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X-ray energy: 7.0 KeV (1.77
A). Right: X-ray energy;
10.0 KeV (1.24 A). The left
radiogram showed the clearer
images of rat bone sections

than the right one.
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Fig. 1.2.1. Photographs of the fossil Titanosaurus egg shell section.

Fig. 1.2.2. LEBRA-PXR radiograms of the Titanosaurus egg shell sections.
Left: X-ray energy; 16.0 KeV (0.775 A). Right: X-ray energy 16.2 KeV (0.765 A).
X-ray absorption K edge for Sris 16.10 KeV (0.7699 A). The higher the X-ray energy, the greater the X-ray

absorption of the interested material. Note the left and right ends of the arrows.
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Fig. 1.3.1 LEBRA-PXR XRD pattern for the Graphite and mineral Quartz crystals.
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Fig. 2.1. Irradiation of 2.94 um LEBRA-FEL on the human tooth enamel and dentin.
Numbers in the figure were the numbers of LEBRA-FEL shot. The depth of pit was in relation to the number

of shot. No apparent scorch was observed on the pits both at the enamel and dentin.
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Fig. 2.2. Micro-XRD patterns of the irradiated Fig. 2.3. Reference study using a 2.94 um Er:YAG
and non-irradiated enamel showed that there was laser showed that there were apparent scorches in
no crystallographic change. the irradiation pits of dentin.
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Fig 5.1. A) XRD-IP image of the enamel sample #1.
The numbers in the figure were the reflection indexes of apatite. Note all the reflections were in the arc form.
The lower-right half was the portion of the shadow by the sample holder stage. The shadow of the beam
stopper was seen at the right-upper direction. These shadows were common in this study. B) Radar chart for
the intensity distribution of the 002 reflection, bold line, and the 300 reflection, dashed line, in Fig. 1A. The

numbers were the intensity.

Fig. 5.1. C) XRD-IP image of the enamel sample #1.
The sample was rotated 90 degrees around the sample rotation axis ¢ from the position in Fig. 1A. D)
Radar chart for the intensity distribution of the 002 reflection, bold line, and 300 reflection, dashed line, in

Fig. 1C. Note the intensity of the 300 reflection was not even at the opposite side.
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Abstract . Heating effects on dentin from mammoth tusks were examined by means of X-ray diffraction
(XRD) and Fourier transform infrared spectrometric (FTIR), techniques. Dentin samples were
sectioned into rectangular plates of about 10 % 5% 1mm in size, using a low speed diamond saw. Heating
treatment was carried out using a differential thermal analyzer. Tt was shown that the organic materials
of the dentin were about 32 wi%, and combusted at a temperature range of 200C to 600°C, showing the
coupled exotherm resulting in the release of the inorganic apatite phase from the closely related dentin
collagen, and that the exotherm at 700C related to the crystalline phase transformation from the
intermediate phase to crystalline —TCP. This study suggested that the magnesium components in
mammoth tusk dentin manage or control the crystalline phase transformation.

Introduction

Dentin has been widely used as a native biological
material in a variety of research fields, such as
caries mechanism” and adhesive experiments®.
Recently laser applications in dental clinic have
grown radically. The study of mechanical and/or
thermal ablation mechanisms of lasers to dentin is
needed, and we need to know the heating effects or
thermal changes of dentin in more detail”. However,
only a limited number of studies have been carried
out on the thermal properties of dentin*'?. Besides
the structure of dentin, human dentin has a varied
chemical composition'”. Therefore, standard dentin
material for experimental use is required imme-
diately.

¥ Corresponding author
E-mail : sakae@mascat.nihon—u.ac.jp

Dentin from mammoth tusk may be a good
candidate for experimental use because of its
volume and uniformity. It is widely used for cell
culture, though little is known about elephant tusk
dentin structure and chemical composition®™". This
study aimed to clarify the effects of heating on
mammoth dentin, to provide basic knowledge of the
thermal behavior of dentin.

Materials and Methods

The mammoth tusk used in this study (about 10
cm in diameter) was obtained through an importer.
Based on the pattern of the sectioned plane of tusk,
the material was identified as that of fossil
Mammuthus sp. The surface was colored brown, but
the inside was white and had a lustre similar to
ivory. Plates, about 10 X 5 X 1mm, were sectioned
from the outer part of the dentin using a Buhler low
speed diamond saw.
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Table 1 Results of TG, XRD, FTIR and colors after the heating treatments *

TG XRD FTIR
Wt _
Sample Color loss % HA Intm TCP Organic Inorganic
in TG |
et Natural ~ Low XL - = + + Ap
100 C Natural Low XL - - + <+ Ap
200 C Natural 16 Low XL - . Start Ap
decay
300 T Natural Low XL - - Decaying Ap
400 C Natural 21 Low XL - - Weaken & Ap
broaden
500 C Sooty gray Low XL = Intm
600 T Brownish 11 - Low XL - Intm
700 T Brownish - - Low XL TCP
800 C White 1 - e XL TCP
900 C White = = XL TCP
1,000 C White <02 = o XL TCP
1,100 C White - - XL TCP
1,200 C White < 01 — — XL TCP

*Low XL ! low crystalline, XL : well crystalline, Ap . apatite, Intm . intermediate, TCP . B-tricalcium

phosphate.

Heating treatment was carried out using a
RIGAKU laser—furnace thermogravimetric— diffe-
rential thermal analyzer, TG-DTA. The samples
were heated to the set—up temperatures, 100C
interval between 100C and 1,100C, with an ascen-
ding rate of 5C /min in a static atmosphere. The
heating was quickly stopped when the sample
reached the set—up temperature and rapidly cooled
to room temperature using an air blow system.

X-ray diffraction (XRD) data was obtained by a
RIGAKU-PSPC, position—sensitive —proportional —
counter micro—XRD system under the following
conditions . X—ray generator . rotary type Cu
target, accelerating voltage . 50kV, current : 300
mA, X-ray beam collimeter I 30 um, sample
position : 10 degree to the incident beam, sample
movement : rotation at 30 degree/sec around the
sample holder ¢—axis and rocking at 10 degree/sec
around the sample holder x—axis, counting time . 15
min. Diffraction patterns from three points in the
heated and unheated tusk dentin plates were
obtained and averaged. The diffraction patterns

were analyzed by JADE software.

FTIR was carried out using a HORIBA FT-530
micro — FTIR under the following conditions :
detector : 16 X MCT with LN. cooling, measuring
area . 10um x 10—50um depending on the sample
condition, resolution : 4cm™, scanning : 20 cycles,
gain : auto, function : H-G. The obtained raw
reflection spectrum was transformed into pseudo—
transferred absorption pattern by the K—K function.

Results

Table 1 lists the color change of the heated tusk
dentin. Below 400T , the tusk dentin showed no
color change and a natural white color. Above 500C
the color changed to sooty gray. Above 700C the
color faded to brownish, and then above 900C the
color became white again.

The TG-DTA curve showed coupled strong
exotherms from 300C to 500C and a weak exotherm
at about 700°C, except for a broad endotherm with a
weight loss of 16% below 200C attributed to
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Fig.2 XRD patterns of the mammoth dentin, after 300C,
500, 700C, 900C and 1,100C heating, from bottom

to top, respectively.

Each pattern was shifted in order to make it legible.

dehydration (Fig.1). The weight loss was about 21
wt% from 200T to 400C, 11 wt% from 400C to
600C, 1 wt% from 600C to 800C, and less than
0.2 wt% from 800C to 1200C (Table 1).

The XRD patterns at 300C, 500TC, 700C, 900C
and 1,100C are shown in Fig. 2. The other XRD
patterns were a transition pattern between both
ends. At 300T or below, the XRD pattern was a low
crystalline apatite, typical of biological apatites. At

400C and above, the broad peak maximum shifted
to the lower angles located among peaks of apatite
and tricalcium phosphate. Above 700T, a crystalline
B-tricalcium phosphate phase, B—~TCP, occurred in
stead of apatite. Above 800C, B~TCP was the only
crystalline phase and the calculated unit cell
dimensions were a=10.359 Aand ¢ =37.21 A, at the
middle point of values for calcium phosphate and
calcium—-magnesium phosphate (Table 2).
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Table 1 Results of TG, XRD, FTIR and colors after the heating treatments *

TG XRD FTIR
Wt
Sample Color loss % HA Intm TCP Organic Inorganic
in TG
b Natural = Low XL - - + + Ap
100 C Natural Low XL - - + + Ap
200C  Natural 16 Low XL - - Start Ap
decay
300 TC Natural Low XL — - Decaying Ap
400 C Natural 21 Low XL - - Weaken & Ap
broaden
500 C Sooty gray Low XL - Intm
600 C Brownish 11 - Low XL - Intm
700 C Brownish — — Low XL TCP
800 C White 1 — - XL TCP
900 C White = - XL TCP
1,000 C White < 0.2 = - XL TCP
1,100 C White - - XL TCP
1,200 C White < 0.1 - - XL TCP

* Low XL :low crystalline, XL : well crystalline, Ap : apatite, Intm : intermediate, TCP : B-tricalcium

phosphate.

Heating treatment was carried out using a
RIGAKU laser—furnace thermogravimetric— diffe-
rential thermal analyzer, TG-DTA. The samples
were heated to the set—up temperatures, 100C
interval between 100C and 1,100C, with an ascen-
ding rate of 5C /min in a static atmosphere. The
heating was quickly stopped when the sample
reached the set—up temperature and rapidly cooled
to room temperature using an air blow system.

X-ray diffraction (XRD) data was obtained by a
RIGAKU-PSPC, position—sensitive —proportional —
counter micro—XRD system under the following
conditions . X -ray generator :
target, accelerating voltage . 50kV, current : 300

rotary type Cu

mA, X-ray beam collimeter : 30 um, sample
position . 10 degree to the incident beam, sample
movement . rotation at 30 degree/sec around the
sample holder ¢—axis and rocking at 10 degree/sec
around the sample holder y—axis, counting time . 15
min. Diffraction patterns from three points in the
heated and unheated tusk dentin plates were
obtained and averaged. The diffraction patterns

were analyzed by JADE software.

FTIR was carried out using a HORIBA FT-530
micro— FTIR under the following conditions -
detector : 16 x MCT with LN, cooling, measuring
area . 10um % 10—50um depending on the sample
condition, resolution : 4cm, scanning . 20 cycles,
gain . auto, function . H-G. The obtained raw
reflection spectrum was transformed into pseudo—
transferred absorption pattern by the K—K function.

Results

Table 1 lists the color change of the heated tusk
dentin. Below 400C, the tusk dentin showed no
color change and a natural white color. Above 500C
the color changed to sooty gray. Above 700C the
color faded to brownish, and then above 900C the
color became white again.

