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Structuring over many length scales is a design strategy widely used
in Nature to create materials with unique functional properties. We
here present a comprehensive analysis of an adult sea urchin spine,
and in revealing a complex, hierarchical structure, show how Nature
fabricates a material which diffracts as a single crystal of calcite and
yet fractures as a glassy material. Each spine comprises a highly or-
iented array of Mg-calcite nanocrystals in which amorphous regions
and macromolecules are embedded. It is postulated that this meso-
crystalline structure forms via the crystallization of a dense array of
amorphous calcium carbonate (ACC) precursor particles. A residual
surface layer of ACC and/or macromolecules remains around the
nanoparticle units which creates the mesocrystal structure and con-
tributes to the conchoidal fracture behavior. Nature’s demonstration
of how crystallization of an amorphous precursor phase can create a
crystalline material with remarkable properties therefore provides
inspiration for a novel approach to the design and synthesis of syn-
thetic composite materials.

calcium carbonate biomineralization | echinoderm skeleton | hierarchical
structuring | mesocrystal | skeletal elements

Some of the most remarkable, and best-studied biominerals,
are sea urchin (SU) skeletal elements, which are materials
that have challenged scientists for decades. Despite exhibiting
sponge-like morphologies and curved surfaces, which are features
normally associated with amorphous materials, each element be-
haves as a single crystal of calcite as judged by techniques such as
polarized light microscopy (1), X-ray Diffraction (XRD) (2), and
electron backscatter diffraction (3). Prior to recent studies which
demonstrated that morphologically complex calcite single crystals
can be produced synthetically using templating methods (4-6),
such crystals were believed to be restricted to the biological world.
Intriguingly, this single crystal structure has been disputed on many
occasions, which has led to the suggestion that SU spines and
plates may actually comprise a highly oriented array of crystalline
nanoparticles rather than a true single crystal (7). The fracture be-
havior of SU skeletal elements is also unusual and contradictory.
While calcite single crystals cleave along the low-energy {104}
planes (8), SU spines cleave with conchoidal fracture surfaces
(7,9, 10). This behavior has been attributed in part to the presence
of intracrystalline macromolecules (11-15), which are typically
present in concentrations of <1 wt%.

Considering the ultrastructure of SU spines in more detail,
Towe suggested over 40 years ago that SU skeletal plates may
comprise a single crystal interior and a polycrystalline exterior
(8). He postulated that this structural organization could derive
from the initial formation of an oriented polycrystalline mineral
which subsequently underwent fusion and recrystallization to give
a single crystal product. In such a scheme, the resulting material
would invariably contain a nonnegligible fraction of disordered
regions, which could be attributed to organic and/or amorphous
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inclusions. Depending on the quantity and distribution of defects,
the sea urchin spine can therefore be seen either as a composite
material in which disordered inclusions are embedded in a single
crystal matrix, or as an assembly of crystalline nanoparticle do-
mains which are separated by disordered layers and which exhibit
a high degree of crystallographic registration. The latter structure
is described as “mesocrystalline,” (16, 17) where a mesocrystal
ideally comprises a 3D array of isooriented single crystal particles
of size 1-1,000 nm (mesoscale dimensions). The highly oriented
subunits therefore distinguish a mesocrystal from a randomly or-
iented polycrystal, and the identifiable nano-sized building units
distinguish it from a single crystal containing impurities (18). It is
emphasized that the term mesocrystal defines the structure of a
material rather than its mechanism of formation. Therefore,
while oriented aggregation of crystalline nanoparticles can give
rise to either a single crystal or mesocrystal product, in analysis
of the structure of sea urchin spines we here present data which
suggests that a mesocrystal can also form when a dense array of
amorphous nanoparticles crystallizes to give a highly cooriented
end-product material. Other authors have argued that sea urchin
spines cannot be mesocrystals as they are space-filling, as demon-
strated by the low surface area measured by Brunauer-Emmett-
Teller (BET) surface area analysis (19). This result, however, does
not exclude its mesocrystallinity as many biominerals form
through secondary growth stages, enabling mesocrystalline do-
mains to exist in the absence of porosity. Recent experimental
evidence has added weight to the proposition that many biomin-
erals exhibit mesocrystalline structures. High resolution transmis-
sion electron microscopy (HRTEM) has revealed nanoparticle
building units within sea urchin spines (20, 21), while synchrotron
XRD studies of a range of single crystal calcareous elements have
identified mosaic structures where the calcitic elements exhibited
coherence lengths of 50-200 nm (18, 22-24). Further, microscopic
studies have suggested that the SU spine is an extended mesocrystal
composed of nanoparticles (25-27). There is also growing evidence
that mesocrystals may be present in related organisms. Mesocrystal-
line regions have been observed in the ossicles of a sea star (7), in the
skeletal units of a crinoid echinoderm (28), and in the aragonite pla-
telets of nacre (29). According to Sethmann and coworkers (30),
similar mesocrystals have been found in sponge spicules, which are
distantly related to echinoderms. In an attempt to finally clarify the
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structure of sea urchin skeletal elements, and to reconcile conflicting
historical analyses, this paper describes a uniquely detailed structur-
al examination of adult SU spines which employs a wide range of
analytical techniques including scanning and transmission electron
microscopy, X-ray scattering, solid-state NMR (31). The complex
ultrastructure revealed succeeds in uniting existing contrasting view-
points which consider the spine as either single crystalline or poly-
crystalline and also provides the basis for suggesting a unique growth
mechanism.

