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Abstract:In the current study, we compared the recently developed CaTiO3-amorphous carbon (CaTiO3-aC) as
a bone inducing coating material with HA from aspects of surface electric charge and solubility. CaTiO3-aC
had negative surface electric charge similar to HA. Thus similar tissue reaction and bone inducing ability were
considered to obtain.
   On the other hand solubility of CaTiO3-aC coating was lower than HA. Moreover though CaTiO3-aC itself
showed low solubility, CaCO3 was found to be included in it, and long-term slow Ca2+ release occurred. Thus
the sample was suggested to be used as an ion exchange material.
   When the implant using Ti/CaTiO3-aC/HA double layer coating was developed, first bioactive state of the
implant will continue due to HA character. Then even early resorption of HA occurs, bioactive state will
continue due to CaTiO3-aC layer. Therefore Ti base will not expose. This result is supposed to contribute long
term success of the implant.

Key Words: CaTiO3-aC, Hydroxyapatite, Implant, Coating material, Titanium

Introduction
    It has been reported that CaTiO3 like substrates generally form
during coating of hydroxyapatite (HA) over the titanium surface
under high temperature conditions (1200 oC) by thermal
decomposition method1). Nagai et al. has recently reported that
the coating material formed over the titanium surface by a newly
developed modified thermal decomposition method (sintering at
650 oC using an organic solvent) was a film-like CaTiO3-
amorphous Carbon compound (CaTiO3-aC) 2). This compound
includes amorphous carbon and is different than the previous
materials prepared by the dry method. In the dry method,
perovskite (CaTiO3) compound is formed as a main component
after heating of CaCO3-TiO2 mixture at 1200 oC, while formation
of CaTiO3-aC material was shown by Nagai et al2).
   Since the compound is a novel bioactive material, its basic
character is needed to be identified. For a good implant coating
material, strong bonding as well as long period of bone inducing
ability is required. Regarding with the bonding ability, it has

recently been demonstrated in the article by Nagai et al2). On the
other hand, for character of the coating material with bone
inductivity as in the representative material of HA, electric charge
of the material surface has been known to be negative3-6). As
mentioned above, low solubility for a long period, a different point
from HA or TCP, is an important factor2, 3).
    Thus we examined the differences of bone inducing ability
between the novel material of CaTiO3-aC and HA by focusing the
surface electric charge and solubility.

Materials and Methods
Experiment 1. Comparison of Zeta potentials of CaTiO3-aC,
CaTiO3 and HA (Sintering at 650 oC as well as 1200oC)
    Powders of each of CaTiO3-aC, CaTiO3 and HA (sintering at
650 oC as well as at 1200 oC) were used. For CaTiO3-aC,
commercial material was used (Aldrich®, Sigma). Powders of
CaTiO3-aC and HA (sintering at 650 oC) were synthesized by
thermal decomposition method as shown in the below. Each
coating material prepared according to the method of Nagai et
al2) was put in a crucible, followed by wind drying in the draft for
a week, and then overnight drying at 110 oC. Then each material
was rapidly heated at 650 oC for 2 hours. HA (sintering at 1200
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oC) was prepared as in the following way. 0.5 M phosphoric acid
was gradually dropped into 0.5 mol Ca (OH)2 suspension and white
gel like precipitation was prepared. The material was filtrated,
dried at 60 oC, and then heated at 1200 oC for one hour under the
conditions of a temperature increase of 100 oC /h. 0.1 g of each of
the prepared powders was crushed to pieces with a mortar, and
then mixed with 100 ml of distilled water. Then each solution
was homogenized with an ultrasonic homogenizer (vibra cell,
SONIC) for 5 hours. Zeta potential of each material was then
measured with a zeta seizer (Nano-ZS, Malvern Instruments) at
room temperature.
   Particle diameters of each particle calculated with Nano-ZS zeta
sizer were 396± 46 nm for CaTiO3-aC, 1170± 219 nm for
CaTiO3, 351±42 nm for HA (sintering at 650 oC), and 463±56
nm for HA(sintering at 1200 oC).