The TG-DTA curve showed coupled strong
exotherms from 300C to 500C and a weak exotherm
at about 700C, except for a broad endotherm with a
weight loss of 16% below 200C attributed to



85

000F 1000 — 1100
DTG 1 100.0
_ooz| 000 800
=
_ 1000 ¢ 600 =
2 ~004| & £
e 2000 400 =
g 0.06 g 5
a —0lor =
~3000 204
| 0.0
—0081 4000t
1—20.0
-010" —50.00 . : ; '—300
0.0 200.0 400.0 600.0 800.0 900.0
Temperature/C +00
Fig.1 TG-DTA curves of the mammoth dentin
4000
3500
3000
3 1100°C
é 2500
S
g 20004 800G
= 150 700°C
1000 500°C
500 300°C
0
20 25 30 35 40 45 50 55 60
20 (degree)

Fig.2 XRD patterns of the mammoth dentin, after 300C,
500C, 700C, 900C and 1,100C heating, from bottom

to top, respectively.

Each pattern was shifted in order to make it legible.

dehydration (Fig. 1). The weight loss was about 21
wt% from 200C to 400C, 11 wt% from 400C to
600C, 1 wt% from 600C to 800C, and less than
0.2 wt% from 800C to 1200C (Table 1).

The XRD patterns at 300C, 500C, 700C, 900C
and 1,100C are shown in Fig. 2. The other XRD
patterns were a transition pattern between both
ends. At 300C or below, the XRD pattern was a low
crystalline apatite, typical of biological apatites. At

400C and above, the broad peak maximum shifted
to the lower angles located among peaks of apatite
and tricalcium phosphate. Above 700, a crystalline
B—tricalcium phosphate phase, B~TCP, occurred in
stead of apatite. Above 800C, B—TCP was the only
crystalline phase and the calculated unit cell
dimensions were a=10.359 Aand ¢=3721 A, at the
middle point of values for calcium phosphate and
calcium—magnesium phosphate (Table 2).
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Table 2 Unit cell dimensions of the heat—producted TCP

PDF]B)
card no.
Whitlockite (syn) Cas (PO4): 10.4290 37.3800 9-169
; After Heated at 10.359 37.21
Mammath dentin 1,200 C (0.004) * (0.01)
Ca—Mg—Phosphate CazaiMgoas (PO 10.3370 37.0680 70-682

* Figures in the parenthesis are the estimated standard deviations calculated by JADE

software.
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Fig. 3 FTIR spectra of the mammoth dentin, before the
heating and after heating at 500°C and 1,200C, from hottom to
top, respectively. A . Absorption due to amid, B : Absorption
due to phosphate ions. The absorption at 964 c¢m™ in the
unheated sample was attributed to v1 of hydroxyapatite
(ref). Each pattern was shifted in order to make it legible.

Figure 3 shows the results of the FTIR study.
These showed a correlation to a the organic and
inorganic changes during heating, i.e., the organic
compounds started to decay after 300C, and
completely combusted after 500C , which was the
temperature of the intermediate phase in the
exchange to apatite (Table1).

Discussion

The TG-DTA curve showed a large exotherm
from 300C to 500°C and a weak exotherm at about
700C corresponding to weight losses. The former
exotherm was assumed to be due to combustion of

dentin organic matrix®'?, but the direct evidence

had not been shown before. In this study TG-DTA
analysis was coupled with FTIR and it was clearly
shown that the absorption bands assigned to the
organic composition diminished in the temperature
range of 200C to 600C in accordance with the TG~
DTA data. An organic content of about 32% in the
mammoth dentin was comparable to the earlier
report” and apparently larger than the value of
about 20% for humans'. The reason for the high
content of organic materials in mammoth tusk was
not shown here, but it might be related to the size of
tooth, because of the fact that the larger the tooth
the higher the organic content™”.



Based on the XRD and FTIR data, the weak
exotherm at about 700C indicated the crystalline
phase transformation to crystalline j—TCP. This is
harmony with the result of Lim and Liboff®, who
analyzed human dentin using a thermogravimeter,
and concluded that between 700C and 800C apatite
transformed into B—TCP.

In this study the apparent peak—shift found in the
XRD pattern, and the broadened absorption in FTIR
after 600C and 700C were attributed to the
intermediate phase of the transformation from low
crystalline apatite to the crystalline Bp—TCP. It has
not been reported that the apatite crystal structure
makes a solid—solution with tricalcium phosphate
structure, while the apatite structure has the
potential to include a wide wvariety of ionic
substitutions"*”. The properties of the intermediate
phase remained unclear and should be studied
because the phase may play an important role in
inorganic phase transformation.

This study highlighted a relation between organic
combustion and the of the
crystalline phase. Collagen in dentin is tightly
bonded to apatite as shown by Sakae, ef a/."”. They
demonstrated the change in thermal behavior of
collagen in mineralized and chemically de -
mineralized dentin. In this study, FTIR results

transformations

showed a crystalline phase transformation occurred
with the diminishment of organic components,
mainly collagen, by heating. This phenomenon is
explained by the close relationship between the
organic and inorganic components in dentin.

B—TCP in this study showed unit cell dimensions
at the middle point of the wvalues for calcium
phosphate and calcium—magnesium phosphate. The
unit cell dimensions usually reflect the chemical
composition and ionic substitutions in a linear
relationship®”’, and therefore the roughly assumed
chemical composition for the heat—producted B-—
TCP was CazaMgow (POs)» according to the estima-
tion calculation known as Vegard's law' i.e. the unit
cell dimensions correlate to the ratio of compositions
which share the same atomic positions. For
example, the a—axis dimension of the (Ca, Mg) s (PO.)
was written as a=a(Ca; (PO,)2) - £(Cas (POL),) +a
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(Mg;(POy)s) - f(Mg;(PO,)s), where f is the fraction
of the component.

The high concentration of Mg in the dentin might
explain the rapid apatite diminishment by heating,
unlike in human and bovine dentin, where the
apatite phase remains after heating to 1,000C and
higher®*. In the comparative study of some animal
dentin™”, there was a relationship between the
magnesium content and the amount of the heat-
product whitlockite. These studies showed that
Probosidean dentin had a relatively large amount of
magnesium, and that the formation of whitlockite in
these dentin was at a lower temperature and had a
larger volume after heating. These studies indicated
that magnesium in dentin was a key trigger
material that accelerates the thermal decomposition
and transformation of dentin apatite into whitlo-
ckite.
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Introduction

Abstract

Pathological calcification is included in disorders such as arteriosclerosis,
circulatory failure of the heart valves, and renal failure and many studies have
been performed to elucidate the development mechanism of pathological
calcification, In this study. it has been carried out the observation of pathological
calcification using simulated body fluid (SBF) under biomimetic approach. The
aim of this study was to understand the mechanism of calcification in biological
tissues. The porcine heart, aortic valve and small intestine were used in this
study. The solutions for this study were prepared to suspend those specimens
such us SBF pH 7.4, pH 5.0, supplemented with Mg, supplemented with CO:s,
porcine serum (PS) and saline solution. The specimens were suspended and
were kept at 37 °C in an incubator. After 7 and 14 days, they were analyzed
using scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscope detector (EDS). The deposits that had crystal-like structure were
observed in SEM from those specimens afier 7 duys, and some of them showed
high peak of calcium and phosphte by EDS. They were roughly classified into
five types based on the shape. This study suggested that calcified deposits on
biological tissue in vitre in this biomimetic approach were affected with
physicochemical factors such as Mg, COs and pH. This biomimetic approach
would contribute to understand the mechanism of pathological calcification.
Moreover, it showed that calcified deposit could be formed in virro without cell
involvement in the solution.

of calcium phosphate crystal and chemical analyses of

Vascular calcification is considered to be associated with
disorders such as atherosclerosis, circulatory failure of the
heart valves and renal failure. and many studies have been
performed to elucidate the development mechanism of
pathological calcification. The mechanism of calcification
is basically considered to be active and passive processes.
Anderson suggested mineral phase in initiation of pathologic
calcification in association with the action of cellular
membrane (1). On the other hand, Schinke er al. (2) reported
a passive process, in which was supported that
physicochemical factor was regarded to play important role
to calcification (3). There have been a variety of
morphological and physicochemical studies in the
calcification and calcified deposition in advanced
arteriosclerosis (4), dental (5) and salivary calculus (6),
cardiovascular calcified deposition (7), and vascular
calcification in chronic renal failure (8) has been reported.

Vascular calcification is considered to be mostly consisted

calcified deposits are important clues for investigation of
the details of the cause of vascular calcification (7-12).
Although earlier calcified deposition mechanism has not
yet been clarified, it is considered that nuclear formation
and its chemical synthesis have great influence on the
formation of calcified deposits in most cases. and the
formation progresses through the derivation and growth of
precursors of the constituents (10). The initial step of vascular
calcification is considered to start with formation of one or
more unstable apatite precursors, amorphous calcium
phosphate, or octacalcium phosphate (3. 13).

Analyses of morphology and the chemical components
of the crystals and deposits by scanning electron microscope
(SEM) and energy dispersive X-ray spectroscope detector
(EDS) may be important clues for investigation of
characteristic crystals and deposits (5-7). Using these
instruments, crystallographic investigation of the
morphology and chemical components of calcification have

23



Int J Oral-Med Sci 2(1):23-32, 2004

been carried out on dental calculus by Sakae er al. (5) and
human salivary calculus by Mishima et al. (6). To
demonstrate the findings of these in vivo morphological
studies, many experimental pathological studies using in
vitro vascular calcification models have been performed (9,
14).

Biomimetics means imitation of the body (nature), and
is a new concept that has been introduced (15, 16). Examples
include ceramics and implant coating agents under
conditions imitating the biologicual environment using
simulated body fluid. This simulated body fluid was
developed and standardized by Kokubo et al. (17) and has
frequently been used in the last decade in biomimetic
approach to measure the affinity of biomaterials by
observing the formation of bone-like apatite on the surface
of the biomaterial as an indicator of the biocompatibility of
the biomaterial. Since no biomimetic study has been reported
with biological tissue such s the porcine heart, aortic heart
valve and small intestine previously, the author performed
this experimental pathological investigation of vascular
calcification in vitro using biomimetic approach.

Materials and Methods
Biological samples

The porcine aortic valve, heart. and small intestine were
purchased from a slaughterhouse in New York, USA. The
total of three porcinis was used to this study. Four specimens

were cut from one porcine. Each two specimens were cut
from the rest two porcines, respectively. Eight specimens
were totally used in this study. The specimens were rinsed
well with saline solution. and the heart was cut into lem
square pieces, and the aortic valve and small intestine were
cut into 5 mm circular slices.

