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Abstract. The carbonate and phosphate vibrational modesnd structure within the same tissue have been reporte
of different synthetic and biological carbonated apatitesThese variations are influenced by the animal’s age, dietar
were investigated by Raman microspectroscopy, and conhistory, and health status, hence the challenge to characte
pared with those of hydroxyapatite. The phosphate band ize these biominerals. Biological apatites are usually de
at 960 cn1* shifts slightly due to carbonate substitution in scribed as substituted hydroxyapatite [OHAp:, C&PO4)
both A and B sites. The spectrum of type A carbonated OH),]. Most biominerals contain carbonate but its influ-
apatite exhibits twa, PO,®>~ bands at 947 and 957 cth  ence on biological crystal is not clear. This is why the study
No significant change was observed in tiieandv, phos-  of these minerals is of interest in biomineral composition
phate mode regions in any carbonated samples. ithe and structures understanding [1-8].
PO,*" region seems to be more affected by carbonation: two Two types of carbonate substitutions have been de
main bands were observed, as in the hydroxyapatite spescribed in synthetic compounds: type A (Oslbstituted by
trum, but at lower wave numbers. The phosphate spectra @@0,2") and type B (P@®~ substituted by C¢¥). Previous
all biominerals apatite were consistent with type AB car-Raman studies on carbonated apatites have reported va
bonated apatite. In the enamel spectrum, bands were olable numbers of bands in thg PO~ domain. Despite
served at 3513 and at 3573 cthpresumably due to two these discrepancies, two main bands are consistently re
different hydroxyl environments. Two different bands dueported to be around 1070 and 1046 émTwo distinct
to the carbonate, mode were identified depending on the wavenumbers of the, carbonate mode have been sug-
carbonate substitution site A or B, at 1107 and 1070%m gested depending on whether substitution is of type A or E
respectively. Our results, compared with the infrared dat49-11] at 1108 and 1070 crh respectively.
already reported, suggest that even low levels of carbonate Dental enamel is the most mineralized tissue of the hu
substitution induce modifications of the hydroxyapatite man body (97 wt%). The carbonate content represents 2-
spectrum. Increasing substitution ratios, however, do nowt% [12-14] with a reported 90% of type B and 10% of
bring about any further alteration. The spectra of dentingype A [14]. Mature bone mineral and dentine generally
and bone showed a strong similarity at a micrometric levelcontain more carbonate (5-8 wt% of the mineral); the dis:
This study demonstrates the existence of acidic phosphatgjbution between type A and B sites has not been deter
observable by Raman microspectrometry, in maturemined precisely although it has been reasonably assume
biominerals. The HPEF~ and CQ?™ contents increase from that type B carbonate is the major species [15, 16]. The
enamel to dentine and bone, however, these two phenomem&istence of HPEF~ and nonapatitic environments of phos-
do not seem to be correlated. phate and carbonate ions in calcium phosphate biominera
have also been established. Differences in the concentr:
Key words: Raman microspectrometry — Carbonated apations of HPQ?~ and CQ?~ groups have been observed in
tite — Enamel — Dentine — Bone. calcified cartilage and bone, and related to tissue formatiot
and maturation [17-19].

One of the problems linked to the use of infrared (IR)
and Raman (R) methods is the identification of bands, es
Calcium phosphate of vertebrate hard tissue exhibits an apgecially in complex, substituted, biological apatites. The
titic structure. However, many variations in composition vibrational activity is different in R and IR, some modes are

both IR and R active, but others are only R or IR active.
Both R and IR band positions are influenced by both com:-
_— position and structure, especially symmetry changes (like
Correspondence td5. Penel, L.B.M.-Microspectrofiée Raman  the space group for crystals). Thus, synthetic samples, gel
faculte d’Odontologie, Place de Verdun 59045 Lille, France erally having a better crystallinity than biological apatites,
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are used as models to investigate complex biological comPreparation of Biological Samples

pounds [20]. Several studies using FTIR microspectroscop ] )
in mineralized tissues have been reported [21-24]. Sucﬁor dental samples, sound first premolars extracted for orthodonti
investigations are usually performed in the transmissiorfeéasons from 12-year-old children were used. The root was cut of
mode and need specific sample preparation. Besides, t th a high-speed dental burr under water spray. The crown wa

