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Figure 4. The powder X-ray diffraction pattern of the microcrystals
synthesized by the differentiated osteoblasts on the honeycomb collagen
scaffold. A: The X-ray diffraction spectrum demonstrated that the crystals
synthesized by the osteoblasts are calcium-deficient hydroxyapatite. The
lower X-ray pattern with sharp peaks (B) indicates a typical stoichiometric
hydroxyapatite from mammalian bone. The arrows in both spectra indicate
the characteristic peaks indicative of hydroxyapatite

content on all days when compared with the respective
control values. There was no significant difference in the total
collagen content present in the cell harvest of control cultures
without honeycomb collagen scaffold on days 21 and 28
when compared with day 14 values.

The alkaline phosphatase (ALP) activity of differentiated
osteoblasts. normalized to DNA content, is illustrated in
Figure 6. The alkaline phosphatase activity steadily
increased in the cultures with honeycomb collagen scaffold
on days 14-28. The difference was highly significant
(P <0.001) on all days when compared with the control
cultures. About three-fold increase in the activity of ALP was
observed on day 28 when compared with day 14 value. This
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Figure 5. Total collagen content synthesized by the differentiated
osteablasts on the hone ycomb collagen scaffold (*£ < 0.001 when compared
with respective controls, n =6 at cach time point for both control and
experimental samples).
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Figure 6. Alkaline phosphatase activity presented as a function of DNA
during the culture of differentiated osteoblasts on a honeycomb collagen
scaffold (*P < 0.001 when compared with respective controls. n = 6 at cach
time point for both control and cxperimental samples)

indicated increased rates of differentiation of mesenchymal
stem cells into osteoblasts in the latter periods of culture.
Furthermore. the increased activity of ALP proved that the
honeycomb collagen scaffolds provide an optimum environ-
ment for the normal function of osteoblasts.

DISCUSSION

Tissue engineering is emerging as a significant potential
alternative to tissue or organ transplantation whereby
implanted natural, synthetic, or semisynthetic tissues and
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organs are used that are fully functional from the start, or that
can grow into the required functionality. Collagen, the most
abundant protein in the animal body is an excellent and
potential biomaterial scaffold for various tissue engineering
applications. In biological systems, it provides room for cell
attachment. differentiation, organogenesis, tissue regenera-
tion, and repair. Collagen is mechanically stable with high
tensile strength and can be altered into different sizes and
shapes with various physical and chemical modifications.
The excellent tissue compatibility, decreased antigenicity
and biodegradability makes collagen a major resource in
biomedical. biomaterial, and tissue engineering applications.

It has been demonstrated that the unique honeycomb
collagen scaffold prepared from bovine dermal atelocollagen
is a suitable carrier for various 3-D cell cultures and a
compatible biodegradable material in the field of tissue
engineering (Masuoka et al., 2005; Sato et al., 2003). The
honeycomb collagen sponge has several distinctive char-
acteristics such as mechanical stability under various
physical and chemical conditions, for the exchange of
nutrients and waste products between the honeycomb
membranes, and for its ability to retain its unigue structure
throughout the study without deformity or collapse. The pore
size and thickness of the honeycomb collagen scaffold can be
controlled by altering the concentrations of collagen solution
and ammonia gas. This has the great advantage of creating
different types of honeycomb collagen scaffolds suitable for
various types of cells according to the required cell
morphology and behavior. It was also reported that
incorporation of a low concentration of hyaluronan in a
3-D collagen scaffold enhances matrix accumulation and
cartilage specific gene expression (Allemann et al., 2001). In
the present study, we demonstrated that honeycomb collagen
scaffold is a suitable and biodegradable substratum for the
proliferation and differentiation of rat bone marrow derived
mesenchymal  stem cells into  osteoblasts  without
the presence of B-glycerophosphate and dexamethasone.
The differentiated osteoblasts are capable of synthesizing the
characteristic collagen and hydroxyapatite like microcrystals
in culture.

Collagen is the most suitable and appropriate material for
several biomaterial and biomedical applications (Lee et al.,
2001; Miyata et al., 1992; Nimni. 1988; Patino et al., 2002).
Various types of cells can attach, differentiate and proliferate
to form a specific tissue or organ on a collagen scaffold.
Different type-specific collagens may also play a role in cell
attachment, differentiation, and proliferation for a particular
type of cell, depending on organ or tissue of origin. Different
mechanisms are involved in the attachment of cells to
collagens (Rubin et al.. 1981; Ruggiero et al., 1994; Schor
and Court. 1979; Tandon et al., 1989). The basement
membrane sulfated glycoprotein, entactin, has shown to
promote cell attachment and chemotaxis (Chakravarti et al.,
1990). The well-characterized arginine-glycine-aspartic
(RGD) sequence is one of the major cell attachment sites in
entactin and this sequence is recognized by the xv[33 integrin
receptor (Dong et al., 1995). Integrins play a major role in cell

attachment and also determine how the cells interpret
biochemical signals from their surrounding environment.
The %1p1 and %231 integrins are the major collagen binding
integrins, with 22p 1 having a higher affinity for the fibrillar
type I collagen, the major protein constituent of bone. The
%2B1 integrin interaction with type I collagen is a crucial
signal for the induction of osteoblastic differentiation and
matrix mineralization (Mizuno and Kuboki, 2001; Mizuno
et al., 2000). Furthermore, it was observed that 221 integrin
specific collagen-mimetic surfaces supports osteoblastic
differentiation (Reyes and Garcia, 2004).

The unique 3-D effects of the honeycomb scaffold may
also be responsible for the attachment of mesenchymal stem
cells and differentiation into osteoblasts. It was reported that
the geometry of the cell scaffold is crucially important for
vasculature induction and bone formation (Kuboki et al.,
2001). It was also observed that honeycomb shaped
hydroxyapatite tunnels, with a pore size of 300-400 pm,
directly induces bone formation (Kuboki et al., 2001). In the
present study, the pore size of the honeycomb collagen
scaffold was within 200-400 pm, which could probably play
a crucial role in the differentiation of osteoblasts. Further-
more, the wall of the honeycomb collagen scaffold may
promote the attachment and deposition of autocrine cyto-
kines and create a different environment from those of two-
dimensional plastic dishes or collagen gels. Overall the 3-D
cultures on a collagen scaffold provide the natural ECM
environment with complex mechanical and biochemical
interplay as with in living systems, which plays a vital role in
the osteoblastic differentiation of mesenchymal stem cells.

