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During the process of biomineralization, organisms utilize various biostrategies to
enhance the mechanical durability of their skeletons. In this work, we establish that the
presence of high-Mg nanoparticles embedded within lower-Mg calcite matrices is a
widespread strategy utilized by various organisms from different kingdoms and phyla to
improve the mechanical properties of their high-Mg calcite skeletons. We show that
such phase separation and the formation of high-Mg nanoparticles are most probably
achieved through spinodal decomposition of an amorphous Mg-calcite precursor. Such
decomposition is independent of the biological characteristics of the studied organisms
belonging to different phyla and even kingdoms but rather, originates from their similar
chemical composition and a specific Mg content within their skeletons, which generally
ranges from 14 to 48 mol % of Mg. We show evidence of high-Mg calcite nanoparticles
in the cases of six biologically different organisms all demonstrating more than 14 mol %
Mg-calcite and consider it likely that this phenomenon is immeasurably more prevalent
in nature. We also establish the absence of these high-Mg nanoparticles in organisms
whose Mg content is lower than 14 mol %, providing further evidence that whether or
not spinodal decomposition of an amorphous Mg-calcite precursor takes place is deter-
mined by the amount of Mg it contains. The valuable knowledge gained from this bio-
strategy significantly impacts the understanding of how biominerals, although composed
of intrinsically brittle materials, can effectively resist fracture. Moreover, our theoretical
calculations clearly suggest that formation of Mg-rich nanoprecipitates greatly enhances
the hardness of the biomineralized tissue as well.

biomineralization | high-Mg calcite | nanoprecipitates | spinodal decomposition

A range of organisms utilizes calcite to build their skeletons while incorporating Mg
into the crystal lattice (1-5). The content of Mg within the calcite crystal varies (6),
from as low as only a few moles percentage to levels as high as 45 mol % (7, 8). High-
Mg calcite biominerals with a Mg content that exceeds the thermodynamic solubility
limit are secreted by a wide variety of organisms belonging to different kingdoms and
phyla. For example, high-Mg calcite is found in the skeletons of brittle stars (9), sea
urchins (10), starfish (11), sea sponges (12), and corals (13) as well as in plants such as
the coralline red algae (14, 15). The Mg plays a significant role in the crystallization
process (16-18), and the incorporation of large amounts of Mg is facilitated by crystal-
lization via an amorphous calcium carbonate (ACC) precursor (19-23). The incorpo-
rated Mg ions modulate the crystal properties of the CaCOj, enhancing its structural
performance. Owing to the smaller radii of Mg ions than those of Ca ions (24), com-
pressive stresses are formed within the CaCOj crystal and lead to improved hardness
(25, 20).

The brittle star Ophiomastix wendtii (9, 27) and two species of the coralline red
algae, Jania sp. and Corallina sp. (28), were the focus of our recent studies on high-Mg
calcite biomineralization. The brittle star O. wendtii (phylum Echinodermata) is an
echinoderm that is highly sensitive to light and possesses a remarkable visualization sys-
tem composed of micrometer-sized Mg-calcite lenses located on its dorsal arm plates,
all directed along their ¢ axis upright to avoid birefringence (29, 30). Jania sp. and Cor-
allina sp. (phylum Rhodophyta) are highly abundant coralline red algae growing in
oceans worldwide (31). When residing in shallow waters, they are constantly exposed
to external stresses imposed by the sea waves (32, 33). These algae incorporate hollow
helical microstructures that highly increase their compliance, allowing them to better
adapt to their natural environment (34). They are heavily mineralized, with Mg-calcite
nanocrystals deposited on their cell walls (35-37). Despite their biological distinction,
these three organisms demonstrate common structural aspects, among which is the
presence of high-Mg nanoparticles embedded within the lower-Mg calcite matrices of
their skeletons. An eatlier study of O. wendtii by our group revealed that the high-Mg
nanoparticles are coherently aligned within the lenses' low-Mg calcite matrix and are
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Significance

