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Abstract: Micro FT-Raman spectroscopy was applied to examine the contents in a glass ampoule non-
destructively. Water, linger solution, ethanol and nail color remover liquid were examined. Glass was sufficiently
thin enough to obtain Raman spectrum from the contents in the ampoule. All the examined materials showed
the fine Raman profiles. The results indicated that micro-FT-Raman has a potential to examine and check the
contents and impurities in the ampoule non-destructively.
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Introduction

Glass ampoule is widely used for clinical trials under taken care
of the guidance such as the Center for Drug Evaluation and
Research (CDERY), and/or the Center for Biologistics Evaluation
and Research (CBER) (1). These medical use ampoules are very
carefully manufactured, but in rare cases they contained impurities
such as fragments of glasses, metals, insects, etc. Some efforts
are taken to understand and not only qualify but also quantify the
impurities in drugs and medicines (2). To analyze the content of
glass ampoule in intact is a matter of challenge and some fine-art
techniques are introduced (3). Among many non-destructive
analytical methods, micro FT-IR spectroscopic method is one of
the most popular methods for the ease of handle of specimen and
instrument as well as analytical cost. However, FT-IR analysis of
liquid specimen requires some special expensive attachments and
techniques. FT-Raman had a great improvement in the last decay,
and has an extreme potential to analyze the materials in any phases
including solid, gasses and liquid. Micro-Raman is a conventional
analytical instrument which is equipped with a microscope and
able to analyze pointed regions with a few mm sizes. In this study,
a micro-FT-Raman spectroscopy was applied to detect the content

in a glass ampoule.
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Materials and Methods
Materials
A standard brownish glass ampoule was used as a container of
the tested liquids: pure water, pure ethanol and nail color remover
(Bersante Co. Ltd.). The glass ampoules was filled with each liquid
and examined using a micro-FT-Raman described below.

Micro FT-Raman Spectroscopy

Micro FT-Raman study was carried out using a RXN system,
Kaiser Optical Systems Inc., USA, equipped with an OLYMPUS
BX51 TRF microscope. Micro-Raman spectra were acquired with
a Kaiser RXN1 Fourier transform Raman (FT Raman)
spectrometer. The green laser source was a NewPort INVICTUS
operated at 532 nm. An iDUS, ANDOR Technology,
thermoelectric cooled CCD was used for detection. Rayleigh line
rejection was accomplished with a HoloPlex transmissive grading,
Kaiser and spectra for this work were acquired over the range of
100-4400-cm™! Raman shift. All Raman spectra were acquired as
at 2.5 cm™! resolution. Data acquisition was carried under the
conditions of the accumulation time: 2 sec. and the accumulation
number: 2. To reduce fluorescence arising from the glass ampoule
(brown cylindrical, ~18-mm o.d.), the laser was focused 1-2 mm
inside the ampoule. :

Results
Fig. 1 showed the micro FT-Raman spectra of the glass of the
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Fig.1. Micro FT-Raman spectra of the ampoule glass tube.
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Fig. 5. Micro FT-Raman spectra of nail-remover liquid in the ampoule.

ampoule. As expected, FT-Raman spectra of the glass did not show
any. significant Raman shift in the range between 100 cm™ and
4400 cm'. Two types of glass ampoule were tested by the micro
FT-Raman: one made of transparent glass ampoule and the other
made of brown colored gall ampoule. There was no significant

difference between them in Raman spectra.
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Fig. 4. Micro FT-Raman spectra of ethanol in the ampoule.

Fig. 2 showed the micro FT-Raman spectra of water'i‘n the
ampoule. There was no significant peak but a strong broad peak
at around 3000-3500 cm! due to water molecules.

Fig. 3 showed the micro FT-Raman spectra of Linger solution
in the ampoule. The spectra of Linger solution was almost the
same to that of water.

Fig. 4 and Fig. 5 showed the micro FT-Raman spectra of ethanol
and nail color remover liquid in the ampoule respectively. The
Raman peaks of ethanol and the nail color remover were clearly
differentiated from each other as listed in Table 1 together with
the ethanol (4) and acetone (5) data.

Discussion

This study showed that FT-Raman spectroscopic analysis is a
powerful tool for examination of contents in a glass ampoule.
The glass did not affect the obtained Raman spectra in peak shift
and intensity. The two examined organic solvents were clearly
differentiated. The tested ethanol (C,H O) showed identical Raman
peaks to the reference data (4). The nail color remover used in
this study contained acetone (C,;H,0), water (H,0), polyethylene
glycol (HO-(CH,-CH,-O) -H (PEG-12)), isopropanol or isopropyl
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Table 1. Three strong Raman peaks were marked by BOLD type.

Water Ethanol ‘Nail remover  Ethanol Acetone
(ref. lingj23864) (ref. Acetone)
cm-1 cm-1 cm-1 cm-1
3500-3000 3500-3200 3524
3008 3006
2975 2972 2968
2930 2926 2931 2924
2880 2848
2749
2717 2703 2698
2305
1710 1710
1455 1431 1453 1428
1414
1361 1356
1278 1274
1228 1222
1096 1097
1052 1069 1051 1066
883 883
790 788
532 530
492
431 431
390 394
References

alcohol (CH,CH(OH)CH,), campher (C,H, O), some perfumes
and others, including aloe extract. The Raman spectra obtained
for the nail color remover was identified with acetone in majorty
as shown in Table 1.

Raman spectrometry is, as well as FT-IR, able not only to identify
components but also to quantify the amount of each component,
although they are in minor content. Micro FT-Raman has many
advantages over micro FT-IR such as a pin-point detection as small
as 1 mm in size. However, there are several problems to be sold,
e.g., self-fluorescence from organic matters which rise background
and disappear the essential peaks.
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Abstract Thermal cttects produced m a laser-irradiated
sample were studied by micro-X-ray diffraction and micro-
Fourier transtorm infrared spectroscopy (FTIR). Gypsum.
transtormed into bassanite at 124°C and into anhydrite at
[477C. was used as a thermal indicator. Pit formation by a
wavelength-tunable free electron laser (FEL) irradiation on
the gypsum pellet maximized at a wavelength of 3.0 um.
2 ml/shot. and pits were not detected in those irradiated at
2.6 or 3.8 pm compared with the maximum at 3.0 wm and
diminished at 2.0 or 4.0 wm in the human tooth casc.
Micro-X-ray diffraction and micro-FTIR did not reveal any
appreciable bassanite or anhydrite in the irradiated regions.
From the laser ablation viewpoint. these results allow the
FEL ablation to be considered as plasma or evaporative
ones. This study indicated that the micro-pulse of laser was
cftective to prevent thermal damages of laser irradiation.
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Introduction

The laser wavelength gencerally selected tor laser excava-
tion of dental cnamel and denting which will replace
conventional dental drilling. is 2.94 pwm ot the Er:YAG
laser. Water in tissuc has a maximum absorbance at a
wavelength of 3.00 pm: hencee, it is gencerally considered
that this wavelength is the most destructive to tissues | . In
previous studies. it was found that lascr ablation of dental
hard tissues resulted i some thermal moditication of their
crystalline structure | =Y. By comparing with heating
studies of dental enamel | [. 1t was shown that laser
irradiation ot dental enamel produced temperature rises of
up to 1.600°C |13, For some clinical applications. it is
desirable to avoid these thermal effeets produced by laser
irradiation. The ablation cffects of laser irradiation are
usually grouped into the following stages: heating, melting,
cvaporating and plasma shiclding. These ablation effects
are strongly dependent upon laser power or fluence.
wavelength and pulse structure. The types ol lasers
ecncrally used in clinical applications  and  academic
rescarch are solid-state lasers. excimer lasers and  gas
lasers. all of which have fixed wavelength and pulse
structure output. Using Q-switching greatly reduces ther-
mal damage. Free clectron laser (FEL) is not a conven-
tional laser but is an ideal laser source having ultra-short
pulses. high powers and  tunable  wavelengths. The
characteristics of FEL are concisely  summarized  as
tollows: FELs produce twnable. coherent. high-power
radiation.  The wavelength range currently  goes  from
millimeter to visible wavelengths. The radiation emitted
from FEL has many characteristics. imcluding high spatial
coherencey. The FEL located at the Laboratory for Electron
Beam Rescarch and Application. Nihon University (re-
ferred to hercafter as LEBRA-FEL) has these character-
istics of FEL. The free-clectron beam is generated by a
Iincar accelerator (LINAC). and it produces 20-ps macro-
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pulses having a micro-pulse structure of less than 3 ps.
Several pilot studies using FEL have been carried out to
ablate various materials | - J. In contrast with these
studies. irradiation of human dental tissue by LEBRA-FEL
did not show any cevidence of scorching. cither macro-
scopic or microscopic, although human dental enamel and
dentin were effectively etehed ata wavelength of 2,94 pum
[0 Inthis study. gypsum. the thermal propertics of which
are well known, was irradiated to determine the thermal
cffect of the wavelength-tunable LEBRA-FEL.

