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Self-Sharpening Mechanism of the Sea Urchin Tooth

Christopher E. Killian, Rebecca A. Metzler, Yutao Gong, Tyler H. Churchill, lan C. Olson,
Vasily Trubetskoy, Matthew B. Christensen, John H. Fournelle, Francesco De Carlo,
Sidney Cohen, Julia Mahamid, Andreas Scholl, Anthony Young, Andrew Doran,

Fred H. Wilt, Susan N. Coppersmith, and Pupa U. P. A. Gilbert*

The sea urchin tooth is a mosaic of calcite crystals shaped precisely into
plates and fibers, cemented together by a robust calcitic polycrystalline
matrix. The tooth is formed continuously at one end, while it grinds and
wears at the opposite end, the sharp tip. Remarkably, these teeth enable
the sea urchin to scrape and bore holes into rock, yet the teeth remain
sharp rather than dull with use. Here we describe the detailed structure
of the tooth of the California purple sea urchin Strongylocentrotus purpu-
ratus, and focus on the self-sharpening mechanism. Using high-resolution
X-ray photoelectron emission spectromicroscopy (X-PEEM), scanning
electron microscopy (SEM), EDX analysis, nanoindentation, and X-ray
micro-tomography, we deduce that the sea urchin tooth self-sharpens

by fracturing at discontinuities in the material. These are organic layers
surrounding plates and fibers that behave as the “fault lines” in the tooth
structure, as shown by nanoindentation. Shedding of tooth components
at these discontinuities exposes the robust central part of the tooth, aptly
termed “the stone”, which becomes the grinding tip. The precise design
and position of the plates and fibers determines the profile of the tooth
tip, so as the tooth wears it maintains a tip that is continually renewed and
remains sharp. This strategy may be used for the top-down or bottom-up
fabrication of lamellar materials, to be used for mechanical functions at the
nano- and micrometer scale.

1. Introduction

Sea urchin teeth are composed of crystal-
line calcite with an intricate and precisely
controlled three-dimensional architec-
ture.l"8! Three aspects of these teeth are
remarkable: i) they are made of calcite,
yet can grind limestone, which is also
composed mostly of calcite; ii) the three
structural components of the teeth—the
plates, the fibers, and the polycrystalline
matrix between them—have been shown
to be highly co-oriented from the nano-
meter to the centimeter scale;1%'! and
iii) the sea urchin teeth self-sharpen with
use, rather than becoming dull.l'¥ Here we
investigate how the California purple sea
urchin keeps its teeth sharp by correlating
the microchemical composition with mor-
phological and mechanical observations.
The California purple sea urchin, Strongy-
locentrotus purpuratus, inhabits the intertidal
and subtidal zones on the Pacific coast of
North America from Alaska to Mexico.'314
The sea urchins in the intertidal zone often
excavate burrows into the rock to protect
themselves from waves and predators.[*7]
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Their teeth are utilized to bite food as well
as to scrape and bore into rock. In an adult
sea urchin, five teeth are held together in a
jaw-apparatus called Aristotle’s lantern (see
Figure S1).118 The adaptability and utility of the
Aristotle’s lantern has contributed to the suc-
cess of sea urchins through the course of their
evolution.'24 In S. purpuratus, the teeth grow
continuously at the forming end at an approxi-
mate rate of 150 um per day.>?*l The teeth in
all sea urchins are composed of calcitic plates
and fibers synthesized within syncytia of odon-
toblast cells in the plumula—the soft tissue
connected to the forming end of the tooth.!’!
As each tooth grows away from its plumula,
its plates and fibers are cemented together by
a polycrystalline matrix,®! comprised of 10- to
20-nm particles of calcitel®!% in which up to
45% of the Ca atoms are replaced by Mg.®l The
precise arrangement of these three structural
elements confers the teeth their remarkable
mechanical function.®!

