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Abstract

Hydrazine has been used to remove organic com-
ponents and to isolate the mineral(s) from human calcu-
lus. Micro-Raman measurements were performed on the
mineral phase. After the hydrazine-treatment, not only
a large reduction in fluorescence but also an increase in
Raman signal was observed. The treatment was essen-
tial in minimizing thermally-induced chemical changes
which could otherwise occur to the original calculus
mineral due to the intense laser light. The Raman spec-
tral features of the mineral were nearly all identical
among the Raman spectra obtained at many randomly-
selected sites by the micro-Raman microbe with a lateral
resolution of approximately 1 um, and were consistent
with those of impure hydroxyapatite containing CO32'
and HPO42‘. The spectra contained typical hydroxyapa-
tite bands including PO43' bands of the v, v;, v3 and b,
modes and one OH™ stretch band. Other minor bands
due to the CO3* », and vy modes and bands possibly
due to the HPO,%" »,, », and », modes were observable
by the technique despite the hydrazine-treatment that
could in principle remove the HPO, and CO; ions from
the mineral. In comparison with pure synthetic
hydroxyapatite, the intensity of the OH stretch band
relative to that of the PO43‘ v, band was approximately
70% weaker, and the bandwidth of the phosphate »;
band was 200% broader, reflecting various crystal
imperfections presumably present in the calculus
mineral.

Key Words: Calculus, minerals, Raman spectra, hydra-
zine, hydroxyapatite, carbonate.
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Introduction

Calculus is mineralized plaque. Various mineral
phases in dental calculus including hydroxyapatite
(HAP), whitlockite (WH), octacalcium phosphate
(OCP) and brushite (DCPD) have been reported [5, 9,
20, 21, 23, 24]. The most commonly used techniques
in identifying these mineral phases have been the X-ray
diffraction (XRD) and electron diffraction (ED) tech-
niques. The former technique has been used for quanti-
tative analysis, and compositional changes between new-
ly formed and aged calculus have been observed [21,
24]. In addition, the constituent minerals identified in
calculus varies among researchers.

Line-broadening of the XRD lines can occur if the
crystal size is small and distortion is present in the crys-
tal lattice. In fact, calculus mineral may contain a con-
siderable amount of amorphous material [2, 11] and not
be fully observable by XRD. This raises doubts about
the XRD technique used for the mineral quantification in
calculus though the XRD can detect selectively crystal-
lized components which may be not observable with
other techniques. Raman spectroscopy may provide an
alternative means to gain more information on minerals
which are crystalline and amorphous.

The electron diffraction technique has identified
OCP [22] as well as HAP-like materials in calculus, but
cannot be used for quantitative purposes. The infrared
absorption technique (IR) could only confirm the spectra
of carbonate hydroxyapatite in human dental calculus
[15]. The previously published results on calculus using
Raman spectroscopy showed little difference among dif-
ferent calculus formation periods though the Raman
spectra were not comparable to those of any of the pro-
posed mineral phases [27]. Since these Raman measure-
ments employed initial laser irradiation with an increased
laser power for fluorescence suppression, it was possible
that the reported spectra could be partly from altered
calculus due to laser heating. This problem can be cir-
cumvented by using hydrazine-treated calculus. The
treatment is known to cause no significant interference
with the original mineral, especially when amorphous
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Figure 3. Raman spectra of hydrazine-treated human calculus and relevant synthetic minerals in the phosphate band
region: (a) brushite (DCPD), (b) octacalcium phosphate (OCP), (c¢) hydrazine-treated calculus, (d) carbonated
hydroxyapatite and (e) pure hydroxyapatite (HAP). The calculus spectrum (c) is an averaged spectrum of the individual
spectra (shown in Fig. 4a) at 13 different randomly-selected sites/particles. The calculus spectrum resembles closely
to that of synthetic carbonated HAP. Conditions: laser: 20 mW, 515 nm; objective: 100X, NA = 0.95; beam spot size:
1 um, spectral resolution 6 cm’!; total exposure time: approximately 500 seconds.

weak but observable (see Fig. 5). The region below 380
cm’!, where external modes of PO43‘ and OH" are to be
expected, was obscured by the strong background, and
not explored.

