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Summary. A method has been devised for isolating the cal- 
cium biomineral from the iron biominerals and organic com- 
ponents present in the major lateral teeth of the chiton Acan- 
thopleura hirtosa. Fourier-transform infrared spectroscopy 
of the calcium biomineral indicated that it was an apatite 
material containing carbonate and fluoride ions. Carbonate 
was not found to be present as a separate phase. The apatite 
was further separated into low and high density fractions, 
both of which showed crystallinity intermediate between 
that of bovine tibia cortical bone and human tooth enamel, as 
indicated by powder X-ray diffraction analysis. The calcified 
region of the major lateral teeth was also studied in situ using 
transmission electron microscopy and electron diffraction 
analysis, revealing a close spatial relationship between the 
mineral apatite phase and underlying organic matrix. It is 
suggested that the architectural arrangement of apatite bio- 
mineral and fibrous organic constituents imparts specialized 
mechanical properties to the tooth making it ideally suited 
for the task of obtaining food from hard surfaces. 
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The biomineralized teeth of chitons (Mollusca: Polyplaco- 
phora) are a unique example of invertebrate mineralized tis- 
sue in that in many species the teeth contain crystalline 
phases of both calcium phosphate and iron oxide biominer- 
als. The teeth are borne on a radula or tongue which can be 
envisaged as a "conveyor  bel t"  containing the teeth in var- 
ious stages of development,  ranging from soft organic struc- 
tures at the posterior end of the radula through to fully min- 
eralized teeth at the anterior end [1]. When fully formed, the 
mineralized major lateral teeth are used to scrape algae from 
the rocky substrate on which the animal lives [2]. 

Though the teeth are first mineralized with iron biomin- 
erals (ferrihydrite, 5Fe203.9H20; magnetite, Fe304; goe- 
thite, a -FeO.OH;  and lepidocrocite, -r these bio- 
minerals are restricted to the posterior region of the tooth 
[3]. In the latter stages of development,  the remainder of the 
tooth becomes mineralized with an apatite material [4]. Once 
infilling of the anterior region has occurred, the calcium and 
iron biominerals are located in architecturally discrete com- 
partments [4, 5]. 

A few studies have looked at the calcium biomineral con- 
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tained in chiton teeth [4, 6], but these have been complicated 
by the presence of several iron phases together with large 
amounts of organic material. In addition, the presence of 
magnetite (Mohs hardness 6.0--6.5) has made thin sectioning 
of the teeth extremely difficult, thus preventing their exam- 
ination at high magnification. Recent studies in our labora- 
tories have concen t ra ted  on the chi ton species  Acan-  
thopleura hirtosa (formerly Clavarizona hirtosa [7]). How- 
ever, this work has focussed on the iron biominerals present 
[1], and relatively little is known concerning the accompa- 
nying calcium phase. In other chiton species, francolite, a 
carbonated fluorapatite [4], or dahllite, a carbonated hy- 
droxyapatite [6], has been reported as the probable calcium 
biomineral. In the current study we present a method for 
removal of the iron biominerals present within the teeth ofA.  
hirtosa, together with the subsequent identification and 
characterization of the calcium biomineral present using the 
combined techniques of electron microscopy, infrared spec- 
troscopy, and electron and X-ray diffraction analyses. 

Materials and Methods 

Specimens of A. hirtosa were collected from intertidal rocks near 
the Perth metropolitan region (latitude 32 ~ S, longitude 116 ~ E) and 
their radulae were carefully removed. All radulae were cleaned 
briefly in 2% w/v NaOC1 to remove overlaying cellular material. To 
preclude the presence of any precursors such as amorphous calcium 
phosphate [6] only the last 20 rows of teeth out of the total number 
of 70 were used in this study. Consequently, only mature teeth were 
examined in the current work. 