The complex arrangement of plates,
fibers, and polycrystalline matrix in the S.
purpuratus tooth is presented here in detail.
The single-crystalline components of the
sea urchin tooth— the plates and fibers—
are co-oriented. The plates share one crystal
orientation and the fibers share another.!
The mineral nanophase of the polycrystal-
line matrix is also highly co-oriented.'%!!] The polycrystal-
line matrix gradually fills in the space between the plates and
between the fibers, after the plates and fibers have been fully
formed.’l The Mg-rich calcite nanoparticles of the polycrys-
talline matrix become crystalline and co-oriented via solid-
state secondary nucleation, propagating out from the previ-
ously formed plates and fibers into the amorphous precursor
nanoparticles of the matrix.'¥ The central part of the tooth
is called the stone part and it has been shown to be harder
and tougher than other parts of the tooth.[*>#%12 The stone
part extends across the entire length of the tooth and is con-
tinuous with the tip of the tooth. It is comprised of Mg-rich
polycrystalline matrix nanoparticles, and narrow fibers that
run roughly parallel to the length of the tooth. The stone
part of the tooth eventually becomes uncovered as plates and
fibers are shed off around the grinding tip as the tooth wears
with use.

But how exactly does the sea urchin tooth maintain its sharp
tip, given the relatively hard and harsh environment in which it
exists? The heart of this question is a materials design problem.
Which characteristics of the tooth components are involved
in the mechanism of tooth self-sharpening? We used high-
resolution X-ray photoelectron emission spectromicroscopy
(X-PEEM), scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX) analysis, electron probe micro-analysis
(EPMA), X-ray micro-tomography, and nanoindentation experi-
ments, to examine the different components in the S. purpuratus
tooth. These analyses reveal how and where the tooth breaks and
self-sharpens.
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Figure 1. A,B) SEM images of the convex and concave sides, respectively, of teeth from Strongy-
locentrotus purpuratus. Labels refer to the tip (t), the plates (p), the fibers (f) in the polycrystal-
line matrix, and the keel (k). C,D) SEM images of the polished longitudinal- and cross-section
of a tooth, showing the tip (t), the stone part (s), the plates (p), the fibers (f), and the keel (k).
C and D were acquired in the back-scattered electron mode, thus they show the greater Mg con-
centration (darker gray level) in the stone part. In C and D several plates (red) and fibers (blue)
1) are overdrawn on the SEM images. See also Figure S1 and S3 in Supporting Information.

2. Results

The complex arrangement of plates, fibers, and polycrystalline
matrix in Strongylocentrotus purpuratus is laid out in Figure 1.
Many different terms have been used to describe the various
parts of sea urchin teeth. For clarity as well as consistency with
the previous literature, we report these terms in the Supporting
Information, and in Figure S1 and S3. Our intention is to keep
the nomenclature straightforward in this report.

Each Strongylocentrotus purpuratus tooth is curved moderately,
and has a keel that runs down the length of the concave side to
lend it a T-shape cross-section.?l The curved primary plates are
present exclusively on the convex side of the tooth (Figure 1A),
and they are stacked parallel to each other with calcitic fibers
and a polycrystalline matrix filling the space between them. The
tip of the tooth on the keel side has calcitic fibers and polycrys-
talline matrix, but does not have plates (Figure 1B). The fibers
on this side of the tooth are curved and have a profile approxi-
mating an S-shape (Figure 1C). They extend continuously from
the end of the plates to the keel.

We observe that in S. purpuratus, the stone part is continuous
with the tip (Figure 1C), as is the case in other sea urchin spe-
cies. Analyses of tooth cross-sections using energy-dispersive
X-ray (EDX) analysis and backscatter electron (BSE) SEM reveal
that the stone part in S. purpuratus is Mg-rich, as in other spe-
cies, and that this Mg-rich region extends sidewise in the tooth
beyond the central stone part (Figure 1D, S2, S3). Away from
the tip, the plates are covered by a thick crust of polycrystalline
matrix (Figure 1A)[ that is not Mg-rich (Figure S2).
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Figure 2. Magnesium maps obtained by X-PEEM. A high-Mg concentration (lighter gray level) is observed in the polycrystalline matrix surrounding the
plates and fibers. A, C) Mg maps showing the areas that are 250 im away from the center on either side, where the stone part is delimited laterally by plates
that kink and extend towards the keel in a chevron shape. The black boxes in the insets indicate the position of the images in A, B, and C with respect to the
whole tooth cross-section. B) Mg map at the center of the tooth cross-section, including the stone part and the first two plates delimiting it at the top.

The stoichiometry of all echinoderm biominerals is
Mg,Ca,_,COs3, that is, Mg atoms substitute for Ca in the cal-
cite crystal structure. Using quantitative electron probe micro-
analysis (EPMA) with a 1-um electron beam size, we measured
the Mg and Ca concentrations in the polycrystalline matrix of
the stone part and found a value of x = (30 £ 3) mol%, whereas
in the first and second plates, near the stone part, we found x =
(6+2) mol%. The fibers in the stone part showed x=(12+2) mol%,
with the Mg concentration decreasing in the prisms of the
keel down to x = (3 + 1) mol% half-way down the keel and x =
(2 £ 1) mol% at the bottom of the keel. The locations of these
EPMA spots are indicated in Figure S3D.