Von Kossa staining and X-ray diffraction are two
important tools used to examine mineralization in vitro. In
the present study, staining demonstrated the formation of
minerals in the osteoblast cultures with honeycomb collagen
scaffold. The X-ray diffraction studies demonstrated that the
microcrystals synthesized by the osteoblasts were calcium-
deficient hydroxyapatite (pseudo hydroxyapatite) crystals
(Fig. 5A). The X-ray patterns and the characteristic peaks
correspond to those recorded for pure synthetic hydroxya-
patite or mammalian bone apatite (Aoki, 1994). Itis reported
that bone marrow stromal cells cultured on type I collagen gel
can synthesize calcified nodules in culture and can be
demonstrated by Von Kossa staining and Energy-dispersive
X-ray microanalysis (Hasegawa et al.. 1994). Maniatopoulos
et al. (1988) reported synthesis of calcium nodules in culture
by rat bone marrow derived stromal cells while cultured with
f-glycerophosphate and dexamethasone. The present study
documented that the mesenchymal stem cells derived
osteoblasts could synthesize bone-like hydroxyapatite in
the presence of collagen scaffold with a unique honeycomb
microenvironment.

Collagen synthesis is the primary function of differen-
tiated osteoblasts (Koshihara and Honda, 1994). Collagen is
the major constituent of bone and its unique triple helical
structure provides mechanical stability for bone. In the
present investigation, a steady state increase in the amount of
total collagen indicated the capability of collagen synthesis
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by the differentiated osteoblasts in culture. The 3-D structure
and the natural ECM environment of the honeycomb
collagen scaffold facilitated collagen synthesis by the
differentiated osteoblasts.

Expression of alkaline phosphatase (ALP) activity is a
characteristic feature of osteoblasts (Hillsley and Frangos,
1997; Rosa et al., 2003). In the present study, differentiated
osteoblasts on the honeycomb collagen scaffold expressed
ALP activity, which were increased to about three-fold on
day 28 when compared with day 14, The increased
expression of ALP activity indicated enhanced differentia-
tion and proliferation of osteoblasts on the honeycomb
collagen scaffold. In the present investigation. the cellular
DNA content was increased in a steady state manner
throughout the course of the study. Increase of DNA content
in cell cultures was a measure of cell proliferation. In the 3-D
environment on the honeycomb collagen scaffold, the cells
proliferated and multiplied to a high-density manner within a
short period of time, in contrast to conventional flat bed
culture on dishes. This advantage of honeycomb collagen
scaffold for 3-D cell cultures makes it uniquely suitable for
tissue engineering applications.

Since honeycomb collagen scaffold is prepared from
atelocollagen molecules, which do not contain the
antigenic telopeptides, the antigenicity of atelocollagen is
extremely low. Besides atelocollagen is extensively used in
medical, cosmetic and tissue repair applications, with very
little or no hypersensitivity reactions (DeLustro et al.,
1986). It is also important that the tissue engineering
scaffolds used for 3-D cell cultures should have biocom-
patibility and be biodegradable with little or no antigenicity
(Baier Leach et al., 2003; Hutmacher, 2000). The develop-
ment of an implanted tissue or organ is greatly influenced
by composition, architecture and three-dimensional envir-
onment of the scaffold and its biocompatibility. The present
study demonstrated that honeycomb collagen sponge is an
excellent scaffold for the differentiation of mesenchymal
stem cells. Using different concentrations of atelocollagen
solution, it is possible to make diverse scaffolds of various
sizes and shapes according to different organs or tissues
such as ear, skin, liver, Kidney, or cartilage. Such scaffolds
can be used for 3-D cultures for specific cells either from
autologous or heterologous sources. The ditferent scaffolds
prepared from atelocollagen are capable of maintaining the
morphology and structural integrity, even after long-term
3-D cultures of various cells. It is important that the
scaffold support the formation of bioengineered tissue that
mimics the mechanical properties of the tissue or organ that
is being repaired or replaced. Cells are the key unit for
tissue regeneration and repair, due to their differentiation,
extensive proliferation and multiplication capabilities.
High-density 3-D cell cultures have enormous potential
in the field of tissue engineering. The specific honeycomb
structure and the porosity of the honeycomb walls allow
transportation of nutrients to the cells and also for the
removal of waste products. These unique advantages make
honeycomb collagen scaffolds an excellent material for

high-density cell cultures and their applications to cell
based therapies and tissue engineering.

In conclusion, the results of the present investigation
demonstrated that the honeycomb collagen sponge is an
excellent scaffold for the differentiation and proliferation of
mesenchymal stem cells into osteoblasts. It also proved that
honeycomb collagen is an effective substrate for tissue
engineering applications and may become very useful in the
rapidly advancing field of stem cell technology and cell based
therapy.

The authors are thankful to Professor Hideki Aoki, Tokyo Denki
University, for valuable discussions and also for arranging X-ray
diffraction analysis at his center.
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Acceleration of bone formation with BMP2 in frame-reinforced carbonate

apatite—collagen sponge scaffolds

Abstract The development is expected of scaffold bioma-
terials that feature a shape-maintaining property in addition
to high porosity and large pores that cells can easily invade.
To develop a new biodegradable scaffold biomaterial rein-
forced with a frame, synthesized carbonate apatite (CO,Ap)
was mixed with neutralized collagen gel, and the CO;Ap-
collagen mixtures were lyophilized into sponges in a porous
hydroxyapatite (HAp) frame ring. X-ray diffraction and
Fourier transform infrared spectroscopy (FT-IR) analyses
together with chemical analysis indicated that the synthe-
sized CO,Ap had a crystalline nature and a chemical
composition similar to that of bone. Scanning electron
microscope (SEM) observation showed that the CO,Ap-
collagen sponge had a sui pore size for cell invasion. In
proliferation and differentiation experiments with osteo-
blasts, alkaline phosphatase and osteopontin activity were
clearly detected, When these sponge—frame complexes with
bone morphogenic protein (rh-BMP2) were implanted
beneath the periosteum cranii of rats, significant new bone
was created at the surface of the periosteum cranii after 4
weeks of implantation. These reinforced CO,Ap-collagen
sponges with rh-BMP2 are expected to be used as hard
tissue scaffold biomaterials for the therapeutic purpose of
the rapid cure of bone defects.
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Introduction

A number of representative hard tissue materials have been
investigated."” With the development of tissue engineering,
the development of functional scaffold biomaterials is
expected.®® Considering the concept of biocompatibility,
biodegradable materials are suitable as bioscaffolds,” and
consequently we have continued to study carbonate apatite
(CO;Ap)—collagen composites. Biological apatites such as
bone and teeth contain several percent of CO,” ions," so
we synthesized various CO,APs with different crystallinity
and CO, contents."

