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Abstract: Dicalcium silicate coating was deposited onto a
Ti-6Al-4V substrate using plasma-spraying technology. The
coating was immersed in simulated body fluid (SBF) for 1, 3,
6, 12, 24, and 48 h to investigate early apatite formation on
the coating. Osteoblasts were also seeded onto the surface of
the dicalcium silicate coating to evaluate its biocompatibil-
ity. Cold field-emission scanning electron microscopy and
energy-dispersive X-ray spectrometry were used to evaluate
the morphologies and determine the chemical composition
of the coatings. The surface structural changes caused by
immersion in SBF were analyzed using thin-film X-ray dif-
fraction. After the dicalcium silicate coating was soaked in
SBF solution 1–6 h, two types of particles containing calcium
and phosphorus were formed on the surface. One type
consisted of relatively larger particles (P1) precipitated on
the surface of the coating from the precursor cluster formed

in the SBF solution. The second type was composed of
particles (P2) nucleated on the surface of the coating. With
increasing immersion time, the particles coalesced to form a
surface Ca-P layer. The Ca-P layer was composed of amor-
phous calcium phosphate that was not transformed to crys-
talline apatite until the immersion time in SBF exceeded
24 h. The formation mechanism of the Ca-P layer and apatite
on the surface of the coating is believed to be involved in the
formation of the Si 3-ring active surface site with negative
charge. The cell-seeding test revealed that osteoblasts grew
and proliferated very well on the surface of the dicalcium
silicate coating. © 2005 Wiley Periodicals, Inc. J Biomed
Mater Res 74A: 356–365, 2005
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INTRODUCTION

Since Hench et al.1 discovered a group of special
glasses based on the 45S5 Bioglass� to bond with bone,
many kinds of CaO � SiO2-based glasses and ceramics
have been developed to adhere directly to bone tis-
sues. Kokubo2 and Ohtsuki et al.3 showed that the
CaO-SiO2 components contributed mainly to the bio-

activity of the CaO � SiO2-based glass and ceramics. De
Aza et al.4 pointed out that wollastonite ceramics (Ca-
SiO3) were bioactive. Nonami and Tsutsumi,5 working
with diopside (CaO-MgO-2SiO2) ceramics, found that
an apatite layer was formed on the surface of diopside
ceramics implanted into the bones of rabbits and mon-
keys. In our previous work, it was also found that
carbonate-containing hydroxyapatite was formed on
the surface of plasma-sprayed wollastonite coatings
after being soaked in the simulated body fluid (SBF)
for a certain time,6 indicating that the materials have
excellent bioactivity.

The bioactivity of plasma-sprayed dicalcium sili-
cate (Ca2SiO4) coating was also investigated in our
previous work.7 An obvious apatite top layer and a
silica-rich interlayer were observed on the surface of
the coating soaked in SBF for 2 days, as shown
Figure 1. There are several articles addressing apa-
tite crystal nucleation and growth, and different
mechanisms have been proposed to explain apatite
nucleation on the surface of the CaO-SiO2-based
bioceramics.8 –10 The precise mechanisms by which
surfaces promote heterogeneous apatite precipita-
tion are not known because of the difficulty in char-
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acterizing the earliest angstrom- or nanometer-sized
solid precipitates. Fortunately, the advent of field-
emission scanning electron microscopy (FE-SEM)
has made it easier to observe and investigate nano-
sized particles. In this work, the mechanism of apa-
tite formation on dicalcium silicate coating was in-
vestigated by observing the early deposition of
apatite (first 2 days) on the surface of the coating
while being soaking in SBF.

Osteoblasts constitute the cell type responsible for
the deposition of bone within the interface between
an implant and host tissue and have a fundamental
role in the successful clinical outcome of orthope-
dic/dental prostheses. Bagambisa and Joos11 stated
that the osteomorphogenesis was closely associated
with the phenomenological behavior of cells (an-
chorage, attachment, adhesion, and spreading).
With regard to the determination of biochemical
and molecular biological parameters, the cell mor-
phology is an important feature.12 Therefore, cellu-
lar morphology is an accepted parameter in biocom-
patibility tests. In this work, the morphologies of
bone-derived rat osteoblasts after culture on the
surface of a plasma-sprayed dicalcium silicate coat-
ing were determined in order to evaluate the bio-
compatibility of the coating.