Results and Discussion
Looking first at the mechanical properties of this unique material,
the chonchoidal fracture behavior of SU spines is well documen-
ted (9, 32, 33). Our results in Fig. 1 are in good agreement with
these earlier investigations with one important exception. In
addition to the characteristic curved, chonchoidal surfaces, we
frequently observe that the fracture surfaces exhibit areas that
are facetted like a calcite single crystal and that planar surfaces
are exposed (8). Review of the literature shows that similar frac-
ture surfaces have been observed with a number of SU species
(9, 32) (Fig. S1), but that these features were not discussed (8).
The sponge-like morphology of the SU spine does not itself con-
tribute to this mixed fracture behavior as was confirmed by frac-
turing synthetic calcite single crystals with morphologies identical
to urchin skeletal plates. These crystals, which were produced
in the absence of organic additives by a templating method (5),
showed no conchoidal fracture surfaces, but cleaved with the
planes expected for geological calcite (Fig. S2) (8).
Examination of the chonchoidal fracture surfaces at higher
magnifications using SEM (scanning electron microscopy) pro-
vided further insight into the spine structure (Fig. 1 A-C) and
revealed the presence of substructures with sizes 10-40 nm [mean
diameter 16.5 nm £ 3.6 (SD)] (Fig. 1C). This suggests that the
SU spine is composed of nanoparticulate building blocks, a find-
ing which is in agreement with recent studies which proposed that
SU skeletal elements are mesocrystalline in structure (25, 26).
The observed nanoparticle size also agrees with the 20-40 nm
found from SEM and TEM (transmission electron microscopy)
examination of other echinoderm species including Echinometra
mathaei, Anthocidaris crassispina, and Heterocentrotus mammilla-
tus (25, 26). Although this size is smaller than the 200 nm coher-

ence length measured in the c-axis direction using synchrotron
diffraction (24), it agrees reasonably well with the 50 nm coher-
ence length determined in the a-direction. Despite this apparent
particulate structure, single crystal diffraction spots confirm that
each spine is a calcite single crystal with space group R-3c, a result
which is consistent with the literature (24). This data supports a
mesocrystal model of a SU spine which combines a polycrystalline
architecture with single crystalline scattering behavior. A similar
organization has been determined in several SU species (25, 26).