The CO;Ap synthesized at 60°C was found to have a
similar apatite property to that of bone, and we therefore
prepared composites of CO;Ap by mixing with collagen
whose antigenicity had been removed by enzymatic treat-
ment. These CO,Ap-collagen composites showed good
biocompatibility when implanted into the abdomen and
beneath the periosteum cranii of rats.'* In a previous
study, we synthesized functionally graded CO,Ap contain-
ing magnesium (FGMgCO,Ap) using a gradient magne-
siumsupply system, and successfully modified the gradational
Mg’ ions on the apatite crystals, which demonstrated no
special functions on the surface.” The apatite demonstrated
an acceleration effect of magnesium ions on osteoblast
adhesion at the surface of the composite. Furthermore,
when the composites were implanted beneath the perios-
teum cranii of rats, the FGMgCO;Ap—collagen composite
was metabolized faster than an CO,Ap—collagen composite,
and better formation of new bone and osteoblast arrange-
ment at the interface between the composite and the
periosteum cranii were observed. Composites were then
implanted into the femur of rabbits. Clear bone formation
with a higher degree of bone density was observed for the
FGMgCO,Ap—collagen composite'®; however, the compos-
ites had no spaces in the inner bulk for cells to invade.

Much emphasis is placed on how cells can invade scaf-
fold materials and how a three-dimensional (3D) cell culture
can be established. Ohgushi et al."” reported that a porous
hydroxyapatite (HAp) with a pore size of several hundred



micrometers is suitable for osteoblast invasion. We also
successfully created a 70-wt% CO;Ap—collagen sponge
with pore sizes in the range 50-300 um.' This sponge has a
chemical composition and crystallinity similar to those of
bone. X-ray high-resolution microtomography revealed a
clear image of the 3D structure of the sponges. The porosity
of 70-wt% CO;Ap—collagen sponges was 72.6% *2.4% and
it appeared to be a most favorable biomaterial from the
viewpoint of natural bone properties. Osteoblasts could
invade through the bottom of the sponge; however, the
sponge material appeared to shrink during culture and
during animal experiments. First, we considered ensuring
adequate space in which new bone could easily form utiliz-
ing the concept of guided bone regeneration,'” and we newly
created a sponge reinforced with a porous HAp-frame.”
Our concept is that sponge as cancellous bone and the
frame as trabecular bone are hybridized according to the
nature of natural bone. Bone formation was carried out on
frame-reinforced CO;Ap—collagen sponge scaffolds, after
which they were implanted beneath the periosteum cranii
of rats. Unfortunately, the bone formation was not suffi-
cient. In this study, we investigated the acceleration of bone
formation with bone morphogenic protein 2 (BMP2) using
frame-reinforced CO;Ap-collagen sponge scaffolds.

Materials and methods
Synthesis of CO;Ap

CO,Ap was synthesized at 60 + 1°C and pH 7.4 £ 0.2. A
0.5-1 solution of 100 mmol/1 Ca(CH,COO), - H,O and a 0.5-1
solution of 60mmol/l NH,H,PO, containing 60mmol/l
(NH,),CO, were fed into a mechanically stirred solution of
1.3mol/l acetate buffer. The suspension was stirred for 3h
and then kept at 25°C for 24h. The CO,Ap was separated
by filtration, washed with distilled water, and dried at 60°C.
Well-crystallized HAp was also synthesized at 60 + 1°C in
the same manner but without the carbonate.

Identification and chemical analysis

X-ray diffraction was employed to identify precipitates and
estimate the degree of crystallinity. Measurements were
made on an X-ray diffractometer (DX1, Shimadzu, Kyoto,
Japan) with graphite-monochromatized CuK alpha radia-
tion at 30kV and 30mA. Fourier transform infrared spec-
troscopy (FT-IR) analysis wascarried out withaspectrometer
(FT-IR 84008, Shimadzu) by the diffuse reflectance method
using powder samples containing CO,Ap crystals (concen-
tration 1mg/100mg KBr). Scanning electron micrographs
(SEM) of CO,Ap crystals were obtained using an SEM
apparatus (S-4100, Hitachi, Tokyo, Japan).

Calcium concentrations were determined using an atomic
absorption spectrophotometer (AA-6400, Shimadzu). Fifty
milligrams each of CO;Ap and HAp (n = 5) were dissolved
completely in 0.1 N HCI solution and total phosphate con-
centrations were determined by UV spectrophotometry.”
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Fig. 1. Sponge reinforced with a hydroxyapatite (Hap) frame

Each 10-mg CO;Ap sample (n = 5) was placed in a Conway
dish and carbonate concentrations were determined by the
titration method of Conway.”

Preparation of the frame

Sintered well-crystallized HAp powder (HAP-200, Taihei
Chemicals, Nara, Japan) and paraffin wax were mixed with
acetone. After evaporation of the acetone, the mixture was
pressed into a mold, and a frame 7.4mm in diameter, 2.4 mm
in height, and with a thickness of 1.2 mm was formed. Then,
20 holes were opened in the side of the frame with a drill
0.6mm in diameter. These rings were sintered at 1170°C for
2h. The frame was shrunk onto a real frame ring 6mm in
outside diameter, 2mm in height, and with a thickness of
1 mm, as shown in Fig. 1.

Preparation of CO3Ap-collagen sponges with frames

First, a 0.5-wt% calf skin collagen solution (Cellgen, Koken,
Tokyo, Japan) was treated with enzymes to minimize its
antigenicity and neutralized with 0.05N NaOHj; it was then
mixed immediately with 70-wt% CO,Ap by dry weight
(70% CO,Ap weight/sponge weight). The gels were put into
each frame of a 96-well plate and then the plate was frozen
at —80°C for 2h and lyophilized in a freeze-drying machine
(Eyela, Tokyo, Japan) for 24 h. The samples were subjected
to UV radiation for 4h, being placed 10cm from the UV
lamp (10W, 253.7nm), to become insoluble.

RNA isolation and osteoblast differentiation marker
detection by reverse transcription-polymerase
chain reaction

Mouse osteoblast MC3T3-E1 cells derived from untrans-
formed mouse bone marrow were obtained from RIKEN
Cell Bank (Tsukuba, Japan) and were maintained by con-
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Fig. 2. X-ray diffraction pattern
of synthetic carbonate apatite
(CO,Ap) (A) and human bone
(B)

A

600 [

Synthetic CO;Ap

400 +

200

Relative intensity

600 -
Human Bone

400

200 r

Relative intensity

0 i i
0 10 20

20 (%)

Table 1. Specific primers used for the polymerase chain reaction

Primer

Sequence

5-AlPase
3’-AlPase
5-OPN
3-OPN
5-GAPDH
3.GAPDH

5-CGG GAC TGG TAC TCG GAT AA-3
5-CGA AGG GTC AGT CAG GTT GT-3"
5-GAA GCT TTA CAG CCT GCA CC-3
5-TCT CCT GGC TCT CTIT TGG AA-3
5-AAC TTIT GGC ATT GTG GAA GG-3’
5-GGG TTT CTT ACT CCT TGG AG-3'