Materials and methods

Reagent-grade  crystalline  calcium — sulfate  dehydrate
(Wako) was used in this study. The samples were
confirmed to be pure gypsum by X-ray  diffraction
(XRD) and  Fourier  transtorm —infrared — spectroscopy
(FTIR). Pellets of gypsum were produced using a hand-
press tool usually used for sample preparation in infrared
absorption analysis. The pellets were 5.0 mm in diameter
and 0.5 1.0 mm in thickness. Three pellets were irradiated
at cach wavelength (2.6, 3.0 and 3.8 um).

Human tooth scctions were made using the pooled
samples i 10% neutral formaldehyde solution. Following
aroutine tooth sectioning. tooth was cut off by a low-speed
diamond saw (Buhler) and then polished by polishing
stones.

The thermal properties of the gypsum used in this study
were checked  using o differential - thermal  analyzer
cquipped with a thermogravimeter (DTG-8200. Rigaku.
Tokyo) and a differential scanning calorimeter (DSC-8230.
Rigaku). The differential thermoanalysis and thermogravi-
metric (DTA-TA) measurements were carried out under
the following conditions: heating range at room tempera-
ture. 1.073 K: heating rate. 440 K/min: sample weight.
about 10-20 mg: TG osensitivity. 0.01 mg: reference
material. alpha-alumina and atmosphere. air. The DSC
measurement conditions were as follows: sample weight.
about 5-10 mg: heating rate. 2-20° K/min: reference
material. alpha-alumina and atmosphere. air. The obtained
data were analyzed using Rigaku TP2 software.

For LEBRA-LINAC. conditions were as  follows:
accelerating voltage. 80 MceV: current. 70 mA: macro-
pulse. 20 ps. 2 Hz: micro-pulse. about 3 ps at 350-ps
mtervals and FEL wavelength. 1.0-6.0 pm. The tuned FEL
wavelength fluctuation was less than 10 nm. The gener-
ation and conditions of LEBRA-FEL are described in |

|. The irradiation energy was regulated by a diaphragm
placed in the Taser beam and monitored by a power meter
using a beam splitter to divert 20% of the Taser power. The
measured power was used to caleulate the power on the
sample surface: the measurement error was assumed to be
less than 10%. The FEL irradiation was focused on the
sample plane using a CaFy lens. The LEBRA-FEL
irradiation system is desceribed in [ 26]. The spot position
and the number of Taser shots were controlled by computer.

The Taser-irradiated teeth samples were observed using a
binocular microscope (SMZ1500. Nikon. Tokyo). The

images were taken using a digital camera and stored. The
size and depth of the pits formed by laser irradiation were
measured using a surface profilometer (VF-7500. Keyenee.
Osaka). The measurement crror was assumed to be less
than 10%.

The irradiated and non-irradiated gypsum pellets were
analyzed by micro-XRD  (RINT-2500 PSPC. Rigaku)
under the following conditions: X-ray gencrator. rotary -
type Cu target: aceclerating voltage. 60 kV: accelerating
current. 300 mA: X-ray beam collimator. 30 um in
diameter: sample position, 209 1o the incident beam (i.c.
X-ray irradiation was over an arca having a diameter of
about 100 wm in the sample planc): sample movement. in
sample sway and rotation modes with rocking at 30° about
the sample holder y-axis: detector. Rigaku curved position
sensitive proportional counter system: measuring range. 3—
1607 (20): and counting duration. 60 min. The obtained
data were analyzed by Jade software (Materials Data
[nstitute. USA).

Regions on the gypsum pellets having approximately the
same size were analyzed using a micro-Fourier transform
infrarcd absorption spectrometer (FT-530. Horiba. Tokyo)
under the  following conditions:  mecasurement  mode.
reflection: measurement arca, 2040 um: detector, =16
mercury cadmium telluride cooled by liguid Ny: measure-

ment range. 7504000 ¢em ™ resolution. 2 em ' and sean
cyele. 30.

Results

The thermal properties of the gypsum were cheeked by
TG-DTA and DSC. The results obtained under several
conditions  were i accordance with  the  well-known
thermal propertics of gypsum. i.c.. the thermal reactions
were affected by the experimental conditions such as the
heating rate. the sample weight and the atmosphere.
Figure Ta shows a DSC curve of the gypsum clearly
resolving the two endothermic reactions: the first endo-
therm at 397 K (124°C) corresponds to the transformation
of gypsum  CaSO42H>0 1o the  hemi-hydrate  torm.
bassanite CaSO4 172H,0. and the second endotherm at
420 K (147°Cy corresponds to the transtormation from the
hemi-hydrate to the dehydrate form. anhydrite CaSQOy.
Figure Ib shows the TG and DTG curves of the gypsum.
The weight loss accompanying the first dehydration was
1527 wit®o, and the sccond weight loss was 3.21 wit%o:
these values were compatible with the ideal water losses off
three fourths for the first dehydration and one tourth for the
sccond. These thermal reactions are reversible but slow.,
making it possible for us to trace the thermal history of
eypsum irradiated by lascers.

Figure 7 shows an example of 3.0-um LEBRA-FEL
irradiation on a tooth sample. The pits formed by the
irradiation obviously correlated with the power used. On
lasing. a luminescence and a wisp of smoke were observed.
Depth of pit was about 200 pm when the power of 5 ml
was applicd and about 10 pm when | ml was applied.
Figure 3 shows an example of the effect of LEBRA-FEL
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Fig. 2 irradiated human

Photograph ol a 3.0-pm LEBRA-I'LL
tooth seetion. Twao points on the enamel surlace (short arrons) were
the results of repeated irradiation by the energy of 3 mJ. and ten
points on the dentin surfiace were ol repeated irradiation by varying
the energy from 5 o omd ac T-md intervals from [eli o right (long
arrows). Pits at the upper position were preliminary irradiation

irradiation on a gypsum pellet. Atter irradiation at a
wavelength of 3.0 pwm and a pulse energy of 2 ml. pits
having a diameter of about 150 wm were formed. In the
irradiation on gypsum experiment, repeat number of laser
irradiation was varied from one to three times. Depth of pit

was in good corrclation with the shot number. The size of

pit was slightly but apparently grcater in gypsum pellet
than in human tooth section under the same conditions.

As Figs. 7 and 3 show, the depth of the pits depended on
the power of irradiation. It was not possible to detect any
trace of scorch marks in any of the irradiated gypsum
pellets and  human  tooth  scections using a binocular
microscope. The pit size and depth quickly  subsided
when an irradiation wavelength other than 3.0 pm was
used. No pit formation was obscrved after irradiation at
wavelengths of 2.6 or 3.8 pm even at pulse energices as high
as 20 ml.

The micro-XRD  mceasurements were carried out to
identify erystalline materials in and around the pits formed
by the LEBRA-FEL irradiation. They did not reveal any
change in the crystalline structure (Fig. ). The diffraction
peaks observed were identified as those of gypsum (JSPS
powder diffraction  file number 33-0311). The peak
intensities differed from those of the standard duc to the
orientation cttect. Dehydrated forms of gypsum such as
bassanite and anhydrite were not observed by micro-XRD
although an 18-kW power source was used.

The micro-FTIR results also showed no evidence of

change in the gypsum crystalline structure (Fig. ~). There
were two absorption bands related to OH bending at about
1.600 ecm " and two strong absorption bands related to OH
stretching at around 3.400 and 3.550 em ', These bands
were observed in and around the pits formed by irradiation
mdicating that the water molecules in the gypsum were not
released.

Discussion

In this study. to investigate the thermal effect on an
irradiated sample. gypsum was selected as a thermally
sensitive material. and micro-XRD and micro-FTIR were
uscd to reveal whether thermal moditication had occurred
in gypsum. The thermal properties of gypsum are well
known, and the phase transformations from gypsum to
hemi-hydrate form. hemihydrate or mineral bassanite, and
from bassanite to dchydrate form. anhydrite. arc well
established and also known that these transforming
temperatures are influenced by the experimental condi-
tions as well as the materials™ purity |29 3], The results
of differential thermal analysis showed that the first
transformation from gypsum to bassanite occurred at
about  124°C and  the  sccond  transformation  from
bassanite to anhydrite at about 147°C. Therefore. the
presence of these materials in the irradiated  gypsum
pellets should be an exact evidence ot the temperature
history.