The Mg-rich stone part is bounded on the convex-side by the
primary plates and on the lateral sides by the chevrons formed
by the fusion of the primary and secondary plates. Figure 2
contains Mg maps generated using X-PEEM examining a cross-
section of the stone part. The dark plates and fibers reflect the
relatively low Mg content of these tooth elements whereas the
bright polycrystalline matrix indicates that it is high in Mg con-
tent. One can also see that the central part of the stone part
is comprised of the polycrystalline matrix and small-diameter
fibers. Figure 3 is a backscatter SEM image, which, in agree-
ment with the Mg maps in Figure 2, shows that the lateral sides
of the stone part contain larger diameter fibers. It also shows
that the center of the stone part contains the same density of

Figure 3. BSE-SEM images of the cross-section of the tooth. A) At 250 um left of the center of the
stone, where the plates start to have a chevron shape, and B) at the center of the stone part. Darker
gray levels indicate areas of high-Mg concentration in the polycrystalline matrix. At the center of
the stone part the fibers are much smaller, on the order of 1 um in diameter (top inset in B), and
they gradually increase in size towards the keel. Towards the left or the right, 250 um away from the
center, the Mg concentration in the matrix itself appears to be constant (B), but at this location the
diameter of the fibers abruptly increases to 3 tm or more (top inset in A). The bottom insets in A
and B show where the corresponding regions are located in the cross-section of the whole tooth.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fibers as the lateral side, but the fibers are much smaller in
diameter (1 um). In the central portion of the stone part of the
tooth, which will ultimately be the grinding tip, the majority of
space is occupied by the polycrystalline matrix.

To quantitatively test this aspect of the tooth we measured
the averaged Ca and Mg concentrations in the stone part, using
EPMA with a defocused beam of 10 um in diameter, thus
including many fibers and the matrix between them. The average
Mg concentration was x = (20 + 2) mol% in the stone part, which
abruptly dropped down to x = (17 % 2) mol% after crossing the
first chevron-shaped plate that delimits the stone part.

Itis clear from the profile of the longitudinal section in Figure 1C
that, as the tooth scrapes and grinds, the tooth tip wears along the
profile of the plates and the fibers to expose the stone part. In order
to investigate what causes plate and fiber removal, we observed
living sea urchins, and their motions, as shown in Figure S4.

The sea urchin mouthparts are known to have a range of
motions.[1719-212526] In S, purpuratus we observed two dif-
ferent modes of motion, both resulting in wearing at the tooth
tip. In the first mode—observed in all sea urchins and presum-
ably used for grinding and biting—the five teeth move radially,
namely, in an opening and closing motion. When the teeth close
radially, the plates on the convex side of the tooth are arranged
parallel to the motion and perpendicular to the compressive
load applied at the tip.[*>2! We propose that this radial motion
of the teeth wears away the inner, concave
side of the teeth as hard objects and food are
bitten. We also note that when the five teeth
are closed, all the teeth tips fit tightly together
(see Figure S1C, S1D, and S4) which may
help keep the teeth sharp.

A second mode of motion that plays a
role in the self-sharpening of the teeth is
termed here lateral motion. This motion is
observed when Aristotle’s lantern rotates,
shifts, and tilts while the teeth are closed
(Figure S4). This second mode of motion has
been observed in sea urchins that bore into
rock"] and in other sea urchins as well.?!
This exposes the convex sides of the teeth for
lateral scraping and grinding of the hard rock
surface, and results in tooth abrasion.

