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Biominerals are the inorganic phases of
minerals found in biological systems, which are
distributed from microorganisms to the highest ani-
mals and plants (Mann et al. 1989, Simkiss and
Wilbur 1989, Weiner and Lowenstam 1989, Mann
2001).  Although minerals composed of calcium
predominate, biominerals of barium, strontium,
iron, and silica are also well known.  Biominerals
generally occur as oxides, hydroxides, phos-
phates, and carbonates (Webb et al. 2001).

Biosilicification, the biological formation of
opal-like amorphous hydrated silica, occurs in a
wide variety of organisms, including diatoms,
sponges, mollusks, and higher plants (Voronkov et
al. 1977, Lowenstam 1981, Simpson and Volcani
1981).  Among various organisms with the capabil-
ity to deposit silica, diatoms and sponges are the
most thoroughly explored taxa.  In the study of
diatoms, species-specific polypeptides were identi-

fied to co-precipitate with amorphous silica during
the cell wall-formation process (Kröger et al. 1997
1999).  These polypeptides are so tightly associat-
ed with the amorphous silica that they can only be
extracted after dissolution of the cell wall in hydro-
gen fluoride (HF) to remove the silica.  The HF-
extractable polypeptides were named silaffins and
were demonstrated to act as regulating molecules
during biosilica formation in diatoms (Kröger et al.
1999 2000 2001).  Later studies showed that other
than the polyamine moieties, native silaffins are
also heavily phosphorylated (Kröger et al. 2002).
Each serine residue is phosphorylated, and this
high level of phosphorylation is essential for
silaffins

,
ability to precipitate silica in ambient con-

ditions as well as to regulate the activities of silica-
forming biomolecules (Kröger et al. 2002, Poulsen
et al. 2003).  A phase-separation model was pro-
posed to account for the self-similar silica patterns
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observed in diatom cell walls based on the knowl-
edge obtained in the study of silaffin molecules
(Sumper 2002).

Siliceous sponges deposit silica in needle-like
spicules that support the organism and provide
defense against predation.  Each spicule contains
a proteinaceous axial filament, later named sili-
catein, which serves as a template or otherwise
directs silica deposition (Shimizu et al. 1998, Uriz
et al. 2000).  Protein analysis of silicateins of sev-
eral different sponge species indicated that protein
sequences are conserved across sponge species,
and the sequences are similar to those of the
cathepsin L subfamily of papain-like cysteine pro-
teases (Shimizu et al. 1998, Cha et al. 1999).  The
silicatein gene has been cloned in some species,
and the processes by which it coordinates and
functions in biosilicification processes in sponges
have been unraveled (Krasko et al. 2000, Müller et
al. 2003, Bavestrello et al. 2003, Werner et al.
2003, Weaver and Morse 2003, Pozzolini et al.
2005).

In mollusks such as limpets and chitons, silica
deposits are found in radulae, feeding organ of
mollusks, where it is co-precipitated with iron in the
construction of an efficient feeding apparatus
(Mann et al. 1986, Liddiard et al. 2004).  Limpets
are common organisms that can be found in inter-
tidal regions throughout the world.  Previous stud-
ies focusing on the radulae of the limpet species,
Patella vulgata (Runham and Thronton 1967,
Mann et al. 1986), demonstrated that limpet radu-
lae consist of a continuous series of teeth in vari-
ous stages of mineralization, ranging from soft
unmineralized structures through fully mineralized
teeth, which make them ideal experimental organ-
isms to investigate the mechanisms of mineral
deposition.  Various elemental analyses carried out
on Patella vulgate (Jones et al. 1935, Lowenstam
1962, Runham et al. 1969, Grime et al. 1985,
Mann et al. 1986) revealed that the major teeth
contain up to 12% ferric oxide in the form of
goethite (α-FeOOH), 7%-16% silica as hydrated
amorphous opal (SiO2·nH2O), and small amounts
of calcium other than the organic components.
Later studies concentrating on Patelloida alticosta-
ta, Patella peronii (Burford et al. 1986), and
Cellana toreuma (Lu et al. 1995) indicated that the
deposition of Fe is probably mediated by ferritin
translocation.  To help understand the molecular
mechanisms controlling biosilicification, it is essen-
tial to characterize the biomolecules encapsulated
within biologically silicified structures.  Studies of
these various minerals have been directed towards