Suspension solutions

To suspend the tissues, three types of solution, simulated
body fluid (SBF), porcine serum (PS), and saline solution
as a control. were prepared. The ion concentrations in SBF
are shown in Table 1 (17). These solutions were further

 classified. As SBF. solutions at pH 7.4 and 5.0 and solutions

with 10% weight increased magnesium and carbonate
designated as SBF with Mg and SBF with CO: were
prepared for observation of morphological changes. As for
PS, solutions at pH 7.4 and 5.0 were prepared. A total of
seven types of solution for suspension shown below were
prepared.

(1)SBFpH 74

(2) SBFpH 5.0

(3) SBF with Mg (pH 7.4)

{(4) SBF with CO; (pH 7.4)

(5)PSpH 7.4

(6) PS pH 5.0

(7) Control (saline solution)

Table 1. Composition of simulated body fluid (SBF)

Solutions
Reagents
SBF SBF with Mg SBF with COs
MgClL-6H-0  0.3048 g¢/500ml 0.3088 g/ 500 m!  0.3048 g/ 500 ml
CaCl: 0.2774 0.2774 0.2774
Nua2S0: 0.0710 0.0710 0.0710
NaHCO:s 0.1890f 0.1890 0.1890
K2HPO,-H:0O 0.1922 0.1922 0.1922
NaCl 8.0063 8.0063 8.0063
KCl 0.2236 0.2236 0.2236
pH 74. 5.0 74 7.4

SBF pH3.0 was adjusted with 0.1M HCI. The ion conceniration (imM) of SBF:
N, 142.0: K-, 5.0; Mg¥, 1.5: Ca’™, 2.5, Cl', 148.5: HCO;' . 4 2: HPO+ . 1.0:

SO= .05
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Suspension experiment

The three types of tissue were suspended in the seven
types of solution in an incubator at 37°C, cach solution was
changed every day during the suspension with ().2% thymol
solution. This solution was added to avoid getting bacteria.
The surfaces were observed on days 7 and 14 using SEM
and EDS.

SEM analysis

The SEM used for observation of the morphology and
size of surface deposits was a JEOL JSM 340X, Tokyo. Japan
with an accelerating voltage of 20kV and working distance
of 15mm. The suspended materials were transferred to
fixative. The fixative solution was prepared as follows: 17.6
ml of | M sodium monophosphate (pH 8.9) and 60.8 ml of
0.2 M potassium monophosphate (pH 4.4) were mixed. Tt
was adjusted to pH 7.4 using 0.1M HCI. 50 ml of this
mixture, 12 m! of 0.75 M glutaraldehyde solution and 38
ml of distilled water were combined. and used as the fixative
solution.

The materials were suspended in 10 ml of the fixative
solution for 5 minutes. Then, the fixative solution was
changed to the new fixative solution. and the materials were
kept at room temperature for onc hour. After one hour, the
fixative solution was removed, and the materials were
sequentially dehydrated in 10 ml of 70, 80, 90, and 100%
ethanol for 20 minutes each. The materials were completely

dried using a critical point drying apparatus (Enton Accum.
Inc.), and coated with carbon.

EDS analysis

EDS (Evex microanalysis MODEL 500) connected to a
SEM was used to investigate the components of the deposits
in the following condition: X-title angle, 40 ° : counting
time about 300 scconds. About 10 points were analyzed on
each specimen.

Results
Morphological observation under SEM

Table 2 represents the amount (number) of deposits having
crystal-like structure on the surface of the tissues. The deposit
was compared with the smooth surface in the specimen from
the control. Deposits were noted in all tissues. The amount
of deposits was high in the samples treated with SBF with
Mg and SBF with COs.

Results of EDS analyvses

EDS analyzed the components of the deposits observed
by SEM. The results are shown in Table 3. In Table 3, the
deposits are classified based on the presence or absence of
the major calcification component, calcium and phosphate.
The deposits observed by SEM were divided into calcified
deposits associated with calcitication and deposits unrelated
to calcification,

Table 2. Amount of the deposits on surface

Solution
Sample
SBF SBIE SBF  SBFwith  PS PS Control
pH74 pHS50 withMg CO:  pH74 pH35.0 (Saline solution)
Heart ++ ++ +++ ++ + + +
Aortic valve  ++ ++ +++ +++ + + +
Intestine + + +++ +++ + + +

+: represents the presence of a lew deposits on the surtace

++: represents more deposits than +

+++: represents many deposits covering up the surface in some regions
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Table 3. Existence of calcium phosphate in the deposits

Solution
Sample
SBF SBF SBF SBF PS PS Control
pH74  pH50 withMg withCO: pH74  pHS.0 (Saline solution)
Heart O O O O @) X X
Aorticvalve O O C O O X X
Intestine O O C @ X X X

C : represents calcium phosphate in the deposit

X :represents no calcium phosphate in the deposit

Classification by morphology and tissues

Calcified deposits with various morphological features
were noted on the surfaces of the samples treated with the
various solutions by SEM and EDS (Tables 2 and 3)
confirmed these calcified deposits to mainly contain calcium
and phosphate.

The calcified deposits were roughly classified into five
types, A, M, P, R and N based on the shape. The tive types
had the following morphological characteristics such as
shape and size under SEM. Amorphous shape type (A):
deposits had irregular shapes formed with round and sharp
lines and covered up a part of the surface. Most of the surface
looked smooth at high magnification (Figs. 1, 2). Massive
shape type (M): deposits had small and large granular to
massive shapes. these showed rough at high magnification
(Fig. 3). Plate shape type (P): deposits appeared flat on the
surface, the surface showed basically smooth at high
magnification (Fig. 4). Round shape type (R): several
individual spherical deposits were present on the smooth
surface (Fig. 5). Non-specific shape type (N): deposits had
shapes difficult to be classified into the above types and
deposits with mixed types of shape. (Figs. 6-8)

The distributions of the above types in the solutions and
tissues are shown in Table 4. The results of the EDS are
shown in Fig. 9, 10. SEM findings of calcified deposits
demonstrated to contain calcium phosphate by EDS are
shown below (Table 3). The peak of EDS in this study
showed varieties pattern to each specimen.

Resudts of the experiment using SBF pH 7.4
A and M types were formed in the aortic valve. M type

26

deposits were far dominant in quantity than A type. The
shape and location varied among the M 1ype deposits. and
the deposits consisted of small and large various shapes. A
and M types were also observed in the heart. and the M
type deposits were predominantly Jarger than the A type
deposits. The size of deposits was slightly different between
the deposits in the aortic valve and heart, and the deposits
were slightly larger in the aortic valve than in the heart. In
the small intestine, only M type was noted, and various large
and small shapes formed with curves and uneven lines were
observed. Deposits in the small intestine were fewer than
that in the aortic valve and heart by SEM.

Results of the experiment using SBF pH 5.0

A, M and N types were formed in the aortic valve. The
morphology of the N type deposits in the aortic valve was
specific o this solution. A and M types were formed in the
heart, and there werc more diminutive granular M type
calcified deposits over the surface than A type. In the small
intestine, A. M and N types were observed as in the aortic
valve, and the deposits had similar morphology, but no
identical morphology was noted.

Results of the experiment using SBF with Mg

Inn the experiment using SBF with Mg, various types were
observed in all tissues compared to the other solutions. A
and M types were formed in the aortic valve, and P type
was additionally seen in the heart. Moreover, various
deposits of all types, A, M, P, R, and N types, were formed
in the small intestine.
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Mag:1000 kv:20 WD:16

Fig. 2. A type: The surface is rough and irregular from SBF with CO3
in an aortic valve sample.

Fig. I. A type: The deposits contain many layers of calcium phosphate
from SBF with Mg in an intestinal sample.

Fig. 3. M type: The deposit is composed of many small granulates on  Fig. 4. Ptype: A part of the deposit with flat shape from SBF with Mg
the smooth surface from SBF with Mg in an aortic valve sumple. in an aortic valve sample.

Mag:3500 kV:20 WD:20 T um

Fig. 5. R type: Several spherical deposits on the surface from SBF with  Fig. 6. N type: Combination of massive and plate deposils {rom SBF
Mg in an intestinal sample. with CO3 in an intestinal sample.
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Fig. 7. N type: Several rod deposits on the surface from SBF pH3.0 in
an aortic valve sample.
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Fig. 9. EDS shows calcium phosphate from SBF with CO» in a heart
sample.

Results of the experiment using SBF with CO.

A, M., N, and P types were observed in the aortic valve.
Surface calcified deposits were slightly increased on day
14 compared to those on day 7. In the heart. only M type
was noted with various sizes. The outward appearance of
the deposits was slightly more round on day 14 than on day
7. In the small intestine, the calcified deposits covering up
the surface consisted of M and N types: with various shapes
such as irregular rods shape, droplet shape. and round shape.

Resulis of the experiment using PS pH 7.4

A and M types were formed in the aortic valve, and the
surface was widely covered with A type deposits with
unclear outward appearance. M and N types were noted in
the heart. and these calcified deposits were far fewer than
those formed in the other solutions. Some M type calcified

.:' (\.

Fig. 8. Niype: The deposit is composed of different types of shape,
such as rod and granulates from SBF pH5.0 in an intestinal sample.
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Fig. 10. EDS shows calcium phosphate from SBF pH7.4 in an aortic
valve sample.

deposits had characteristic morphology, diminutive granular
deposits on the surface in large clusters. In the small intestine,
EDS did not detect materials appearing calcium phosphate
as SEM observed deposits.

Results of experiment using PS pH 5.0

Although surface deposits were noted under a SEM in all
tissue samples, EDS did not demonstrate the presence of
calcium phosphate.

Results of experiment using control

The surface was basically smooth in the samples treated
with the control, however, a very low amount of calcium
phosphate was detected with many chemical substances only

in one deposit in the aortic valve.
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Table 4. Classification of the crystal types based on the shape

Solution
Sample
SBF SBF SBF SBF PS PS Control
pH7.4  pH30  withMg withCO: pH74 pHS.0 (Saline solution)
Heart M.A M.A M.AP M A - -
Aortic valve  MLA M.AN M.A MAP AM - -
Intestine M MA  MANPR M - - -

SBF: simulated body fluid solution, PS: porcine serum,
Type of crystal shape: A: amorphous type, M: massive type, P: plate shape type R: round shupe

type, N: non-specific type,

Discussion

Calcification in arteriosclerosis. artificial heart valves,
salivary calculus, and dental calculus has been investigated
by SEM. Fourier transtorm infrared spectroscope detector.
X-ray diffraction, and crystal imaging analysis using EDS.
and the major chemical component have been determind
to be calcium phosphate (3. 3-8, 18, 19). Some deposis
onthe surfaces ol the tissues observed by SEM were
demonstrated to be calcified deposits containing calcium
phosphate (Figs. 1-8). The distribution of calcified deposits
in the solutions and tissues shown in Table 4. In the control,
some deposits on the surfaces observed by SEM. However
some surfaces had deposits that did not contain calcium
and phosphate with EDS.