ALPase, alkaline phosphatase; OPN, osteopontin; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase

tinuous culture at 37°Cin a 5% CO, humidified atmosphere.
Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) solution supplemented with 10% heat-inactivated
fetal bovine serum (FBS). Penicillin (100 U/ml) and strep-
tomycin (100pg/ml) were added to the media. Osteoblasts
were cultured onto the CO;Ap-collagen sponge for 10 days
in a-MEM. Total RNAs were extracted with TRIzol (Invi-
trogen, carlsbad, CA, USA) from these osteoblasts. Ali-
quots of 1.0g of total RNA were reverse transcribed using
ReverTraAce (Toyobo, Osaka, Japan) with oligo(dT)20.
The primers used for reverse transcription-polymerase
chain reaction were designed based on the published
sequence data for corresponding mouse alkaline phospha-
tase (ALP), osteopontin (OPN), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1). Amplification
was performed for 1 cycle at 94°C for 2min; 30 cycles at
94°C for 155, 60°C for 30s, and 68°C for 30s; and 1 cycle at
68°C for 4min using KODplus polymerase (Toyobo) with
the 3’- and 5'-specific primers. The polymerase chain reac-
tion products were separated on 1% agarose gels containing
ethidium bromide and were then observed on an ultraviolet
transilluminator.

Animal experiments with bone morphogenic protein 2
(rh-BMP2)

The Institutional Animal Study Committee approved the
study protocol of this experiment. Eight-week-old male
Wistar rats (Nihon Animal, Osaka, Japan) were used.
Under pentobarbital anesthesia (50mg/kg), 60ul of 0.1 mg/
ml recombinant human bone morphogenic protein 2 (rh-
BMP2) (Peprotech, Tokyo, Japan) was immersed into UV-
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Fig. 3. Fourier transform infrared spectroscopy (FT-IR) spectrum of
CO;Ap

irradiated CO,Ap—collagen sponge with a frame and
surgically implanted beneath the periosteum cranii. The
animals were killed 4 weeks after the operation and the
implants were dissected with the surrounding tissue and
fixed in 4% paraformaldehyde-phosphate buffer. The speci-
mens with the frame were dehydrated and embedded in
paraffin. Sections 6 um thick were cut, stained with hema-
toxylin-eosin, and examined under a microscope (BZ8000,
Keyence, Tokyo, Japan). For low magnification, four photos
were combined into one photo using a computer attached
to the microscope.

Results

Synthetic CO;Ap (Fig. 2) had a poorly crystallized apatitic
pattern similar to that of human bone (composition Ca, 8.94
+ 0.04mmol/g; total P, 5.13 £ 0.10mmol/g; and CO,, 0.69 +
0.05mmol/g) compared with that of well-crystallized HAp
synthesized at 60°C. FT-IR analysis of CO;Ap showed a
large adsorption band due to PO,” at 1100-1000cm™ and a
relatively small but clear adsorption band due to substituted
CO.* or adsorbed CO, at 1460-1410cm™ (Fig. 3).



Fig. 4. Scanning electron
microscope (SEM) photo of
CO,Ap crystals at two levels of
magnification

Fig. 5. SEM photo of 70-wt% CO;Ap-collagen sponge

Figure 4A shows a scanning electron micrograph of
CO;Ap crystals, which coagulated with each other. High
magnification of these CO;Ap crystals revealed flakelike
features (Fig. 4B). A CO,Ap—collagen sponge is shown in
Fig. 5, with pore sizes that are favorable for cell invasion;
in general, large pores of several hundred micrometers are
required for cell invasion. After 10 days of culture with
osteoblasts, extracellular matrix covered the CO,Ap-
collagen sponge and the osteoblasts (Fig. 6A). ALP and
OPN activity were observed on electrophoresis analysis by
polymerase chain reaction (Fig. 6B). This result confirmed
the mineralization activity of osteoblasts.

Figure 7 shows hematoxylin-eosin-stained CO,Ap-
collagen sponges reinforced with a porous HAp frame
and injected with rth-BMP that had been implanted beneath
the periosteum cranii of rats. Active bone formation was
observed after 4 weeks of implantation (Fig. 7A), although
sponge samples reinforced with the HAp frame without
rh-BMP2 did not show adequate bone formation in a previ-
ous study.” Furthermore, new bone formation occurred
even outside the area of the sample through the hole in the
frame. At high magnification, it was observed that the newly
created bone in the sponge area was strongly connected
with the periosteum cranii (Fig. 7B).

215

Discussion

The CO;Ap used in this study was poorly crystallized and
had a CO, content similar to that of bone. It was concluded
that the CO,™ ions were mostly substituted at the PO,
position, on considering the previous X-ray diffraction
study””* and the chemical analysis and FT-IR analysis in
this study (Fig. 3). These CO,Ap crystals are thought to
become a source element in addition to the main Ca and P
elements when bone formation occurs. Poorly crystallized
CO,Ap crystals are soluble and easily metabolized during
osteoclast and osteoblast activity.

The CO;Ap—collagen sponge had sufficient space for
cells to invade. The pore sizes of the sponge were approxi-
mately 50-300um, much larger than the size of the cells,
which is around 10pm. Osteoblasts expanded their pro-
jections and adhered to the surrounding matrix.”*® Further-
more, the osteoblasts secreted the collagen matrix
themselves. Therefore, the invasion of osteoblasts into the
deeper areas of the sponge bulk was not easy. In addition,
the sponge tended to shrink in solution. Fortunately, the
problem of sponge shrinkage was resolved by reinforce-
ment with a porous frame and sponge packing. Osteoblasts
could invade toward the inner part of the sponge scaffold.”
Sponge collagen was bonded mechanically to the holes of
the frame by an anchor-locking effect in addition to the
chemical bond between collagen and HAp. Sponge packing
was necessary to prevent sponge shrinkage in addition to
the porous frame. However, since this HAp frame is not
biodegradable, further investigation is in progress to
produce a biodegradable CO,Ap frame.

The effect of scaffold materials on the proliferation and
differentiation of osteoblasts is important. ALP and OPN
activity are useful indices of bone mineralization. The
osteoblasts cultured on the CO,Ap-collagen sponge scaf-
fold adopted in this study showed adequate ALP and
OPN activity.

In general, bone formation beneath the periosteum
cranii is not so active. In fact, our previous study with a
CO,Ap-collagen composite™ or sponge without cyto-
kines did not show adequate bone formation,”® although
the CO,Ap—collagen composites were sufficiently biocom-
patible. Many cytokines have beén investigated and Urist”
first discovered bone morphogenic proteins (BMPs). Later,
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Fig. 6. SEM photo of
osteoblast-like cells on the
surface of a 70-wt% CO;Ap-
collagen sponge after 10 days of
culture (A), and alkaline
phosphatase (4 LP) and
osteopontin activity observed on
electrophoresis analysis by
polymerase chain reaction (B).
MW, molecular weight;
GAPDH, glyceraldehyde-3-
phosphate dehydrogenase

Fig. 7. Hematoxylin-eosin
staining of newly created bone
with 70-wt% CO,Ap-collagen
sponge reinforced with a HAp
frame implanted onto the
periosteum cranii (PC) of rats at
two levels of magnification

it was identified that this BMP was BMP2, which dramati-
cally accelerates bone formation. In addition to BMP2,
various cytokines such as BMP7 were found: BMP is a
kind of fibroblast growth factor (FGF). Recently, some
cytokines have been commercialized; the rh-BMP2 used
in this study is also sold by Peprotech.