Following dissection, radular segments were dialyzed against a 
solution of 35 mM sodium dithionite/6 mM 2,2'-dipyridyl in phos- 
phate buffer (final pH 6.8) to remove iron. The system was stirred 
constantly and kept under nitrogen, with the demineralizing solution 
being changed daily. Removal of iron was confirmed by the forma- 
tion of the intensely colored bisdipyridyliron(II) complex [8]. After 
10 days of treatment, the freshly prepared iron-demineralizing solu- 
tion remained colorless, indicating that all available iron had been 
removed. The segments were then dialyzed against two changes of 
buffer and several changes of distilled water before finally being 
removed from the dialysis bag and washed exhaustively with dis- 
tilled water. Note that all solutions used, including washing solu- 
tions, were equilibrated with synthetic hydroxyapatite to minimize 
sample dissolution, as suggested by Weiner and Price [9]. 

For transmission electron microscopy (TEM), iron demineral- 
ized radular segments were dehydrated through a graded series of 
alcohols, transferred to propylene oxide, and infiltrated with an 
Epon-Araldite mixture by introducing the resin gradually over 5 
days. Ultrathin sections were cut at 60--70 nm using a diamond knife 
(Dupont) on a Reichert-Jung OmU3 ultramicrotome. In order to 
provide a comparison, some sections were left unstained while oth- 
ers were treated with saturated aqueous uranyl acetate and lead 
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Fig. 1. Transmission electron micrograph of a 
stained longitudinal section of the calcified 
region of a major lateral tooth of 
Acanthopleura hirtosa showing the presence 
of mineralized areas between parallel organic 
fibers (arrows). Note that the long axis of the 
fibers was seen to be oriented approximately 
perpendicular to the anterior surface. Scale 
bar 2 ~zm. 

citrate [10]. TEMs and electron diffraction patterns were obtained 
using a Philips 301 electron microscope operating at 80 keV. Elec- 
tron micrographs were taken of both unstained and stained sections 
whereas only unstained sections were used for electron diffraction 
analyses. Interplanar spacings were calculated using the camera 
length determined from diffraction patterns of standard material 
(evaporated TIC1; TAAB, Reading). The lattice spacings thus ob- 
tained were compared with Joint Committee on Powder Diffraction 
Standards (JCPDS) data for apatite minerals and with patterns ob- 
tained from synthetic hydroxyapatite (see below). 

For analysis of the calcium biomineral by Fourier-transform in- 
frared spectroscopy (FT-IR) and powder X-ray diffraction (XRD), 
iron demineralized radular segments were treated according to 
Method 1 of Weiner and Price [9] which uses a 2.6% w/v NaOC1 
solution to remove organic constituents. In addition, to further sep- 
arate the inorganic components obtained using this method, the ma- 
terial was placed into a conical tube with water and vortexed. After 
allowing the sample to settle for 60 seconds, the supernatant was 
transferred to a second tube and centrifuged at 2,000 g for 3 minutes. 
The vortexing and centrifuging steps were repeated several times. 
Using these techniques, comparable amounts of a white material 
and an off-white heavier material were obtained. The material from 
both fractions was then washed with distilled water and ethanol, 
dried, and analyzed. 

FT-IR analyses were undertaken on 13-mm pellets (2 mg sample/ 
300 mg KBr) using a Perkin Elmer 1720-X spectrometer. XRD anal- 
yses were obtained with a Philips PWI700 automated powder dif- 
fractometer using Ni-filtered Cu K,~ radiation generated at 45 kV, 40 
mA with a scanning speed of 0.125~ Interplanar spacings 
were determined from 20 values obtained using Si as a standard. 
Miller indices were assigned by comparison of interplanar spacings 
with those from appropriate JCPDS cards [11]. Lattice parameters 
were calculated from the (410) and (300) reflections (a-axis) and from 
the (004) and (002) reflections (c-axis) using a hexagonal indexing 
system [12]. 