: - : - ractured along the longitudinal axis with a surgical instrument
micro-Raman probe of the micrometric scale is 10-10 laced between cusps. Then the dental samples were oriented

times smaller than the probe used for IR microspectrometrye ‘microscope slides in transverse excitation/detection arrangg
Raman mICI‘OSpeCtrometry alSO permItS |nVeSt|gat|OnS (0] ents, as described by Tsuda and Arends [28]
samples without possible artifacts due to specimen prepa- Bone samples were obtained from rabbit femur cleaned an
ration. This method, used in the reflection mode, is nondebroken in the middle of the diaphysis. To eliminate fluorescence
structive, thus different regions, such as interfaces, of thartifacts, the samples were immersed successively for 2 hours
sample can be investigated. The micrometric probe siz€om temperature in acetone, then in a 30% hydrogen peroxid
reduces the fluorescence problems encountered in convegr%'gggt jrréda'r': daggggf gr??nmilpoes gg&pﬁze\lvgres%gittﬂraélﬁarg&
E?br;gltic?r?ar?anQOSdpeesCt(r)?sgcg}{ %1H§?C£Pn§g_iagmdatgn(§2|§' Thsglrcr)\rp]) léig]. All assays were performed on about 30 biological
groups can be studied by Raman spectroscopy. In addition, '
the relative intensities of bands between normalized spectra
can lead to quantitative estimations of these constituent&aman Microspectrometry
Thus, Raman microspectrometry can give new and comple- _ )
mentary information about biominerals with a micrometric We used a OMARS89 microspectrometer from DILOR (Lille,
probe. France) with helium neon (632 nm) laser excitation at a power of
There have been very few studies on Raman methods ¢t MV reaching the sample. The overall spectral resolution was.
: - L. The spectra were obtained in the 200~ nge. The
carbonated apatites, den_tal enamel, dentine, and bone_. Fﬁfoo microgcope objective used in a confocal configurgtion give ¢
dental enamel, most studies have been done by ConVem'or\icrometric spot size. For easier comparison, all spectra are pre
oL o i TS, 2t b, rormelecd ety e memlscion v
: ine computation of spectra with equal intensity value of the
tra are generally interpreted by reference to hydroxyapatites, Po43*yband.p P q Y
[9, 14.]. Conventional Raman spectroscopic investigations
on bone are usually difficult because of fluorescence prob- |
lems related to organic components [17, 25], and the deXesults

proteination treatments proposed to solve this problem [Zeygaman band positons and assignments are listed in Table

are drastic. They disrupt the three-dimensional organizatio nd compared with those of hydroxyapatite [30].

of the tissue, and might alter minor constituents themselve
or their environments.
The aim of this work was to study different synthetic and Phosphate Vibrational Modes
biological carbonated apatites with a Raman microspectro- )
metric technique in order to specify band assignments andhe v, mode of phosphate at 964 chifor hydroxyapatite
spectral alterations due to carbonate incorporation and crysxhibited a slight wave number shift in type B carbonated
tallinity. apatites. We observed a single band at 960'cenposition
that did not seem to change with the rate of carbonate sut
stitution. The ACarAp, on the contrary, exhibited two
bands, the most intense at 957 ¢prand a distinct shoulder
at 947 cm? (Fig. 1). In biological samples the; mode of
phosphate exhibited the same modifications as syntheti
Preparation of Synthetic Samples type B samples: a single band around 960 tmvas ob-
served [31]. In enamel, this single band seems stronger the
Type B carbonate apatite (BCarAp): a phosphate solutiorfhe one observed in dentine and bone spectra. ,
[(NH,)HPO,: 200 g; NaHCQ: 42 or 21 g; ammonia solution (sp. The v, domain of synthetic samples was seen to be dif-
gravity: 0.93): 500 ml; HO: 3000 ml], was added slowly (for 3 ferent depending on the type of substitution. In ACarAp, a
hours) to a stirred calcium solution [Ca(NR 4H,0: 472 g;  broad band with several poorly resolved shoulders was ok
ammonia solution (sp. gravity: 0.93): 1000 ml;®i: 3000 mlj at  served at 440 cri. For BCarAp and enamel spectra, the
80°C. The precipitate was left to mature for 1 hour before filtra- pg,3- mode wave number positions were nearly the samq
tion. It was then washed with distilled water and dried at 80°C.Wiﬂ4.] two bands around 432 and 445 ©min dentine and