Calcium phosphate was detected with EDS, infrequently
with other chemical components. EDS result showed the
diminutive amount of calcium phosphate in the above
deposit and its presence with other chemical components:
usually calcium phosphate was detected alone or with a few
other components as shown in Figs. 9 and 10. and it was
suggested that calcium phosphate adhered or was formed
due by some reasons. LeGeros (3) reported that presence of
mixed calcium phosphate indicated changing condition of
pH and composition in the biclogical fluid, which were
normally supersaturated with respect o apatite. In this study,
SBF was the biological fluid. In biological systems, apatite
which forms is mainly carbenate apatite (CHA). CHA can
readily precipitate when the supersaturation of the biological
fuid in the microenvironment is exceeded. One of the means

of exceeding supersaturation leading to the precipitation
of CHA is the release of calcium ions into the
microenvironment resulting from cell death(20). Thus, cell
death from biological tissues in the present study could be
nucleation for the calcified deposit. This finding supported
the initiation of the pathological calcilication.

The morphology of the calcified deposits was significantly
different among the samples treated with the various
solutions. Regarding the difference between the deposits
formed in SBF and PS, as clarified by classification shown
in Table 4, various types of calcified deposits were formed
in SBF., while only a few types were formed in PS pH7.4.
This difference was obvious on the morphological
observation by SEM.

At a low magnification, many deposits were noted in the
samples treated with SBE, however, and fewer deposits were
observed in the samples treated with PS. The major
difference in the composition between SBF and PS is that
PS contains protein. Although protein is a component of
calcitication (19), serum may contain not only components
that promote calcification but also components that inhibit
calcification. As for differences due to pH, no major
difference was observed in the morphological types shown
in Table 4, but deposits formed in PS pH 7.4 and PS pH 5.0
were obviously different. In PS pH 5.0, the deposits were
present on the tissue surface. but they did not contain calcium
phosphate. suggesting that acidic environment is not
appropriate for calcification. Although no major
morphological difference was noted in the regions of
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calcified deposition among the SBF, the detection rate of
calcium phosphate by EDS was higher in PS pH 7.4 than in
PS pH 5.0: calcium phosphate was detected in most deposits
formed in PS pH 7.4. Therefore, pH of the solution may be
involved in the amount (rate) of calcium phosphate
production.

Major differences were observed in the deposits formed
in modified SBF, SBF with Mg and SBF with CO:.
Regarding the morphological types. as shown in Table 2, a
variety of morphology was observed in the deposits formed
in SBF with Mg. Similar results were obtained in the
experiment using SBF with CO;. particularly in the aortic
valve. Okazaki ez «/. (21) investigated the influences of
physicochemical factors on the morphology of calcified
deposits. particularly on calcium phosphate, and suggested
that addition of magnesium and carbonate changed the size
and shape of calcium phosphate (3. 8). The findings of this
study might have resulted from changes of type of the
solution such as adding with Mg and CO:x.

There was no marked morphological difference among
the calcified deposits in the aortic valve. heart. and small
intestine in the classification shown in Table 4, suggesting
that calcified deposition may occur in all organs in the
experiments using SBF. The presence of bone-like apatite
containing calcium phosphate has been demonstrated in
studies of compatibility of biomaterials by keeping
biomaterials in SBF (13, 22). but there has been no study
using biological tissues. The size of individual deposits was
greater in the aortic valve than in the other two organs. EDS
detected a difference in the small intestine.

The calcified deposit which reviewed by EDS and SEM
from this study will be useful to explain the mechanism of
vascular calcification due to type of the solution and pH.
Whether the mechanism of calcification is active or passive,
it is still unclear. However. this study with biomimetic
approach supported the passive process. LeGeros (23)
reported that calcium phosphate, dicalcium phosphate
dihydrate crystal (DCPD) was induced from the gel system.
The shape of DCPD revealed spherical shape and was seen
to form on the top of the layer in the solution. Their shape
was similar to M type shape in this study. Therefore, the
calcified deposit in this study was composed of calcium
phosphate crystal.

The mechanism of calcification, especially vascular

10

calcification is regarded to be “active or pussive process”
(24, 25). Proudfoot ef al. (24) and Tintut er al. (26) supported
active process through cell-mediated process. However,
some studies reported that vascular calcification could be
derived from physicochemical principles (3, 18). In this
study, the physicochemical factors such as magnesium,
carbonate und pH were used to induce calcified deposit.
They were observed to have different type of shapes in the
morphology with SEM and EDS. These results suggest that
physicachemical factor would act 1o induce or change the
morphology of calcified deposit without the involvement
of cell. Therefore, the present study was identified as one of
the passive process in pathological calcification.

Conclusion

Calcified deposits with various morphological features
formed in biological tissues were obtained in an in vitro
biomimetic approach. The morphology of the calcified
deposits was affected by the physicochemical factors of type
of the solution and pH.

This study suggested that the formaution of calcified
deposit might be involved to crystal-like structure, and this
would be useful to know the characterization of calcified
deposit through their growth. Since the morphology varied
among the tissues, tissue specificity might be related. The
above findings clarified that calcified deposition in the
tissues in virro was due to interaction between the type of
the solution and tissue, and suggested the possibility of
calcification without involvement of cells, which was
intermediate between (wo calcification mechanisms, active
and passive processes. These findings support the passive
development mechanism, and may lead to elucidation of
the causes of pathological calcification in arteriosclerosis,
artificial heart valves. renal failure and salivary calculus.

The findings also demonstrated the usefulness of
experiments using biomimetic approach. This approach
could be possible to form the crvstal-like structure that
contained calcium phosphate at 7 days. This study developed
the vascular calcification model in virro with biological
tissues such as the porcine heart, aortic valve and small
intestine using biomimetic approach. Therefore. the results
suggested that this study provided the evidence of the
induction of calcified deposits without involvement of cells.
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sUMMARY The aim of the present study was to
study the mineral formation on a phosphorylated
dental
inductive

bonding agent using a mineralization
Clearfil Photobond, which
contained phosphate monomer, was cured by
photo-irradiation and heat treated, and was then
immersed in Hanks” balanced salt solution (HBSS)
with pH = 74 for 1, 3, 5, 7, 14, and 28 days at 37 °C.
The white substances were deposited on the phos-
phorylated polymer, i.e. cured Photobond disk,
after the immersion in HBSS. The white substances
become visible after 3 days immersion. After 7 days

solution.

immersion, surface of the phosphorylated polymer
disk was almost covered with white substance
layers. The measurement of white substances by
Fourier-transform

means of X-ray diffraction,

infrared and electron probe microanalysis revealed
that their main component was carbonate-contain-
ing hydroxyapatite. Scanning electron microscopy
pictures showed that a large number of globules of
hydroxyapatite were fused together, and that each
globule was composed of a group of numerous
thin-film form flakes uniting and/or clustering
together. The results obtained in this study conclu-
ded that the presence of phosphonic acid and
phosphate group of phosphorylated dental bonding
agent enhanced the nucleation and growth of
hydroxyapatite crystals on its surface.

KEYWORDS: calcium phosphate, electrolyte solution,
phosphorylated dental
cryloxydecyl

bonding agent, metha-

hydrogen phosphate, carbonate

apatite, remineralization

Introduction

Adhesive dental resins are widely used in dental
clinics. They showed superior adhesiveness to tooth,
metals and porcelains, etc. Most dental bonding agents
contain carboxylic acid
monomers for improving their adhesiveness to tooth
substrate (1, 2).

The polymers with phosphate (P) groups are expec-
ted to bind calcium (Ca) ions under physiological

or phosphoric acid ester

conditions. It has been reported that the apatite is
deposited on polyethylene and polyethyleneterephtha-
late films when they have been grafted with a
P-containing polymer and soaked in a solution satu-
rated with Ca and P ions (3-5). The polymer surface
grafted with methacrylate phosphate monomer could

© 2004 Blackwell Publishing Ltd

induce hydroxyapatite (HA) deposition under a phy-
siological condition to produce a thin HA layer onto the
substrate. An organophosphate polymer becomes
chemically bound onto a polymer film by surface graft
polymerization of P-containing monomer, because the
P group is one of the building blocks of HA and, in
addition, should have a high affinity toward Ca ions.
Mucaro et al. (6), Yokogawa et al. (7) and Varma et al.
(8) reported that cotton, chitin fibres or chitosan film
form calcium phosphate on their surface in solutions
with ion concentrations 1-5 times those of simulated
body fluid when they have been phosphorylated and
subsequently soaked in saturated calcium hydroxide
solution. The P groups of phosphoric ester monomers in
dental bonding agents will be exposed on the surface

alter the curing of dental bonding agents.
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On the basis of the above reports, it is expected that
dental bonding agents containing phosphoric acid ester
will induce a calcium phosphate layer on the cured
bonding agents by the immersion in a simulated
physiological solution. If dental polymers with P groups
form a calcium phosphate layer on the materials in vivo,
they could be useful as remineralization induction
materials in dental clinics, for example, new types of
direct pulp capping materials, or hyper-desensitizer
reagents.

To our knowledge, there has been no previous
reports on the calcium phosphate induction on the
phosphorylated dental resins after the immersion in a
electrolyte solution.

In the present study, we selected a commercially
available dental bonding agent which contained phos-
phoric acid ester monomer as a phosphorylated poly-
mer, and studied mineral induction behaviour using a
mineralization inductive solution on this materials
in vitro as a first series of immersion experiments. The
composition and properties of deposited calcium phos-
phate on the dental bonding agent were investigated
after immersion in electrolyte solution.

Materials and methods

As a phosphorylated dental bonding agent, Clearfil
Photobond®* was used. Clearfil Photobond contains
Bis-GMA, triethyleneglycol dimethacrylate, and meth-
acryloxydecyl hydrogen phosphate (MDP) (9). The
structure of MDP is shown in Fig. 1. Methacryloxydecyl
hydrogen phosphate has a phosphonic acid moiety,
P-OH, P=0 and phosphate moiety, P-O-C. A tape with
a hole measuring 80 mm in diameter and 1 mm
thickness was placed on the Teflon mould. After mixing
the universal and catalyst liquid of Clearfil Photobond,
the mixture was applied inside the hole of the adhered
tape. The bonding agent was cured by 60 s photo-
irradiation using e-Light I and heat-cured at 50 °C for
2 h, then at 100 °C for 30 min. The surface of cured
bonding agent was polished using no. 1500-water proof
paper under running water in order to remove the
residual monomers on the surface of bonding agent.
The cured Photobond disk was used as a phosphoryl-
ated polymer disk.