Reference material for FT-IR and XRD analyses was prepared 
from caries-free adult human teeth using a tetrabromoethane flota- 
tion method (d 2.7 g-cm -3) [13] to separate enamel from dentine. 
Bovine tibia cortical bone was prepared using NaOC1 solution to 
remove organic components [9]. Synthetic stoichiometric hydroxy- 
apatite was a high-temperature (1100-1200~ nonaqueous prepa- 
ration [13]. In order to check that the apatite was not affected by the 
iron demineralization procedure or by the water treatment, samples 
of human enamel and dentine and bovine tibia cortical bone were 
treated with dithionite/dipyridyl and then washed by vortexing and 
centrifuging with hydroxyapatite equilibrated water as given above. 
The FT-IR spectra of the treated material was then compared with 
those obtained from untreated material. In each case, spectra ob- 

tained from treated material were identical in every respect with 
those obtained from untreated material, including sharpness of spec- 
tral patterns, band position, and band intensity. In addition, treated 
reference material did not separate into different fractions as oc- 
curred in the case of chiton radular material, indicating that frac- 
tionation of the chiton material was not due to either the iron de- 
mineralization or the water treatments. 

Results 

T E M  showed that the calcified region of  the major  lateral  
teeth of  A. hirtosa consis ted most ly of  strands of  organic 
material  arranged in a parallel  fashion and separa ted  by 
heavily mineral ized elongated areas (Fig. 1). Areas  deep 
within the tooth cusp appeared to be less extens ively  min- 
eralized, and at high magnification it was apparent  that in 
these areas the mineral  deposi ts  were  composed  of  aggre- 
gates of  crystals ranging in size f rom 10 to 20 nm (Fig. 2). In 
some cases the crystals could be seen to be arranged in a 
regular pattern surrounding a central  unmineral ized zone.  
This central  unmineral ized zone  was thought  to cor respond 
in both posit ion and size to the finer organic fibers which 
have  been descr ibed previously  in the organic matr ix of  A. 
hirtosa [14]. In unstained sections,  these less densely  min- 
eral ized areas afforded se lec ted-area  e lec t ron  diffract ion 
analysis. The  electron diffraction pat tern obtained was con- 
sistent with that of  an apatite material  (Fig. 2). In addition, 
marked variat ion in the intensity of  the inner 002 ref lect ion 
was noted (Fig. 2). 

FT- IR spectra of  both low and high densi ty chi ton min- 
eral fractions obtained following chemical  isolation of  the 
calcium biomineral  showed marked similarities to spectra 
der ived from the series of  biogenic carbonate-subst i tu ted hy- 
droxyapat i tes  used as reference material  (Fig. 3). H o w e v e r ,  
absorpt ion bands due to CO~ 2 -  (1450, 1410, and 870 crn-1)  
were  more intense in the spectra  of  bovine  tibia cort ical  bone 
and human tooth enamel  compared  with those of  chiton. In 
addition, chiton spectra showed a distinct shoulder  at about  
575 c m - 1 .  All of  the biological apatites showed an increase 
in C-O absorpt ion intensity in the 1500-1400 c m - 1  region, 
together  with a marked decrease  at 634 c m - 1  when  com- 
pared with spectra obtained f rom synthet ic  s toichiometr ic  
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Fig. 2. Transmission electron micrograph of 
the calcified region deeper in the cusp 
showing crystal aggregates. In many areas 
groups of crystals can be seen arranged in a 
circular pattern around an inner unmineralized 
region. Scale bar 200 nm. Inset: Electron 
diffraction pattern obtained from a sparsely 
mineralized area. Note the oriented arc of the 
002 reflection. 

apatite. None of the apatite samples showed any absorption 
in the 720--700 cm-~  (CO32- v4) region. 

XRD analysis of both chiton calcium mineral fractions 
showed patterns characteristic of an apatite material. In ad- 
dition, the analysis indicated that the fractions differed in 
their crystallinity. The crystallinity of both low and high den- 
sity chiton fractions, as indicated by peak broadening, was 
intermediate between that of human tooth enamel and bo- 
vine tibia cortical bone (Fig. 4). The lattice constants of A. 
hirtosa apatite were calculated to be a = 9.387 (+-0.005) 
and c = 6.866 (+-0.005) .A. 