Both radial and lateral motions may
abrade the sides of the tooth tips, as they
open and close into a tight fit, and as they are

Adv. Funct. Mater. 2011, 21, 682-690
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Figure 4. A) The convex side of the tooth tip, at the top in this longitu-
dinal section, sheds one primary plate at a time. Previously shed plates
have left a clear and sharp mark near their stone-part ends (arrows) and
an equally sharp and smooth surface along their entire length, which
defines the profile of the convex side of the tooth tip. Repeated shedding
of plates, one at a time, preserves the tooth convex-side profile, thus
maintaining the tooth sharpness. Furthermore, in this BSE-SEM image
the Mg-rich stone part appears darker. It is evident that the grinding tip (t)
is only comprised of Mg-rich polycrystalline matrix and small fibers, and
no plates. Mg-rich calcite in the stone part is much harder than calcite,
thus grinding is performed by the hardest part of the tooth. The white
box in the inset shows the position of the imaged area in the longitudinal
section of the tooth. B) The tip, seen here from the convex side, is clearly
not continuously breaking but discretely, shedding plates one at a time.
Plate shedding does not start at the tip. Rather, it starts behind the tip,
approximately at the center of this image. It therefore cannot be provoked
by the radial motion of the teeth opening and closing in the Aristotle’s
lantern, and must be provoked by the lateral motion of the lantern.

closed and move laterally. In both motions the sides of the tips
rub against one another, resulting in the tip side tapering as
observed in Figure 1A and 1B. The radial and lateral motions
that result in teeth abrading against hard surfaces will fracture
off pieces of the tooth near the tip. However, it is the structure
of the tooth itself that determines where exactly it breaks off and
renews itself, resulting in self-sharpening. Figure 4A displays
the profile of a tooth in a longitudinal section. It is evident that

Adv. Funct. Mater. 2011, 21, 682-690
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the tip profile on the convex side is delimited by the smooth
surface outline of a single plate. Close examination reveals that
plates break away one at a time. The front (left in Figure 4A)
of the plate constitutes a “weak link” in the structure. This is
where the polycrystalline matrix detaches and is shed. Further-
more, from the morphology of the indentations in the matrix
at the stone part, indicated by the arrows in Figure 44, it is evi-
dent that two plates and blocks of polycrystalline matrix at the
back side were removed.

Figure 4B shows that the shedding of the plates and the
polycrystalline matrix between them at the convex side of the
tooth does not start at the tip, as would be expected if their
breaking-off was the result of compressive force at the grinding
tip caused by radial motion. Rather, the fracture starts from
behind the tip. We saw this occur in dozens of teeth from dif-
ferent S. purpuratus specimens; therefore we infer that the pri-
mary plates are often shed as a result of the lateral motion of
the Aristotle’s lantern.

Figure 5C shows in detail the location of one such frac-
ture event that has just initiated. It is apparent that a fracture
occurred at the front convex side of the plate, and that it initi-
ated from the outer end of the plate by compressive or shear
stress. The crack traveled through the plate until it reached the
under-surface of the plate. The crack then propagated along the
plate surface, and a portion of plate and its adjacent polycrystal-
line matrix were sloughed off exposing the underlying plate.

The polycrystalline matrix and the fibers on the keel side of
the tip also break away at preferred locations. Figure SF and 5I
show that the fibers determine the profile of the tip at the con-
cave side, and that they too are shed in a discrete fashion, one
at a time. Figure 5L shows that the same phenomenon occurs
at the keel, where the fibers are thicker. The fracture in the fiber
propagates along the surface of the fiber and the fiber itself is
then sloughed off. It is evident that fractures preferentially prop-
agate along the organic layers located at the surfaces of plates
and fibers.?®! Such organic layers were invariably observed in
high-resolution backscatter SEM images, enveloping each plate
and fiber, as shown in Figure 6. In backscatter SEM images, the
organic layers appear much darker than the plates, the fibers,
and the polycrystalline matrix. This observation is consistent
with them being comprised of elements found in organic mate-
rials (O, N, C, H) with a lower atomic mass as compared to the
metals (Ca, Mg) that are abundant in the mineralized structures
(see Table S1).

In order to clarify by direct observation the fracture mecha-
nisms in the S. purpuratus tooth, we carried out nanoindenta-
tion experiments. Cracks were induced and their propagation
across the various structural elements of the tooth was carefully
followed. We used a spherical tip with a diameter of 4 um, and
an indentation depth of either 200 nm or 400 nm. This large
diameter tip and small depth were chosen to produce gentle
dimples in the surface and small cracks without creating exten-
sive local damage, so that the breaking of the tooth, where it
would naturally break, could be observed. In contrast, conven-
tional Berkovich pyramidal tips[?”:?8 induce local cracks through
high stress at the apex and vertices of the pyramid where the
tip indents. Our spherical-tip indentation was chosen in order
to induce cracks where tooth discontinuities exist, namely, the
natural “fault lines”, and not where a pyramidal tip happens
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Figure 5. BSE-SEM images of longitudinal sections of S. purpuratus tooth tips. Each area is presented with 3 different magnifications, zoomed-out on
the left and zoomed-in on the right. The green boxes indicate where the images on the immediate right were acquired. A-B-C) An area at the convex
side of the tip, in which plate shedding had just begun, clearly showing that shedding starts at the outer side (top) of the plates not at the stone-part
side. D-E-F) An area at the concave side of the tip showing that the fibers’ profile determines where the fibers and the matrix between them discretely
break. G-H-I) An area on the front side of the keel, showing the fiber-determined breaking profile. J-K-L) Another area on the front side of the keel where
the fibers are thicker. Again the fracture propagates along the. surface of the fiber.