TEM examination of thin sections cut through SU spines pro-
vided further insight into their ultrastructures (Fig. 2). Ultrami-
crotomed sections, which had been prepared by floating onto
water, showed regions with a granular substructure comprising
a heterogeneous distribution of elongated nanoparticles with
lengths of 100-300 nm [mean diameter 118 nm + 44 nm (SD),
30 measurements] and widths of approximately 50 nm [mean dia-
meter 43 nm + 14 nm (SD), 30 measurements]. Electron diffrac-
tion patterns of these sectioned spine samples (Fig. 24, Inser)
indicate isoorientation of the constituent particles, which is con-
sistent with an average coherence length of 50 nm in the a-direc-
tion (24). Significantly, regions with lower electron density were
clearly visible between the nanoparticle units; these regions were
no longer observed if sections were floated onto ethylene glycol,
in which CaCOj is not soluble (Fig. 2B) (34). This strongly sug-
gests that the calcite nanoparticles are coated with a layer of
amorphous calcium carbonate (ACC), as was observed for the
aragonite single crystal tablets in nacre (35). ACC has a marked
solubility in water even at neutral pH values (36), while crystalline
calcium carbonate etches only slowly under the same conditions,
leading to preferential dissolution at the interface between the
nanoparticles. This technique also enabled the preparation of
more complete fragments of the spine in which the coexistence
of microscale regions of mesotextured (Fig. 2C) and single crys-
talline material (Fig. 2D) could be observed. Attempts were also
made to prepare spine sections using focussed ion-beam (FIB)
techniques, but these proved unsuccessful due to the beam sen-
sitivity of the samples (Fig. S3). That the mesocrystalline ultra-
structure observed is a true reflection of the material structure
was confirmed using AFM measurements which showed a gran-
ular structure in the phase contrast image consistent with the
TEM images, and which was lost after calcination of the spine

Fig. 1. Fracture surfaces of a sea urchin spine shown at different magnifications under SEM (A)—(D). The spine was fractured perpendicular to its growth
direction which corresponds to the crystallographic c-axis. Note: (C) is area bounded by white box in (B) and (D) is area bounded by white box in (C)
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Fig. 2.

(A) TEM image of a thin section of a sea urchin spine (floated onto water). Inset: SAED pattern indicating the section was cut perpendicular to the [001]

direction of calcite. (B) TEM image of a thin section of a sea urchin spine (floated onto ethylene glycol). (C), (D) Images of fractured sea urchin spine etched in

water overnight.

(Fig. S4). Surprisingly, wide angle X-ray diffraction (WAXS) of
the sample showed only sharp peaks corresponding to calcite
(Fig. S5). The failure to observe an amorphous halo correspond-
ing to ACC can be attributed to the small fraction of ACC present
in the spine.

That the sea urchin spine dissolves nonuniformly in water
was confirmed by SEM examination of a ground SU spine which
had been stored in water overnight at room temperature (Fig. 2 C
and D). The etched regions between the nanoparticles became
clearly visible after this treatment, while the heterogeneous
size distribution of the nanoparticles was consistent with the
TEM analysis [mean lengths 179 nm + 53 (SD), and mean widths
62 nm = 13 nm (SD)] (Fig. 2 4 and B). These SEM images also
showed that the etched samples comprised domains of both
etched and nonetched material, where the nonetched domains
were several micrometers in size (Fig. 2D, Left). This result there-
fore supports the structural picture developed from analysis of
the fracture surfaces, where single crystalline domains (corre-
sponding to the nonetched regions) are seen to coexist with
etched regions.

HRTEM of the crystalline nanoparticle building units provided
further insight into their ultrastructures and large defect-free
regions are observed which show lattice planes with 0.304 nm
fringes (Fig. 3B), which correspond to {104} lattice planes.
However, some defects can be identified which differ from the
kinking of fringes between mosaic domains observed by Peacor
and coworkers 20 y ago (28). Fig. 34 shows several areas up to
4 nm in size where the continuity of the lattice planes is lost. SU
spines occlude a small amount of intracrystalline organic matrix
(0.02 wt%) (18) and we believe that these defect sites represent
the location of these macromolecules and ACC. The area of these
defects greatly exceeds the organic matrix fraction, which demon-
strates that it must also correspond to ACC.

FTIR analysis of the spines was also carried out to investigate
the atomic-scale ordering of the structure. The data indicated a
high level of local distortion around the calcium ions, as shown by
the higher v2 /14 peak intensity ratio (5.4) as compared with geo-
logical calcite (3.0) (37, 38) (See Fig. S6). This distortion can be
attributed to a number of factors including the existence of ACC,
the presence of magnesium (4 atom-%) and the incorporation
of macromolecules (0.02 wt%) (18). The Mg content was deter-
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mined using ICP analysis which yielded values of 0.93 (0.9) wt.-%
Mg?* (corresponding to a Mg?* content of 4.0 atom-%) and 36.7
(35.5) wt.-% Ca®*. These values agree well with those obtained
from X-ray single crystal structure determination (Table SI,
Fig. S7). The v, peak does not show broadening, although broad-
ening occurs in v4 due to the Mg incorporation in the calcite lat-
tice (39) and the existence of ACC. WAXS examination of the
spines failed to show any significant peak shifts associated with
inclusion of the Mg?* ions in the calcite lattice. However, Falini
and coworkers (39) showed that the presence of up to 5.7 atom-%
Mg?>* in Mg-calcite only results in very small peak shifts in
the XRD spectra. Single crystal X-ray analysis (Table S1) did,