Using XRD. it is generally possible to detect the mixed
crystalline forms as low as | wt,. Hirota and Furumoto
[15] detected caleium pyrophosphate by micro-XRD at
10 kKW in dental enamel that had been irradiated by a Er:
YAG laser. Sakae ctal. |20 found that the 3.0-pm LEBRA-
FEL irradiation did not cause scorches on the human tooth
samples, whereas, the 2.94-um Er:YAG laser irradiation
did. In this study. no other phase besides the original
eypsum was detected by micro-XRD. although an [8-kW
power source was used. indicating that the remaining pit
walls were intact. Therefore. the rise of temperature caused
by LEBRA-FEL irradiation was less than 124°C. These

Fig. 3 Photograph ol the 3.0-pm LEBRA-FEL irradiated gvpsum
pellet. Three pits at rop left were the results ol three. two and one
irradiation shot [rom top 1o bottom. The same experiment was
repeated sin times on this gypsum pellet



Fig. 4 Micro-XRD patiern of
the gypsum. Abscissa is the
diffractuon angle. 20 (Cuk o).
and ordinate is the diffraction
ntensity
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findings and the observation of luminescence and smoke

on the irradiation suggested that the ablation mechanism of

LEBRA-FEL irradiation is mainly plasma or evaporative
ablation rather than thermal ablation.

In this study. the irradiation power and wavelength were
varied to examine the ablation cffect. However, other
factors such as pulse duration or pulse interval were not
varied. Compared with the reported Er:YAG laser irradi-
ation results. ultra short-pulsed  laser | 73-35] and Q-
switched lasers were cffectively  deducing the thermal
cffects 20 The LEBRA-FEL has a 20-ps macro-pulse at
2 Hz with less than 1 ps micro-pulses at 350-ps interval | 7
5] The LEBRA-FEL has an cffeet on the pit formation
using the power as low as 2 ml/pulse in contrast to several
[00-mJ power used in dental clinical Er:YAG instrument.
ErYAG caused thermal effects on dental hard tissues | 7).

The LEBRA-FEL study was compared with the results of

the FEL at Vanderbilt University where no  thermal
cracking can be observed after ablation in dentin: however,
a small amount of thermal cracking can be observed after

Fig. 5 Micro-I'TIR spectra ol e
the gypsum (K-K transformed). I
IFaint but appreciable bands at

3400 and 3550 em " were due
1o OH stretching modes off i
ovpsum L

o l] ‘
MW v,
~ L S A

* Ny

et WWAY WY

R ENEEY)

ablation in cnamel [ 10].
difference in the irradiated
FEL micro-pulsc structures.

Other factors that may afleet ablation include the
structure and - texture of the material. The  cause of
inconsistencey of the effective wavelength range between
eypsum and dental hard tissues remained 1o be clarified.
from 2.6 to 3.8 pum for the former and from 2.0 to 4.0 um
for the Tatter. In our preliminary laser irradiation investiga-
tion using natural and synthetic hydroxyapatite, the degree
ol crystallinity and grain size influenced  the results
(unpublished data). To clarity the laser irradiation cffects
on biological hard tissues that are composed of biological
apatites. all these factors should be controlled in addition to
taking into account the chemical inhomogenity of the hard
tissues [ 3],

The small but appreciable
dentins might be due 1o the

Waver mmbe i
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Application of LEBRA-PXR to the diffraction analysis of minerals

Toshiro SAKAE", Yasushi HAyAkawA™", Akira Mor1™, Takao KuwaDpa™, Takeshi SAKAI™,
Kyoko NoGamr ", Toshinari TANAKA™, Ken HAYAKAWA"™ and Isamu SATO"™

‘Department of Histology, Embryology and Anatomy, Nihon University School of Dentistry
at Matsudo, Chiba 271-8587, Japan
“LEBRA, Laboratory for Electron Beam Research and Application, Institute of Quantum Science,
Nihon University, Narashino-dai, Funabashi 274-8501, Japan

Parametric X-rays (PXR) are a new type of X-ray that are generated by crystal-electron interactions. The
Laboratory for Electron Beam Research and Application (LEBRA) at Nihon University generates PXR using a
double-crystal system generating electrons from a 100-MeV class LINAC. LEBRA-PXR has potential for use
as a wavelength tunable, ultra-high bright X-ray source with a macro-/micro-pulse structure. LEBRA-PXR
has an energy-dispersion in the horizontal axis, assumed to be 0.2% in the experimental window, but can be
used as monochromatic X-ray source for diffraction using a simple slit-system. A diffraction experiment was
successfully carried out by applying an 11 keV, or 1.1273 A, LEBRA-PXR. Near-perfect crystals, such as
graphite used for a monochromator showed sharp diffraction peaks. Clear, transparent mineral quartz and fluor-
apatite crystals also showed sharp diffraction peaks, while the diffraction peaks from clear calcite and silicon
powder were not detected. Possible reasons for the lack of diffraction peaks from these materials are discussed.
LEBRA-PXR has potential for use in studies on the diffraction of other materials, and is therefore, expected to

be a useful tool for crystallographic analysis.

Keywords: Parametric X-ray, Diffraction, Graphite, Quartz, Calcite, Apatite

INTRODUCTION

Parametric X-rays (PXR) are radiation emitted by charg-
ed particles moving in a crystal. They were first observed
experimentally by Vorobiev et al. (1985) and Didenko et
al. (1985) in 1985 at Tomsk in the Soviet Union, who
identified the radiation from relativistic electrons in a
crystal in the Bragg direction. Since then, the term, “para-
metric X-ray radiation”, or PXR, has been used in inves-
tigations into this phenomenon. Schagin (2001) and
Krasilnikov et al. (2005) have reviewed the theoretical
and experimental approaches on PXR.

Linear electron accelerators, LINACs, are usually
used to generate PXR, as they can provide short, high-
current, electron beam pulses. Such electron beams can
generate short PXR pulses at powers of about a megawatt
per steradian. Numerous experimental studies have shown
that PXR exhibits sharp maxima in the vicinity of the
Bragg direction relative to the crystallographic plane, and
that PXR reflections have a conical shape with an angular
size of about or greater than the inverse relativistic factor

T. Sakae, sakae.toshiro@nihon-u.ac.jp Corresponding author

of the incident particles (Schagin, 2001).

PXR has a macro/micro-pulse structure that depends
on the macro/micro-pulse structure of the electron beam
generated in the LINAC system, which usually generates
pico- or nano-second micropulses. It is hoped that PXR
can act as a new short-pulse brilliant X-ray source for a
wide variety of applications, from basic research to medi-
cal applications. The Laboratory for Electron Beam Re-
search and Application (LEBRA) at Nihon University in
Japan, generates PXR via a double-crystal system using
electrons from a 100 MeV class LINAC (Hayakawa et al.,
2005), and has recently successfully applied LEBRA-
PXR to the diffraction analysis of minerals. This paper
discusses the results of our study into the PXR diffraction
of these selected crystals.

GENERATION OF LEBRA-PXR

The LINAC at LEBRA is a conventional system that is
not equipped with any special devices, such as an RF gun
or a sub-harmonic buncher. The LEBRA-LINAC specifi-
cations are listed in Table 1. Since the LEBRA-LINAC
has been developed as a free electron laser (FEL) source,
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Table 1. Specification of LEBRA-LINAC

Beam energy 50 — 125 MeV
Acceleration frequency 2856 MHz
DC gun voltage -100 kV
Macro pulse 2Hz
Beam pulse duration 20 ps
Micro pulse 350 ps
Bunch length 2-3ps
Beam current 200 mA
Repetition rate 125 Hz
Average current 50 pA

Normalized emittance (rms) <207 mm mrad

I Vacuum Chamber

\_"Radiator Reflector
NV "

Permanent
Q-magnet

Electron PXR
Beam

Figure 1. LEBRA-PXR double-crystal system.

high-current electron beams with a low emittance are
obtained. To meet the demand for high brilliant wave-
length-tunable monochromatized X-rays suitable for a
wide range of applications from basic research to medical
diagnosis, a double-crystal system was constructed at
LEBRA to generate the PXR (Fig. 1). Details of the con-
struction of the LEBRA-PXR system are described in
Hayakawa et al. (2005). In our study, the LEBRA-PXR
was operated at 11.00 keV, or 1.1273 A. At present, the
LEBRA-PXR has an energy-dispersion along the hori-
zontal axis, which is assumed to be 2% in the experimen-
tal full-window width of 13 cm, and 0.2% in the diffrac-
tion window width of 1 cm. With a limiting millimeter-
sized slit, the LEBRA-PXR can be used as monochro-
matic X-ray source for diffraction experiments.