Two samples corresponding to a carbonate-rich and to a carbonatg- Z
poor apatite were prepared. bone samples, the band at 432¢mas conserved but the

Type A carbonate apatite (ACarAp) was prepared from a stoi-S€cond shifted slightly to 450 and 452 Thnrespectively
chiometric hydroxyapatite (OHAp), synthesized by Trombe’s (Fig. 2). .
method [9], by treatment in a dry G@tmosphere for 3 days at a Thev; PO, domain appears to be the most affected by

Materials and Methods

high temperature (900°C). _ carbonate substitution. As already reported in a previou
~ The HPQ-containing apatite was prepared by hydrolysiof study on fluoride-substituted OHAp [30] the number of
tricalcium phosphate (TCP) in boiling water [27]. bands decreased and the region was dominated by two ma

_ Purity of samples was monitored by chemical analysis, X-raynands with a significant shift compared with OHAp (see
diffraction, and FTIR spectroscopy. No sample was found {0 conrap|e 1), These main bands dominate this spectral region c

tain impurities. The carbonate content of ACarAp was 5.8 wt% ! : - b P
and OH groups were not observed by either R or IR spectroscopySYNthetic type k|)3, andl on bl?loglcal ;patlte sargples at105|ml'
The three samples of BCarAp contained, respectively, 4.5, 7, an{f wave number values of around 1046 and 107G"cm
10 wt% carbonate. owever, the 1070 cm band cannot be assigned to phos-
Powders were spread on a microscope slide for spectral acquphate ions alone as it corresponds also toithenode of

sition. carbonate ions. The intensity of this band increased witt
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could be due to strong environmental modifications of
PQ,3 ions induced by complete hydroxyl substitution. In
spectra of biological samples, the frequency shift was neg
ligible, and a regular type A environment in these samples
represents a minor proportion of the carbonate substitutior

The PQ3 v, mode always exhibited three main bands
with constant wave number values (579, 590, and 60¢
cm™Y). The band around 590 cthexhibited the strongest
intensity in all the synthetic and biological samples. In com-
parison with the OHAp spectra, the weak band at 614%cm
was not observed in all carbonated samples, presumably dt
to band broadening. In the ACarAp spectrum, a band wa
detected at 630 cmd. In OHAp, the 630 cm! band assigned
to the OH libration mode has been sometimes reported, an
was not observed by us. In ACarAp this band cannot be du
to the hydroxyl groups undetected in this sample by IR. It
cannot be definitely attributed to R® groups, however, as
it was observed at a wave number significantly higher thar
that of the other, PO,3~ bands. So, its assignment remains
uncertain (Fig. 2).

On the HPQ? -containing apatites, two additional bands
attributed to acidic phosphate ions were observed at 100
and 873 cm? (Fig. 6).

Fig. 1. Raman spectra in t hosphate mode region of (A) 5.8

vvtg% type A carb%nated a;?%it%, (4%) 4.5 wt% typge B cagbc))nateof"ydroxyI Modes

apatite (7B), 7 wt% type B carbonated apatite (10B) 10 wt% type

B carbonated apatite. The enamel spectrum exhibited two bands: one at 357
(common with OHAp) and to our knowledge, an unreported
one at 3513 crit (Fig. 4). Observation of this band was
impossible in dentine and bone spectra because of the bro:
water band (3513 cm) (Fig. 5). In addition, to our knowl-
edge, these ions have never been detected by IR in bone a
dentine. The second band (3513 ¢jmbserved in the OH
stretching mode region was not detected in synthetic car
bonated samples and cannot be assigned to carbonation.
could be due to a OHion interacting by hydrogen bonding
with another anion. The shifts due to F-OH or CI-OH in-
teractions are stronger in stoichiometric apatites [14], how
ever, the evolution of this type of interaction in carbonated
samples is unknown.