The spectral features of hydrazine-treated calculus
resemble closely those of synthetic carbonated HAP.
The band positions of calculus mineral and synthetic
minerals are summarized in Table 1. Raman spectra of
calculus in the region of the OH™ stretch band are shown
in Figure 6. Two sets of spectra (Figs. 6a and 6b) were
obtained from two separate experiments with slightly dif-
ferent spectrometer-setups. A slope (or envelope) pre-
sent around the band in the original spectra was
removed. The spectra of the synthetic minerals (Figs.
6d and 6e) are shown as reference for the band position
and band width: the band intensities of these minerals
have no relation to those of the calculus. However, by
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taking two separate spectra (each covering the PO, or
OH spectral region) at a given site under the same ex-
perimental conditions, the intensity of the OH band rela-
tive to that of the PO, bands can be compared. Figure
7 shows the (integrated) intensity of the OH™ band versus
that of the PO,>" », band for each site/particle. The
slope of the straight line indicates the corresponding
average intensity-ratio (or OH band intensity relative to
the PO, band intensity). For hydrazine-treated calculus,
this ratio was 70% lower than for pure HAP.

Discussion

The Raman spectra obtained from hydrazine-treated
calculus contain typical PO, bands of the 1’21, vy, v3 and
v4 modes, one hydroxyl stretch band, CO;“" bands and
HPO,? bands. These spectral features were very con-
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Figure 4. Spectra of hydrazine-treated human calculus and synthetic minerals showing the PO43', HPO42' and CO32'
bands: (a) hydrazine-treated human calculus. Each spectrum was taken from a randomly-selected site/particle. (b)

Averaged spectrum of hydrazine-treated human calculus (#4-16).

(¢) Synthetic carbonated HAP. Carbonate

concentration: 8 wt%. (d) Pure HAP. Spurious background noises as well as slopes and envelopes present in the
original spectra (Fig. 3c) have been subtracted carefully. Conditions: laser: 20 mW, 515 nm; objective: 100X, NA =
0.95; beam spot size: 1 um, spectral resolution 6 cm™!; total exposure time: approximately 500 seconds.
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Figure 5. Raman spectra of hydrazine-treated human
calculus and synthetic carbonated HAP in the spectral
region of the CO;2" »; and »; bands.
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sistent with those of synthetic carbonated HAP [17],
which also contains HPO42' [6] as impurity. There
were, however, minor differences in bandwidths and
band positions of the PO43' v, and OH" stretch band.
The strongest PO43' v, band was consistently at a slight-
ly lower wavenumber by 2 cm™l. The bandwidth of this
band was approximately 8 cm™! (200 %) broader than the
corresponding band of pure synthetic HAP. The posi-
tion and bandwidth of the »; band could be influenced
by the presence of crystal impurities. Previously, the
position has been shown to be red-shifted by 2-4 cm™! in
synthetic carbonated HAP and human enamel [19]; the
bandwidth of the PO,>" »; band has been found to in-
crease approximately linearly with the carbonate concen-
tration up to a very high carbonate concentration [17],
though linearity occurred only below 8 % carbonate con-
centration in other experiment [3]. It is possible that not
only carbonate ions but also other impurities contribute
to the disorder in the crystals. There are discrepancies
among the reported results concerning the bandwidth of
PO,* band and intensity of CO,2 band, and are most
likely due to completely different preparation methods
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Table 1. Spectral positions of the observed Raman bands of human calculus and synthetic minerals.

(Band positions in cm'I)

Human calculus Carbonated HAP Pure HAP OoCP Mode of vibration
400-410 HPO v,
432 432 432 428 PO v,
448sh 449sh 448sh 448sh
520-560 525 HPO »,
581 581 581 585 PO, v,
592 591 592 594
609 609 609 615

617sh 617sh
960 962 962 959 PO, »,
665sh

1003 1003 1003sh HPO ¥,

1011
1028sh 1034sh PO, v,

1045br 1048 1048 1048

1072 1072 CO5% v,
1077 1077 1075 PO, v,

1460 1460 CO3%* 1y

3571 3572 3572 OH’ stretch

The band positions were determined after removing slopes (or envelopes) present around the bands in the original
calculus spectra (Fig. 3c), and slight differences in the band positions may be seen (cf. Figs. 3¢ and 4b). For detailed
assignments for the synthetic minerals, see references [6, 17]. sh: shoulder; br: broad band.