discovering the underlying principles of the
microarchitecture within the mineralized tissues,
including the relationships between the inorganic
phase and the organic matrix of protein or polysac-
charides.  Although silica is known to play essen-
tial roles in tooth growth and maintaining radular
structural integrity (Mann et al. 1986), the process
by which it infiltrates into the organic matrix and
through what mechanism it is deposited remain
elusive.  The radulae are especially attractive in
efforts to unravel silica deposition mechanisms
because they contain teeth at various mineraliza-
tion stages from unmineralized soft tissue to fully
mineralized complex teeth.  Studies of such series
of teeth at different mineralization stages may pro-
vide insights into the processes and mechanisms
of mineral deposition.

In this study, the l impet, Notoacmea
schrenckii, was selected as the experimental
material.  This particular species belongs to the
Phylum Mollusca, Class Gastropoda, Order
Archaeogastropoda, and Family Acmaeidae.  The
radulae of N. schrenckii can be segmented into 4
stages according to the extent of mineralization
based on our observations under stereomicro-
scope.  Stage I is composed of odontoblasts, from
which the growth of an organic framework of tooth
is initiated and no mineral deposition is occurred at
this stage.  Cusps at the onset of mineral deposi-
tion turn light orange, and these rows of teeth are
defined as in stage II.  In stage III, the mineral
deposition of teeth is almost complete, and the
cusps in this stage are solid and firm; while in
stage IV, mineral deposition of the teeth is com-
plete and the teeth are ready to replace worn-out
ones.

In situ analysis utilizing electron microscopy
and inductively coupled plasma mass spectrome-
ter (ICP-MS) with the limpet N. schrenckii may pro-
vide clues to deciphering the distribution of silica in
limpet teeth and a possible time frame for when sil-
ica takes part in radula maturation.  Possible re-
deposition of amorphous silica spheres after treat-
ment with ammonium fluoride following the addi-
tion of silicate suggests that the biomolecules
which induce silica deposition can be released
from the mineral and guide silica precipitation if
sufficient ambient silicate is supplied.

MATERIALS AND METHODS

Collection of limpet specimens and isolation of
radulae
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Notoacmea schrenckii specimens were col-
lected at low tide from the intertidal zone of
Nanliao Fishing Port, Hsinchu, northwestern
Taiwan.  Following collection, animals were placed
in fresh seawater and immediately transported
back to the laboratory.  Radulae were dissected
out under a stereomicroscope and treated with 3%
collagenase (Sigma) in 100 mM phosphate-
buffered saline (PBS), pH 7.2, at room tempera-
ture (RT) for 3 h to remove the surrounding epithe-
lial cells.  After the digestion process, radulae were
washed in double-distilled water (ddH2O) and were
then individually positioned between glass slides to
keep them flat for further processing.  Cells were
collected by centrifugation at 1500 rpm at RT for
further analysis.

Staining for light microscopy

Radulae dissected out were washed twice
with 20 mM PBS containing 5% sucrose (by
weight) and stained with Prussian blue for Fe3+.