*Kuraray Co. Ltd, Osaka, Japan.
tJ.Morita, Tokyo, Japan.,

CHs O
| |
CH:z =C—(.|7|—O-(CH2)10 -O—ET’-OH
0] OH

Fig. 1. Structure ol methacryloxydecyl hydrogen phosphate
(MDP).

Table 1. lon concentrations in a Hank’s balanced salt solution
without organic species

Ion Concentration (mmol L ')
Na* 142

K* 5-81

Mg* 0-811

Ca** 1:26

Cl 145

HPo3~ 0778

So;3” 0-811

HCoj 417

The cured Photobond disks were then immersed in
30 mL electrolyte solution with pH = 7-4 at 37 °C for 1,
3, 5, 7, 14 and 28 days in secaled polystyrene bottles.
The solution with pH 7-4 was Hanks balanced salt
solution (HBSS) without organic species, which was
proposed by Hanawa (10) and Hanawa and Ota (11).
The ion concentrations of HBSS are summarized in
Table 1. The solutions and bottle were exchanged every
day to expose the specimens to fresh solutions. Imme-
diately after immersion, the specimens were again
washed by deionized water to remove electrolytes that
they did not take up. The specimens were then
immediately dried in a desiccator.

The crystallographic structure ol products of the
immersion experiment at 7 days was analysed by
means of thin-film X-ray diffraction* (XRD, thin-film
attachment) utilizing CuKa-radiation, 50 kV, 250 mA.
The surface of cured Photobond disk before immersion
were also by Fourier-transform infrared
(FT-IR)S spectrometer in reflection method. The
immersion products at 7 days were removed Ifrom
polymer disk, and their FT-IR spectrum was measured
in KBr method. Preliminary experiments showed that it
was very difficult to distinguish the peaks derived from

analysed

*Rigaku, RINT 2000, Tokyo.
SHoriba, FT-210, Tokyo.
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MDP and calcium phosphate when the immersed
samples were measured by reflection method. Analyses
were carried out at a constant resolution of 4 cm™".
The components and Ca and P contents of immersion
products were analysed by electron probe microanalysis
(EPMA)! at an accelerating voltage of 25 kV. The
specimens were coated by carbon before the EPMA
measurement. The measured area was 50 x 50 um. The
intensities of Ca-Kao and P-Ka were measured at 1, 3, 5,
7, 14 and 28 days immersion. The Ca/P ratio was
obtained from the calculated value of Ca and P with ZAF
(Z: Atomic Number Effect,
F: Flourescence Excitation Effect) quantitative correc-

A: Absorption Effect,

tion. The morphology of the reaction products was
observed by Field-emission scanning electron micro-
scope (FE-SEM)** at an accelerating voltage ol 5 kV.
The specimens were coated with platinum belore
FE-SEM observation.

Results

The formation of white precipitates was observed on
the phosphorylated polymer disk, i.e. cured Photobond
disk, although no precipitation was observed in test
solutions or on the wall of the bottle used for immer-
sion during the experiments. The white precipitates on
the cured phosphorylated polymer disk become visible
after 3 days immersion in HBSS. After 7 days immer-
sion, surface of the phosphorylated polymer disk was
almost covered with white substance layers.

Figure 2 shows the XRD spectrum of white precipi-
tates on the phosphorylated polymer disk after 7 days
immersion. Major peaks in the spectrum could be
assigned as 002, 210, 211, 112, 202, 310, 113, 222, 213
and 004 of peaks of hydroxyapatite as shown in Fig. 1.
X-ray diffraction revealed that hydroxyapatite depos-
ited on the phosphorylated polymer disk.

The FT-IR spectrum of exposed surface of phosphor-
ylated polymer disk is shown in Fig. 3. The peaks
between 1000 and 1300 ecm™' could be assigned as P=0
and P-O-C stretching modes, and the peak around
2700 cm™" could be assigned as P-OH stretching mode
of organic phosphonic compounds. The broad peak
around 3500 cm™' was attributed as OH of P-OH.

Figure 4 shows the FT-IR spectrum of white precipi-
tates on the phosphorylated polymer disk after 7 days

THitachi, X-8010, Tokyo.
**JEQL, JSM-6340F, Tokyo.

© 2004 Blackwell Publishing Ltd, Journal of Oral Rehabilitation 31; 67-73
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Fig. 2. X-ray diflraction (XRD) spectrum ol white substance
formed on a cured phosphorylated polymer disk after 7 days
immersion in Hanks’ balanced solution (HBSS).
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Fig. 3. Fourier-transform infrared (FT-IR) spectrum of the surface
of cured phosphorylated polymer disk before immersion in Hanks’
balanced solution (HBSS).
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Fig. 4. Fourier-transform infrared (FT-IR) spectrum of white
substances formed on a cured phosphorylated polymer disk after
7 days immersion in Hanks’ balanced solution (HBSS).
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Immersion periods (day)

Table 2. Results of electron probe
microanalysis (EPMA) analysis of the

white substances after immersion in

1 3 5 7 14 28
Hanks’ balanced salt solution (HBSS)
Calcium (Ca) (cps) 33 (4) 371 (115) 682 (13) 723 (19) 892 (101) 927 (41)
Phosphate (P) (cps) 57 (9) 195 (48) 316 (3) 342 (11) 379 (19) 372 (11)
Ca/P 0-37 (0-01) 1-41 (0-02) 1-43 (0-05) 1-37 (0-03) 1-90 (0-09) 1:82 (0-08)

Values expressed in parenthesis are standard deviation.

immersion in HBSS. There are two clusters of peaks at
570 and 600 cm™', and at 1040 em™'.
cluster was assigned as P-O bending modes, and the
latter was assigned as P-O stretching mode. These are
attributed to the P-O bonds of inorganic calcium
phosphate materials. The peaks around 1635 and
3450 cm™! were assigned as hydroxyl group of a
hydroxyapatite. The peaks derived from carbonate
groups 870 and
1420 cm™’, indicating that this carbonate groups were
incorporated in the apatite structure.

The former

were also observed around

The component of white precipitates was analysed by
EPMA. Electron probe microanalysis revealed that the
components of white precipitates were Ca, P and O. The
intensities of Ca and P and Ca/P ratio of white
precipitates were listed in Table 2. The amounts of
Ca and P were increased according to the length of
immersion periods. After 3 days
amounts of Ca and P remarkably increased as shown
in Table 2. The slight increase of the amounts of Ca and
P was observed after 5, 7, 14 and 28 days immersion.

The Ca/P ratio of white substance was about 1-4 at
3, 5, 7 days immersion periods. After 14 and 28 days
immersion, the Ca/P ratio was raised to 1:90 and 1-82,
respectively.

Figure 5 showed FE-SEM pictures of the surface of
the phosphorylated polymer disk after the immersion in
HBSS. microscopic observation
revealed that there was no precipitate formation on
the Photobond polymer surface after 1 day immersion.
After 3 days immersion, the formation of precipitated
globules was observed. The globules were scattered on
the polymer surface. The number of globules was
increased at 5 days immersion, but the polymer surface

immersion, the

Scanning electron

was not completely covered with the globules. After
7 days immersion, the polymer surface was completely
covered with calcium phosphate globules. A large
number of globules was fused together, and smaller
globules were present on the top of fused globules. After
14 and 28 days, new globules were piled up on the

precipitated globules. There were no distinct differ-
ences in the appearances between 14 and 28 days
immersion.

Higher magnification FE-SEM observation of white
precipitates (Fig. 6) revealed that each globule was
composed ol a group of numerous thin-film form flakes
uniting and/or clustering together on the phosphoryl-
ated polymer disk. The size of flakes was between 100
and 200 nm after both 7 and 28 days immersion. This
type of crystal agglomeration was referred as card-
house structure.

Discussion

This study revealed that carbonate-containing hydroxy-
apatite was formed on the phosphorylated polymer
disk, i.e. cured Photobond disk, after the immersion of
HBSS.

The phosphoric ester monomer, MDP, was incorpor-
ated in phosphorylated polymer (9). Fourier-transform
infrared spectrum revealed that P-OH group of MDP
was existed on the exposed polymer surface after
curing. It is presumed that P-OH of MDP dissociates
into P-O” and H' in HBSS and that some dissociated
phosphate groups, P-O7, interact with Ca ions of HBSS.
It is also possible that Ca ions interact with partly
negative charged oxygen P=0 and P-O-C of MDP.
Subsequently, Ca ions were adsorbed onto the phos-
phorylated polymer disk. Afterwards, P ions of HBSS
interact with pre-adsorbed Ca ions and then are
adsorbed on the Ca pre-adsorbed surface. The P-OH
group, P=0 and P-O-C of MDP served as a template of a
spatial cage for nucleation and growth of calcium
phosphate. The calcium phosphate layer is probably
formed by repetition of this process.

The carbonate ions were incorporated into the
and
hydroxyapatite formed on the phosphorylated poly-
mer because of the rich amount of carbonate ions in
HBSS. Hanawa (10) and Hanawa and Ohta (11)

hydroxyapatite thus  carbonate-containing

© 2004 Blackwell Publishing Ltd, Jeurnal of Oral Rehabilitation 31; 67-73
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5.0 kY

Te@BiB SEI 5.8 kY  x1808 10 pm WD 6mm 5.0 kY x Bym WD Em

T 7

Fig. 5. Field-emission scanning electron microscope (FE-SEM) pictures of the surface of phosphorylated polymer disk after the immersion
in Hanks’ balanced salt solution (HBSS). (a) 1 day immersion in HBSS. Polished surface of the polymer was observed. There was no
precipitation {bar = 10 pm). (b) 3 days immersion in HBSS. The formation of precipitated globules was observed. The globules are
scattered on the phosphorylated polymer surface (bar = 10 pm). (c) 5 days immersion in HBSS. The number of globules were increased,
but the phosphorylated polymer surlace was not completely covered with calcium phosphate globules (bar = 10 pm). (d) 7 days
immersion in HBSS. The phosphorylated polymer surface was completely covered with calcium phosphate globules (bar = 10 pm).
(e) 14 days immersion in HBSS. The new globules were plied up on the precipitated globules (bar = 10 pm). (f) 28 days in immersion in
HBSS. The appearances were almost same as those of 14 days immersion sample (bar = 10 pm).