DIFFRACTION ANALYSIS
Diffraction Recording

Powder diffraction data from the materials of interest was
collected using a normal goniometer (Rigaku, Japan).
This system did not have the usual slit or monochromatic
systems, because the LEBRA-PXR itself generated high-
ly monochromatized X-rays. The divergence of the
LEBRA-PXR was limited by placing X-ray absorbable
bricks before the sample to obtain a 1 cm irradiation
width at the sample position. The diffraction data was
counted using a 35 mm diameter, 60 mm long ion cham-
ber, using an accelerating voltage of 1 kV, an argon gas
purge, and a position fixed at the 20 diffraction angle. An
ion camber was selected as the counting device, because
the PXR laboratory is in a high energy-field, and noise is
generated by the LINAC. The material of interest was
placed in the sample holder, and the measurement was
carried out in the ©-scan mode. The goniometer system
used was not fully adopted in the auto-scan measure-
ments, and the counts were manually recorded at 0.001-
degree intervals.

Materials

The materials selected for studies on PXR diffraction
were: (i) a graphite crystal used in an X-ray diffraction
monochromator, (ii) a large, clear transparent quartz crys-
tal, about 3 cm in length obtained from Brazil, (iii) a
large, clear faint greenish transparent fluorapatite crystal,
about 2 cm in length obtained from Durango, Mexico,
and (iv) a clear transparent calcite crystal, about 2 cm in
length obtained from China, which exhibited internal
cleavages. These crystals were mounted in plastic frames,
and plastic clay was used to fix the crystal in the goniom-
eter sample holder to orientate the crystal surface to the
PXR beam. Conventional X-ray diffraction patterns of
the samples were recorded using an X-ray diffractometer
(XRD, Rigaku Model RINT-2500, Japan) for comparison
with the LEBRA-PXR diffraction patterns. Peak identifi-
cation and FWHM calculations were carried out using the
JADE software package (Materials Data Inc., USA).

RESULTS

The conventional X-ray diffraction patterns obtained for
graphite, calcite, and fluorapatite are shown in Figure 2.
Any diffraction peaks from quartz that overlap the graph-
ite peaks are excluded for clarity. These diffraction pat-
terns, including those of quartz, fitted database data well:
PDF No. 26-1079 for graphite, PDF No. 46-1045 for
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Figure 2. The conventional X-ray diffraction patterns for the
Graphite (Left), Calcite (Middle), and Fluorapatite (Right) min-
eral crystals. The vertical axis was scaled arbitrary and shifted
for ease to see.

Graphite

1400

1200

1000

800 \

600 t

400

200 L“
0 : | ey
9300 9400 9500 9600 9700 9.800
‘ er 1

Figure 3. LEBRA-PXR diffraction of “Graphite” crystal.

Intensity

quartz, PDF No. 47-1743 for calcite, and PDF No. 15~
0876 for fluorapatite. The FWHM values of the samples
were: FWHM; = 0.117° for graphite, FWHM,,; = 0.168°
for quartz, FWHM o, = 0.173° for calcite, and FWHM,,,
= 0.189° for fluorapatite.

The observed LEBRA-PXR diffraction peaks in the
0-scan mode for graphite, quartz, and fluorapatite are
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100 ‘ . . .
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Figure 4. LEBRA-PXR diffraction from “Quartz ”. Top: 100 re-
fiection, and bottom: 200 reflection.

Apatite‘

160 m
> 120 L
2 g |t —
et
S 40

0 . . . .

12020 12000 11980 11960 11.940 11920

6r 1
Figure 5. LEBRA-PXR diffraction from “Fluorapatite”.

shown in Figures 3, 4 and 5. Each of these diffraction pat-
terns was confirmed by reverse scanning. Table 2 lists the
diffraction data of these materials. The LEBRA-PXR dif-
fraction data of graphite was the most clear of the materi-
als tested. The 100 and 200 reflections of quartz clearly
show that neither noise nor any other artifact caused these

Table 2. LEBRA-PXR Diffraction data for the “Graphite”, “Quartz”, “Fluorapatite”, and “Calcite” crystals

Graphite Quartz Quartz Fluorapatite Calcite
Diffraction
hkl 002 100 200 311 104
d-value 3.3756 4.2550 2.1277 2.1400 3.035
26calc 19.22 1522 30.12 30.54 21.41
0 calc 9.61 7.61 15.06 15.27 10.71
Maximum 8obs ’ 9.55 7.575 153 153 nd.
Intensity 1150 70 60 70 nd.
Expected Intensity 1150 80 30 13 296
based on Graphite
JCPDS card # 41-1487 46-1045 15-0876 05-0586
I/Io(RIR) 7.78 3.41 6.0 1.5 2.0
1 kil /To 100.0 16.0 ' 6.0 100.0

LEBRA-PXR wavelength was 1.1273 A (11.00 KeV)
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maxima. However, the 200 diffraction peak of quartz was
irregular in shape.

DISCUSSION

We successfully carried out diffraction experiments using
LEBRA-PXR. A number of reports pertaining to PXR
have been published after the original work of Didenko
et al. (1985) and Vorobiev et al. (1985), but almost all of
these have been concerned with production techniques
and the theory of PXR. There were no reports on the
application of PXR to diffraction among the 32 reports
found on PXR found using a CrossSearch program (ISI)
using the search items, “parametric” and “X-ray”. In this
context therefore, our study is the first report of the appli-
cation of PXR to diffraction.

In a preliminary study, we found empirically that
LEBRA-PXR diffraction was very sensitive to the homo-
geneity of a crystal. Trials using large, flat mica crystals
did not show any reflections. Mica was used by Bragg
(1912) in the first X-ray diffraction experiments that led
him to develop his theory of “Bragg reflections” (Bragg,
1913). This may be due to the layered structure of the
mica having macroscopic imperfections in the crystal
planes, but also could be due to the flexibility of the mica
crystals that could lead to out-of-plane misalignments.
Using the crystal surface of natural mineral crystals, the
diffraction peaks of quartz and fluorapatite could be
obtained. It was notable that in our experiments, no dif-
fraction data for calcite was obtained. The reason for this
is unclear, but we assume that there may be several
causes. Even though calcite was clear and transparent at
the macroscopic level, there could be cleavages at the
atomic scale in the crystal, giving the calcite mosaic-like
features at the microscopic level. Another possibility for
the lack of diffraction data for calcite may be attributed to
the ultra-high crystallinity of the materials used in our
experiments. In such a case, the diffraction peaks may too
sharp to be detected using a 26 = 0.001° measurement
interval. However, the X-ray diffraction peaks of the
materials taken using the conventional XRD powder dif-
fractometer were not so highly ordered and crystalline, as
shown in Figure 2. Another reason why no calcite diffrac-
tion peaks were detected was that the calcite diffraction
spots were outside the narrow range of the detector. This
can be easily understood in the case of X-ray diffraction
data collection from a single crystal. This may be also the
reason why the 002 reflection of quartz was distorted, as
shown in Figure 4.

In trials using standard silicon powder diffraction
material, we failed to observe any diffraction data. This

seems to suggest that LEBRA-PXR requires a macro-
scopically large and perfect crystal for diffraction analy-
sis. We are presently developing a powder diffraction sys-
tem using LEBRA-PXR. The diffraction peak intensities
obtained from LEBRA-PXR were very weak, as shown
in Table 2. This may be partly due to the ultra short pulses
from the LEBRA-PXR: the 20 ms 2-Hz duration of the
macro pulse the electron bunch length became a 2-350 ps
micro-pulse cycle. This means the net duration of the
radiation pulse was only about 0.2 ms per 1 sec LEBRA
pulse. In other words, LEBRA-PXR is a high brilliance
short-pulse X-ray source. This study has shown that
LEBRA-PXR is a useful tool for diffraction analysis.
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Abstract: New bone formed around the implant
was classified into three categories by Nakada et al
and Suwa et al. The purpose of this study was to
determine structural and radiographic
characteristics of these bones wusing a newly
developed wavelength tunable and highly parallel
Parametric X-ray (PXR) method. Methods: PXR
was generated by a LINAC at LEBRA, Nihon
University. X-ray wavelength was tuned from 7 KeV,
0.177 nm, to 16 KeV, 0.0775 nm. Ti6AMV alloy
implants with surfaces modified by coating or grit-
blasting were implanted into rabbit tibia bones for 2,
4, and 8 weeks. After sacrifice, implant with
surrounding bones was isolated and non-
demineralized polished thin sections were prepared.
PXR conditions; PXR macro pulse: 20 micro-sec;
micro-pulse: 2-3 pico-sec with 350 pico-sec duration;
irradiation: 900 sec; sample-detector distance: 7.5
mm; films: Fuji Film Imaging Plate. The images
obtained were processed using an image analyzer.
Results: PXR radiography showed distinct
difference between the newly formed bone and the
compact bone. Color-mapping of the images showed
the changes in bone formation with time of
implantation. Cenclusion: LEBRA-PXR is a good
tool for the quantitative analysis of bone formation.