Fig. 3. HRTEM of the microstructure of the sea urchin spine (A) A micro-
tomed section of sea urchin spine imaged by HRTEM (The white arrows show
the defect regions around the lattice fringes) (B) Higher magnification zoom
showing the lattice fringes (white arrows depict the spacing between the
start and end of fringe)
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however, show a contraction due to 4 atom-% Mg*" incorpora-
tion, giving lattice constants of ab =4.9721(10) A and
c=16.952(4) A for the urchin Mg-calcite as compared with
ab =4.9896(2) A and ¢ = 17.0610(11) A in pure calcite. This
corresponds to a c-axis contraction of 0.6%.

In order to confirm the mesocrystal structure of the spine,
small-angle X-ray scattering (SAXS) and nano-XRD experiments
were carried out, yielding data averaged over large volumes
and providing information complementary to the SEM and TEM
studies. In particular, due to a difference in electron density, ACC
should be distinguishable from calcite using SAXS. Measure-
ments using a laboratory instrument and a synchrotron pinhole/
Bonse-Hart camera revealed two distinct contributions to the
SAXS signal, as evidenced from the azimuthally integrated data
(Fig. S8). This immediately suggests the presence of scattering
objects with two different size distributions. The analysis of the
region at higher angles (higher g-values) on the radial profile
using a method applied to other biominerals (40) provided an
estimated correlation length of 1.4 &+ 0.3 nm (Fig. S94). The fact
that the slope in the intermediate region is approximately —2
tends to indicate that these inclusions are elongated in shape (41).
This points to the presence of occluded biomacromolecules with
a diameter of 1.4 nm. In order to improve the resolution at lower
g-values, additional ultra-SAXS (USAXS) measurements were
made to study larger scattering structures. These showed that the
second correlation length exceeded 100 nm, which is therefore in
good agreement with a structure in which calcite nanoparticles
are surrounded by ACC, as observed using TEM (Fig. 2) and re-
ported in the literature (29, 31). It was not, however, possible to
precisely determine the ACC layer thickness, most probably due
to large variations in the size distribution. The SAXS analysis
therefore provides confirmation of the structural model of the
SU spine developed from the microscopic analysis. From recent
nano-XRD measurements, the angular spread of the nanocrystal-
line constituents was determined to be less than <1°, validating
the highly single crystalline behavior in the spine (Fig. S9 B-D).

The SU spines were also studied using solid-state '3C NMR.
The spectra showed three lines after signal deconvolution which
are referred to as “narrow,” “broad,” and “weak” (Table 1) (42).
The relative '3C content is listed in the last column, taking into
account a required 7' intensity correction factor of 1.84 for the
narrow line at 168.55 ppm because the repetition delays of
60 min and 120 min used in the experiments were comparable with
the T, relaxation time of 102 min of this component. The CP line

“weak”, Table 1) has the broadest line width and as the '*C spin is
cross-polarized from 'H, it is assigned as ACC (about 8 atom-%).
This small amount of ACC is consistent with only ~2 wt% water, as
is determined with thermogravimetric analysis (Fig. S10), and
may derive from water present in the structure (CaCO;-H,O).
The two other lines (“narrow” and “broad”) show no CP effect.
The 3C chemical shift of the narrow component shows that this
derives from calcite while the “broad” component is shifted by only
0.2 ppm and is therefore “calcite-like.” Both signals can be ex-
plained by the presence of magnesium in the calcite lattice, where
each Ca* ion and each Mg?* ion are coordinated by six carbonate
groups (43). The *C chemical shifts of these carbonates are ex-

pected to be slightly different from those coordinated to calcium
due to the different ionic radii of these ions, which will cause small
displacements of atoms in the lattice. As the '3C content of the
“broad” line is about 24%, it can be deduced that 24% of carbo-
nate units have a single Mg?* ion in their coordination shell, which
corresponds to a magnesium content of 4 atom % (24 divided
by 6). This is in very good agreement with the chemical analysis
(4 mol %). The “narrow” *C line therefore derives from the car-
bonate groups in the ideal calcite lattice, while the “broad” line
corresponds to carbonate groups adjacent to magnesium-substi-
tuted sites.