Table 2. Summary of the identified calculus minerals.
(HAP: hydroxyapatite; OCP: octacalcium phosphate; DCPD: brushite; WH: whitlockite)

Year Technique Minerals identified Reference
1954 X-ray diffraction HAP, WH, DCPD (11)
1960 X-ray diffraction HAP, WH 4)
1964 X-ray diffraction HAP, WH, OCP, DCPD (21
1965 electron diffraction HAP-like 13)
1966 X-ray diffraction HAP, WH, OCP, DCPD (23)
1967 X-ray diffraction HAP, WH, OCP, DCPD (®)
1968 electron diffraction HAP, OCP (22)
1973 X-ray diffraction HAP, DCPD (20)
1974 infrared absorption HAP (CO;%) (14)
1994 micro-Raman HAP (CO5*, HPO,?) Present work
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Figure 6. Raman spectra of hydrazine-treated human
calculus and synthetic carbonated HAP in the OH"
stretch region. (a) Hydrazine-tread calculus (one set of
measurements: sites #24-29). (b) Hydrazine-treated
calculus (another set of measurements done earlier: sites
#17-23). (¢) Hydrazine-treated calculus 13-average
(#17-29). (d) Synthetic 8 wt% carbonated HAP. (e)
Synthetic pure HAP. The slight difference between (a)
and (b) is due to changes in the instrumental setup.
Slope and envelopes in the original spectra have been
removed. Conditions: laser: 20 mW, 515 nm; objective:
100X, NA = 0.95; beam spot size: 1 um, spectral reso-
lution 6 cm’l; total exposure time: approximately 500
seconds.

used, leading to carbonate ions at different lattice sites.
The bandwidth of the PO43' v| band can not be used as
a basis to estimate the carbonate concentration in the
HAP crystal. The intensity of the carbonate »| band is,
however, consistent with 2-8 wt% carbonate by judging
from the results by Nishino et al. [19] and Nelson ef al.
[17]. Substitution of CO32' into OH positions has been
seen previously as cause of a drop in OH™ band intensity
[19]. The low intensity of the OH" stretch band of cal-
culus indicates a large deficiency of OH ions possibly
caused by vacancies, ion substitutionand Ca-deficiency.
The broader bandwidth of the PO,> v, band can also
account for these effects. If the OH band intensity is
approximately proportional to the OH™ concentration in
the mineral crystal, the amount of OH™ would be equiva-
lent to approximately 30 % of pure stoichiometric HAP.

A potential concern is the alteration of the original
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Figure 7. The Raman intensity of the OH" stretch band
is plotted against that of the PO,*" »| band for each mea-
surement on hydrazine-treated human calculus, synthetic
pure HAP and carbonated HAP. The gradient of each
straight line through the origin represents the corre-
sponding average ratio of the OH™ band intensity and
PO43' v; band intensity. Conditions: laser: 20 mW, 515
nm; objective: 100X, NA = 0.95.

mineral phases (present in untreated calculus) by the
laser irradiation and by the hydrazine treatment. The
previous Raman studies reported no great differences in
mineral variations among sites and age of human calcu-
lus [27], although some chemical changes might have
been caused by heat due to the presence of light absorb-
ing organic components during the laser irradiation used
on untreated calculus. The reported spectra differed
from those presented in this paper. Some thermal alter-
ation to the original mineral in calculus in the previous
results has to be suspected. Raman spectroscopy relies
on the balance between suppression of fluorescence
background and increase in signal intensity. It is always
advantageous when higher laser power is used since the
fluorescence can be bleached and the Raman signals can
be increased at the same time.

The micro-Raman setup with back-scattering geome-
try used in this investigation is suitable for highly
absorbing materials [28], but the power density of the
focussed laser beam can be high when an objective lens
with a short focal length is used. High power lasers,
such as CO, and YAG (yttrium-aluminum-garnet) lasers,
have been used to modify enamel surfaces [8, 25].
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Especially with a CO, laser, at the laser wavelength,
HAP has a very high absorption and the heat can be
generated in a thin volume resulting in melting and
glassy formation on the surface. It has been shown that
the induced changes caused the formation of tetracalcium
phosphate monoxide Ca (PO,),0 [18]. The peak power
density delivered by the CO, laser was in the range of
10-100 GW/cm?. In the case of the micro-Raman tech-
nique used in our study, the diameter of the focussed
laser beam on the sample was approximately 1 um with
laser power 20 mW, which gave the power density of
2.6 MW/cm?. This is 3 orders of magnitude lower than
that of the pulsed lasers mentioned above, and absorp-
tion of light by HAP at 515 nm is negligibly small com-
pared with far-infrared at 10 um. Biological materials
not only absorb the laser light but also act as heat-insula-
tor around the calculus minerals. This prevents the heat
from escaping, due to its poor thermal conductivity espe-
cially when dry, and this may lead to local heating. The
level of heat trapped in untreated calculus may reach a
level high enough to alter the original calculus mineral
even with a low-power continuous-wave laser. After hy-
drazine treatment, such a thermal problem is, however,
expected to be negligible, since the light-absorbing com-
ponents (which could also act as thermal insulator) were
removed and heat-conducting mineral was concentrated.
The intensity and position of the OH stretch band can be
affected by high temperatures, but there was no ob-
served change before and after increasing laser power up
to 80 mW. Spectral features of the phosphate bands
also remained unchanged by this power increase. The
chemical changes caused by laser-heating are therefore
unlikely, and the mineral spectra observed with this
technique are indeed from the mineral of the hydrazine-
treated calculus, but not of new thermally-induced
mineral phase.