Scanning electron microscopy (SEM)

Cleaned radulae were fixed in a mixture of
2.5% (by volume) glutaraldehyde and 4% para-
formaldehyde (EM grade) in 100 mM PBS at pH
7.2 for 1 h, and washed 3 times with the same
buffer.  Radulae were then fully dehydrated
through a graded series of alcohol.  Radulae des-
tined for morphological observation were subjected
to critical-point drying (CPD), mounted on stubs,
and sputter-coated with gold.  Radulae assigned
for energy dispersive spectroscopy (EDS) were
roughly sectioned into lengths ideal for analysis
and embedded in Spurrs

,
resin blocks after serial

alcohol dehydration process.  The blocks were
ground and polished so that the teeth could be
presented longitudinally on a flat surface, and the
exposed surfaces were sputter-coated with gold.
SEM observations were carried out using a Hitachi
S-4700 type II scanning electron microscope.  The
EDS analysis was performed using Horiba EMAX-
ENERGY EX-300 model.

Inductively coupled plasma mass spectrometer
(ICP-MS)

Radulae sectioned based on the mineraliza-
tion extent were treated with 3% collagenase to
remove any surrounding epithelial cells.  Cells
were collected by centrifugation at 1500 rpm, and

both cells and the radula were digested with 67%
HNO3 for 3 d.  Both silica and iron contents in solu-
ble state were measured using a Perkin-Elmer
SCIEX ELAN 5000 inductively coupled plasma-
mass spectrometer.

Transmission electron microscopy (TEM)

Fresh radulae were dissected into 4 frag-
ments consistent with the 4 stages of mineraliza-
tion.  Radulae were fixed with a mixture of 2.5%
glutaraldehyde and 4% para-formaldehyde in 0.1M
PBS (pH 7.2) at RT for 1 h, washed with 0.1M PBS
3 times, then postfixed with 2% osmium tetraoxide
for 30 min.  Dehydration with continuous ethanol
series was immediately followed by fixation, and
radulae were then flat-embedded in Spurrs’
resin.  Both 90-100 nm thick longitudinal sections
and cross-sections of radulae were obtained using
a Leica Ultracut R ultramicrotome.  Sections were
mounted on 3 mm nickel grids and post-stained
with uranyl acetate and lead citrate.  Transmission
electron micrographs were obtained utilizing a
Hitachi H-7500 electron microscope operating at
100 keV.  The TEM EDS analysis was performed
on a Joel JEM-2010 analytical transmission elec-
tron microscope operating at 150 keV.

Silica re-deposition experiment

Freshly dissected radulae were treated with
3% collagenase for 1 h at RT to remove the sur-
rounding epithelial cells.  After washing with PBS,
the radulae were grouped into 4 experimental
groups.  The first group was treated with 10M
NH4F for 30 min at RT to gently remove the outer-
most layer of silica deposits.  Radulae were then
washed with 1M NaOAc to adjust the pH value to
5.0, followed by the addition of 1M tetramethyl
orthosilicate (TMOS), which served as a supple-
mental silica source, at RT for 5 min before wash-
ing with NaOAc buffer again.  The radulae were
then again treated with 10M NH4F for 30 min.  The
2nd group was treated the same way as the first
except that the final NH4F treatment step was
omitted.  The 3rd experimental group was treated
with only 10M NH4F, while the 4th remained intact
after removal of the surrounding epithelial cells.
All 4 groups were subjected to fixation, serial dehy-
dration, and critical-point drying processes before
being observed with SEM.  The SEM images were
all acquired from teeth of stage III radulae.
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RESULTS

Light microscopy

Different mineralization stages of the radulae
along with the covering epithelial cells from the
radular gland stained with Prussian blue are
shown in figure 1.  In stage I, the odontoblast,
epithelial cells, and teeth exhibit no change in color
after staining (Fig. 1A), which denotes the absence
of iron at this stage.  Epithelial cells, the bases,
and the cusps of early stage II teeth were stained
blue (Fig. 1B, C), indicating the existence of amor-
phous Fe3+.  At later stages, as the cusps become
further mineralized, the influx of iron declined and
was totally absent from epithelial cells in stages III
and IV.  Nevertheless, traces of amorphous Fe3+

ions could still be found in the bases (Fig. 1D).
Stage II bases after the cusps had been pinched
off following the staining process exhibited an
extensive blue color, revealing a concentrated iron
reservoir (Fig. 1E).