Further insight into the structure of the SU spine was also ob-
tained by annealing samples in air at 450 °C for 4 h. Examination
of samples that had been fractured after annealing revealed the
presence of nonspherical holes which ranged from tens, to several
hundreds of nanometres in size (Fig. S11). The size of the pores
decreases from the center to the edge of the fractured specimens.
As the pores are generated by the decomposition of occluded
macromolecules and crystallization of ACC, this may indicate
a higher concentration of occlusions near the center. Similar ef-
fects were observed from AFM analysis of native and similarly
annealed spine samples (Fig. S4). Image analysis shows that the
pores occupy 13.5 area %, which corresponds to 3.7 vol % if a
spherical pore shape is assumed. Crystallization of calcite from
ACC results in a 40% loss in the total volume, as estimated from
the densities of these two phases (Dacc = 1.62 g/cm?, Degeiee =
2.75 g/cm?) (44). In terms of a molar volume change from
CaCO;'H,O0 to calcite, the change is 49%. In a similar fashion,
at higher annealing temperatures (approximately 800°C) the
transformation of calcite to CaO would constitute in a 55% loss
in total volume, creating macropores in the material (45). If the
pores are considered to result from the volume shrinkage accom-
panying ACC recrystallization during heating, an ACC content in
the native urchin spine of 9.3 vol % (4.9 atom-%) can be calcu-
lated. This value is lower than the 8 atom % value derived from
the NMR studies and can be attributed to the assumption that the
pores are spherical and the minimum threshold size of pores
(=5 nm) that can be discriminated in the image analysis. As both
macromolecules and ACC are entrapped within the dense miner-
al phase, it is also possible that complete decomposition and loss
of side-products does not occur on annealing, leading to reduced
pore formation. In summary, the ACC content is calculated to be
about 8 atom % by using NMR analysis and to be about 4.9 atom
% by calculating the area of the pores in the annealed spine.
FTIR also demonstrated the presence of ACC, while both the
WAXS and HRTEM provide indirect proof for the existence
of ACC in the sea urchin spine (Fig. S14).

Our demonstration that the adult urchin spine contains ACC
distributed throughout the biomineral is highly significant and
provides insight into the formation mechanism of the spine.
With the total quantity of ACC in the spine estimated at 8 atom
%, our calculations of a 5 atom % ACC layer coating each 50 x
50 x 150 nm calcite nanoparticle would correspond to approxi-
mately 2 nm thick layer. The remaining 3 atom % of ACC is
occluded within the calcite nanoparticles as domains <5 nm in
diameter (Fig. 3). The dimensions of these regions are in the size

Table 1. Results of the line shape analysis. Left: Positions and '3C shifts for the three lines: narrow, broad (both from the
single pulse excitation (SP) spectra), and “weak” from the cross polarization (CP) spectrum (Fig. S13). Right:
Quantitative data for the relative '3C spin content of the three lines (right column: data after T, correction for the
narrow component and subsequent normalization to 100%. The numbers correspond to atom %

Fit of difference line shapes

Fit of 3C NMR spectrum; Area (%)

Line Isotropic shift (ppm) Gaussian width (ppm) without with T, correction for the narrow line
Narrow 168.55 0,45 53 68 +/— 10*

Broad 168.74 0.95 35 24 +/- 4%

“weak" 168.82 1.21 12 8 +/—- 1*

*Numbers rounded.
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Fig. 4. Schematic representation of structural hierarchy in the sea urchin spine. At the cm-mm scale, as visualized and rendered from microtomography
measurements, the spine is shown to be a complex, porous material [scale bar = 5 pm]. When examined at the pm scale, the microstructure of the mineral
becomes apparent, and rhombohedral as well as chonchoidal fracture surfaces are typically observed. Here, light areas represent macroporosity while dark
purple areas represent the mineralized sea urchin spine. At the nanoscale, a mesocrystalline organization is apparent where the ordered nanocrystal building

units are shown in blue, while ACC inclusions and surface layers are shown as pink dots and lines, respectively.