MATERIALS AND METHODS

SBF soaking test

Dicalcium silicate (Ca2SiO4) powders were synthesized in
our laboratory. The typical size of the powders was approx-
imately 5–30 �m. An atmospheric plasma spraying system
(Sulzer Metco, Switzerland) was used to fabricate dicalcium
silicate coatings onto Ti-6Al-4V substrates with dimensions
of 10 � 10 � 2 mm for both the SBF soaking and osteoblast
culturing tests.

After being ultrasonically washed in acetone and rinsed in
deionized water, the specimens were soaked in the SBF

solution for 1, 3, 6, 12, 24, and 48 h at 36.5°C without stirring.
The ion concentrations of the SBF solution are nearly equal
to those of the human body blood plasma. The SBF solution
was buffered at pH 7.4 with trimethanol aminomethane-
HCl.

A JEOL JSM-6700F cold FE-SEM and an energy-dispersive
X-ray (EDS) detector were used to determine the morphol-
ogies and the elemental composition of the coatings after
immersion. Surface structural changes of the coating after
immersion in SBF were analyzed by thin-film X-ray diffrac-
tion (XRD). The XRD experiments were performed at a
glancing angle of 2° to improve the surface sensitivity. The
changes in the concentrations of calcium, silicon, and phos-
phorus in the SBF solution due to the immersion of speci-
mens were measured by inductively coupled plasma atomic
emission spectroscopy.

Osteoblast seeding test

Osteoblasts were obtained from the calvaria of 20-day-
old fetal rats. After excising the calvaria aseptically, the
endo- and extracranial periostea were mechanically re-
moved. The calvaria were kept in Hanks buffer at 4°C and
then incubated for 2 � 10 min in a phosphate-buffered
saline (PBS) solution (plus 4 nM ethylenediaminetetraace-
tic acid) and rinsed for 3 � 5 min with PBS. A preincu-
bation step using collagenase (1 mg/mL PBS, 10 min at
37°C) was conducted to remove periosteal fibroblasts and
cell debris, and the supernatant was discarded. After a
continuous enzyme treatment (2 � 30 min), the resulting
supernatants were centrifuged (5 min at 1400 rpm). The
pellet obtained was resuspended in a culture medium:
�-minimum essential medium containing 5% inactivated
fetal calf serum, 1 mg/mL glucose, and 90 �g/mL genta-
micin. The sterile specimens were each placed in six-well
culture dishes and then seeded at a cell density of approx-
imately 2 � 104 cells/mL in the complete culture medium
containing sodium ascorbate (50 �g/mL) and �-glycerol-
phosphate (10 mM). On every sample, 200 �L of a cell
suspension was applied with great care and the cells were
allowed to attach for 2 h to the underlying substrate, and
then 3.5 mL of the culture medium was carefully added.

Figure 1. (a) Surface and (b) cross-section views of the dicalcium silicate coating soaked in SBF after 48 h.
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After 4-, 7-, and 12-day cultures, samples were fixed in
2.5% glutaraldehyde in 0.1M sodium cacodylate buffer
(pH � 7.4) for 1 h, rinsed with PBS (3 � 10 min), and

dehydrated in a grade ethanol series. Critical point drying of
the samples was followed by gold sputtering. The samples
were examined at 10 kV using FE-SEM.

RESULTS

The changes of the surface morphology of the dical-
cium coatings with immersion time (1–24 h) in SBF
were investigated to examine the formation of apatite
on the surface of the coating.

The surface views of the as-sprayed dicalcium sili-
cate coating reveal that the coating has a rough surface
with some protuberances and some relatively flat ar-
eas (Fig. 2). After soaking in SBF for 1 h, some particles
(denoted by P1) appear on the coating surface, as
shown in Figure 3(a,b). The EDS spectrum of the par-
ticle discloses the presence of calcium, silicon, and
phosphorus [Fig. 3(c)], whereas the corresponding
EDS spectra acquired from the area without particles
[labeled A in Fig. 3(b)] reveal only silicon and calcium

Figure 2. Surface views of the as-sprayed dicalcium silicate
coating.