On the other hand, some researchers purify BMP them-
selves. Furthermore, mesenchymal stem cells derived from
adult marrow, termed multipotent adult progenitor cells, or
MAPCs, were recently isolated from murine bone marrow™,;
however, the usage of stem cells requires a supply of bone
marrow from the patient and time for the proliferation
culture, whereas BMP combined with scaffold biomaterials
needs no additional materials or techniques. Therefore, the
combination of biomaterials and cytokines such as BMP is
very useful for hard tissue regeneration.

Bone formation beneath the periosteum cranii has a
benefit in animal experiments because this region seems to

Cco 3Ap-
5 MW collagen
ALPase
Osteopontin
GAPDH

0

i5

be generally inactive and thus it is difficult to form bone in
this position when compared with cancellous skeletal bone.
Therefore, if bone formation occurs on the periosteum
cranii, it can be estimated that much more bone will be
formed in other skeletal regions. In this study, more than
enough bone was formed by adding rh-BMP2 in relatively
short-term implantation, i.e., 4 weeks of implantation,
although bone formation without rh-BMP2 required 8
weeks of implantation in a previous study.”

Conclusion

Cytokines, such as the rh-BMP2 used in this study, are
very useful and effective for the rapid repair of bone on
combination with CO;Ap-collagen sponge as a scaffold
biomaterial.
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Abstract Calcium carbonate (CaCO;) has been
widely used as a bone substitute material because of
its excellent tissue response and good resorbability. In
this experimental study, we propose a new method
obtaining porous CaCO; monolith for an artificial bone
substitute. In the method, calcium hydroxide compacts
were exposed to carbon dioxide saturated with water
vapor at room temperature. Carbonation completed
within 3 days and calcite was the only product. The
mechanical strength of CaCO4 monolith increased with
carbonation period and molding pressure. Develop-
ment of mechanical strength proceeded through two
steps; the first rapid increase by bonding with calcite
layer formed at the surface of calcium hydroxide
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particles and the latter increase by the full conversion
of calcium hydroxide to calcite. The latter process was
thought to be controlled by the diffusion of CO,
through micropores in the surface calcite layer. Porosity
of calcite blocks thus prepared had 36.8-48.1% depend-
ing on molding pressure between 1 MPa and 5 MPa.
We concluded that the present method may be useful
for the preparation of bone substitutes or the preparation
of source material for bone substitutes since this
method succeeded in fabricating a low-crystalline, and
thus a highly reactive, porous calcite block.

Introduction

Calcium carbonate (CaCOs;) plays an important role in
the reconstruction of bone defects as bone filler or as a
source material for bone fillers. A typical example is
the marine coral. Marine coral is made of aragonite-
type CaCO;5 (97%<). and its skeleton with a porous
microstructure is morphologically quite similar to that
of human cancellous bone. The coral has been
clinically used as bone substitute in dental, maxillo-
facial, cranio-facial, and orthopedic surgeries for the
reconstruction of bone defects [1-5]. When implanted
in bone defect, it does not cause inflammatory
response, shows excellent tissue response, and is
gradually resorbed with time. The marine coral is also
used as a source material to prepare apatite-type bone
fillers. When the coral is hydrothermally treated in the
presence of phosphate salts, it transforms into apatitic
mineral without changing its morphology. The bone
filler is called coralline apatite and has been widely
used as a bone substitute in the United States [6-8].

@ Springer
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Although the coral has some ideal characteristics as
bone filler or as a source material for bone fillers, there
are some drawbacks. For example, the coral suitable
for bone filler can only be found in and collected from
the ocean. Therefore, it costs much and is now much
criticized since it destroys nature. Moreover, collected
corals have to be cleaned to prevent inflammatory
reaction caused by proteins and other elements present
as impurities.

Drawbacks of the coral mentioned above would be
solved if CaCO; block can be prepared artificially. One
of the methods to prepare pure CaCOs; block is the
sintering of CaCO5; powder. However, sintering pro-
cess causes liberation of carbon dioxide and leads to
calcium oxide formation. In addition, CaCO; with
extremely high crystallinity is obtained even when low
crystalline CaCO; powder is used. Unfortunately,
formation of calcium oxide and high-crystalline CaCOj
is not desirable with respect to tissue response and
resorbability. On the other hand, calcium hydroxide
(Ca(OH)3) is well known as a non-hydraulic cement in
the fields of cement and concrete. When Ca(OH); is
exposed to carbon dioxide that exists in air, Ca(OH),
hardens and forms CaCO; [9-12]. However, to date,
there are no reports on how to fabricate CaCOj5 block
aimed for the reconstruction of bone defects based on
carbonation of calcium hydroxide. In the present
study, therefore, we investigated the reaction process
between Ca(OH), compact and CO, gas, and evalu-
ated the feasibility of CaCOj; block preparation based
on the carbonation reaction.

Materials and methods
Calcium hydroxide compact preparation

Commercially available calcium hydroxide (Ca(OH);
Nacalai Tesque, Kyoto, Japan) was used in this study.
The Ca(OH), powder, 0.2 g, was placed in a stainless
steel mold and pressed uniaxially with an oil pressure
press machine (Riken Power, Riken Seiki, Japan)
under 1-5 MPa pressure. Specimens prepared were
10 mm in diameter and 1-3 mm in thickness. In a
similar way, column compacts of 6 mm in diameter and
11-13 mm in height were also prepared using another
stainless steel mold.

Carbonation of Ca(OH), compact
Ca(OH), compacts were placed in carbon dioxide

reaction vessel for 1-72 h at room temperature for
carbonation. The reaction vessel—approximately

@ Springer

5 L—was saturated with water vapor, and carbon
dioxide gas was supplied at a rate of 0.15-0.20 L/min.

Mechanical testing

Mechanical strength of the specimens was evaluated
in terms of diametral tensile strength (DTS) and
compressive strength (CS) at room temperature at a
constant cross-head speed of 1 mm/min on a universal
testing machine (IS5000, Shimadzu, Kyoto, Japan). At
least five specimens were used for each condition.