Introduction

Osseointegration of implants has been the subject of
many investigations. Nakada et al. [1, 2] classified the
newly formed bone around and/or attached to Ti alloy
implanted in rabbit tibia bone into three categories: (a)
closely attached to the compact bone, (b) surrounding
the implant, and (c) occurring at the bone marrow
spaces or medullary cavities. These authors carefully
investigated these bones wusing polarized light
microscopy and Roentgen micro-radiography. Suwa et
al. [3] showed crystallographic differences in the newly
formed bones.
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The aim of this study was to determine structural
and histological differences of these bones using a
newly developed wavelength tuneable Parametric X-ray,
PXR.

Materials and Methods

Animal experiment: New Zealand White rabbits,
thirteen week old, were used in this study. Titanium
alloy (Ti6Al4V), 2.8 mm in diameter and 8.0 mm in
length and grit-blasted with alumina powder abrasive,
were implanted in the tibia bone (Fig. 1). The Nihon
University School of Dentistry at Matsudo Experimental
Animal Ethics Committee (ECS-03-0003) approved the
experimental protocol for the use of the animal. After
one-, two-, or four-week implantation the rabbits were
sacrified under anesthesia. Non-demineralized polished
sections, 50 pm in thickness, were prepared.

Fig. 1 (Left) Schematic representation of implantation
of Ti alloy implant into the rabbit tibia bone. (Right)
Roentgen images of the implanted bone [3].

Parametric X-ray experiment: Parametric X-ray,
PXR, is an emergent X-ray which can be generated by
irradiating electrons to a crystal. LEBRA, Laboratory
for Electron Beam Research and Application, at Nihon
University succeeded in generating PXR using a 100
MeV LINAC and applying it to several kinds of X-ray
experiments (Fig. 2) [4-6]. PXR has many unique
characteristics, the most important of which is tuneable
highly coherent and highly monochromatized X-ray
wavelength (nm), or X-ray energy (KeV). X-ray
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attenuation of material varies depending on the
wavelength, causing changes in radio-opacity. Particular
materials of interest, for example bone tissues in this
study, can be distinguished by selecting the X-ray
wavelength. Imaging Plate, Fuji film Co., was used in
this study for its wide dynamic range and fine linearity.

Fig. 2. Schematic representation of the generation of
tuneable wavelength Parametric X-ray, PXR [5].

Results

Figure 3 shows the effects of PXR wavelength
variation to the recorded images. Ti-implant interface
image became more distinct with the increase in X-ray
energy from 15 KeV (0.0827 nm) to 17 KeV (0.0730
nm). In general, the higher X-ray energy means higher
potential of X-ray penetration through the material.
Thus, using the 17 KeV PXR showed more radio-
translucency than using the 15 KeV PXR.

Fig. 3. Wavelength dependent radio-opacity. Note that
Ti-implant interface is more distinct and clearer with the
increase in X-ray energy. (From left to right: 15 KeV,
16 KeV, 17 KeV)

Fig. 4. PXR micro-radiogram of the Ti-implant
imbedded rabbit tibia bone section. Difference in radio-
opacity for the newly formed bone tissues was clearly
shown.
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Figure 4 shows a Roentgen image of the implanted
bone using the PXR. In this figure the newly formed
bones are clearly distinguishable: the attached bone, the
surrounding bone, and the bone formed in the medullary
cavity.

Figure 5 shows the result of a quantitative analysis
of the recorded image. Following the quantitative
calculation of the degree of calcification from the X-ray
micro-radiogram [7, 8], the degree of radio-opacity was
converted to estimated hydroxyapatite % content with
the help of the aluminium step-wedge.

Fig. 5. Gray-scaled
(originally  pseudo-
color) representation
of Ti-implanted rabbit
tibia bone. Aluminium
i step-wedge was

-
-

located beside as for
X-ray attenuation
standard.

R s

Discussion

LEBRA-PXR easily allows controlled changes of
the highly monochromatized X-ray wavelength easily.
As shown in Figure 3, radio-opacity of the material was
dependent on the X-ray wavelength used. When using a
standard dental Roentgen system, the fine structures
shown in Figure 4 could not be distinguished [1]. The
clear images obtained by PXR were due not only to the
highly monochromatized but also highly-ordered
parallel X-ray beam which did not cause obscure images.

The monochromatized X-ray has an advantage in
quantitative analysis of the degree of calcification of
bone. When using X-rays from usual generators which
contain several characteristic X-rays or white X-ray,
some  special instrument such as  graphite
monochrometer, is required to obtain monochromatized
X-ray [8]. Combination of the wavelength tuneablity
and monochromatized character of PXR will provide a
quick and precise quantitative radiographic analyser.

Conclusions

Application of LEBRA-PXR to radiographic
analysis of rabbit bone resulted in good resolution of the
images  obtained. @ The  high-power,  highly
monochromatized and highly parallel oriented X-ray
resulted in an easy radiographic analysis including
quantitative analysis.
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Introduction

Abstract

The ablation effect of laser treatment of dental tissues is mainly
determined by : i) wavelength, ii) power fluence, and iii) pulse struc-
ture. To evaluate the effect of pulse structure, the 2.94 ym free elec-
tron laser (FEL) and the Er:YAG laser were used to irradiate human
tooth enamel and dentin. A 2.94 um FEL of 8-10 gsec excision with 2
Hz was generated by the 80 MeV LINAC-undulater system at
LEBRA, Nihon University, with the macro—pulse structure of 20 usec
and with less than 1 pico-second micro-pulses at 350 pico-sec interval.
Size and depth of the pits formed by laser irradiation were measured
using a profilometer. Only a 3 mJ] LEBRA-FEL was sufficient to form
a crater in the enamel and dentin, and the depth of the pit formed by
laser irradiation was dependent upon the power of laser. Even when
the higher-powered FEL was applied, the craters showed no signs of
scorching. Conversely, craters with scorching were evident when the
Er: YAG laser was used on dentin. In conclusion, heat damage of
dental hard tissues can be avoided using a micro—pulse structured
laser.

tissues is maximum at this wavelength. Laser abla-

Laser use in dentistry has grown dramatically
during the past two decades. Potential! applications
include for detection of dental caries lesion (1), aes-
thetic dentistry (2), dental implantology (3), per-
iodontology (4, 5), endodontics (6), dental calculus
and caries removal (7), hardening of tooth surface (8),
gingival contouring, bleaching, frenectomy, treat-
ment for hypersensitivity (9, 10). The use of lasers in
the dental field has been proclaimed by several
researchers (11, 12, 13), and the benefits are widely
recognized (14, 15).

For excavation of dental enamel and dentin, the
laser wavelength generally selected is 2.94 ym (the
Er:-YAG laser), since absorbance by water in the

8

tion effects are mainly influenced by wavelength,
power—fluence, and pulse structure. Thus, the effect
of pulse structure can be determined using lasers
with the same wavelength and similar power energy
for irradiation experiment.

Lasers used in the clinical and experimental field
are usually solid-crystal generated and EXCIMA
lasers, both of which operate at a fixed wavelength.
The free electron laser (FEL) has a wavelength that
is adjustable, spanning wavelengths from a milli-
meter, to visible and potentially ultraviolet, to x-ray.
It can exhibit the optical properties characteristic of
conventional lasers, such as high spatial coherence,
and a near diffraction limited radiation beam. It
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differs from conventional lasers in that it uses a
relativistic electron beam as its lasing medium, as
opposed to bound atomic or molecular states. Using
these FEL characteristics, the Laboratory for Elec-
tron Beam Research and Application (LEBRA) at
Nihon University used the LINAC-system to develop
the LEBRA-FEL. This laser has a 20 gsec macro-
pulse/less than 1 pico-sec micro-pulse structure.

The aim of this study was to compare the ablation
effect of LEBRA-FEL and Er:YAG, lasing with
different pulse structures, on dental enamel and
dentin.

Materials and Methods
Tooth Preparation

Three human molar teeth, preserved in 109 neu-
tral formaldehyde solution, were used in this study.
They had been extracted prior to the establishment
of the committee for Ethics at Nihon University
School of Dentistry. These teeth sectioned using a
low speed diamond saw (Buhler, USA).

Free Electron Laser (FEL) Irradiation

The principles of generating FEL using linac and
undulater has been previously described (16, 17). For
the LEBRA-LINAC FEL system, the electron beam
is pulsed at 2 Hz, and the laser is on for 20 micro-
seconds, depending on the wavelength and the
“tune”. This long pulse of several microseconds is
generally referred to as the macropulse. The macro-
pulse of electrons comprise a train of very short
micropulses, less than 1 picosecond long, and these
micropulses are spaced by the timing of the RF
oscillations (350 picoseconds). The electron beam is
introduced into an undulater, which is composed of a
series of magnets. The electron beam is oscillated by
these magnets but the light passes through linearly
and reflects between by two mirrors to resonate and
amplify (Fig. 1).