Figure 3. Surface views and EDS spectra acquired from the dicalcium silicate coating soaked in SBF after 1 h: (a) original
magnification 1000�, (b) original magnification 5000�, (c) EDS spectrum taken from the P1 particles, and (d) EDS spectrum
taken from area A in (b).
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[Fig. 3(d)]. The results indicate that that the particles
are composed of clusters containing phosphate,
whereas there is no detectable phosphate in the other
areas.

With longer immersion time in the SBF solution (up
to 3 h), more particles (denoted by P1) appear on the
surface of the coating [Fig. 4(a,b)]. The particles are
larger than those on the coating after 1 h. The EDS
spectrum taken from the particle reveals that the rel-
ative intensity of the phosphorus peak increases
slightly with increasing immersion time from 1 to 3 h
[Fig. 4(c)], indicating a higher phosphate content in the
particles. Phosphorus cannot yet be detected in the
area without particles [labeled A in Fig. 4(b)], as
shown in Figure 4(d). Some microcracks can be found
on the surface of the coating. The microcracks are
produced from the drying process due to the shrink-
ing of the newly formed silica-rich layer from the
reaction between the coating and SBF solution.

After soaking in SBF for 6 h, many particles (P1)
emerge on the surface of the coating, as shown in

Figure 5(a). The higher-magnification micrograph re-
veals that many small column-like particles about 100
nm in size are incorporated into the P1 particles [Fig.
5(b)]. At the same time, we can find similar column-
like particles (denoted by P2) nucleating in other areas
[labeled A in Fig. 5(b)]. The EDS spectrum of the area
A confirms that the P2 particles are also composed of
the clusters containing phosphorus [Fig. 5(d)].

When the immersion time in SBF reaches 12 h, the
surface is covered by a new layer composed of parti-
cles about 100 nm in size [Fig. 6(a,b)]. More phospho-
rus can be detected by EDS [Fig. 6(c)].

The surface views and EDS spectrum of the dical-
cium coating soaked in SBF solution for 24 h show that
the surface is now covered completely by the Ca-P
layer, as shown in Figure 7. Only calcium and phos-
phorus and no silicon are detected on the coating by
EDS indicating that the Ca-P layer has achieved a
significant thickness. The higher-magnification view
discloses that the Ca-P layer comprises many small
particles about 100 nm in size.

Figure 4. Surface views and EDS spectra of the dicalcium silicate coating soaked in SBF after 3 h: (a) original magnification
1000�, (b) original magnification 5000�, (c) EDS spectrum acquired from the P1 particles, and (d) EDS spectrum taken from
area A in (b).
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In summary, after the dicalcium silicate coating has
been soaked in SBF solution 1–6 h, two types of phos-
phorus-containing particles form on the coating. One
of them consists of relatively large particles (P1) pre-
cipitated on the coating from the solution when the
immersion time in SBF is 1 h. After longer immersion
time in SBF, these particles become more abundant
and higher-magnification micrographs show that they
are in fact made up of many small particles. The EDS
spectrum reveals the presence of silicon, calcium, and
phosphorus in the particles. A second type of particle
(P2) is found to nucleate on the surface of the dical-
cium coating after a longer soaking time of 6 h. When
the immersion time reaches 24 h, the surface of the
dicalcium silicate coating is completely covered by the
Ca-P layer that is so thick that silicon in the substrate
can no longer be detected by EDS.

The XRD spectra of the as-sprayed dicalcium silicate
coating and the coatings soaked in SBF for 1, 3, 6, 12,
24, and 48 h are depicted in Figure 8. The XRD pattern
of the as-sprayed dicalcium coatings shows that the

crystalline phase of the coating is mainly �-Ca2SiO4.
The primary peak of the crystalline �-Ca2SiO4 is at
2� � 32.556°, corresponding to the (200) crystal plane
(JSPDS 24-0037). The primary peak of the crystalline
apatite is at 2� � 31.795°, corresponding to the (211)
crystal plane (JSPDS 34-0010). The particles containing
calcium and phosphorus emerge on the surface of the
coating soaked in SBF solution 1, 3, and 6 h, and an
obvious Ca-P layer is observed on the surface of the
dicalcium silicate coating soaked in SBF for 12 h, but
crystalline apatite cannot yet be detected by XRD. This
may be because the calcium- and phosphorus-contain-
ing particles and Ca-P layer are still composed of
amorphous calcium phosphate and have not crystal-
lized to form apatite. It is well known that the calcium
phosphate phase which accumulates on the surface of
CaO-SiO2-based glasses and glass-ceramics is initially
amorphous. It later crystallizes to a carbonate-contain-
ing hydroxyapatite structure by incorporating carbon-
ate anions from the solution within the amorphous
calcium phosphate phase.8 With long immersion time