Discussion 

This study has indicated that, in addition to iron, the major 
lateral teeth of the chiton A. hirtosa are mineralized with an 
apatite material containing both carbonate and fluoride ions 
as discussed below. The presence of carbonate in chiton 
apatite has previously only been inferred when it was noted 
that the teeth of A. echinatum liberated carbon dioxide when 
treated with hydrochloric acid [4]. 

The greater intensity of absorption bands due to CO32- 
in FT-IR spectra of bone and enamel reflect a higher car- 
bonate content in these samples relative to that of chiton. 
Values of approximately 2.5% w/w carbonate have been re- 
ported for enamel [15] although this value may vary between 
individuals. The absence of a CO3 z -  1) 4 band in the IR spec- 
tra of biological apatites has been shown to indicate that 
carbonate is present as an intrinsic part of the apatite struc- 
ture and not as a separate calcium carbonate phase [16]. In 
addition, the increased absorption at 634 c m -  x for synthetic 
hydroxyapati te  when compared with biological apatites has 
been attributed to hydroxyl ion deficiencies in the structure 
of carbonated apatites [13]. 

A distinct shoulder at 575 c m -  ~ in the IR spectra of ap- 
atites has been attributed to C1- or F -  substitution for O H -  
[17]. Since influx of fluorine, as opposed to chlorine, has 
been identified by elemental analysis of mature radular seg- 
ments of A. hirtosa using PIGME (proton-induced ~/-ray 
emission) [18], this shoulder is most probably due to fluoride 
substitution in the apatite of A. hirtosa. The PIGME work, 
however, included organic material and iron minerals in the 

analyses and thus could not provide conclusive evidence 
that the fluoride was actually incorporated into the calcium 
biomineral. In this context it should be noted that a shoulder 
at 575 cm-1  attributed to fluoride incorporation has also 
been found in the IR analysis of brachiopod shell apatite 
[19]. In an in situ study of the calcium biomineral in the teeth 
of the chiton A. haddoni, Lowenstam and Weiner [6] were 
only able to examine IR absorption bands in the 800--475 
cm-1 region, as this is the only area free of additional ab- 
sorption due to the organic components.  In this study, a 
shoulder at 575 was also observed, but these authors iden- 
tified the calcium biomineral present as dahllite, a carbon- 
ated hydroxyapatite mineral, rather than as francolite, a car- 
bonated fluorapatite. It is also interesting to note that the 
relative intensity of the C-O bands at 1450 and 1410 c m -  1 for 
A. hirtosa apatite is similar to that obtained for synthetically 
derived carbonate- and fluoride-containing apatites, whereas 
those in bovine tibia and human tooth enamel more closely 
resemble that obtained for synthetic apatite containing only 
carbonate (LeGeros,  personal communication). These ob- 
servations further suggest that A. hirtosa apatite contains 
both carbonate and fluoride ions. 

The smaller unit cell dimensions calculated for chiton 
apatite (a = 9.387, c = 6.866 ,~) compared with human 
enamel (a = 9.441, c = 6.882 .~) can be explained by ap- 
preciable fluoride-substitution in the apatite of A. hirtosa. 
Previous studies have noted that carbonate substitution re- 
sults in a shortening of the a-axis and expansion in the c-axis 
whereas fluoride substitution causes a contraction in the 
a-axis but does not affect the c-axis [16, 19]. In this regard, 
A. hirtosa apatite is similar to the mineral francolite, a car- 
bonate-containing fluorapatite. We note that the lattice pa- 
rameters for A. hirtosa apatite are similar to those reported 
for shell apatite in the inarticulate brachiopod, Lingula un- 
guis [20]. 