SEM and elemental analysis

The radulae of N. schrenckii are composed by
about 150 transverse rows of teeth, each row can
be divided into 2 parts, and each part is constituted
of a cusp and base.  The cusp consists of 2 major
lateral teeth which share a single base flanked by
a small marginal tooth (Fig. 2A, B).  The scraping
surface of the major tooth is denoted the posterior
end, while the other surface is defined as the ante-
rior end (Fig. 2A).  Energy dispersive X-ray map-
ping of polished teeth embedded in resin showed
that silica is the major component of the base and
part of the cusp (Figs. 2C-E), while iron is predomi-
nantly located in both the posterior and anterior
tips of the cusp.  A line profile of polished teeth
from stage II is shown in figure 2F.  This shows
that the distribution of silica, the blue curve in the
figure, extends from the tooth base to the cusp,
and the base is basically composed only of silica;
while iron, the red curve in figure 2F, was not
detected in the base but was relatively abundant in
the cusp.  In addition, the overlapping silica and
iron curves in the cusp region suggest that the
major scraping surface is strengthened by silica
and iron complexes.

TEM analysis of tooth components

Sections of immature, unmineralized stage I
radulae and odontoblasts, together with the sur-

rounding epithelial cells revealed an internal
f ibrous organic matrix and the relationship
between adjacent cells and radula (Fig. 3).  The
rudiments of the teeth, comprised of an orderly
arranged organic skeleton, appeared quite early in
the odontoblast (Fig. 3A).  Microvilli were found
adjacent to the posterior region of the tooth cusp,
which may be involved in part of the communica-

Fig. 1. Stereomicroscopic images of freshly dissected radula
of N. schrenckii after  Prussian stain.  (A) This segment con-
tains no iron to react with the Prussian blue staining reagent,
thus the color remained unaltered; o, odontoblast.  (B) The
boundary of stage I and stage II.  Note that in stage II the
epithelial cells and the tooth base stained blue in stage II.  (C)
Segment of late stage II and early stage III.  The blue intensity
of epithelial cells reduced while the color in tooth base sus-
tained.  (D) Late stage III.  Only fraction of the tooth base were
stained blue.  The color was absent completely from the epithe-
lial cells in this stage.  (E) A fragment of stage II of which sev-
eral rows of tooth cusps were peered off, revealing the heavily
stained tooth base; b, base; c, cusp.  Scale bar = 100 µm
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tion between the radula and adjacent epithelial
cells (Fig. 3A).  Minerals were absent during this
early stage.  Junction zone, a band-like region
separating the base and cusp, was also evident at
this early stage, yet whether minerals were enter-
ing this particular region at this stage was not
determined (Fig. 3B).  Vesicular transport was
found in the region adjacent to the junction zone
as well as at the anterior side of the cusp, indicat-
ing possible means of mineral transport (Fig. 3C-
E).

In early stage III, granules of approximately
100 nm in diameter were observed at the base
(Fig. 4A).  Further magnification showed there to
be bundles of filaments measuring about 2 nm in
width penetrating the granules, which may be the
organic skeleton synthesized by odontoblast (Fig.
4B).  EDX analyses were carried out on the parti-

cles as well as on the tooth base and junction
zone, and results are shown in figure 5.  In figure
5A, the elemental analysis of the junction zone
suggested that the major component of this area is
iron, while a small amount of silica was also
detected.  Copper and nickel signals may have
come from the sample grid and the specimen hold-
er.  Diffraction analysis further indicated that iron
detected in this region is deposited in an amor-
phous form (Fig. 6).  The tooth base, on the other
hand, was primarily composed of silica, as evi-
denced by the prominent silica peak in the elemen-
tal analysis diagram (Fig. 5B).  EDX analysis was
also performed on the granules mentioned earlier,
and the results indicated that they were silica gran-
ules (Fig. 5C).