to hit the surface. The results are striking: the tip dimpled the
surface, cracks propagated radially away from the dimple, and
whenever a crack reached a plate or a fiber surface, the crack
deflected abruptly and dramatically, often by as much as 90
degrees. Figure 7 shows two examples of such strikingly abrupt
crack deflection at the organic layers surrounding a plate and
a fiber, respectively. The results of Figure 7 are representative
of 43 dimple indentations, produced in three sea urchin teeth,

wileyonlinelibrary.com
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from three different animals. Such clear and abrupt crack
deflection provides strong evidence that crack deflections in
S. purpuratus teeth occur at the surfaces of plates and fibers,
where organic layers surround these calcitic components.

In addition, we consistently noticed in cross-sections of S.
purpuratus teeth that there are conspicuous holes in the poly-
crystalline matrix, which were previously identified as the cell
channels.>®! Some of these holes are apparent as dark spots

Adv. Funct. Mater. 2011, 21, 682-690
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Figure 6. BSE-SEM image of the organic layers around the plates
and fibers, in a tooth longitudinal section. The black box in the inset
shows the position of the imaged area in the longitudinal section of the
tooth. This region near the tip shows the details of plates and fibers.
Notice the dark organic layers surrounding the plates, the lamellae, and
the needles. These layers separate the various tooth components from
the Mg-rich polycrystalline matrix that cements all components into
a single rigid structure. The organic layers are darker than the Ca-rich
plates and slightly darker than the matrix, consistent with the typical
composition of organic molecules. In BSE-SEM images, in general,
heavier elements (higher atomic mass) appear lighter in the gray level
(refer to Table S1).

near the top of Figure 3A, 3B, and 4A, and near the center
of Figure 4B in the polycrystalline matrix between the plates
surrounding the stone part of the tooth. These holes were
not observed in the stone part of the tooth cross-section (e.g.,
Figure 6). Because of their location, these discontinuities may
very well play a role in the controlled breakaway of plates and
fibers away from the stone.

To obtain a three-dimensional view of
the exact location and distribution of these
holes, we carried out hard-X-ray tomography
on the S. purpuratus tooth, with a resolu-
tion of 1 um. The X-ray micro-tomography
images do not reveal contrast between the
plates, fibers, and the matrix, since their den-
sities are too similar to one another to pro-
vide X-ray absorption contrast at 20 keV. The
holes, however, do stand out in these micro-
tomography reconstructions. Figure 8 shows
a cross-section slice from the 3D tomography
of the tooth (see Movie S1 in the Supporting
Information for a fly-through movie of the
3D reconstruction, and Movie S2 for another
reconstruction rotating in space). From
these micro-tomography data, it is clear that
holes and discontinuities of the polycrystal-
line matrix are abundant between the plates
and in the keel, but completely absent from
the stone part. This observation suggests
that the holes play a role in weakening the

Adv. Funct. Mater. 2011, 21, 682-690
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polycrystalline matrix away from the stone part, and facilitate
breaking or deflecting fractures at those locations.

3. Discussion

Wang et al.®l pointed out that the shape of the grinding tip of
the sea urchin tooth reflects the structural components (plates,
fibers, and polycrystalline matrix) of the sea urchin tooth. From
these observations, they theorized that the hardness of the
components as well as the interfaces between the individual
components would dictate the mechanism of self-sharpening.
The results presented here provide experimental evidence for
that theory. Our studies clearly show that the structural geom-
etry and chemical makeup of the teeth components explain the
mechanisms for maintaining sharp tips. From the data, several
salient points can be concluded, as listed below.