The LEBRA-FEL was operated under the follow-
ing conditions - accelerating voltage of 80 MeV ;
macro-pulse of 20 uysec, 2 Hz; Micro-pulse of 70
mA, less than 1 pico-second with a 350 pico-second
interval ; Undulater gap interval of 15.0 mm; FEL

Reflection mirror

Fig.1. Principle of generating FEL.

Fig. 2. FEL irradiation equipment.

The FEL passed along the vacuumed tube from the undulater
and came out through the calcium fluoride windows at the
right side of the photo, reflected by three mirrors, then passed
a condenser lens, CaF,, =100 mm, to focus on the surface of
sample which was placed horizontally.

wavelength of 2.94 ym; FEL excision of 8-10 usec.
The irradiating energy was regulated by a dia-
phragm through which the laser light passed. The
power of irradiation was monitored before and after
irradiation of the sample, and there was 159 fluctua-
tion of power. The FEL was used to irradiate the
section for an exposure time of 1 to 3 macro-pulse
shots. Fig.2 shows the FEL irradiation equipment
used. The tooth section was mounted into the sample
holder to permit irradiation at the right angle to the
sample.

Ev:YAG Laser Irradiation

An Er:YAG laser irradiation instrument for experi-
mental use (HOYA PHOTONICS Co. Ltd., Tokyo)
was also used in this study. The experimental condi-
tions were as follows - output wavelength of 2.94

9



Int J Oral-Med Sci 4(1):8-13, 2005

um; cycle of 3 Hz ; output power of 350 m] ; trans-
mission using a fiber ; irradiation tip of quartz. The
irradiation was carried out at the same laboratory
room as to the LEBRA-FEL irradiation.

Measurements of the Pits formed by the Laser Irradi-
ation

The lased teeth sections were observed under a
binocular microscopy (NIKON, Tokyo), and images
were recorded on a digital camera. The size and
depth of the pits formed by laser irradiation were
measured using a surface profilometer (VF-7500,
KEYENCE, Osaka).

Results

An example of a LEBRA-FEL irradiated human
tooth is shown in Fig. 3. On irradiation, there was a
glint of light blue color and a faint smell akin to that
of drilled dentin. After irradiating, pits or craters on
both the enamel and dentin surface were visible with
the naked eyes. The ablation effect of the LEBRA-
FEL appeared to be related to the dose of irradiation.
Using the same dose of irradiation, dentin was ex-
cavated deeper than enamel. Table 1 shows the depth
of pits measured using a surface profilometer. Pits
had a crater-like or conical appearance.

The depth of the pits formed by irradiation with
the LEBRA-FEL appeared dose dependent, when the
unfitted data from 16 xm to 99 um for enamel and

from 17 um to 111 gm for dentin was excluded (Fig.
4). The width of the pits were dependent upon the
dose of irradiation but the relation coefficient was
not clear from 129 ym to 174 gm for enamel and from
40 ym to 192 um for dentin. In some cases, irradia-
tion spots were visible at the enamel-dentin junction,
where pit depth and width were between those for
enamel and dentin (Table 1).

Fig. 5. shows another example of LEBRA-FEL
irradiation of human enamel and dentin. Again, the
pits formed by the irradiation appeared to be dose
dependent. There was no sign of scorching of enamel
or dentin at any dose of irradiation used in this
experiment. By contrast, irradiation with the Er:
Y AG laser resulted in scorching of the surface of pits
(Fig. 6).

Discussion

The FEL has a number of attributes not seen with
the solid-state laser system and EXCIMA lasers, for
example in terms of arbitrary tunable wavelengths
that are resonantly absorbed by phosphates, pro-
teins, and water (18, 19). In general, a shorter period
laser irradiation resulted in the less thermal damage
of the dental tissues. Some investigators limit ther-
mal damages using a Q-switched nano-second micro
-pulsed Er:YAG laser instead of a free-running laser
(20).

This study focused on the effect of pulse structure

Table 1. Depth and width of the pits formed by irradiation of LEBRA-FEL in enamel and dentin.
HE ” 2 3 4 5 6 7 8 9 10 11
posthion Enamel Enamel Dentin Dentin Dentin Dentin Dentin Dentin  Dentin  Dentin  Dentin
irradiation 6 6 5 5 4 1 3 3 5 5 1
shot
depth 99 85 90 88 83 85 98 94 52 62 16
width 157 152 159 179 153 181 127 122 103 103 40
TE ition 2 3 4 5 6 7 8 9 10
posihio Enamel EDJ Dentin  Dentin  Dentin  Dentin ED]J Enamel Enamel Enamel
irradiation 9 5 5 3 5 3 9 2 1 1
shot
depth 31 78 111 97 92 103 81 33 18 17
width 174 131 192 137 150 163 179 156 137 129

10
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Fig. 3. FEL irradiated human tooth samples, left (HE) and right (TE).
See Table 1 for the details.
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Fig. 4. Plots of irradiation pit depth of human enamel and Fig.5. FEL irradiated human tooth.

dentin vs number of irradiation shot. Data are listed in Table = Numbers of the irradiation shot were 1, 1, 2, 2, 3 and 3, from

1. Shot number of 3 were omitted because of these deviations.  the left to right, respectively, for the dentin (the top series) ; 1,
1,1, 1, 1, 2, 2, 3 and 3, from the left to right, respectively, for
the enamel and dentin (the middle series) ; and 1, 1, 2, 2, 3, and
3, from the left to right, respectively, for the enamel (the
bottom series).

Fig. 6. Er:YAG laser irradiation on human tooth enamel (left) and dentin (right).

The irradiation, power of 350 m]J, was carried out with water for the right three spots on
the enamel (left) and without for the left four spots on the enamel, and without water for
the left three lined sopts on the dentin. Scorching was observed in the irradiated pits on
dentin.

11
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of the laser on tooth enamel and dentin. The results
showed that the thermal damage resulting from user
of the laser differed between the LEBRA-FEL and
Er:YAG lasers. When the Er:YAG laser is used in the
dental setting, water is used for cooling so as to
avoid thermal damage (21). In a recent study, Er:
Y AG laser irradiation resulted in the enamel heating
to 1600 °C (22). The irradiation of dental enamel with
subablative erbium laser irradiation produces fine
cracks in the enamel surface (8). In the current study,
unlike with the LEBRA-FEL, use of the Er:YAG
laser resulted in scorching of dentin.

The short pulse structure of infrared lasers result
in less thermal damage than that associated with
lasers in current use. Sub-microsecond pulsed IR
lasers resonant with water, and mineral absorption
bands ablate dentin efficiently with minimal thermal
damage (23). Less thermal damage with FEL irradia-
tion might be the result of pico-second or nano-
second pulses that induce mechanical ablation of
tooth structure faster than thermal diffusion. To
clarify the relationship among the ablation effects,
pulse structure, power fluence and tooth structure,
further study with the FEL are necessary.
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Introduction

Summary

Fluoride is widely believed to be a useful chemical substance for preventing dental
caries. However, the mechanism underlying crystal perforation in the tooth enamel
and the effect of fluoride on hard tissues are unclear. To clarify the mechanism of the
biological action of fluoride in the mineralization process, we examined the hard
tissues of rats having received water containing a relatively low fluoride level.
Electron microscopy revealed that fluoride ions could interrupt the crystal
nucleation process, resulting in crystal perforation in the developing tooth enamel
and the presence of amorphous minerals in bone crystals. Furthermore, the results
of enzymatic analyses indicated that fluoride directly interfered with the synthesis
of carbonic anhydrase by the enamel-forming cells, rather than being directly
involved in the crystal formation. From the results, we would like to provide a
possible mechanism of crystal perforation in the enamel induced by fluoride intake.
Also, we would like to suggest that regardless of its amount, fluoride intake has
harmful effects on both tooth and bone formation.