© 2004 Blackwell Publishing Ltd, Journal of Oral Rehabilitation 31; 67-73
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Fig. 6. Higher magnification ficld-emission scanning electron
microscope (FE-SEM} pictures of white precipitates on the
phosphorylated polymer disk after the immersion in Hanks’
balanced solution (HBSS) at 7 days (a) and at 28 days (b). Each
globule was composed of numerous thin-film form flakes uniting
and/or clustering together. The size ol flakes was between
100 and 200 nm (bar = 1 um).

found that calcium phosphate deposited on titanium
after the immersion in HBSS, and reported that
the calcium phosphate was
hydroxyapatite. Their results corresponded with our

carbonate-containing

results. However, they reported that carbonate-con-
taining hydroxyapatite was obtained on titanium
surface after 60 days immersion. Serro et al. (12) also
reported there was no calcium phosphate precipita-
tion on titanium after 7 days of immersion in HBSS.
In this study, we observed hydroxyapatite formation
on cured Photobond disk after 3 days HBSS immer-
sion macro- and microscopically. This was due to the

difference of the surface chemistry of titanium and

phosphorylated polymer, namely with or without of
phosphonic acid and P group. The present study
revealed that the presence of phosphonic acid and P
group was [avourable for the precipitation of
hydroxyapatite.

The Ca/P ratio of deposited hydroxyapatite did not
correspond with the theoretical value of hydroxyapa-
tite. The Ca/P ration was less than 1.67 until 7 days
immersion, and that was greater than 1.67 after 14 days
immersion. Electron probe microanalysis was per-
formed at 25 kV and the depth of detection at this
condition was predicted about 2.5 pm. The reduced
Ca/P ratio was due to the detection of the phosphorus of
phosphorylated polymer disk besides the phosphorous of
deposited apatite. The reason for the greater Ca/P ratio
after 14 days immersion was not clear. The deposition of
calcium phosphate besides hydroxyapatite, for example,
tetracalcium phosphate, was a possibility. The detailed
mechanism for the deposition of calcium phosphate
should be further investigated.

It is widely known that a phosphorylated bonding
agent such as Photobond shows good adhesiveness to
tooth substrate (13-15). Phosphorylated bonding agent
is also used as a direct pulp capping material, and it is
reported that there were no severe pulpal reactions
after direct pulp capping with a phosphorylated bond-
ing agent (16-19).

In the present study, we found a new function of
Photobond which is a phosphorylated bonding agent.
Phosphorylated bonding agent can induce the formation
of calcium phosphate on its surface alter the immersion
ol HBSS. The main component of induced calcium
phosphate was carbonate-containing hydroxyapatite.
The results obtained in this study suggested that other
phosphorylated bonding agents besides Photobond have
a possibility to induce calcium phosphate formation in
vitro. Tsuneda et al. (20) observed the formation of
secondary dentin on the exposed pulp of rat after the
direct pulp capping with phosphorylated bonding agent.
Itis presumed that the remineralization induction ability
of phosphorylated bonding agent such as Photobond
participate in secondary dentin formation when used as
direct pulp capping material. The formation of calcium
phosphate in viiro should be further investigated.

Acknowledgments

This study was supported in part by a grant from the
Ministry of Education, Culture, Sports, Science and

© 2004 Blackwell Publishing Ltd, Journal of Oral Rehabilitation 31; 67-73



CALCIUM PHOSPHATE INDUCTION ON BONDING AGENT

Technology to multidisciplinary research projects and
to promote 2001-Multidisciplinary Research Projects
(iIn 2001-2005), grants-in-aid for Research for the
Frontier Science from the Ministry of Education,
Culture, Sports, Science and Technology of Japan,
and grants-in-aid for Scientific Research (C)(2)(nos
11671817, 12671904) from Japan Society for the
Promotion of Science. This study was also supported
in part by Oral Health Science Center grant 992C01
from Tokyo Dental College.

References

1. Erickson RL. Surface interactions of dentin adhesive materi-
als. Oper Dent. 1992;Suppl. 5:81.

2. Perdigao J, Lopes M. Dentin bonding - state of the art 1999,
Compend Contin Educ Dent. 1999;20:1151.

3. Tretinnikov ON, Kato K, Tkada Y. In vitro hydroxyapatite
deposition onto a film surface-grafted with organophosphate
polymer. J Biomed Mater Res. 1994:28:1365.

4. Kato K, Eika Y, Ikada Y. Deposition of a hydroxyapatite thin
layer onto a polymer surface carrying grafted phosphate
polymer chains. J Biomed Mater Res. 1996;32:687.

5. Kamei S, Nachide T, Tamai S, Kato K, Ikada Y. Histological
and mechanical evaluation for bone bonding of polymer
surfaces grafted with a phosphate-containing polymer. J
Biomed Mater Res. 1997;37:384.

6. Mucaro MR, Yokogawa Y, Toriyama M, Suzuki T, Kaw-
moto Y, Nagata F et al. Growth of calcium phosphate on
surface-modified cotton. J Mater Sci Mater Med. 1995;6:
597.

7. Yokogawa Y, Reyes JP, Mucalo MR, Toriyama M, Kawamoto
Y, Suzuki T et al. Growth of calcium phosphate on phosphor-
ylated chitin fibres. J Mater Sci Mater Med. 1997;8:407.

8. Varma HK, Yokogawa Y, Espinosa FF, Kawamoto Y, Nish-
izawa K, Nagata F et al. Porous calcium phosphate coating
over phosphorylated chitosan film by a biomimetic method.
Biomater. 1999;20:879.

© 2004 Blackwell Publishing Ltd, Journal of Oral Rehabilitation 31; 67-73

9. Fujisawa S, Kadoma Y, Komoda Y. HPLC separation of
methacryloyloxydecyl dihydrogen phosphate from dental
bonding agent. J Jpn Soc Dent Mater Devices. 1991;10:30.

10. Hanawa T. Titanium and its oxide film: a substrate for
formation of apatite. In: Davies JE, ed. The Bone-Biomaterial
Interface. Toronto: University Tronto Press, 1991: 49.

11. Hanawa T, Ota M. Calcium phosphate naturally formed on
titanium in electrolyte solution. Biomater. 1991;12:767.

12. Serro AP, Fernandes AC, Saramago B, Lima J, Barbosa MA.
Apatite deposition on titanium surfaces — the role of albumin
adsorption. Biomater. 1997;18:963.

13. Hirasawa K, Fujitani M, Hosoda H. Studies of newly designed
tooth surface treatments for adhesive composite restoration,
Bull Tokyo Med Dent Univ. 1992;39:19,

14. Fortin D, Swift EJ Jr, Denehy GE, Reinhardt JW. Bond
strength and microleakage of current dentin adhesives. Dent
Mater. 1994;10:253.

15, Tyas MJ. Clinical evaluation of five adhesive systems. Am J
Dent. 1994;7:77.

16. Kashiwada T, Takagi M. New restoration and direct pulp
capping systems using adhesive composite resin. Bull Tokyo
Med Dent Univ. 1991;38:45.

17. Onoe N. Study on adhesive bonding systems as a direct pulp
capping agent. Jpn J Conserv Dent. 1994;37:429,

18. Kato Y, Kimura T, Inaba T. Clinicopathological study on pulp-
irritation of adhesive resinous materials. Jpn J Conserv Dent.
1997;40:153.

19. Akimoto N, Monoi Y, Kohno K, Suzuki S, Otsuki M, Suzuki S
et al. Biocompatibility of Clearfil Liner Bond 2 and Clearfi
AP-X system on nonexposed and exposed primate teeth.
Quintessence Inter. 1998;29:177.

20. Tsuneda Y, Hayakawa T, Yamamoto H, Ikemi T, Nemoto K.
A histopatholegical study of direct pulp capping with adhesive
resins. Oper Dent. 1995;20:223,

Correspondence: Dr Tohru Hayakawa, Department of Dental Materi-
als, Nihon University School of Dentistry at Matsudo, 2-870-1,
Sakaecho-nishi, Matsudo, Chiba 271-8587, Japan.

E-mail: hayakawa@mascat.nihon-u.ac.jp

73



Int J Oral-Med Sci 2(1):50-53, 2004 LCase Reportj

An Unusually Large Submandibular Salivary Calculus: Case Report and Structural Analysis
Yoshiaki Akimoto.' Toshiro Sakae.2 Chie Toyoda.! Makiko Ono.' Kazuhiro Hasegawa.' Shigeo Tanaka.' Jun
Shibutani.' Takashi Kaneda.’ Takeshi Maeda.* Teruyasu Hirayama.* Akira Fujii.® Hirotsugu Yamamoto.® and

Racquel Z LeGeros’

Departments of 'Oral Surgery, “Anatomy, ‘Radiology, ‘Neurological Surgery, ‘Pharmacology, and *Pathology, Nihon University
School of Dentistry at Matsudo, Matsudo, Chiba 271-8587. Japan

"Department of Biomaterials and Biomimetics, New York University College of Dentistry, New York. NY, USA

Correspondence to: Yoshiaki Akimoto Abstract

E-mail: yoshi@mascat.nihon-u.ac.jp

We present a case involving an unusually large calculus of Wharton’s duct. To

gain insight into the formation of this calculus, detailed structural properties were
investigated using an X-ray diffraction technique. A 70-year old man, brought a
calculus 1o a dental consultation, by himself, when it perforated the floor of the
mouth. The calculus was unusually long, measuring 4.5 cm in length. X-ray
diffraction and micro-FT-1R analyses were employed to investigate structural

Kev words:
large calculus, submandibular duct,
structural properties, X-ray diffraction

Introduction

Sialolithiasis accounts for more than 50% of diseases of
the major salivary glands and is thus the most common cause
of acute and chronic infections at these sites. More than
80% of calculi occur in the submandibular gland or its duct,
6% in the parotid gland and 2% in the sublingual glund or
minor salivary glands (1). Sialolithiasis in the submandibular
gland or its duct can cause symptoms, consisting of pain or
discomfort before or during meals, or can be asymptomatic.
Associated recurrent submandibular swelling is often
described. Clinicully, calculi are round or ovoid, rough or
smooth, and are of a yellowish color, varying in size from a
few millimeters up to several centimeters, although such
large calculi are rare (2,3). The calculus described in the
present report is of interest owing to its size and shape,
particularly as it was removed by the patient himself. In
order to gain insight into the formation of this sialolith,
detailed structural properties were determined using X-ray
diffraction analysis and micro fourier transform infrared
analysis (Micro FT-IR).

Case Report

A 70-year-old man visited a dental practitioner requesting
new dentures, and gave a history of intermittent swelling
and pain in the right submandibular region during meals
for the previous 5 years. Oral examination showed a swelling
of the right sublingual region. Bimanual palpation of the
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properties of the calculus, which suggested that its stratified structure, reflecting
compositional changes in the microenvironment, was a result of intermitient and
incremental growth.

oral floor indicated the swelling to be a mass that was hard,
smooth and painless. and measured approximately 3 cm in
length. The overlying mucosa was normal in color.
Panoramic radiography revealed a single, well-defined,
homogenous radiopaque mass in the floor of the mouth.
extending from the mandibular canine area to the mandibular
angle (Fig. 1). A diagnosis of submandibular sialolithiasis
was made and the dentist recommended examination by an
oral surgeon. However, three weeks after the dental
consultation, before the patient had attended the referral
appointment, the tip of calculus perforated through the floor
of the mouth. The patient removed the calculus by himself
and brought it to the dentist and to our hospital. The calculus
was long and tapered in shape, yellowish white in color, 4.5
x 0.7 cm in length and width, and 1.34 g in dry weight (Fig.