ICP-MS analysis of radulae and epithelial cells

Results of ICP-MS elemental analysis are
shown in figure 7.  The soluble iron level exhibited
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Fig. 2. Scanning electron microscope image and energy dis-
persive spectroscopy (EDS) qualitative elemental maps of the
radula of N. schrenckii.  (A) Side view; a, anterior end; p, poste-
rior end.  (B) Top view.  (C) Secondary electron image of the
embedded teeth.  (D) Energy dispersive spectroscopy (EDS)
map of Si (C).  (E) Energy dispersive spectroscopy (EDS) map
of Fe (C).  (F) Line profile from tooth base to the anterior side
of tooth cusp.  The line along which the elemental analysis car-
ried out is yellow; p, posterior end of the cusp; b, base; c, cusp.
Scale bar = 100 µm.
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Fig. 3. Transmission electron micrographs of sections of
immature radular tooth cusp together with the surrounding
epithelial cells.  Scale bar = 1 µm. (A) Unmineralized tooth
cusp of early stage I; a, anterior side of tooth cusp; p, posterior
side of cusp; mv, microvilli.  (B) Further magnification of the
interior of tooth cusp; a, anterior side of tooth cusp; p, posterior
side of cusp.  Note that at the anterior side, eye-shaped struc-
tures can be seen, which may be the residues of cells constitut-
ing the tooth cusp framework.  (C) The anterior region of tooth
cusp and the superior epithelial cells; a, anterior side of tooth
cusp; sec, superior epithelial cell.  Note that vesicles are bud-
ding from the epithelial cells (arrow).  (D) Vesicles (arrow) fus-
ing with the wall of anterior tooth cusp; a, anterior side of tooth
cusp; v, vesicle.  (E) Vesicular transportation can also be found
between the tooth base and the cells adjacent to the anterior
region of tooth cusp.  Vesicles (arrow) were budding off from
the tooth base; b, tooth base; v, vesicle; j, junction zone.
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a dramatic increase in stage II in both radulae and
epithelial cells.  This result corresponds to that of
Prussian blue staining in the light microscopic
observations, in which epithelial cells and the
radula both exhibited prominent blue in stage II.  In
stage III, the levels of both soluble silica and iron
dropped in epithelial cells (Fig. 7A), but remained
relatively constant in radulae through stages III
and IV (Fig. 7B).  The amount of soluble silica in
the radulae, however, rapidly declined during the
transition from stage I to stage II (Fig. 7B).

Silica re-deposition experiment

An SEM image of the control experiment, in
which native radulae were untreated, is shown in

(A)

(B)

Fig. 4. (A) Transmission electron micrograph of the base of
stage III radula.  Spherical granules were observed.  Scale bar
= 1 µm (B) Magnified electron image of the granules.  Scale
bar = 100 nm  Further magnification of the area indicated by
the square is shown in inset A.  Note the fine filaments run
through the particles.  Scale bar = 50 nm.

Fig. 5. TEM Energy-disperse X-ray analysis results of tooth
ultrasection.  (A) the junction zone; (B) tooth base; (C) spheri-
cal granules.
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figure 8A.  The surface of the cusp seemed to be
composed of small granules in the approximate
size range of 40-110 nm which were aligned
together.  In the experimental set where radulae
were sequentially treated with NH4F and TMOS,
the morphology of the cusp

,
s surface looked as if

the granules observed in figure 8A had fused and
grown during the experimental processes (Fig.
8B).  In the SEM image of the experimental set in
which radulae were sequentially treated with NH4F,
TMOS, and then NH4F again, a few granules sized
about 150 nm aggregated on the cusp surface
were observed, and most of the exposed cusp sur-
face had a porous morphology (Fig. 8C).  The EDS
analysis indicated silica to be the major component
of the granules.  An SEM image of radulae treated
with only NH4F to remove the surface silica
revealed a similar granule alignment pattern as
that observed in the control experiment (Fig. 8D).
However, in this experimental set, the granules
appeared to have become smaller than those
observed in figure 8A, and the surface appeared to
have been eroded as holes could easily be seen.