Another potential concern is the possible changes in
the mineral due to hydrazine which has been used suc-
cessfully to study minerals in bone and teeth [26, 29]. It
has been reported that hydrazine can cause chemical
alterations of minerals. The acidic groups present in
minerals such as HPO42' and CO4%" can be lost in the
strong alkaline conditions of the hydrazine treatment.
Such losses can occur on the crystal surfaces, but would
be small if these ions are in the bulk of the crystals.
The induced loss of HPO, for example is reported to be
30-35% [29]. In our study, the relatively long hydra-
zine-treatment of 6 days was necessary for the substan-
tial removal of organic components from the original
calculus. The effect of the hydrazine treatment on cal-
culus minerals can be greater than suggested. This
means that the observed CO32' and HPO42' bands might
have been under-detected, and the concentration of other
mineral phases containing HPO42' may have become too
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low for the Raman technique.

Table 2 summarizes the mineral phases identified
previously by various techniques in human dental calcu-
lus. The previous reports on mineral phases in calculus
using electron diffraction technique suggested that miner-
al-changes could occur after a prolonged exposure to the
electron bombardment. Apatite-like diffraction patterns
have been reported {14, 23]. Some of these are consid-
ered to be an artefact caused by high energy electrons,
though the exact nature of the changes are unclear. By
cooling calculus samples with liquid nitrogen, an addi-
tional mineral phase, OCP, has been reported [22].
However, there has been no quantitative report using
electron diffraction technique.

To date, the quantitative identification of mineral
phases of calculus has been based on older XRD data {3,
9, 20, 21, 24]. The XRD technique relies on analysis
of interference patterns of the de/reflected waves from
an extremely large ensemble of regularly spaced diffract-
ing centers cooperating coherently. The coherent coop-
eration by the extremely large lattice ensemble can be
interrupted by changes in lattice parameters and crystal
size (if the crystal size is smaller than the coherent
length of the X-ray spontaneous emission line used). It
has been shown that the diffraction pattern of HAP in
enamel was quite sensitive to the crystal size [7]. Fur-
thermore, Jenkins [11] and Arends et al. [2] indicated a
sizeable amount of amorphous HAP-like materials pre-
sent in calculus. The XRD technique may, therefore,
ignore the major part of calculus material, especially if
the crystals are not large and ordered enough to provide
diffraction patterns with sufficient contrast, as indicated
by the presence of CO; and HPO, ions and the broad
bandwidth of the PO43' v, band of calculus apatite found
in this study. The authors consider the XRD technique,
in this case, not quantitative. In contrast, Raman spec-
troscopy as well as infrared absorption spectroscopy rely
on the local crystal symmetry, and are therefore less
sensitive to the lattice disorder or crystal size. If dif-
ferent mineral phases exist in comparable concentrations,
the Raman technique may provide better overall infor-
mation concerning the constituency of mineral phases.

Impure hydroxyapatite detected by the Raman tech-
nique after hydrazine treatment in this study is confirma-
tory to the results reported previously using the infrared
technique on human calculus [15]. The full extent of
mineral alteration to calculus minerals by the hydrazine
treatment and the end-phase of such alteration are not
known. In addition, the calculus used in this study con-
tains large amounts of F due to the fluoridated toothpaste
used by the patients. Considerable amounts of F may
lead to the formation of calculus containing predomi-
nantly the HAP phase because intermediate phases such
as DCPD and OCP can transform into HAP.
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