biphasic
calcium phosphate ceramics? The fact that both the ap-
atite formation in dynamic SBF and the osteoinduction
in vivo in biphasic porous calcium phosphate ceramics
happened only in the pores of the ceramics implicated
that the bone-like apatite may play an important role
in the osteoinduction of Ca-P materials. This is our re-
search project under way.

The result that the apatite formed on the surface
(Fig. 2(b)) when the flow rate was 0 ml/min was in
agreement with other results obtained from immersion
studies in static SBF [7–10], static SBF was a special
case of dynamic SBF with flow rate 0ml/min. The re-
sult also demonstrated that local ion concentration in
solution near the nucleation site on the samples played
a key role in nucleation.

4.6. Bone-like apatite formation in 1.5 SBF
Increase Ca2+ and HPO2−

4 concentration in SBF facil-
itates the maintenance of high concentration near the
surface so that the threshold of ion concentration for nu-
cleation can be easily reachable. Nucleation and crystal
growth can easily occur. Evenly distributed bone-like
apatite was observed on both outer surface and in in-
ternal surface of in the internal surface of the pore of

the sample in most circumstances. Even when the flow-
ing rate is faster than the normal physiological rate of
tissue fluid, bone-like apatite could form inside the sam-
ple. Immersion experiment in 1.5 SBF confirmed that
sufficient ion concentration near the material surface to
reach the threshold of nucleation is the key to bone-like
apatite formation.

Obviously, the SBF flow effect is much less effec-
tive in the internal surface of the pore of the sample,
and the formation of apatite on the internal surface of
the pore wall is easy to be understood. This implies
that in vivo bone-like apatite formation is more diffi-
cult on the HA/TCP implant surfaces contacting body
fluid flow directly. This inference has been confirmed
by our observation of apatite formation in porous CaP
implanted in dogs: bone-like apatite formed only on
the pore’s wall inside (Fig. 3(f)). On the other hand,
artificially increasing the Ca and P concentrations of
SBF can compensate the flow effects as indicated in
Table II. The 1.5SBF provides super-saturation con-
centration for nucleation when SBF flows at the phys-
iological rate (2 ml/100 ml·min). When SBF flowed
at 10 ml/100 ml·min, the apatite could not form at
the surface. The possible reason is that the fast flow-
ing of solution destroyed the stability of the nucle-
ation sites and prevented ions in solution from being
precipitated.

Experiments of in vitro immersion in dynamic SBF
can better simulate conditions of bone-like apatite for-
mation in human body than that in static SBF, which
was used in most in vitro research. Thus, such experi-
ments are useful for the research of the osteoinduction
of biomaterials and the formation mechanism of bone-
like apatite, and may enable us more exactly to foresee
osteoinductivity of bioceramics.

5. Conclusions
This study has analyzed some key factors affecting
bone-like apatite formation. It is helpful to the under-
standing of the mechanism of bone-like apatite forma-
tion, the control of its growth and furthermore, the un-
derstanding of the osteoinductivity of calcium phos-
phate ceramics. Bone-like apatite can only formed in
the internal surface of the pores when SBF flows at
physiological rate of tissue fluid. Bone-like apatite for-
mation in dynamic SBF is a better model than that in
static SBF for it is more similar to the real condition of
the body.
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