X-ray diffraction analysis

The specimens were ground into fine powders and
characterized by powder X-ray diffraction (XRD)
analysis. The XRD patterns of the specimens were
recorded with a vertically mounted diffractometer
system (RINT 2500V, Rigaku, Tokyo, Japan) using
counter-monochromatized CuK, radiation generated
at 40 kV and 100 mA. The specimens were scanned
from 10° to 60° 26 in a continuous mode at a scanning
rate of 2°/min. Quantitative analysis was also done on
the specimens during carbonation. Calibration curve
for the quantitative analysis was made using separated
diffraction peaks of Ca(OH), (001, d = 4.905 A) and
calcite (0-22, d = 2.095 A) respectively.

Microstructure

Morphology of the surfaces and fracture surfaces of the
specimens was characterized by means of a scanning
electron microscope (SEM; JSM 5400LV, JEOL,
Tokyo, Japan) at an acceleration voltage of 15 kV
after gold coating.

Porosity measurement

The apparent density of specimen was calculated from
specimen’s weight and dimensions. Relative density
was calculated from the ratio of apparent density over
the theoretical density of calcite (2.711 g/em®). The
total porosity of specimen is then defined as

Total porosity (% ) = 100(% ) — Relative density (% )

Total porosity was the average value of at least five
specimens.
Results and discussion

No obvious morphological changes were observed
macroscopically even when the Ca(OH), compact
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was exposed to carbon dioxide up to 72 h (data not
shown).

Figure 1 shows the typical SEM photographs of the
surfaces and fracture surfaces before and after carbon-
ation for 1-72 h when Ca(OH), was compacted under
a pressure of 1 MPa. The original Ca(OH), powder
had particle size ranging from sub micron to several
microns with irregular shape. As shown in Fig. 1, we
found no remarkable differences before and after the
carbonation process or at the time of carbon-
ation—even at SEM level.

Figure 2 shows the typical SEM photographs of the
fracture surfaces of Ca(OH), compacts prepared at
various molding pressures between 1 MPa and 5 MPa
after carbonation for 72 h. Basically, less pores and
smaller pores were observed in the Ca(OH), compact
prepared at higher pressure.

Fig. 1 Scanning electron
microscopic observation of
the surfaces and fracture
surfaces of calcium hydroxide
compacts under a pressure of
1 Mpa. (A and B) Before
carbonation. (C and D)
Carbonated for 1 h (E and F)
Carbonated for 4 h (G and H)
Carbonated for 72 h (A, C, E
and G) Surfaces (B, D, F and
H) Fracture surfaces

Table | summarizes the porosity of Ca(OH), com-
pact when exposed to carbon dioxide for 72 h. As
shown in Table 1, the porosity decreased with increase
in molding pressure.

Figure 3 shows the change in powder XRD pattern
of Ca(OH); compact prepared at 2 MPa for a carbon-
ation duration of 0-72 h. As shown in Fig. 3, Ca(OH);
transformed directly to CaCOj3 with time even though
no morphological changes were observed with SEM.
Carbonation was almost complete at 72 h. It was also
shown that the CaCOj5; formed was calcite—which is
the most stable phase among all CaCO5 modifications.
It has been reported that the biological properties of
calcite are almost the same as those of aragonite, which
is a constituent of marine coral [13]. Therefore, this
calcite block is expected to show similar tissue
response with marine coral if other factors, including

@ Springer



1364

J Mater Sci: Mater Med (2007) 18:1361-1367

Fig. 2 Scanning electron
microscopic observation of
the fracture surfaces of
calcium hydroxide compacts
carbonated for 72 h

Table 1 Porosity of Ca(OH); compacts when prepared at
various molding pressures and carbonated for 72 h

Molding pressure Porosity
(MPa) (%)

1 48110
vl 422 =06
3 41516
5 36804

Ca(OH),
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Fig. 3 Powder XRD patterns of the Ca(OH), compacts

prepared at 2 MPa during carbonation for 0-72 h
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morphological ones, are the same. In the XRD pattern
of the specimen, peaks broader than commercially
obtained CaCO; powder were observed, indicating
that the crystallite size of calcite formed by carbon-
ation was much smaller. Crystallite size of the speci-
men was estimated as 262-306 nm, whereas that of a
commercial CaCO: powder was 834 nm. The small
crystallite size may be the reason why no morpholog-
ical changes were observed at SEM level even though
Ca(OH), had transformed to calcite. For Ca(OH);
compacts prepared at other molding pressures, the
changes in XRD patterns were similar to that in Fig. 3
(data not shown).

Figure 4 shows the change with time in the amount
of Ca(OH), and calcite phase in compacts subject to
different molding pressures. As shown in Fig. 4, the
transformation of Ca(OH); to calcite proceeded in two
stages. At the first stage within 2-4 h, transformation

Ca(OH), or CaCO, (wt%)

Time (h)

Fig. 4 Changes in the amount of Ca(OH); and calcite phase in
the compacts with time at various molding pressures
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was very rapid such that approximately 50% of
Ca(OH); was converted to calcite. At the second
stage, rate of transformation was much slower when
compared to the first stage, and the remaining
Ca(OH), was transformed to calcite during this stage.
Basically, these tendencies were the same regardless of
molding pressure. When transformation rates were
compared based on molding pressure, specimens
molded at lower pressure underwent faster transfor-
mation at the first stage. The second stage took a much
longer time than the first stage, and thus the time
required for the whole transformation was almost the
same regardless of molding pressure, The two-stage
transformation became much clearer when the amount
of calcite formed was plotted against square root of
time for a kinetic analysis, as shown in Fig. 5. At the
second stage, a linear relation was observed between
2-4 h and 72 h regardless of molding pressure. The
slopes, corresponding to diffusion coefficient, were
almost the same regardless of molding pressure. Since
a linear relation was observed at the second stage
(where approximately 50% of Ca(OH), was already
converted to calcite at the beginning of second stage),
it could thus be suggested that carbonation rate at the
second stage was controlled by diffusion process
through calcite layer formed initially on the surface
of Ca(OH), particles. Two candidates were proposed
for the diffusion: one was CO3 ion and the other was
CO; gas. It was reported that the diffusion coefficient
(D) of CO5 ion for lattice diffusion in calcite was
expressed by the equation, D (cm%s) = 0.65 exp
(-56,900 cal/RT) [l4]. D at room temperature
(T = 298 K) is calculated as 1.2 x 107, and this value
led to the conclusion that the lattice diffusion of CO3

100 . ]
80 -
£ 60
z
o (]
S a0b
3 ° —0—5MPa
20+
5
Dl i 8 i 1 n i i 1 " " 1 i A A 1 1 " n
0 2 4 6 8 10

(Time)®® (h0)

Fig. 5 Changes in the amount of calcite phase in the compacts
plotted against square root of time with time at various molding
pressures

ion in calcite was actually negligible in the condition
employed in the present study. On the other hand,
carbonation of CaO at high temperature was reported
to be followed by the diffusion of CO, gas through
CaCO; layer formed on the surface of CaO [11, 15].
Likewise in the present Ca(OH), system, it could be
thought that carbonation process at the second stage
was controlled by the diffusion of CO; molecules
through calcite layer formed initially on the surface of
Ca(OH), particles.