Carbonate Modes

Types A and By, carbonate bands were detected separately
at 1103 and 1071 cm, respectively. These bands were
identified in all synthetic and biological samples. Although
10B type B carbonate band superimposes onith@hosphate
: , 1 , , l . l \ band, the frequency shift from 1077 to 1071 ¢rm OHAp
' ’ ' ‘ ‘ ' ’ ’ ' ' indicates a type B carbonation. The intensity of the 1071
790 745 700 655 610 565 520 475 430 385 cm ! band increased consistently with the carbonate conter
B in both synthetic and biological samples and most of its
om intensity was due to carbonate ions In apatites containin
Fig. 2. Raman spectra in the, andv, modes of phosphate, and more than 4% type B carbonate. The typevAcarbonate
thev, mode of carbonate region of (A) 5.8 wt% type A carbonatedhand shifted slightly, in all biological samples, to 1103¢m
apatite, (10B) 10 wi% type B carbonated apatite. but remained observable. This band was very weak fo
enamel and increased in bone and dentine consistently wit
the total carbonate content. The two bands due tovthe
carbonate mode were identified, in the ACarAp, at the sam
type B carbonate content. In AcarAp spectra, three bandwave number as in infrared spectra [18, 19] 675 and 76"
were detected at 1018, 1031, and 1059 trThis feature cm™ (Fig. 3). In spectra of 10% BCarAp, a very weak band
was not observed on any other type B carbonate-containingppeared at 751 ctj whereas in other BCarAp, two very
apatites, and seems characteristic of ACarAp (Fig. 3). Theveak bands were detected at 716 and 690d#.
two main bands at 1031 and 1059 ©ncan be considered The v5 carbonate domain could not be investigated be-
as shifted bands observed in the other CarAp. The shiftause of the weakness of the bands and their superimpo:s
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Table 1. Raman band positions and assignments compared with those of hydroxyapatite

OHAp ACarAp BCarAp 4.5% BCarAp 7% BCarAp 10% Enamel Dentine Bone

v,PO,%" 433 432 432 432 433 432 432
440
448 445 445 445 450 450 452
v,PO,%" 580 579 579 579 579 579 580 584
591 589 590 590 590 588 590 590
607 608 609 609 609 608 610 611
614
NA 630
v, CO2~ 675
765

P-OH stretch 873 873

? 920 924

v, PO 964 947 961 961 961 959 959 961

957

v, HPO,>~ 1002 1003 1005
vy PO 1029 1018 1030 1030 1026 1026 1031 1032

1034

1041

1048 1031 1045 1046 1047 1043 1046 1044

1057

1064

1077 1059 1070 1071 1070 1071 1069 1071

B type v; CO2~ 1070 1071 1069 1071

A type v; CO,%™ 1107 1103 1102 1103

Amide 11l 1245 1243
[27, 37] 1260 1262

C-H bending 1450 1449
[21, 37]

Amide | 1660 1662
[21, 37]

C-H 2881 2882
stretching 2948 2946
[21, 37] 2923

2988 2986

OH stretch 3513

3573 3576 3573 NO NO

NO = not observed; NA= not assigned

tion on organic matter bands in biological samples. The This substitution results in the loss of titg screw
domain did not show any identifiable bands. axis but preserves the existence of thgaxis. Thus, the
six phosphate groups of the unit cell are no longer equiva
) ) lent in the lattice but may be split into two groups, one
Discussion organized around a vacancy and one around a carbona
ion, as suggested by Trombe [7]. The shoulder and mai
Several studies have been reported on carbonated apatitesnd observed in the; mode region of phosphate in
[5, 9, 10, 18, 19]. A first question is related to the effect of ACarAp can be assigned to two different environments
carbonate uptake on Raman spectra, especially on the nurfyacant sites or divalent ions) of the phosphate groups il
ber of bands and their wavenumber assignment. This poirflanesys and¥a [7, 8, 32]. It should be noted, however, that
is crucial for further, more detailed studies of spectra and;iprational correlations could occur between equivalent
band identification of nonapatitic environments, for ex- phosphates and that theoretically twp bands should be
ample, which have been found in the initial deposits ofseen in this domain for each group of three phosphate ion:
calcified tissues. Similar observations were made on oxyhydroxyapatites