Experiment 2. Comparison of solubility of CaTiO3-aC ,CaTiO3,
and HA
A. Comparative experiment of CaTiO3-aC, CaTiO3 and HA
(sintering at 650 oC as well as 1200 oC) particles

The samples were powders of each of CaTiO3-aC, CaTiO3 and
HA (sintering at 650 oC as well as 1200 oC) as used in experiment
1. 0.1 g of each sample was added into 100 ml of 10 mM Tris
buffer solutions with various pH (PH 4.8/ 7.0/ 7.8), and mixed
with a continuous stirrer at room temperature. Then 10 ml solution
was collected at various time periods (1st day, 3rd day, 7th day and
4 weeks later) and centrifugally separated. Ca and Ti
concentrations in each collected solution were measured with ICP-
AES (Inductively Coupled Plasma) (SPS-7700, Seiko
Instruments).

B. Comparative experiment of solubility of CaTiO3-aC as well
as HA coating film prepared by modified thermal decomposition
method using Ti plate

Coating of Ti plate was performed as previously reported by
the method of Nagai et al2). Solubility of Ca and Ti from Ti plate
into neutral buffer was measured by ICP as in experiment A. Ti
plates coated with each of CaTiO3-aC and HA were soaked in 100
ml of each of Tris buffer (pH 7.4) and physiologic salt solution
(pH 7.4) at room temperature. Two Ti plate with size of 3.5 cm x
3.5 cm were used. Each was coated 3 times with CaTiO3-aC as
well as HA. Ca and Ti concentration in each solution was
calculated at 1st day, 3rd day, 7th day, 14th day and 28th day. The
experiment was repeated 3 times.

Results
Experiment 1. Comparison of Zeta potentials of each of  CaTiO3-
aC , CaTiO3, and HA (sintering at 650 oC as well as 1200 oC)
   As shown in table 1, Zeta potential of CaTiO3-aC particle was -
22.2 mV similar to negative charge of HA particle (-9.13 mV,
sintering at 650  oC, modified thermal decomposition method).

Experiment 2. Comparison of solubility of CaTiO3-aC , CaTiO3,
and HA
A. Comparative experiment of  CaTiO3-aC ,CaTiO3, and HA
(sintering at 650 oC as well as 1200 oC) particles

As shown in figure 1, solubility of Ca was highest in CaTiO3-
aC sample, followed by HA sample (sintering at 1200 oC) in all
buffer solutions and time periods. Though HA (sintering at 650
oC) and CaTiO3 showed similar Ca solubility, both levels were
low. Liquation volume of Ti was in undetectable level in all
materials except the CaTiO3 sample.

B. Comparative experiment of solubility of CaTiO3-aC as well
as HA coated Ti plate prepared by modified thermal
decomposition method

As shown in figure 2, Ti plate coated with CaTiO3-aC by
modified thermal decomposition method showed lower level of
Ca solubility than Ti plate coated with HA (sintering at 650 oC)
by the same method in all experiment periods. Liquation volume
of Ti was in undetectable level in both samples.

Discussion
    We recently developed an ultra thin coating material of CaTiO3-
aC/HA by a novel modified thermal decomposition method2). In
this method, bonding ability with Ti was 2.5 times stronger as
compared to HA only coating. Moreover proliferation,
differentiation and calcification ability of the osteoblastic cells
were shown in investigations of Rodriguez as well as Inoue (article
in preparation). Herein, we evaluated the physical properties of
CaTiO3-aC and HA by the new method.
① Correlation of bone induction ability and character of implant

surface
Efficacy of bone induction ability by bioactive material has

been known to be affected by property of the material. As
conditions of surface which promote differentiation of osteoblast7-9):

1. Minus electric charge of the surface 3-6)

2. Continuous liquation of Ca2+ 10)

   For example, HA has been known to be associated with minus
surface electric charge3-6) and liquation of Ca2+ in normal body11).
Mechanism of early bone induction is as follows:
1. Though macrophage with positive surface electric charge

recognizes the negatively charged HA material as a foreign

             Sample                              Zeta potential (mV)

             CaTiO3-aC (650oC)                    -20.6
             CaTiO3(1200oC)                         -31.2
             HA(650oC)                                 -9.13
             HA(1200oC)                               -8.93

Table 1. Zeta potentials of CaTiO3-aC, CaTiO3 and HA (sintering at
650 oC as well as 1200 oC)
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Figure1. Solubility of CaTiO3-aC, CaTiO3, HA (sintering at 650 oC), and HA (sintering at 1200 oC). y
axis shows Ca concentration. Ti elution was undetectable level in all samples except CaTiO3.