Figure 6 shows the change of (a) DTS and (b) CS
values of Ca(OH), compacts prepared at different
molding pressures of 1, 2, 3, and 5 MPa as a function of
carbonation time. Both DTS and CS values increased
with time up to 24 h regardless of molding pressure,
and they remained constant after that time period. On
the other hand, higher DTS and CS values were
obtained for specimens prepared under higher molding
pressure. Relating these results to the data in Table I,
it was thus logical to conclude that higher mechanical
strength was caused by lower porosity (Table 1).

When it comes to understanding the relationship
between mechanical strength and calcite formation in

(a)

DTS (MPa)

CS (MPa)

] 10 20 30 40 50 60 70 80
Time (h)

Fig. 6 (a) Changes in diametral tensile strength of compacts
pressed at 1, 2, 3 and 5 MPa during carbonation with time. (b)
Changes in compressive strength of column compacts pressed at
1, 2,3 and 5 MPa during carbonation with time
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DTS (MPa)

0 — il 1 1 L
0 20 40 60 80 100

CaCO, (Wi%)

Fig. 7 Changes in DTS values of the Ca(OH), compacts
prepared at various molding pressures with the amount of
formed calcite

the context of the two-stage reaction process, Fig. 7 is
very helpful in that the DTS values of Ca(OH);
compacts prepared at various molding pressures were
plotted against the amount of calcite formed. As shown
in this figure, the increase of DTS could be divided into
two stages. At the first stage, a rapid increase in DTS
values was observed based on approximately 10%
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Fig. 8 The schematic model of carbonation process of Ca(OH),
when exposed to CO; gas
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calcite formation. After the initial rapid increase in
mechanical strength, no increase was observed until
the juncture when approximately 50% of calcite was
formed. Then at the second stage, mechanical strength
increased again, until approximately 50-70% of calcite
was formed.

Figure 8 shows a schematic model of the carbon-
ation process of Ca(OH),. When Ca(OH); compact
was exposed to CO, gas, the surface of Ca(OH),
particles was carbonated to form a calcite layer on their
surface (Fig. 8a, b). This initial process was very quick
since it was only a surface reaction between Ca(OH),
particles and CO, gas. Carbonation of the surfaces of
Ca(OH), particles then resulted in an initial rapid
increase in mechanical strength whereby Ca(OH),
particles were bonded with the calcite crystals formed
on the surface (Fig. 8b). At the second stage, further
carbonation proceeded with time, although the rate of
transformation was much slower than that of the initial
stage. This was because carbonation reaction at this
state was controlled by diffusion of CO; gas through
micropores in calcite layer as shown in (Fig. 8c).
Mechanical strength of the specimen was independent
of the degree of carbonation process for a while since
mechanical strength of calcium hydroxide governed
the mechanical strength of the specimen at this
carbonation ratio. When calcite formed was approxi-
mately 50%, mechanical strength developed further.
This could be because mechanical strength of the
specimen was governed by the amount of calcite
formed at this stage, instead of calcium hydroxide.

Conclusions

We found that pure, low-crystalline porous calcite
block with high mechanical strength could be prepared
by exposing Ca(OH), compact to carbon dioxide
saturated with water vapor at room temperature.
Although no cell test or histological evaluation was
done in the present study, low crystallinity indicates
higher reactivity and resorbability. Thus calcite porous
block prepared in this method is expected to be useful
as a bone substitute or as a source material for the
fabrication of bone substitutes.

Mechanical strength development was closely
related to the transformation of Ca(OH), to calcite.
Crystal morphology was the same before and after
carbonation even at SEM level—which may be a good
advantage for the fabrication of bone substitute blocks.
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Abstract: Three-dimensional printing (3DP) is a CAD/CAM built-up using ink-jet printing

technique. Commercially available 3DP system can form only gypsum model and not for
bioceramics. On the other hand, transformation of hardened gypsum into hydroxyapatite
(HA) by treatment in ammonium phosphate solution was found lately. In the present study,
transformation of the 3DP gypsum block to HA was attempted. However, the fabricated 3DP
block was soluble in water. To insolubilize, it was heated at 300°C for 10 min, and then,
gypsum was transformed to calcium sulfate hemihydrate, CaSO, - 0.5H,0. The 3D block was
immersed in 1M (NH,),PO, - 3H,0 solution at 80°C for 1-24 h, and the transformation into
HA within 4 h was ascertained. A heat-treated plaster of Paris (POP) block was also
investigated for comparison. The unheated POP block consisting of gypsum dihydrate took
24 h to complete the transformation, while the heat-treated POP consisting calcium sulfate
hemihydrate promoted the transformation into HA; but the transformed thickness in the
block was less than the 3DP block. This is probably due to higher solubility of the hemihydrate
than gypsum dihydrate. Accelerated transformation of the 3DP block was also caused by its
porous structure, which enabled an easy penetration of the phosphate solution. With the
present method, it is possible to transform the fabricated gypsum by 3D printing that is
adaptive to the osseous defect into HA prostheses or scaffold. © 2006 Wiley Periodicals, Inc. J
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Keywords:

INTRODUCTION

In the fields of orthopedics and oral surgery, common bone
substitution materials are autograft, allograft, and xenograft.
Hydroxyapatite (HA; Cas(PO,);OH) is a main component of
bone and teeth and is known as one of synthetic bone sub-
stitutes. HA has a superior biocompatibility and accelerates
the new bone formation when it contacts with physiological
fluid. It is rapidly integrated into the human bone and indis-
tinguishable unions are formed.'

Calcium phosphate cements (CPCs), a new technology in
craniofacial surgery, are an alternative HA bone substitutes.
As a moldable treatment modality, CPCs can bond chemi-
cally to the host bone, restore contour, and augment the
biomechanical properties of the injured or reconstructed re-
gion.” Barralet et al. reported that CPCs can be formed by the
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low-temperature process that may encourage biologically ac-
tive organic compounds to be incorporated in the CPCs.”
For artificial bone, two types of HA, block and granular
forms, have been developed. HA granules are considered to
be easier to fill the defective area than the HA block because
of the difficulties in trimming the HA block,® but it is limited
within the small defect without load. Many attempts have
been made to fabricate the HA artificial bone or scaffolds
with desirable dimensions and internal architecture.” Three-
dimensional printing (3DP) is a CAD/CAM built-up tech-
nique using ink-jet printing and is a promising method to
fabricate three-dimensional solid model with any shape. By
using 3D shape data of bone defect, it is possible to fabricate
prostheses or scaffold adaptive to the defect shape. At
present, commercially available 3DP system can fabricate
only gypsum model and not for bioceramics. It is still difficult
to find the effective binder to fabricate HA model. HA
scaffolds were made indirectly by a negative mold and sin-
tering process.” but sintering process requires high-tempera-
ture treatment, and it leads to a well-crystallized HA with a
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Figure 1. (a) 3DP block size of 20 x 15 X 4 mm?; (b) plaster of Paris
sample size of 20 X 15 X 4 mm?®.

low rate of biodegradation.” To avoid the disadvantages of
sintering process of HA object fabrication, Tadic et al. had
discovered a method to produce HA scaffold with intercon-
necting porosity without sintering.'”