Figure 5. Surface views and EDS spectra of the dicalcium silicate coating soaked in SBF after 6 h: (a) original magnification
1000�, (b) original magnification 5000�, (c) EDS spectrum obtained from the P1 particles, and (d) EDS spectrum taken from
area A in (b).
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in SBF (up to 24 h), the peaks of the crystalline
�-Ca2SiO4 disappear gradually. In addition, some
characteristics of apatite begin to emerge in the XRD
spectra. The primary peak at around 2� � 32° is split
into two peaks, one corresponding to �-Ca2SiO4 and
the other to apatite. More peaks corresponding to the
crystalline apatite appear in the XRD spectrum when
the immersion time increases to 48 h, indicating the
formation of more crystalline apatite on the dicalcium
silicate coating.

Changes in the concentration of the calcium, silicon,
and phosphorus as well as the pH of the SBF solution
with immersion time are shown in Table I. It can be
seen that the concentration of calcium and silicon as
well as pH of the SBF solution increase with longer
immersion time. The ionic exchanges between H�

within SBF solution and Ca2� in the coating result in
the increase in the pH and the concentration of the
calcium ion of the SBF solution. The higher silicon
concentration is a result of the formation of soluble
silicon caused by the ion exchange between the coat-
ing and the SBF solution. The phosphorus concentra-
tion in the SBF solution decreases gradually with

longer immersion time due to the precipitation of the
phosphorus-containing clusters.

Figure 9 exhibits the views of osteoblasts seeded on
the surface of the dicalcium silicate coating after dif-
ferent times. Osteoblasts are observed to grow and
proliferate very well on the coating surface. After 4
days, the surface of the dicalcium silicate coating is
covered completely by the cells and extracellular ma-
trix. The cell shows a good morphology with many
dorsal ruffles and filopodia. With longer seeding time,
the cells fuse to form a complete layer on the coating
surface.

DISCUSSION

According to Sahai and Tossell,13 at the near-neutral
pH range of blood plasma, the planar Si 3-ring is the
active surface site on silica bioceramics. Calcium ions
adsorb as an inner-sphere complex to the negatively
charged surface site followed by HPO4

2�, resulting in
an acidic, hydrated, precursor cluster with 2–3 U of

Figure 6. Surface views and EDS spectra of the dicalcium silicate coating soaked in SBF after 12 h: (a) original magnification
1000�, (b) original magnification 5000�, and (c) EDS spectrum corresponding to the whole area in (a).
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calcium hydrogen phosphate. The predicted precursor
is a surface complex or surface oligomer, not a well-
defined mineral phase. After the initial nucleation of
the acidic precursor surface oligomer, the mechanism
is thought to involve aggregation and growth of oli-
gomers by H-bonds with subsequent transformation
to crystalline apatite. The pathway of apatite forma-
tion on the surface of the silica bioceramics is as fol-
lows:

Silica bioceramics 3 [Si3O6H5
�] 3

[Si3O6H5Ca(H2O)6]� 3

[Si3O6H5CaHPO4(H2O)3]�3 Apatite

Dicalcium silicate is an isolated silicate without
bridging oxygen atoms. Some reports14 indicate that
orthosilicates hydrolyze more rapidly than other sili-
cate species (e.g., disilicate, chain silicate) because the
bridging oxygen is much more resistant to attack than
nonbridging oxygen. Hence, the presence of the ortho-
silicate species will promote an easier leaching by
exchanging H3O� ions from the solution with alkaline
earth ions concentrated in the orthosilicate positions,

which will lead to the formation of a silica-rich layer
on the surface of the coating. At the same time, soluble
silicon also dissolves into the solution.