The difference in crystallinity between the two apatite 
fractions in A. hirtosa may be due to variations in the degree 
of fluoride and carbonate substitution and/or to the occur- 
rence of different crystal sizes within the teeth. Significant 
differences either in the chemical nature or in the degree of 
substitution of the two apatites would be reflected by a shift 
in position of at least some of the X-ray diffraction peaks. 
Because the 20 values obtained from XRD analysis of both 
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Fig. 3. Fourier-transform infrared spectra obtained from NaOC1 ex- 
tracted material from (i) bovine tibia cortical bone, (ii) chiton major 
lateral teeth, (iii) human tooth enamel, and (iv) stoichiometric syn- 
thetic apatite. Absorption bands are due to the following groups: (a) 
H20, (b) H20, (c) CO3, (d) PO4, (e) CO 3, (f) PO 4. The distinct 
shoulder exhibited by chiton apatite at 575 cm- 1 is arrowed in (ii). 
Note that the sharp band at 3572 cm-1 in (iv) is due to an OH 
stretching vibration. 
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low and high density fractions were extremely similar, it is 
likely that the differences observed in the sharpness of dif- 
fraction patterns were due to crystal size. Although only 
small (10-20 nm) individual crystals were seen deep within 
the cusp in the present study, a previous study of partially 
demineralized teeth identified larger acicular crystals ap- 
proximately 150--200 nm in length which occurred towards 
the surface of the anterior region [14]. It is thus possible that 
crystal size is related to position within the tooth structure. 
In this context,  three types of apatite crystals differing in 
size and shape have been noted in the shell ofL.  unguis [21]. 
However,  these authors noted that crystal size increased 
towards the central part of the shell. 

The variation in intensity of the 002 reflection in electron 
diffraction patterns obtained from material in situ indicated 
preferred orientation of the c-axis of A. hirtosa apatite crys- 
tals. This is in contrast  to the iron mineralized region of the 
tooth in which magnetite deposits are randomly organized 
[1]. Similar results have been obtained using X-ray diffrac- 
tion analysis for dahllite crystals in the teeth of A. haddoni 

D I F F R A C T I O N  ANGLE / DEG. 
Fig. 4. X-ray powder diffraction patterns of (i) bovine tibia cortical 
bone, (ii) chiton major lateral teeth (low density fraction), (iii) chiton 
major lateral teeth (high density fraction), and (iv) human tooth 
enamel. Note the increase in crystaUinity from (i) to (iv) as denoted 
by the decrease in broadening of the diffraction peaks. In addition, 
the differences observed in relative peak intensities in pattern (iv) is 
due to preferred crystal orientation in the case of the enamel spec- 
imen. 

[6]. These authors also noted the lack of preferred orienta- 
tion of the magnetite deposits in their species. 

The overall pattern of calcification seen at the TEM level 
reflects the results obtained in an earlier study into the or- 
ganic matrix of the teeth of A. hirtosa [14]. This previous 
study showed the presence of highly organized organic fibers 
in the anterior region of the tooth, which appeared as thick 
parallel fibers interconnected by a meshwork of finer fibers. 
The present study has confirmed that mineral deposition oc- 
curs between the thicker parallel fibers. In addition, the ar- 
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rangement of individual apatite crystals around a central un- 
mineralized core seen in unstained sections is almost cer- 
tainly due to the formation of crystals around the finer 
matrix fibers. Thus, crystal deposition is closely associated 
with the fine fibrous constituents of the organic matrix. The 
occurrence of large amounts of organic material in the cal- 
cified region of the tooth is in contrast to the magnetite- 
bearing region in which fibers are sparsely distributed [14, 
22]. The higher organic content in the calcified region is 
thought to impart tensile strength to the tooth, allowing plas- 
tic deformation to occur before material failure [14, 23]. In 
the teeth of this chiton species, the combination of an or- 
ganic-rich calcified anterior region that supports the harder 
iron-rich posterior region results in the formation of an ef- 
fective structure for the excavation of hard substrates. 
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