© 2006 Elsevier GmbH. All rights reserved.

is believed to be a preventive measure against
tooth decay (McCann and Bullock, 1957; Zipkin

In dentistry, a variety of fluoride-containing
products are being employed because fluoride use

7 *Corfesbonding author. Tel.: +81492855511;
fax: +81492 87 6657.
E-mail address: m-kakei@dent.meikai.ac.jp (M. Kakei).

et al., 1960; Larson et al., 1976; Arends and
Christoffersen, 1990; Colquhoun, 1993; Feather-
stone, 1999; Petersen and Lennon, 2004). Fluoride
is also used for the treatment of osteoporosis in the
medical faculty (Rich and Ensinck, 1961; Farley
et al., 1987; Boivin et al., 1988; Fratzl et al., 1994,

0940-9602/$ - see front matter © 2006 Elsevier GmbH. All rights reserved.

doi:10.1016/j.aanat.2006.07.009
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1996). Although numerous studies on fluoride have
reported their beneficial effects such as caries
prevention (McCann and Bullock, 1957; Zipkin
et al., 1960; Larson et al.,, 1976; Arends and
Christoffersen, 1990; Colquhoun, 1993; Featherstone,
1999; Petersen and Lennon, 2004), as well as harmful
effects such as dental and skeletal fluorosis (Fejers-
kov et al., 1979; Ando et al., 1998, 2001; Sampaio
et al., 1999; Choubisa et al., 2001), the effects of
fluoride on hard tissues remain controversial (Faccini,
1969; Diesendorf, 1986; Riggs et al., 1987; Denbes-
ten, 1999). Crystal perforation has been reported to
occur in fluorosed human dental enamel (Kerebel and
Daculsi, 1976; Yanagisawa et al., 1989). Crystal
perforation in the enamel has revealed the absence
of the central dark line, which is known as the
nucleation site of apatite crystals (Marshall and
Lawless, 1981; Nakahara, 1982; Nakahara and Kakei,
1984, 1989; Kakei, 1989; Kakei and Nakahara, 1996;
Kakei et al., 1997, 2005). With regard to the central
dark line in apatite crystals, our recent study has
clarified that the physical properties of the central
dark line are different from those of octacalcium
phosphate (Kakei et al., 2005), which is considered as
a candidate mineral for the central dark line (Brown
et al., 1962, 1987; Nelson and Mclean, 1984; Nelson
and Barry, 1989). In addition, it is thought that both
carbonate and magnesium ions may contribute to the
formation of the central dark line (Casciani et al.,
1979; Kakei et al., 1997). Therefore, we conducted
this study to clarify the mechanism underlying crystal
perforation based on our assumption that the crystal
nucleation process might be hampered by fluoride
intake. To determine whether fluoride directly
affects crystal formation, we analyzed the carbonic
anhydrase, which is thought to mainly provide the
carbonate ions in the mineral component of hard
tissues, in the developing rat enamel matrix, because
this enzyme might directly supply carbonate ions for
initiating the crystal nucleation process in the
calcification of hard tissues (Nakahara and Kakei,
1984, 1989; Kakei, 1989; Kakei and Nakahara, 1996,
Kakei et al., 1997).

In our present electron microscopic study, we
mainly examined the mechanism by which fluoride
affects the crystallization process in the tooth
enamel and external table of the calvaria.

Materials and methods
Experimental animal

The experimental group comprised male Spra-
gue-Dawley rats (3 wks of age) that were given free

access to drinking water, containing 0.1, 0.3 or
0.5 mg/l fluoride ions for 12 wks. The hard tissues of
these animals were subjected to electron micro-
scopy and chemical analysis. To demonstrate the
crystal perforation in the enamel, we provided
water containing up to 2.0mg/l fluoride to an
additional group. The control rats were provided
water that did not contain fluoride. Samples were
excised from anesthetized rats. For electron
microscopy, the samples were dissected into small
sections, and the calvariae were cut perpendicular
to the surface. The fluoride-affected regions in
developing rat incisors and bone were determined
in advance based on the results of tetracycline
labeling. The enamel matrix proteins from rat
incisors were prepared for western blotting and
for determining the carbonic anhydrase activity.
The use of animals was approved by the Animal
Care and Use Committee of Meikai University.

Transmission electron microscopy

The samples were fixed in 2% glutaraldehyde in
0.1 M cacodylate buffer at pH 7.4 for 1h at 5°C,
post-fixed with 1% osmium tetroxide in the same
buffer for 2h at 5°C, dehydrated by passage
through a series of ascending ethanol concentra-
tions and embedded in Araldite 502. Thin sections
were obtained using an ultramicrotome equipped
with a diamond knife. The sections were floated on
the water saturated with crystal minerals. Un-
stained sections and those stained with uranyl
acetate and lead citrate were examined under a
JEM 100CX at an accelerating voltage of 80KkV.

Biochemical analyses of carbonic anhydrase

After removal of the adhering blood and sur-
rounding soft tissues, the incisors were rinsed with
a cold saline solution. The immature enamel
materials obtained from 8 wk-old animals consisting
of the early (matrix formation) and middle (transi-
tional) stages of enamel development, were
scraped from the incisors. Each sample (3.0mg;
wet weight) of the developing enamel materials
was homogenized in 150 pl electrophoretic sample
buffer. In each group, equal amounts of protein
(30ug) were subjected to electrophoresis. After
electrophoretic blotting on a nitrocellulose mem-
brane (BA 85; Schleicher & Schuell, Dassel, Ger-
many), amido black staining and immunological
detection were conducted on the membrane. Anti-
carbonic anhydrase antibodies were prepared as
described previously (Kakei, 1989). Electrophoretic
blotting and the immunological detection of



Fluoride disrupts the crystal formation

177

carbonic anhydrase on the nitrocellulose mem-
brane were conducted by the method of Towbin
et al. (1979). Enzymatic activity was measured using
the pH change method of Wilbur and Anderson
(1948) with some modifications. Each sample of the
developing enamel tissues was tyophilized, pulver-
ized and then suspended in distilled water. A 0.3-ml
aliquot of the suspension containing 3.0 mg enamel
powder was tested for enzymatic activity. The
reaction solution for the measurement of enzymatic
activity contained 6.0ml of 0.02M Veronal buffer;
this solution was adjusted to pH 8.2 at 0°C. The
tissue suspension (0.3 ml) was added to the solution.
Next, 5 ml CO,-saturated cold water was introduced
into the mixture using a syringe. The time interval
required to lower the pH from 8.0 to 6.3 was
measured. For the controls, 0.3 ml distilled water
was used instead of the tissue suspension. Values are
mean+standard deviation (S.D.) of 3-5 experi-
ments. The enzymatic activity was expressed as a
pH time course.

Results

During the 12-wk experimental period, the body
weight of rats in all groups increased from
approximately 50-550g. No significant differences
were recognized between the experimental and
control groups with regard to the general condi-
tion.

Mineralization began simultaneously with the
protein secretion from Tomes’ processes of amelo-
blasts at the secretory stage of the developing rat
enamel (Fig. 1a). Despite the disappearance of
Tomes’ processes at the maturation stage, the
growth process of the crystals continued until they
attained full maturity (Fig. 1b). Observation of the
stained and unstained sections revealed that the
ribbon-shaped elements of the enamel that are
initially formed adjacent to Tomes’ processes
consisted of 2 components—an electron-dense thin
outer organic layer (the organic envelope; Fig. 1c)
and a relatively electron-lucent inner precursor
mineral (Fig. 1d). The first line represented the
crystal nucleation site within the organic envelope
(Fig. 1e). Crystal growth was recognized as an
increase in the number of lattice lines along the
first dense line (Fig. 1f). Possibly, the first line
persisted in the mature crystal (data not shown).
Based on our findings, we present schematics (Figs.
1g-i) depicting crystal formation from the nuclea-
tion stage to the maturation stage. Similarly, in
bones, needle-shaped elements, which possessed
an envelope structure similar to that observed in
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Figure 1. Electron micrographs of the crystal formation
process in the enamel (a)-(f) and schematics (g)-(i). (a)
Secretory stage of the developing rat enamel. Early
ribbon-shaped elements and Tomes’ processes (asterisks)
of ameloblasts. (b) Maturation stage of the developing
rat enamel. (c) Cross-section of the ribbon-shaped
element at the early stage. (d) Precursor mineral within
the envelope structure at the early stage. (e) Central
dark line first appears within the envelope structure. (f)
Developing enamel crystal. (g) Schematics of the
envelope structure and precursor minerals (M), consisting
of calcium, phosphate and magnesium ions, based on
photos “c” and *'d”. (h) Crystal nucleation by carbonic
anhydrase (CA) corresponding to photo ‘e”. Dots
indicate the magnesium carbonate salt. (i) Crystal growth
corresponding to photo "f”’. Carbonate ions might serve
to neutralize the inhibitory effect of magnesium ions by
forming a magnesium carbonate salt for initiating the
nucleation process. Subsequently, crystal nucleation
occurs in the presence of both activated calcium and
phosphate ions. Arrowheads, envelope structure; arrows,
central dark line. Scale bars: 30um (a) and (b), 10nm
(c)—(f). Stained sections (a)-(c), (e) and (f); non-stained
section (d).

the enamel, were located at the calcification front,
and the crystal growth proceeded towards the
advancing front (data not shown).