DISCUSSION

Previous studies on molluscan radulae pri-
marily focused on the mechanism of iron deposi-
tion (Jones et al. 1935, Lowenstam 1962b, Burford
et al. 1986, St Pierre et al. 1986, Rinkevich 1993,
Lu et al. 1995, Brooker and Macey 2001, Brooker
et al. 2003), and although silica deposition was
observed, the ways in which it was transported
and deposited remained elusive.  The data pre-
sented herein may provide hints as to how both
iron and silica participate in tooth formation of the
limpet, N. schrenckii.

Mineralization of tooth cusps begins in the
posterior region, and appears to be under strict
chemical and structural control.  Early results of
studies with P. vulgata suggested that limpet teeth
are initially organic structures composed of chitin
and proteins rich in tyrosine (Runham 1967), and
hardening of these organic skeletons possibly
occurs by quinine-tanning (Runham 1961).  The
presence of iron within the epithelial cells encir-
cling the radula was evident after Prussian blue
staining shown in figure 1B and 1C, where cells
with a high level of iron content exhibit a bright
blue color.  This vast amount of iron might first be
transferred to the junction zone, an electron-dense
region which separates the cusp from the base.
The existence of high levels of iron content without

subsequent deposition into crystallized structures
in the junction zone indicates that this region may
act as a reservoir of minerals (Fig. 6), concentrat-
ing materials necessary for teeth formation to a
critical amount before the onset of mineralization.
A similar phenomenon was also reported in chiton
(Macey and Brooker 1996, Brooker et al. 2003),
indicating that initiation of the mineralization
process from the junction zone may be common in
molluscan tooth formation.  Adaptation of vacuole
transport in iron transfer during tooth development
in the limpet, C. toreuma, was reported (Lu et al.
1995).  Vesicular transportation activities were also
observed near the junction zone of N. schrenckii,
suggesting that the minerals essential for tooth
growth may be transported via vacuoles.

During early stages of cusp mineralization
when the posterior region is aligned with organic
fibrous structures, silica particles at a nanometer
scale were observed to be associated with the
organic fibrous structure (Fig. 4).  This indicates
that the organic fibers may serve as a structural

Fig. 6. TEM diffraction analysis of the radula ultramicrotome
section.  The analysis was focused in the junction zone, and
the diffraction pattern suggests that there are no crystalline
structure in this region (inset A); b, base; j, junction zone; c,
cusp.  Scale bar = 100 nm.
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scaffold and provide spatial constraints during the
mineral deposition process.  A large amount of sili-
ca was detected in radulae, particularly in the early

stages of tooth mineralization, while the content of
silica in epithelial cells encasing the radulae
showed slight alterations during different mineral-

(A) (B)

(C) (D)

Fig. 8. SEM images silica re-deposition experiments.  (A) Group 1.  Radula remained intact after removal of surrounding epithelial
cells.  Organized crystal structures can be seen from a broken tooth cusp.  (B) Group 2.  After gently remove the silica from the surface
with NH4F, radulae were subjected to TEOS treatment and then followed by NH4F treatment again.  The SEM image shows that the
cusp surface became porous, and granular aggregation of silica was observed.  (C) Group 3.  Radulae treated with TEOS following
NH4F treatment.  Large amount of silica aggregation was seen on the cusp surface.  (D) Group 4.  Radulae treated only with NH4F to
remove surface silica.  Like radulae observed in (B), the cusp surface became porous, however, the silica granule aggregation was
absent. Scale bar = 500 nm.