. X YR
- -

Fig.1. Panoramic radiograph showing a long radiopacity superimiposed
over the right mandibular cuspid area and the mandibular angle region.
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2). Panoramic radiography at this point revealed that the
calculus had been removed in its entirety (Fig. 3). Compared
to that of the other side, the affected submandibular gland
was noted to smaller and harder after calculus removal
because of atrophy and fibrosis: however. salivary secretion
was unimpeded and the patient had no complaints.
Subsequent follow-up over three years was uneventtul.

I i, N v

0 9 20 30 40

Fig. 2. A 4.5-cm long calculus shown to scale. The right side of the
calculus was exposed within the oral floor.
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Fig. 3. Panoramic radiograph after removal of calculus by the patient
showing no radiopacity.

Analvsis of the Calculus

[n order to gain insight into the formation of this calculus,
its detailed structural properties were investigated. Three
X-ray diffraction (XRD) analytical techniques were
employed to reveal the crystallographic characteristics of
the calculus: conventional XRD for bulk analysis. micro-
XRD for point analysis and crystal orientation analysis. and
selected-area XRD (SA-XRD) for analysis of specific
selected regions. This combination of modalities. has the
potential to achieve the data accuracy of conventional XRD
and a spatial resolution for point-analysis similar to that of
micro XRD(4). Micro fourier transform infrared analysis

(Micro FT-IR) was also used to reveal carbonate and
phosphate composition.

Conventional XRD patterns demonstrated the structure
and diffraction peak broadening usually observed in biologic
apatite (Fig. 4). No other crystalline phase was detected in
this analysis.

4800 —_

4400 .

Intensity
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aooo fR-1 -

3800

20 30 40 20 60 70
Diffraction angle

Fig. 4. Conventional XRD pattern showing a diffraction pattern
consistent with apatite.

A seres of micro-XRD images of the calculus revealed
slight differences in the preferred crystal orientation among
neighboring points and conversion of this micro-XRD data
to determine powder pattern identified the crystals as apatite
(Fig. 5a, b).

All 60 SA-XRD patterns of the calculus were consistent
with apatite (Fig. 6): however. small differcnces in peak

“oove micro-diffractogram recorded on an imaging plate.
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positions were noted within the analyzed area, indicating
possible differences in composition of the apatite.

Micro-FT-IR analysis revealed the main constituent of
the calculus to be carbonate hydroxyapatite, with carbonate
absorption bands appearing at around 1400 ¢cm™ and 1,600
cm! (Fig. 7).
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Fig. Sb. The diffraction pattern converted from Figure Sa.
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Fig. 6. SA-XRD pattern of the calculus showing apatite diffraction peaks.
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Fig. 7. Micro FT-IR spectrum of the sialolith showing the absorption
bands of phosphate ions it about 1050 em? and the bands of carbonate
ions at about 1450 ¢! and 1550 ¢cm .
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Table 1. Review of literature reports of calculus measuring
4 ¢m or more in the submandibular gland or duct

Author Age Sex Size {cm) Weight (g)'
Martin (3) 60) M 6x1.5 -
Mustard(6} 42 M 5.6 -

Raksin (7) 32 M 55x2 9.5

Hubar (8) 65 M 5.2 17.5
Eiraku® 56 M 50x1. 35

Koshal (9) 40 M 5.0x238 -

Meyers (10) 50 M 5x3.0 2.8

Tinsley (11) 48 M 5 23.56
Present case 70 M 45x0.7 1.34

' Dry or wet weight.

2 Abstract of 33rd Annual Meeting of Japanese Stomatological
Saciety, Eiraku D et al.: A case of large intraductal sialolith, No.
1-F-53. 1999.

Discussion

Reports of large calculi (measuring 4 cm or more in
length) within the submandibular gland or its duct are
summarized in Table 1. In all cases, patients were males
aged over 40 (5-11). Martin er al. (5) reported the largest
calculus (length, 6 cm). with the present case (4.5 cm)
ranking 9th in size. Calculus shape was cylindrical except
in the cases reported by Koshal e al. and Tinsley. in which
oval calculi were identified (6.11). The present case
represents the only report in which the calculus was not
surgically extracted. Since the calculus was long and
extremely narrow in shape and its tip happened to perforate
the anterior part of the floor of the mouth, the patient could
easily pull it out. Although a perforation of the floor of the
mouth is more likely occur in cases of anterior ductal
calculus than in those involving the posterior duct (12-14),
it is very rare for patients to remove calculi by themselves.

Three types of XRD were employed to reveal the
crystallographic chavacteristics of the calculus. Conventional
XRD. showed the sialolith to be composed of apatite. micro-
XRD demonstrated the preferred crystal orientation, and
SA-XRD revealed inhomogeneity in the chemical
composition from layer to layer. Intermittent growth of the
apatite crystals was confirmed by crystal orientation analysis.

X-ray diffraction analysis provided information on the
crystal-line phases present in the sialolith (15,16). However,
diffraction peaks of the apatite crystals in the calculus were
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too broad to allow accurate analysis. Variations in unit cell
dimensions strongly suggested changes in apatite
composition, reflecting alterations in micro environmental
conditions and composition of the calculus (16).

Detailed investigations of crystalline structure are not
generally performed when patients with sialolithiasis;
however, we believe that analysis of crystalline phase,
composition, and orientation could lead (o a better
understanding of the formation mechanism of calculus.
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Abstract: BACKGROUND: Sialolith is a pathological calcification found inside salivary glands, composed

principally of apatite crystals. The purpose of this study was to investigate detailed structural properties to gain

insight into the formation of sialolith. METHODS: A 45 mm long sialolith from a human submandibular gland

was studied using micro-FTIR and three types of X-ray diffraction (XRD) techniques: i) conventional, ii)
micro-focus, and iii) “selected-area XRD” (SA-XRD). RESULTS: The longitudinal section of the sialolith showed a
stratified structure perpendicular to the long axis. XRD and FTIR showed that the bulk of the sialolith was composed

of carbonate hydroxyapatite. Micro-XRD revealed that crystal orientation was slightly different in each incremental

zone. “SA-XRD” showed that the average unit cell dimensions of apatite crystals were different for each zone.

CONCLUSION: These results suggest that the stratified structure in the sialolith was a result of intermittent and

incremental additional growth reflecting compositional changes in the microenvironment.

Key words: Salivary Gland Calculi, Carbonate apatite, FTIR, X-Ray Diffraction

Introduction

Sialoliths are pathological calcifications sometimes occurring
in the salivary glands. In our previous paper, we reported a 45
mm long sialolith from a submandibular Wharton’s duct showing
a stratified (banded) structure" similar to those observed in sialolith
from other salivary glands®*. In general, banded textures in hard
tissues indicate that the calcification process occurred by inter-
mittent growth. The banded structure observed in some sialoliths
suggest intermittent mineralization . Sialoliths consist of mostly
a mineral phase. Like human dental calculus, the mineral phase

of sialoliths is usually composed of different calcium phosphates

Correspondence to Toshiro. Sakae : Nihon University School of Den-
tistry at Matsudo, Chiba, 271-8587, Japan.Phone: 047-360-9323, FAX
047-360-9324, e-mail:sakae@mascat.nihon-u.ac.jp
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(apatite, whitlockite, octacalcium phosphate), with apatite show-
ing the greatest abundance and occurring in greatest frequency *
© 7, There is a clinical need for treatment and prevention of
sialolithiasis, The purpose of this study is to investigate detailed
structural properties of sialolith to gain insight into its formation.
For this study, three X-ray diffraction (XRD) analytical techniques,
in addition to FTIR, were used to reveal the crystallographic char-
acteristics of the unusually long sialolith: conventional XRD for
bulk analysis, micro XRD for point analysis and crystal orienta-
tion analysis, and a new technique, “selected-area XRD” for analy-
sis of specific selected areas, having the potential of the data ac-
curacy same to conventional XRD and the spatial resolution of
point-analysis similar to that of micro XRD.
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Materials and methods

Salivary calculus used in this study was the unusually long
sialolith from the submandibular Wharton’s duct described in", It
is yellowish-white in color, a slightly bent and wedge-shaped cy-
lindrical form with rounded end, 45 mm x 7 mm in size and
1.34 g in weight. The sialolith was cut longitudinally into halves
for X-ray diffraction analysis. The sectioned plane showed a strati-
fied texture normal to the long axis under a binocular scope. The
histological and microscopic examination indicated that this
sialolith was composed of intermittent layers of calcified materi-
als. To investigate the crystallographic character of the sialolith,
three kinds of X-ray diffraction analysis were carried out using
the following conditions.

Conventional X-ray Diffraction (XRD)

For this powder-type of XRD analysis, data was collected using a
RIGAKU RINT 2000, powder-type X-ray diffractometer,
RIGAKU Co. Ltd. Tokyo, under the following conditions; X-ray
generation: Cu rotary target, accelerating voltage: 50 kV, acceler-
ating current: 200 mA, monochrometer: graphite plate crystal, X-
ray wavelength: 1.5418 Angstrom (CuKa), detector: scintillation
counter, scan speed: 1 degree (26/min), scan range: 3-120 degree
(20). X-ray data analysis was carried out using JADE (Material
Data Inc.), using conventional slit-system. The X-ray radiation
area on the sample was 10mm x 20mm at the low angle region.

Micre X-ray Diffraction (Micro-XRD)

Micro-focus X-ray diffraction (micro-XRD) data of the sialolith
from a point 100 um in diameter was collected using a RIGAKU
RINT RAPID with [P (imaging plate) system, RIGAKU Co. Ltd.
Tokyo. The image data was digitally recorded and directly trans-
ferred to a computer. The experimental conditions were as fol-
lows; X-ray tube target: Cu, tube voltage: 50 kV, tube current: 30
mA, monochrometer: graphite plate crystal, X-ray wavelength:
1.5418 Angstrom (CuKa), collimator: 100 um in diameter, Imag-
ing Plate®(IP, Fuji Film Co. Ltd., Tokyo) recording system with
IP size: 466 mm x 256 mm, camera radius: 127.4mm, pixel size:
100 wm x 100 wm, sample setting: reflection-mode, exposure time:
20 min. X-ray diffraction IP imaging analysis system: RIGAKU
R-AXIS display software.