The substitution of carbonate ions for Obr PO,*~ ions Ca, (PO,)(OH .- 0< x = 1 and where ] is a
induces the creation of vacancies and distortions in th I-?Eoi(on ‘\b)aegangyz/s,zxv?ﬁerxé the ionic distribution along the

atomic arrangement. . . axis is also disturbed, but in this case, other vibrationa
For type A carbonate apatite the substitution of a monOyomains are also strongly altered. The existence of tw
valent ion by a divalent one is compensated for by theyitferent types of phosphate environments in oxyapatite ha
creation of a vacancy and the chemical composition can b?ecently been confirmed by MAS-NMR [33]. Such a modi-
represented by: fication of the environment should affect the other phos-
Ca (PO,).CO.[] phate modes as it does in IR [8]. Raman spectra modifica
Buo(PO)6COs tions in thev; andv, domains are, however, more difficult
wherel] represents the vacancy. to assess and it is actually impossible to distinguish the twi
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bone
dentine
- loB
\/73
P 4B /L cnamel
[ ] } | i | { A 3450 3300 3150 3000 2850
1140 1115 1090 1065 1040 1015 990 em?
em’! Fig. 5. Raman spectra of human enamel and dentine, and rabb

Fig. 3. Raman spectra in the, phosphate mode region of (A) 5.8 bone in the 3600-2800 crhregion.
wit% type A carbonated apatite, (4B) 4.5 wt% type B carbonated

apatite, (7B) 7 wt% type B carbonated apatite, (10B) 10 wt% type

B carbonated apatite.

I | ! I
L T T T T T —

1111 991 871 751 631 511 391
1

| 1

i T i T T cm

1798 1598 1398 1198 998 798 598 398 Fig. 6. Raman spectra of well-crystallized HR® containing
1 apatite in the 350-1111 crhregion.
cm
Fig. 4. Raman spectra of human enamel and dentine, and rabbit
bone in the 1800-380 cmh region.
and vacancies instead of monovalent ions. Howeveryihe
andv, domains did not show any specific bands associate
with carbonation.
phosphate groups like far,. Previous Raman studies on ~ The type Av, carbonate band at 1107 chis very
synthetic apatites containing 2.2—-12.4 wt% AB type carbonspecific of carbonate groups substituting Oidns and can
ate prepared from solutions at 80°C, have shown two bandse considered as a signature. This band appears clearly
in thev; PO, domain (at 1069-1072 and 1044-1046¢n enamel. In dentine and bone it appears as weaker bt
[4]. For carbonated apatites prepared from solutions abroader but nevertheless, clearly apparent. This observatic
42°C, three bands have been observed (at 1031, 1048, 10€6nfirms the existence of type A carbonate in bone anc
cm) [5]. Synthetic, well-crystallized AB-type carbonated dentine as suggested by IR data [16]. The relative intensit
apatites obtained at 900-950°C, showed either four bandsf the 1103 cm! band indicates that the proportion of type
(at 1029, 1042, 1047, 1075 ci) [6] or three bands (at A carbonate is similar in enamel, dentine, and bone.
1029, 1048, 1075 cm) [9] with variable carbonation levels For type B carbonate the substitution of a fOgroup
(7.88 and 11.8 wt%, respectively). In the present study, thédy a COQ?~ mainly causes the creation of a €aacancy
band broadening and disymmetry compared with well crysand a OH vacancy. These compounds can be represente
tallized OHAp suggest, however, some overlapping. Theby:
1018 cm! band, also observed in oxyhydroxyapatites,
could be characteristic of apatites containing divalent ions Caygysy Oy (POY6—x (CO3), OH,_y o Ty—o4,
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with 0 < x <2 and 0 < u < x. For ourompounds the values temperature carbonate apatites [9] and apatites produce
of u and x can be determined from the chemical composifrom aqueous solutions at 42°C [5] have reported a rela
tion. tionship between the, of PO,* band half-width and the
These substitutions have several consequences on tigarbonate content. In the present study, these modificatior
crystal lattice and in the Raman spectra. If we assume hetween type B 4.5%, 7% and 10 wt% apatites are signifi
statistical distribution of the carbonate and phosphatgant (13, 15, and 17 crh respectively). Dentine and bone
groups, the periodicity of the lattice is altered and factorhave similar values, (20 and 18 c respectively) but
group considerations, especially, are no longer valid for the&namel exhibits a lower value (14 c consistent with its
high to medium substitution range. Site symmetry alondower carbonate content and higher crystallinity. _
should be adequate for interpretation of the spectroscopic Another interesting question is related to the detection o
data. The substitution of one B® in the unit cell by a Nonapatitic environments by Raman spectroscopy as the
CO,2~ for example, which is the case for apatites containing?ave bee{w detected by IR. A faint band is observed aroun
around 6% carbonate, destroys the main symmetry elemenf$03 cm* with an insignificant wave number shift in all
and all phosphate groups become independent which dod¥0logical samples. This band was also observed in Rama
not allow correlations between vibrational movements. InSPectra of well-crystallized apatites that contained KO