Plaster of Paris (POP; CaSQ, + 2H,0) had also been used
as a filling material for bone defect for long time.'"'? As
mentioned in the previous investigation of Frame, gypsum
dihydrate can possibly be used as an altemative material to
restore jaw bone defect. The result revealed corresponding
progressive resorption rate with the new bone ingrowth in the
in vivo experiment.'’ Sato et al. had investigated the mor-
phologic sequence of the response to HA particle mixed with
POP in the bone marrow of rabbit tibia. POP acts as an
absorbable vehicle to HA particle; the mixture became vis-
cous and formable. In addition, POP can be absorbed in
relatively short time and does not interfere with bone healing
process. B

Recently, Suzuki et al. reported that gypsum could be
transformed into HA with preserving its original shape by the
treatment in IM ammonium phosphate solution at 100°C for
24 h."” If the gypsum bone or scaffold model with definite
shape can be transformed into HA and the shape remains
unchanged, the application of 3DP model to the osseous
defects would be promising in the future.

The purpose of this study is to investigate the possibility of
transformation of gypsum 3DP model into HA with preserv-
ing the original shape by treating it in the ammonium phos-
phate solution. Its transformation process was compared with
a set POP, which is often used as a gypsum model material in
dentistry. Product phase by the treatment of the 3DP model
and POP was analyzed by X-ray diffraction (XRD). The
crystal morphology of the treated 3DP specimen was ob-
served by a scanning electron microscope (SEM).

MATERIALS AND METHODS

Fabrication of 3D Printing Model

Fifty pieces of simple rectangular (20 X 15 X 4 mm*) blocks,
as shown in Figure 1(a), were designed by CAD using soft-
ware (FreeForm V.7 and PHANToM Desktop, SensAble
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Technologies, Woburn). The data was transformed to 3DP
system [Figure 2(a)] (2310, Z Corporation, Burlington) and
fabricated. 3DP system fabricates complex 3D parts directly
from the model designed by computer [Figure 2(b)]. During
fabrication, a thin layer of powder (Powder: Z100, Z Corpo-
ration, Burlington) is spread on a piston plate and a print head
deposits binder droplets (Binder ink: zb-7, Z Corporation,
Burlington) in selective areas to create the model. After one
layer is completed, the piston plate is lowered, and the lam-
Ination process is iterated until fabrication i1s completed. The
layer thickness for fabrication was 0.08 mm, and mean di-
ameter of gypsum grain was 30 pm,

3DP method enabled fabrication of models with any com-
plicated shape. In this study, we also fabricate a mandibular
model by 3DP technique. The CT scan data of mandible was
transformed to STL data via software VG StudioMax (Vol-
ume Graphics, Heidelberg, Germany). From STL data, it was
transferred to 3DP system, and model of mandible was fab-
ricated.

We attempted to transform the 3DP block to HA by
treating in ammonium phosphate solution. But, in our pre-
liminary experiment, the 3DP blocks were found to be dis-
solved in water easily. Several methods were tried to find the
way to insolubilize the block. The trials were made by chang-
ing the heating condition at several ranges of temperature in
the drying oven (DX 300, Yamato, Tokyo, Japan).

Solubility test of various temperatures of heat-treated 3DP
samples was investigated. The analysis of the 3DP samples
included five groups of three samples: 3DP without any
treatment, samples heat-treated at 100°C for 30 min, at 200°C
for 30 min, at 300°C for 10 min, and at 300°C for 30 min,
Each sample was soaked in | L of distilled water for 12 h, and
calcium ion content in the solution was measured by ICP
(inductively coupled plasma) optical emission spectroscopy
(Optima 3000XL., PerkinElmer, Wellesley).

Preparation of Plaster of Paris Block

Plaster of Paris (POP. CaSO, - 0.5H,0:; Maruishi Gypsum,
Osaka, Japan) was mixed with water at W/P ratio of 0.50 to
prepare 100 pieces of gypsum blocks (CaSO,2H,0) with the
same size (20 X 15 X 4 mm”) of the 3DP blocks and used as
a control [Figure | (b)]. To compare the result with the heated
3DP block, the POP block was also heat treated in a similar
method.

Treatment with Ammonium Phosphate Solution

Groups of 5 pieces of heat-treated 3DP rectangular blocks
were immersed in | mol/L tri-ammonium phosphate solution
prepared from a commercial reagent., (NH,),PO, *+ 3H,0
(Wako Pure Chemical, Kyoto, Japan) at 80°C for 1, 2, 4, 6, 8,
12, and 24 h. After treated with the ammonium phosphate
solution, the blocks were soaked and rinsed in distilled water
and dried at room temperature (24°C),

Examination by XRD Analysis

To analyze the composition of the specimens, 3 to 3 pieces
from each group of randomly selected 3DP and gypsum
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Figure 2. (a) 3DP machine (2310, Z Corporation); (b) fabrication process of 3DP system.

blocks underwent XRD analysis before and after the treat-
ment. In the analysis, pure hydroxyapatite powder (Taihei
Chemical, Osaka, Japan) was used as a control. XRD pattern
of the specimens were taken with a diffractometer with Cu
Ka radiation generated at 40 kV/30 mA (RINT 2100,
RIGAKU, Tokyo, Japan).

SEM Observation

The surfaces of specimens; untreated 3DP samples, 3DP
samples treated in ammonium phosphate solution at 80°C for
12 and 24 h were observed by a field emission SEM (5-4300,
Hitachi, Tokyo, Japan). The samples were randomly selected
from the rest of samples that were not taken for XRD.

RESULTS

Insolubilization of 3D Printing Blocks by Heat Treatment

When the 3DP block was immersed in water, it was easily
disintegrated as shown in Figure 3. It was also found to be
easily disintegrated in the ammonium phosphate solution. To
find the method to insolubilize the 3DP block, it was heat
treated at various temperatures between 100 and 300°C.
Solubility tests in water after heating were shown in Figure 4.
As shown in Figure 4(c), the heat treatment at 300°C for 10
min vielded an optimum condition for insolublizing, though
the color of 3DP block specimen became dark brown. The
longer treatment time of 30 min at 300°C [Figure 4(d)]
resulted in fragility of the specimen.
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