3.1. Tooth Components Breakaway at Pre-determined Locations

Discrete shedding of plates and fibers is observed. These
tooth components are pre-shaped and stacked to appropriately
delimit the sharp morphology of the tooth tip, which is even-
tually exposed by wear. Wear and shedding also result in the
exposure of the robust stone part, which becomes the tip of the
grinding end.

3.2. Breakaway Locations Are Organic Layers

The break-off points are located at mechanically weak layers of
organic molecules surrounding plates and fibers. These organic
layers were previously described by Wang et al.,l®l Ma et al.,*!?
and Robach et al.*’! but their function as pre-determined
breaking locations was not previously suggested. It is unclear
if preferred breaking occurs within the 100-nm thickness of the

Figure 7. Secondary-electron SEM images of cracks induced by nanoindentation. In both
images the crack originates from an indent in the matrix at the right hand side, and is abruptly
deflected at the surface of a plate (A) and a fiber (B). The arrows indicate the direction of the
crack propagation.
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Figure 8. An S. purpuratus tooth cross-section extracted from the full 3D reconstruction of the
tooth by micro-tomography. The white pixels indicate the locations of abrupt density variation,
that is, the profile of holes in the tooth. Notice that there are no holes in the central stone part,
where fracture and presumably porosity must be prevented, whereas they occur everywhere
else in the tooth. See Movie S1 (Supporting Information) for an animated 3D-reconstruction,
flying-through along the tooth axis, and Movie S2 for another animation with a segment of the

tooth rotating in space.

organic layer, or at the outer, or inner organic-mineral interface
around each plate and fiber.

3.3. Nanoindentation Shows Abrupt Crack-Deflection
at the Organic Layers

Even if cracks start elsewhere, when they encounter the organic
layers at the surface of a plate or a fiber, they abruptly kink in
a direction propagating along the layers. The nanoindentation
experiments showed this behavior clearly and unmistakably. We
conclude, therefore, that the organic layers remain the “weak
links in the chain” in the sea urchin tooth.

3.4. Lateral and Radial Motions Contribute to Tooth Abrasion

The lateral and radial motions of the Aristotle’s lantern
(Figure S4) promote the abrading of the primary plates, and
fibers, respectively, thus constantly renewing the plates and
fibers that delimit the convex- and concave-side profiles of the
tooth. Lateral motions must promote plate shedding at the
convex side, because shedding starts at the outer side of the
plates, not directly at their tip (Figure 4B and 5C).

The tight-fitting of the closed teeth may also contribute sig-
nificantly to sharpening of the teeth at the tip lateral sides,
where they overlap and rub against one another during both
motions (Figure S1 and S4). This mechanism whereby the hard

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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parts of the tooth sharpen at weak links of
the neighboring tooth is analogous to the
self-sharpening seen in rodent (e.g., mice and
rats) and lagomorph (e.g., rabbits and hares)
incisors.P3%31 In these organisms, both top
and bottom incisors grow continuously, and
the hard enamel of the outer part of the
bottom incisor cuts into the relatively softer
dentin of the inner surface of the opposing
top incisors, which leads to sharpening.

3.5. Chemical Composition and Structure
of the Stone Part

Our qualitative results in S. purpuratus
are in line with the observations in other
sea urchins that the stone part of the tooth
is high in Mg.'l In addition, we see that
a highly polycrystalline matrix density is
achieved in the center of the stone part
through reduced fiber diameters. The poly-
crystalline matrix in the stone part is the
most robust part of the tooth. This may be
the result of the high Mg concentration as
suggested previously®#11:32] or by the nano-
scale texture of the polycrystalline matrix
(10 nm in S. purpuratus, as measured by
microdiffraction*)), which provides resist-
ance to flaws in other biominerals.?¥ As the
Mg-enrichment and nanophase texturing
concur in the sea urchin tooth, we cannot deduce if one or
both mechanisms are at work. It is useful, however, to track
the position and density of the polycrystalline matrix by meas-
uring the Mg content, bearing in mind that it may be either
the composition (high Mg) or the size of the particles (10 nm)
that confers robustness.

We observed an abrupt change in fiber diameter and Mg-
enrichment of the calcite at the chevron-shaped plates, which
provide discontinuities 250 um away from the tooth center
on both sides. These discontinuities coincide with break-
away locations near the tip. We believe that the consistently
observed 500-um width of the tip is related to this structural
discontinuity.