Fig. 7. ICP-MS analysis of soluble iron and silica contents in epithelial cells surrounding the radula (A), and the radula (B).
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ization stages based on the ICP-MS analysis
results (Fig. 7).  This implies that the silica required
for tooth growth should enter the radulae at an
early stage before the mineralization process takes
place.  ICP-MS analysis of the radulae also
showed that the concentration of silica in radulae
dramatically dropped from stage I to stage II,
which implies that silica may be deposited together
with iron once iron influx has begun (Fig. 7B).

Results of the SEM EDX mapping showed
that the base is primarily composed of silica (Fig.
2D).  In this study, silica was found not only in the
base, but also encased the goethite crystals grow-
ing along the organic matrix and infiltrated the
spaces not occupied by goethite crystals in N.
schrenckii, which were also observed in the study
by Mann et al. 1986 on P. vulgate.  Since silica in
the base does not form an ordered crystalline
structure but is composed of a less-ordered struc-
ture of“scrolls”(Mann et al. 1986), it is possible
that the base may serve as either a temporary sili-
ca reservoir during the tooth growing process or a
gateway through which silica can be transported to
the cusp.  Silica particles penetrated with organic
filaments observed in the cusp imply the possibility
that the organic matrix located in a high-silica-con-
tent environment either may serve as a nucleus or
may possess the catalytic ability to induce silica
deposition.  The intimate association of silica parti-
cles of a nanometer size with the organic matrix
revealed in this study suggests that the organic
matrix might not only serve as spatial constraints,
but may play more active roles in catalyzing the
aggregation and deposition of minerals.  The
decrease in the silica concentration in radulae dur-
ing the transition from stage I to stage II shown by
the ICP-MS analysis (Fig. 7B) suggests that the
amorphous opal deposits along the organic fila-
ments and forms the particles observed in stage II
at this point.  Silica within these particles may be
re-deposited in the cusp to fill in the spaces
between goethite crystals and further strengthen
the tooth structure.

In the silica re-deposition experiment, NH4F
was applied instead of HF to ensure a minor reac-
tion condition (Kröger et al. 2002), hopefully to pre-
serve any organic molecules which had co-precipi-
tated with the minerals during mineralization.  The
surface morphology was similar in groups 3 and 4,
as the treatments applied to these 2 groups were
aimed to remove the outermost layer of silica.  In
the group 3 experimental set, silica granules mea-
suring 100-150 nm in diameter were seen (Fig.
8C), which indicated that after initial treatment with

NH4F, the exposed organic surface may again
induce silica precipitation upon addition of TMOS
as the silica source.  When the 2nd treatment of
NH4F was applied after TMOS application, part of
the newly deposited silica outer layer was dis-
solved, but a small amount of silica granules
remained attached to the cusp surface.  In group 2
in which silica was allowed to deposit on the
exposed cusp surface without further disruption,
an intriguing morphology was exhibited.  The sur-
face of group 2 teeth appeared to be composed by
fused granules compared to the surface morpholo-
gy of the cusp in the control experiment, where
organized rods were present (Fig. 8A, B).  The
alignment of silica granules in figure 8A observed
with SEM appeared to be somewhat consistent
with the alignment pattern observed in ultrathin
sections with TEM (Fig. 4).  The fused appearance
in group 2 may have been the result of dissolution
and re-precipitation of silica following sequential
treatment with NH4F and TMOS.  

In all, it is known that silica plays a critical role
in the structural integrity of the tooth cusp and pro-
vides a cushion for limpets when feeding by pro-
ducing a rather-elastic tooth base.  Although the
mechanism and the biomolecules involved in the
transport and deposition of silica were not identi-
fied, the results of this study suggest the possibility
of active involvement of the organic matrix in addi-
tion to being a simple scaffold for mineral deposi-
tion.  The results of the re-deposition experiment
further suggested that the organic molecules
embedded within the minerals during cusp forma-
tion may indeed play active guiding roles in the
precipitation of silica and perhaps subsequent pat-
tern formation.  The goals for further study are
extraction and identification of the biomolecules
involved and the design of in vitro experiments to
test the likely candidates which contribute to silica
deposition.
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