Selected-Area X-ray Diffiaction (SA-XRD)

In this study, another type of micro-XRD analysis was applied.
The auto-slit-width-arrange-system, equipped on the RIGAKU
RINT 2000, allows a fixed X-ray exposed area on a sample plane
at any given scanning angle by controlling the X-ray incident beam
width. In this study, the X-ray exposed width was fixed at 1 mm
on the sample plane, and then the radiation window area was Imm
width x 10mm length. The other experimental conditions were
similar to the conventional XRD measurement. This method that
we refer to as “Selected-Area X-ray diffraction” (SA-XRD), has
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not been used in the investigation of pathological materials. This
method has some advantages in data-collection time, accuracy of
data and data compatibility with conventional powder XRD
method compared with the micro-focus XRD. Applying this
method to the specimen, the window area of | mm in width was
set perpendicular to the longitudinal axis of the sialolith, The unit

cell dimensions were calculated using the JADE program.

Micro Fourier Transform Infrared Analysis (Micro FT-IR)

Carbonate and phosphate compaosition was analyzed using a mi-
cro FT-IR, HORIBA FT-530, under the following conditions; mea-
surement mode: reflection, analyzing area: 20x100 pwm, detector:
MCT (cooling by LN,), Cassegrain mirror: x4, measurement cycle:
60, resolution: 4cm’', measurement range: 750-4000 em’ . The
measurements were carried out at the positions where the XRD
studies were carried out. The observed raw data was transformed
to a pseudo-transmitting absorption spectrum by the Kramers-

Kronig analysis.

Results

The long sialolith was divided into three portions namely as

the thin head-portion, the body-portion at the middle and the thick
tail-portion, for placing the sample in the sample holder (Fig. 1).
The sialolith showed a stratified texture on the sectioned plane
with a loose concentric pattern. These bands consisted of alter-
nating narrow and wide bands. The wide bands were relatively
glossy and transparent, suggesting that relatively large crystals
are arranged in an organized manner in contrast with the crystals
located in the narrow slightly brownish bands.
The conventional-type XRD patterns of the three portions showed
apatite structure (Fig. 2). The conventional XRD patterns showed
the diffraction peak broadening which was usually observed in
biologic apatites. No other crystalline phase was detected in these
patterns.

Micro-XRD IP images of thirty points on the sections of the
three portions were obtained. An example of a micro-XRD pat-
tern is shown in Fig. 3. The two-dimensional micro-XRD image
clearly showed preferred crystal orientation as the strong 002 cir-
cular arc. A series of micro-XRD images of the sialolith showed
that there were slight differences in the preferred crystal orienta-
tion among the neighboring points. The converted powder pattern
of this micro-XRD data (Fig. 4) identified the crystals as apatite.

All the sixty SA-XRD patterns of the sialolith were identified as
apatite (Fig. 5). There were small differences in the peak posi-
tions among the analyzed areas, indicating possible differences in
composition of the apatite. The unit cell dimensions of the apatite
crystals are summarized in Table 1. These values were slightly,
but significantly, different from each other. The variations in the
unit cell dimensions indicated that the crystals in incremental bands
slightly differed in chemical composition resulting from changes

in the type and amount of substituting ions in the apatite crystal
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Fig. 1. Photograph of the head-portion section plane of the unusually
long sialolith, showing the selected area analysis points at the cross-
points of the lines. The tangential axis line also indicated the line of
points for the micro XRD analysis.

Fig. 3. Micro-XRD IP image from a 100 um in diameter point on the
section of the sialolith. The right portion of the image was hidden by
sample holder, The 002 reflection (arrow) showed arcs in stead of the
complete diffraction ring, indicating preferred crystal orientation.
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Fig. 5. SA-XRD pattern of the sialolith showing apatite diffraction peaks.
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Fig. 2. Conventional XRD pattern of the head-portion section, showing
an apatitic diffraction pattern.
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Fig. 4. Converted XRD pattern of the micro-XRD image (Fig. 3) showing
the apatite diffraction peaks.

lattice.

The micro FT-IR analysis revealed the main constituent of the
sialolith was carbonate apatite, carbonate absorption bands ap-
pearing at about 1400 em’ and 1600 cm’’ (Fig. 6).

Discussion
In this study, three types of XRD were applied to reveal the crys-
tallographic characters of the sialolith. The conventional XRD
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Fig. 6. Micro FT-IR spectrum of the sialolith
showing the absorption bands of phosphate
ions at about 1050 cm™ and the bands of car-
bonate ions at about 1450 cm™ and 1550 cm’'.
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Table 1. Crystallographic values (unit cell dimenstions) of apatite crys-
tals from different areas of the sialolith analyzed using selected-area XRD.

position No. a-axis length* b-axis length*

(Angstrom) (Angstrom)
Head 01-1 9.412(11) 6.893(12)
Head 02-1 9.433(16) 6.888(18)
Head 03-1 9.426(25) 6.889(21)
Tail 01-1 9.405(23) 6.903(26)
Tail 01-2 9.430(15) 6.900(12)
Tail 01-3 9.440(22) 6.871(19)
Tail 02-1 9.421(14) 6.886(11)
Tail 03-1 9.431(18) 6.880(13)
Tail 04-1 9.423(10) 6.874(08)

*: The estimated standard deviations were represented in parenthesis.

showed the sialolith being composed of apatite. The micro-XRD
showed the preferred crystal orientation in the sialolith. SA-XRD
analysis, used for the first time in the analysis of pathological
calcifications revealed inhomogeneity in the chemical composi-
tion of apatite from layer to layer. The intermittent growth of the
apatite crystals was confirmed by crystal orientation analysis.

X-ray diffraction analysis provided information on the crystal-
line phases present in the sialolith””. However, in the present
study, the diffraction peaks of the apatite crystals in the sialolith
were too broad to allow accurate analysis. Variations in the unit
cell dimensions strongly suggested changes in apatite composi-
tion, reflecting changes in the environmental condition and com-
position?).

Information on the crystalline phase, composition and
orientation, could lead to a better understanding of the forma-
tion mechanism of sialolith and may provide insights on the
appropriate treatment regimen for lithotrypsy‘)' .
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Abstract Synthetic hydroxyapatite (HAP), carbonate-apatite (CHA) and carbonate-fluoride-apatite
(CFA) were implanted into dog mandible bone for 2, 3, 4, 5 and 6 weeks. The chemical
composition and crystallographic properties of the synthetic apatites were examined using FT-IR,
TG-DTA, AAS and X-ray diffraction. The comparative resorption in vivo for the experimental
period was in the order: CHA >> CFA > HAP. CHA formed new bone comparable with the sham-
control, and CFA induced fast bone-remodeling and newly formed Haversian system. The results
confirmed that CHA are potential bone-grafting materials and also showed that CFA, compared to
CHA or HAP materials, accelerate bone formation.

Introduction

Carbonate- and/or fluoride-containing calcium hydroxyapatite are considered as possible bone graft
materials [1-3]. In vitro and in vivo studies showed that fluoride present in synthetic or bone apatite
enhances osteoblastic activity [3, 4]. In vitro studies also showed that fluoride-containing apatite
inhbited osteoclastic activity [5].The aim of this study was to compare the biocompatibility and bio-
degradation carbonate- and fluoride-containing apatites implanted in dog mandible bone.

Materials and Methods

Carbonate hydroxyapatite (CHA), carbonate- and fluoride-containing apatite (CFA) and carbonate-
and fluoride-free apatite (HAP) were synthesized according to methods previously described [6, 7).
Their chemical and crystallographic properties were determined using X-ray diffraction (XRD), FT-
IR, thermogravimetry (TG-DTA), and AAS. The materials were powdered, sieved with 200-mesh,
sterilized and implanted in surgically created holes (3mm diameter) in the mandible of Beagle dogs.
The implanted materials were covered with biodegradable membranes to prevent material loss
during the experiment. After 2, 3, 4, 5, and 6 weeks, the dogs were sacrificed under anesthesia.
Histological stained sections of the mandible bones were observed using a microscope.

Results

XRD analysis confirmed the substitution of carbonate (CO;) and fluoride (F) in the apatite structure
based on shifts in diffraction peaks reflecting lattice parameter changes due to CO,;-for-FO, and F-
for-OH substitutions in calcium hydroxyapatite, Ca,,(PO,),(OH),. Carbonate substitution in CHA
and in CFA was demonstrated as the absorbance bands at about 1400 to 1560 and at about 770 to
800 cm-1 in the FT-IR spectra’ and the weight losses above 400°C in TG-DTA.

Histological sections of these materials showed a clear difference in the extent of resorption or
dissolution of the implanted apatites and in the pattern and type of bone formation. HAP remained
even after 6 weeks, CHA disappeared after 2 weeks, and CFA disappeared after about 4 weeks
(Table 1). After 6 weeks, although the bone formation or induction started earlier, all the implants



396

Bioceramics 15

formed bone. The new bone formed associated with the materials gave the following characteristics:
HAP-induced bone showed characteristics of immature bone in the very early stage; CHA-induced
bone was in a more advanced stage but remodeling had not occurred; and CFA-induced bone was
the most advanced and showed Haversian system indicating that bone remodeling had started.

CHA CFA
ol 4000
2500 f— ‘
-E 2000 *+ 3000 [
2
S 1500 |- & 2000
=
= 1222 = 1000 |-
0 o ===
20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
D iffractbn Angk D ffractbn Angk
Fig. 1. XRD pattern of the CHA (Left) and the CFA (Right), showing the peak-shift between them

indicating the ionic-substitution.
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F1g 2. FT-IR pattern of the CHA (Left), and the CFA (Right), indicating that the CHA containing the more

carbonate content than the CFA.

Table 1. Comparison of bone formation pattern for HAP, CHA, CFA implanted in dog mandible.

Type After After

2 weeks 6 weeks
HAP remain remain
CHA dissolved Immature bone
CFA remain Haversian
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Fig. 6. CFA implanted after 4w (Left, x2), and high power view (Right, x10).
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Discussion and Conclusions

This study demonstrated that unsubtituted apatite (HAP), carbonate-substituted (CHA) and
carbonate and fluoride-substituted apatite (CFA) materials all formed bone after six weeks when
implanted in dog mandible bone. However, these materials differed in extent of resorption with
CHA being the fastest and HAP the slowest. These materials also differed in the pattern and type of
new bone formed: CFA demonstrated accelerated Haversian bone formation; CHA was associated
with immature bone but a later stage of development than HAP.

These results confirmed that carbonate-containing apatites are potential bone-grafting materials. The
results also showed that CFA, compared to CHA or HAP materials, accelerate bone formation
attributed to the F content. Further studies need to be done to determine the critical amount of F
required for maximum effect on bone formation without causing disease (e.g., fluorosis).
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