In other sea urchins the stone part of the tooth was equated
to the Mg-rich region.®!!l We note that in S. purpuratus the
Mg-rich region is 1.5 mm wide (Figure 1D and S2) whereas the
stone part, which becomes the tip, is only 500 um wide (Figure 2
and 4B). “The robust center that becomes the tip”, therefore, is
a better definition of the “stone part”. The fiber diameter and
plate morphology observed at the edges of the stone part is an
example of the precise control that S. purpuratus exerts over the
materials properties of its teeth.

Micro-tomography of the S. purpuratus tooth reveals that the
polycrystalline matrix between plates and fibers away from the
stone part of the tooth has pores. Porous materials are known to
be less structurally robust than continuous, space-filling mate-
rials,343] thus it is interesting to notice that the porosity in the
stone part of the sea urchin tooth is indeed very low.
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4, Conclusions

The data presented here provide unprecedented mechanistic
details on where and how the sea urchin tooth breaks, resulting
in self-sharpening. The discontinuity at chemical interfaces
guides crack propagation. By controlling the localization of frac-
ture at the nanoscopic and microscopic scale, S. purpuratus con-
trols the macroscopic morphology of the tooth tip, resulting in
the maintenance of a robust and sharp tip.

Single-crystalline biominerals from many animals do not
break as crystals—that is, along cleavage planes. They instead
break like glass—exhibiting a smooth and often curved fracture
figure termed conchoidal.*®! Spicules and spines from S. purpu-
ratus exhibit conchoidal fracture, and this has been attributed
to the presence of intracrystalline proteins.?’~3% The breakage
of the sea urchin tooth at its grinding tip, however, is different.
Whereas elements of the tooth, such as plates and fibers, may
break conchoidally, the tooth tip does not. It breaks at the
organic layers surrounding the plates and fibers. This struc-
tural organization helps deflect cracks and prevent catastrophic
breakage of the tooth. This design also results in shaping and
sharpening of the tooth tip in pre-determined locations, built
into the structure of the plates and fibers as the tooth forms.
This mechanism is akin to perforated paper, which, when sub-
ject to tensile stress, breaks at the predetermined locations of
the perforations. All of the holes we observed were outside
the stone part, which is where the tooth needs to be robust to
perform its food-biting and rock-grinding function. It appears
likely that the holes assist in pre-determining the breaking loca-
tions away from the central stone part.

Although there are differences in anatomy and component
arrangement in the different species of sea urchin, the teeth of
all sea urchins have plates and fibers cemented together by a
polycrystalline matrix. The tooth self-sharpening mechanism
described here in the tooth of S. purpuratus is thus likely to be
shared by other sea urchins. A similar mechanism of breaking
at pre-determined locations may also be used by the continu-
ously forming and always sharply tipped radula teeth of chi-
tonsl "l and limpets.*?) These mollusks have evolved their
teeth separately and independently,*?l as has the echinoderm
studied here. To perform the same rock-grinding and self-
sharpening functions, mollusks and echinoderms may very
well have adopted convergent design strategies. This conver-
gence, if confirmed by future studies, would be particularly
compelling evidence that the teeth are optimized for their func-
tion, as the organisms evolved their teeth after diverging from a
common ancestor. The strategy of breaking at interfaces in pre-
determined locations may be useful in the design of synthetic
lamellar materials, formed either by bottom-up or top-down
approaches to materials fabrication.

5. Experimental Section

Detailed methods are described in the Supporting Information. Briefly,
S. purpuratus teeth were extracted, fixed, embedded in epoxy and polished
for X-PEEM, SEM, EPMA analysis, as well as nanoindentation. Teeth for
SEM imaging and tomography of the entire tooth were extracted and
cleaned by bleaching.

We used PEEM-3 on beamline 11.0.1 at the Berkeley-ALS for all
X-PEEM experiments. SEM analysis was carried out either with a Hitachi
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TMT000 at the Electron Microscopy Lab at the University of California,
Berkeley, or a Zeiss Leo Ultra 55 at the Weizmann Institute of Science
(WIS). Nanoindentation experiments were also carried out at the WIS,
using an Agilent XP Nano Indenter. Micro-tomography was done at the
Argonne-APS on beamline 2-BM. EPMA and EDX-SEM were done at the
University of Wisconsin-Madison, using a Cameca SX51 and a Hitachi
S-3400N, respectively.

Supporting Information

Supporting Information including two movies is available from the Wiley
Online Library or from the author.
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