______CaTiO3-aC        ......... HA (sintering at 650 oC )

Figure 2.Solubility of CaTiO3-aC as well as HA (sintering at 650 oC) coating film prepared by modified thermal decomposition
method on Ti plate. y axis shows Ca concentration. Ti elution was undetectable level.

Figure 3. FT-IR spectrum of powder sample. CO3
2- group was identified in CaTiO3-aC as well as HA sample (sintering at 650 oC).

Presence of CO3
2- group suggests that CaCO3 exists in CaTiO3-aC and carbonate apatite  forms in HA sample (sintering at 650 oC).
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body, phagocytosis cannot be done12).
2. Ca2+ released from HA material re-deposits on HA surface

and makes it with positive electric charge. Thus interstitial
proteins with minus electric charge such as fibronectin and
vitronectin precipitate13). On the other hand, host bone-
marrow derived mesenchymal stem cells with minus charge
avoids from the surface14).

3. Mesenchymal stem cells differentiate into osteoblasts and
attach to HA surface through interstitial proteins and Ca2+.
These cells then secrete non-collageneous as well as
collageneous matrixes9).
Since experiment 1 showed that CaTiO3-aC had negative

surface electric charge similar to HA, the tissue reaction and bone
bonding ability are supposed to be same with HA material. In
fact, proliferation, differentiation and calcification ability of the
osteoblastic cells were shown for CaTiO3-aC material in in vitro
investigations of Rodriguez as well as Inoue (article in
preparation).
② Solubility and continuity of bioactive condition

From the results of comparative experiment 2 of CaTiO3-aC,
CaTiO3 and HA solubility, the following 2 questions arise:
1.   Although Ca released from CaTiO3-aC sample (powder as well
      as coating plate), Ti liquation was undetectable level.
2.  Regarding with Ca liquation level, it was higher in CaTiO3 aC
     than HA in powder material and lower in CaTiO3-aC  than HA
     in plate.
   First regarding for the question one, crystal structure of CaTiO3-
aC did not dissolve, but it is suggested that another compound
within CaTiO3-aC crystal which consists of calcium could release

Ca. Since CaO forms as a starting substance from preparation of
CaTiO3-aC2), the possible compound which generates from this
step could be CaCO3 or Ca (OH)2. Thus to confirm existence of
carboxyl  (CO 3

2-)  and  hydroxyl  (OH -)  group,  FT-IR
spectrophotometric analysis was performed. A FT/IR-350 type
Fourier Transform Infrared Spectrometer (JASCO Corporation)
was used, and measurement was done with KBr method with a
spectrum of 400-4600 cm-1 of frequency range. The result of IR
spectrum demonstrated presence of CO3

2- group within powder
sample of CaTiO3-aC as well as HA (sintering at 650 oC) (Figure
3). Though the presence of CO3

2- within CaTiO3-aC sample was
detected as CaCO3, carbonate apatite15, 16) was formed within HA
powder sample. Both compounds show similar composition to
HA of the living body. On the other hand, CO3

2- group was not
detected within CaTiO3 sample and little amount was found within
HA (sintering at 1200 oC).
   Next, to evaluate crystal structure of CaCO3 XRD analysis was
performed. For the measurement of XRD pattern, the instrument
RINT2500 (Rigaku) was used under the conditions of 50mA,
200kV with Cu-Kα ray irradiation. The analysis did not show
presence of CaCO3 crystal within CaTiO3-aC sample (powder as
well as coating) (Figure 4). And since background of XRD pattern
of CaTiO3-aC coating was high, presence of amorphous compound
within the coating material was suggested. Thus it has been
considered that CaCO3 crystal amount within CaTiO3-aC sample
was either very low or was in amorphous state. In case of
amorphous state, liquation of Ca has been considered to be easy.
Though a strong peak different than the base material Ti peak
was detected from analysis of diffraction pattern of CaTiO3-aC