Electron micrographs of enamel crystals at the
secretory stage revealed that the immature crys-
tals showing lack of lattice images seemed to be
more abundant in the experimental animals than in
the control animals (Fig. 2a). However, in this
study, we obtained crucial evidence regarding the
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Figure 2. Electron micrographs of fluoride-affected
crystals (a)-(c), (e), (g) and (h) and normal crystals (d)
and (f) in the enamel. (a) Cross-section of the fluoride-
affected immature crystals. (b) A small number of
perforated crystals at the maturation stage. (c¢) Fluor-
ide-affected enamel rods at low magnification. (d)
Enamel rods of the controls at low magnification. (e) A
fluoride-affected enamel rod at high magnification. (f) An
enamel rod of the control group at high magnification. (g)
Longitudinal sections of the fluoride-affected enamel. (h)
Cross-section of perforated crystals. Arrows indicate the
central dark lines. 0.5-mg/l group (a) and (b), 2.0-mg/l
group (c), (e), (g) and (h) and control group (d) and (f).
Scale bars: 20nm (a), 200nm (b), 2um (c) and (d),
200 nm (e) and (f), 50 nm (g), 20nm (h). Stained sections
(a); non-stained sections (b)-(h).

presence of a small number of perforated crystals
among the crystals obtained from rats in the 0.5-
mg/| fluoride group (Fig. 2b). These crystals had
central perforations and were observed at the
maturation stage of the enamel (Fig. 2b). Next, we
examined the rats that received fluoride at a
considerably higher level, i.e. 2.0mg/l. At lower
magnification, many enamel rods were sparsely
filled with crystals; at high magnification, the
enamel rods consisted of crystal fragments and/or

perforated crystals when compared with the con-
trol crystals (Figs. 2c-h). However, crystal perfora-
tion was not detected in bones; a large number of
fine, dense crystals were observed at the matura-
tion sites without any visible abnormality at low
maghnification (Fig. 3a). However, at high magnifi-
cation, a number of crystals lacked the lattice lines
within the envelope structures in the stained
sections (Fig. 3b). Additionally, the unstained
sections showed an amorphous mineral with a fuzzy
(or unclear) structure; this structure was different
from that of the control crystals (Figs. 3c and d).
Next, we analyzed the key enzyme—carbonic
anhydrase—in the developing enamel matrix,
although the electrophoretic patterns suggested
that fluoride might have affected the synthesis of
some matrix proteins (Fig. 4a). Using an anti-rat
carbonic anhydrase antibody for western blot
analysis, it was clearly demonstrated that the
quantity of this enzyme, which is secreted by
ameloblasts, was remarkably reduced in the 0.5-
mg/l fluoride group (Fig. 4b). In addition, the
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Figure 3. Electron micrographs of fluoride-affected bone
crystals (a)-(c) and normal crystals (d). (a) Fluoride-
affected bone crystals at low magnification. (b) Stained
section showing envelope structures. (c) Non-stained
section showing amorphous minerals. Arrowheads, envel-
ope structure; arrows, central dark line. (a)-(c) 0.5-mg/l
group; (d) control group. (d) Bone crystals of the control
group. Scale bars: 100 nm (a) and 10nm (b)-(d). Stained
sections (a) and (b); non-stained sections (c) and (d).
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carbonic anhydrase activity in the developing
enamel matrix tended to decline with an increase
in the fluoride levels (Fig. 4c).

Discussion

It is generally believed that the central area of
the apatite crystal, which includes the central dark
line, may contain a higher concentration of both
carbonate and magnesium ions (Boyde, 1979; Quint
et al., 1980; Kakei et al., 1997). Furthermore,
magnesium ions are assumed to inhibit the crystal
nucleation process at the early stage of crystal
formation (LeGeros, 1981). Taking into considera-
tion these reports together with our notion regard-
ing the crystal nucleation process (Kakei, 1989;
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Figure 4. Effect of fluoride on the carbonic anhydrase
activity in the developing enamel matrix. (a) Electro-
phoretic patterns obtained from each sample. Some
matrix proteins (arrowheads) in the 0.5-mg/l group (lane
3) are affected by fluoride intake. (b) Western blot
analysis showing a reduction in carbonic anhydrase
(arrow) in the 0.5-mg/l group (lane 3). (¢) Enzymatic
activities at different fluoride concentrations. LM, low
molecular weight standard; C, sample from control group
animals; Exp.1, 0.1-mg/l; Exp. 2, 0.3-mg/l; Exp. 3, 0.5-
mg/| group animals and Blank, blank test without enamel
matrix. Error bars indicate S.D.

Nakahara and Kakei, 1989; Kakei and Nakahara,
1996; Kakei et al., 1997), it is plausible that
carbonate ions might serve to neutralize the
inhibitory effect of magnesium ions by forming a
magnesium carbonate salt for initiating the nuclea-
tion process (Casciani et al., 1979; Kakei et al.,
1997). Regarding the crystal perforation in the
enamel, although some researchers have reported
that fluorosed human dental enamel is accompa-
nied by crystal perforation, they concluded that
this phenomenon might have resulted from dental
decay (Kerebel and Daculsi, 1976; Yanagisawa
et al., 1989). In the present study, however, we
have observed such perforated crystals in the
developing enamel of unerupted rat teeth. Based
on the results obtained from the present study, we
have presented an explanation of the mechanism of
crystal perforation in the enamel (Figs. 5a-c).
Under conditions of the influence of fluoride,
analysis of the longitudinal sections of crystals in
Fig. 2g revealed that even if the carbonic
anhydrase supply from the ameloblasts stops due
to the presence of fluoride, crystallization would
occur continuously towards the c-axis at the
peripheral area (Fig. 5b), whereas the central
area would remain amorphous (Fig. 5c). This is
because the central area is considered to be
influenced by magnesium ions. Eventually, observa-
tion of the cross-sections of crystals (Fig. 2(h)
revealed a central perforation in Fig. 5¢c. However,
crystal perforation may not occur in bone crystals
because of the lack of the crystal nucleation

Figure 5. Schematics of the crystal perforation process
in the enamel crystal (a)-(c). (@) Tomes’ process (Tp) of
an ameloblast and ribbon-shaped elements (long parallel
lines). (b) Enlarged ribbon-shaped element. In the
controls, ameloblasts supply carbonic anhydrase (CA)
for initiating the nucleation process. (c) After the
nucleation stops, crystallization continues to occur at
the periphery area. CDL, central dark line. Left side:
longitudinal sections of the ribbon-shaped elements;
right side: cross-sections corresponding to each region
indicated by arrows. Broken lines indicate organic
envelopes.
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process. In addition, we expect that the crystal
perforation may also reduce transparency of
enamel crystals and partially account for the white
spots observed on fluorosed human dental enamel
(Kerebel and Daculsi, 1976; Yanagisawa et al.,
1989).

To date, the effect of low fluoride concentration
on the carbonic anhydrase activity has rarely been
reported, and crystal damage is barely seen at a
low fluoride level. However, we conclude that even
a low level fluoride would interfere with the
synthesis of this enzyme whose action might
inevitably initiate the nucleation process (Kakei,
1989; Nakahara and Kakei, 1989; Kakei and
Nakahara, 1996; Kakei et al., 1997). Therefore,
we believe that fluoride may directly affect hard
tissue-forming cells, which are responsible for
synthesizing carbonic anhydrase and secreting it
into the extracellular matrix for initiating the
crystal nucleation process, rather than being
directly involved in crystal formation. The crystal
nucleation process is likely to be hampered
significantly due to an insufficient supply of
carbonate ions, thereby resulting in the presence
of amorphous minerals in bone crystals and crystal
perforation in enamel crystals. This may explain
why fluoride intake results in a decrease in
carbonate and a slightty higher content of magne-
sium ions in the mineral component of hard tissues
(McCann and Bullock, 1957; Zipkin et al., 1960).

Here, we strongly suggest that even small
amounts of fluoride may indirectly affect crystal
formation by directly affecting the carbonic anhy-
drase synthesis in hard tissue-forming cells,
although various fluoridation schemes that aim at
preventing dental caries are employed and recom-
mended by many countries and organizations as
well as by the World Health Organization (Petersen
and Lennon, 2004). In addition, our recent findings
clearly demonstrated that the crystal structure of
the enamel surface is not modified by a simple
treatment with fluoride agents, which are widely
used in dental clinics, and show that fluoride
ions remain on the enamel surface, indicating that
the effectiveness of fluoride is very doubtful
(personal communication). We expect unnecessary
fluoride intake to affect the crystal formation
during the critical tooth and bone development
stages, although a structural damage in hard tissues
is barely seen at a low fluoride level. We believe
that excess fluoride intake might lead to more
serious dental and skeletal fluorosis (Ando et al.,
1998; 2001; Sampaio et al., 1999; Choubisa et al.,
2001). Furthermore, we speculate that fluoride
therapy for osteoporosis might have an adverse
effect.
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