Therefore, the formation of apatite on the surface of
the dicalcium silicate coating soaked in SBF can be
postulated as follows. Calcium ions in the coating
initially exchange with H3O� in the SBF solution lead-
ing to the formation of a silica-rich layer on the coating
accompanied by the dissolution of silicon into the SBF
solution. The soluble silicon in the SBF solution poly-
merizes to form the Si 3-ring. Calcium ions adsorb as
an inner-sphere complex onto the negatively charged
surface site followed by HPO4

2�, resulting in an
acidic, hydrated, precursor cluster with 2–3 U of cal-
cium hydrogen phosphate. Then, once the precursor
cluster becomes sufficiently larger, it will precipitate
onto the surface of the coating, corresponding to the
P1 particles depicted as above. The point of zero
charge (pHpzc) for silica is at pH 	 3–4,15 which means
that above this pH, the silica surface has a net negative
charge. The magnitude of the negative charge in-
creases with increasing pH. When the immersion time
in SBF is up to 6 h, the Si 3-ring active surface site with

Figure 7. Surface views and EDS spectra of the dicalcium silicate coating soaked in SBF after 24 h: (a) original magnification
1000�, (b) original magnification 5000�, and (c) EDS spectrum corresponding to the whole area in (a).
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negative charge also forms on the silica-rich layer, and
then the precursor cluster containing calcium and
phosphorus nucleates on the surface to form the P2
particle. After longer immersion time, the precursor
clusters aggregate, grow, and subsequently transform
to crystalline apatite.

Osteoblasts are observed in our experiments to
grow and proliferate very well on the surface of the
dicalcium silicate coating as well. The reason may
be attributed to the nature of the underlying sub-
strate and the local chemical environment which is
suitable for the proliferation of osteoblasts due to
the dissolution of the coatings. The dissolution
products from the dicalcium silicate coating in the
body fluid are composed of hydrated silicon and

calcium ions. Hildebrand et al.16 and Hench17 have
used modern genetic engineering techniques to
demonstrate that certain genes are activated by hy-
drated silicon. Hydrated soluble silicon will en-
hance the proliferation of bone cells (osteoblasts)
and active cellular production of transforming
growth factors.17,18 Xynos et al.19,20 have also shown
that the critical concentration of ionic products dis-
solved from the bioactive glass composed of soluble
silicon and calcium ions can enhance osteogenesis
through a direct control over the genes that regulate
cell cycle induction and progression. In addition,
the process of cell spreading is also influenced by
the nature of the underlying substrate. Some studies
have indicated that the appearance of the bioactive
layer containing highly negative-charged groups
and creating a high local pH (7 
 pH 
 9) certainly
influences the behavior and morphology of the os-
teoblasts cultured an the bioactive coatings.21 Our
experiments indicate that dicalcium silicate coating
possesses excellent biocompatibility.

CONCLUSION

After the dicalcium silicate coating has been
soaked in SBF solution from 1 to 6 h, two types of
calcium- and phosphorus-containing particles form
on the surface of the coating. One of them comprises
relatively large particles (P1) precipitated on the
surface of the coating from the precursor cluster
formed in the SBF solution. Another type consists of
particles (P2) nucleated on the surface of the coat-
ing. With increasing immersion time, the particles
aggregate and grow to form a Ca-P layer on the
surface of the coating. The Ca-P layer is still com-
posed of amorphous calcium phosphate and has not
transformed to crystalline apatite until the immer-
sion time in SBF exceeds 24 h. The formation mech-
anism of the Ca-P layer and apatite on the surface of
the coating is believed to be involved in the forma-

TABLE I
Elemental Concentration and pH of the SBF Before and

After Soaking the Dicalcium Silicate Coating
After Various Periods

Time (h) pH Ca (�g/mL) P (�g/mL) Si (�g/mL)

0 7.42 10 3.1 0
1 7.44 11.17 3.01 0.2
2 7.49 11.17 2.92 0.18
3 7.51 11.91 3.0 0.24
4 7.52 12.18 2.91 0.26
6 7.56 13.15 2.63 0.45

12 7.57 13.73 2.48 0.40
24 7.58 14.35 2.39 0.61
48 7.74 15.6 0.31 0.84

Figure 8. XRD spectra acquired from the dicalcium silicate
coating soaked in SBF for different periods of time.
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tion of the Si 3-ring active surface site with negative
charge. The cell-seeding test reveals that osteoblasts
grow and proliferate very well on the surface of the
dicalcium silicate coating. Therefore, the dicalcium
silicate coating possesses excellent bioactivity and
biocompatibility.
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