Figure 4. XRD diffraction pattern of CaTiO3-aC and CaTiO3 powders as well as CaTiO3-aC coating plate. As a
reference substrate, diffraction pattern of Ti base plate with etching is shown.
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coating, this was most likely compatible with Ti6O (hexagonal,
space group: P31c, a=5.14, b=5.14, c=9.48) diffraction pattern.
This group was considered to be formed from oxidization of Ti
base in low oxygen environment between Ti base and CaTiO3-aC
coating during sintering. And though TiO2 (Rutile) peak formed
from oxidization of Ti base was also seen, Rutile amount was
very low and only strongest peak was detected.
   XRD analysis with same conditions was also done for HA
sample. The results showed that although β-TCP was detected in
HA powder (sintering at 650 oC), it was not found in HA powder
(sintering at 1200 oC) (Figure 5). However in HA powder (sintering
at 1200 oC), TCP peak (rhombohedral, space group: R-3m,
a=5.248, b=5.248, c=18.691) was detected. And α -TCP was not
found in both HA sample. Regarding with HA powder (sintering
at 650 oC), Ca liquation was considered from β-TCP (as well as
carbonate apatite).
   Regarding with question 2, two reasons were thought. First,
surface volume of powder and coating plate of CaTiO3-aC is
different. CaTiO3-aC coating is a structure of multicrystal
composed of solidified microcrystals with a diameter of 10-20
nm (Figure 6). Thus though the surface volume dissolving due to
solvent touch is small, long term slow Ca releasing character is
likely to be. For the second reason, since Ca shows chemical
binding with TiO2 base (thus adhesive strength with Ti also
improves) in CaTiO3-aC coating plate (different than powder),
liquation of Ca is considered to be difficult.
   In conclusion, although CaTiO3-aC itself did not dissolve, it
becomes a Ca2+ source through long term Ca2+ release from CaCO3.
Thus our results showed that the sample can be used as an ion

exchange material (coexistence of covalent and ion bonding).
Presence of Ca2+ has been reported to be effective for proliferation
of osteogenic cells7,8,10,17,18).
   In the current study, comparative experiment of solubility
between HA (sintering at 650 oC) and HA (sintering at 1200 oC)
showed that HA (sintering at 650 oC) clearly had lower solubility.
Another point is that though HA (sintering at 650 oC) consisted of
β-TCP, HA sample (sintering at 1200 oC) did not include β-TCP.
Regarding with β-TCP, many researches have been recently
conducted. Though bone affinity is low until 4 weeks as compared
to HA, it is almost same after this time19). Moreover it shows similar
mechanical character with HA20). Its solubility is also 20% of α-
TCP20). Thus presence of β-TCP but absence of α-TCP in HA

0 10 20 30 40 50 60 70 80 90

HA
β-TCP
TCP

2θ(deg)

HA(1200℃) 
powder

HA(650℃) 
powder

HA(650℃) 
coating plate

etching Ti plate
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HA
β-TCP
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etching Ti plate

Figure 5. XRD diffraction pattern of HA (sintering at 650 oC as well as sintering at 1200 oC), and HA
coating plate. As a reference substrate, diffraction pattern of Ti base plate with etching is shown.

Figure 6. High power TEM image of CaTiO3-aC coating.
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material (sintering at 650 oC) is also a preferable result considering
from good affinity and safety of β-TCP in the living organism.
   On the other hand, as mentioned above, surface electric charge
of CaTiO3-aC is minus and its solubility is only 1/10th of HA
(sintering at 650 oC). This result suggests that CaTiO3-aC/HA
double layer structure provides long term bioactive state than the
previous plasma HA coating method. Zhou and Akao implanted
CaTiO3-aC/Ti to dogs, and showed long term successful results
in terms of bone induction and bonding ability20). These results
demonstrate persistent effect of CaTiO3-aC.
   When the implant using Ti/ CaTiO3-aC/HA (sintering at 650
oC) double layer coating was developed, first bioactive state of
the implant will continue due to HA character. Then even early
resorption of HA occurs, bioactive state will continue due to
CaTiO3-aC layer. Thus Ti base exposure will not occur. This result
will be linked to long term success of the implant. Therefore
current study introduces novel biomaterial of CaTiO3-aC as a good
implant coating material.
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