range of typical biomacromolecules with a diameter of 1.4 + / —
0.3 nm (SAXS). This implies that macromolecules occluded
within the developing calcite nanocrystals may locally hinder crys-
tallization, leading to ACC inclusions. Such a mechanism is ana-
logous to poisoning of a calcite growth front which has been
suggested to occur during the crystallization of ACC (35). Macro-
molecules active in stabilizing ACC are expelled from the newly
forming crystal lattice, which leads to an increased concentration
in the residual ACC. This eventually results in its permanent
stabilization as the observed ACC layer (35). The fracture prop-
erties of the spine are also consistent with this structural model.
The two-phase structure of the spine is a mechanically optimized
composite, where a filler (here, soft ACC and macromolecules)
modulates the mechanical properties of the hard, but brittle cal-
cite. The nanoparticulate structure also enhances the mechanical
properties in that fracture is driven to follow a tortuous path, re-
sulting in the observed chonchoidal fracture surface. The larger,
facetted, micron-sized regions observed on the fracture surface
correspond to larger single crystal particles within the spine,
which can arise due to the nonuniform distribution of macromo-
lecules in the ACC precursor phase.

A model for the formation mechanism of the adult spine can
now be developed based both on the structural data presented
here and on prior literature (Fig. 4). SU spines and spicules form
via a transient ACC precursor phase (37, 46) and domains of 40—
120 nm have been observed in the early stages of development of
the spicule (Fig. S12B) (47, 49). Biogenic ACC contains occluded
macromolecules and Mg?* ions which stabilize it against rapid
crystallization (9, 14, 18, 43), a process which is essential if nu-
cleation is to be initiated at a single site only. Once nucleation of
calcite has occurred within the ACC phase, the calcite crystal
grows at the expense of the ACC phase according to a mechanism
of secondary nucleation, as described by Killian et al. (48), partly
expelling and partly occluding macromolecules from the newly
formed crystal lattice. The occluded macromolecules are retained
as small, amorphous regions within the calcite nanocrystal (Fig. 3
and Fig. S12B). Growth of the calcite nanocrystal is terminated
when a critical macromolecule concentration is reached in the
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growth layer which inhibits further crystallization and results in
the formation of an ACC layer on the nanoparticle surface (35).
As the concentration of macromolecules in the ACC is low
(ca. 0.02 wt%) (9, 14, 18), their distribution is likely to be inho-
mogeneous, resulting in some regions which are not stabilized
against crystallization. Such regions can continue to grow through
the ACC layer until they impinge upon adjacent ACC particles
(which contain a lower concentration of occluded macromole-
cules). The presence of the calcite crystals then triggers crystal-
lization of the ACC nanoparticles, which proceeds by an identical
mechanism (Fig. S12C). This process leads to the formation of
mineral bridges between neighboring nanoparticles as observed
by Oaki and Imai (25) and Killian et al. (48), and explains their
perfect mutual crystallographic orientation, as the lattice struc-
ture is in fact continuous. As the formation of connections is ran-
dom, the crystallization path is tortuous (47). Crystallization
terminates when the initial ACC phase has been consumed, and
the structure has been transformed into a magnesium calcite me-
socrystal. Residual ACC is present as a surface layer on the calcite
nanoparticles, and as inclusions within the nanocrystallites in
approximately equal quantities (Fig. S12D). It is emphasized that
mineral bridges are not required for perfect nanocrystal orienta-
tion as recent molecular dynamics simulations have shown that
silver nuclei in an amorphous phase can undergo rotation and
realignment to bring them into register (50).

Conclusion

We show a structural model of the adult sea urchin spine which
both resolves the dichotomies present in existing data and ex-
plains the observed mechanical properties. This ultrastructural
study conclusively demonstrates that the sea urchin spine has a
mesocrystalline structure and provides the foundation for a un-
ique growth mechanism based on the concerted crystallization of
a 3D array of amorphous nanoparticles. Formation of a meso-
structured material from an amorphous precursor phase clearly
provides an organism with many advantages, as it combines the
ability to rapidly form a material with complex morphology with
ease of control over the composition, ultrastructure, and material
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structures and properties; now provides enormous potential for
the translation of similar design strategies to the fabrication of
synthetic functional materials.
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