addition, the local environments of the groups can be modjiloNS- It does not appear in synthetic type B carbonated ap
fied by vacancies and/or substituents leading to differenfll€S obtained in alkaline conditions. In agreement with
vibrational frequencies and/or band broadening. In the cas&Ner %uthorsd, this band can bg agsi_gkned to BF;@'OUF’SH

of bone and dentine mineral, the small size of the crystald hlsto %eé\{:e 3'2 nong\p;]autml a;) ke oct?cg 9'”{)'.1 |p 0S-
adds its effect to carbonate substitution for phosphate. De2 ir?eer a(l [17]) E)tkgéﬁpaintisaﬁ g’g ar%%rr'léeg%fgz'd'?_érg’aﬂg'ca
spite the low crystallinity, the band broadening with respec Iso be noted in dentine and bone. but not in Svnthetic
to well-crystallized carbonated apatites is minor. For thes PO.2—containing apatites. These bands have al)s/o bee
samples, the lack of periodicity and symmetry elements, i 4 9 ap )

we assume a statistic distribution of the substituents anfﬁported by others [17, 35] and assigned to i#P@roups

; . an OCP environment. However, similar bands observe
defects, should give spectra that are interpretable from thg, |r in calcifying cartilage have been shown to be due to
point of view of site symmetry only.

: . organic components [36], thus, the origin of these bands i
The phosphate bands observed in substituted type B cafy; yet certain. The detection of these species seems to |

bonate-containing apatites spectra are broader and less iggore difficult with Raman than with IR. Most phosphate
tense than those of OHAp. The observation of a strongjiprational domains show weak bands that cannot be easil
singlev, band, two bands in the, domain, and three main  gecomposed or deconvoluted. The most sensitive Rama
bands in thev; and v, domains at identical wave-number pand (in thev, domain) shows alterations, especially band
values indicates, however, that differences in the environproadening, mainly associated with carbonation, that hav:
ment of the phosphate groups in type B carbonatepeen observed by several authors. The possible existence
containing apatites are negligible in the concentration rangan additional broad phosphate band around 920*cpos-
used in this study. Type B carbonate should disrupt thesibly corresponding to nonapatitic species, has to be cor
symmetry between the R® groups in planes dacand¥:  firmed. The bands around 873 chhave been reported by
¢, thus, common R and IR bands should be observed [30JR studies on biological apatite crystals, and assigned t
But, the detected Raman bands differ from IR band posicarbonate [36] and HPL? ions [25]. In the present study,
tions (Table 1). This observation is not consistent with sitea band in this domain observed in synthetic HPO
symmetry considerations only and could indicate that someontaining apatite was absent from all synthetic carbonate
local organization exists, allowing correlations of vibra- samples, and thus it can be reasonably assigned to,#PO
tional movements. In particular, the most intense IR band aih biological samples.
560 cnTtis not observed on the Raman spectra. Conversely,
the most intense Raman bands at 590 and 579 ane not
observed on the IR spectra [18]. References
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