Biominerals are extraordinarily
intricate and possess superior
mechanical properties compared
with their synthetic counterparts.
In this study, we show that the
presence of high-Mg calcite
nanoparticles within a low-Mg
calcite matrix is a widespread
phenomenon among marine
organisms whose skeletons are
composed of high-Mg calcite. It
seems most likely that formation
of such a complex structure is
possible because of the phase
separation that occurs as a result
of spinodal decomposition of an
amorphous Mg-calcium
carbonate precursor and is
followed by crystallization. We
demonstrate that the basis of
such phase separation stems from
chemical composition rather than
from biological similarities. The
presence of high-Mg calcite
nanoparticles increases the
skeletons’ toughness and
hardness.
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distributed in alternating layers of varying densities (9). We
also observed similar structural organization in other skeletal
parts of O. wendtii, specifically its spicules, arm vertebrae, and
teeth (27). In the case of both coralline red algae species, we
found that the high-Mg nanoparticles were located within the
poor-Mg hosting nanocrystal matrices and in contrast to the
britdle star O. wendtis, that they were included noncoherently
(28). Additionally to our results, previous reports on the red
coral Corallium rubrum also described Mg-calcite nanodomains
within its skeleton, but they were not specified as high-Mg cal-
cite nanoparticles (38).

Based on calculations, we proposed (27) that the formation
of high-Mg nanoparticles in O. wendstii originates from the spi-
nodal decomposition of a Mg—ACC precursor and showed that
such decomposition takes place in the nonstable region with a
Mg content in the range of 14 to 48 mol %. This model was
subsequently used by our group to explain the possible mecha-
nism of formation of the high-Mg nanoparticles found in the
coralline red algae (28). However, as we can only study the
final mineralized tissue, we cannot completely rule out other
formation mechanisms, although we believe that this is
unlikely. Layered structures were observed in both O. wendsii
and Jania sp. and were related to alternating concentrations of
high-Mg nanoparticles in the layers, which were explained as
probably a result of secondary spinodal decomposition
(27, 28).

In all of the above organisms studied, regardless of the bio-
logical and morphological differences between them, the pres-
ence of high-Mg calcite nanoparticles led to enhanced fracture
resistance. The use of hierarchical structures to enhance
mechanical properties is a well-known strategy exploited in
nature by various organisms (39-44). Based on our earlier find-
ings, we envisaged that the inclusion of high-Mg nanoparticles
within Mg-calcite crystals is a widespread strategy in nature,
serving pivotal structural roles in enhancing the mechanical
properties of the biomineralized tissue.

In the present study, we now generalize this biostrategy and
confirm its widespread prevalence in high-Mg calcite biominer-
alization. We show that yet another common and relatively
small brittle star (45) Ophiactis savignyi as well as the soft coral
Tubipora musica (also known as the organ pipe coral) and the
starfish Echinaster sepositus show evidence of high-Mg nanopar-
ticles dispersed within a low-Mg calcite matrix. We carried out
an extensive comparative study, which yielded fundamental
insights into the similarities and differences in structure
between the different organisms. Based on this study, we can
strongly suggest that spinodal decomposition is probably a gen-
eral and most likely precrystallization step preceding the forma-
tion of high-Mg nanoparticles occurring in biomineralized
tissues of organisms across different kingdoms and phyla and
that the specific chemical composition of the organism's skele-
tons is the basis for this phenomenon. The results of this study
can be expected to profoundly affect the understanding of the
biomineralization process and the mechanisms utilized by
organisms to improve their mechanical endurance.

Results

This research was focused on a broad comparative study of the
structure of a variety of organisms across different kingdoms
and phyla. The following organisms included in the animal
kingdom but classified among different phyla were selected:
the brittle star O. savignyi (phylum Echinodermata), the soft
coral 7. musica (also known as the organ pipe coral; phylum
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Cnidaria), and a starfish E. sepositus (phylum Echinodermata).
In addition, for the purpose of generalization, we include into
the discussion the data we previously obtained from two coral-
line red algae species belonging to the plant kingdom, Jania sp.
and Corallina sp., and from the brittle star O. wendtii (phylum
Echinodermata). Fig. 1 displays the different organisms (Fig. 1,
Insets) and their microstructures imaged using high-resolution
scanning electron microscopy (HRSEM). It is apparent from
the images that the organisms are highly diverse. The brittle
star O. wendtii (Fig. 1A) has five arms and a body of ~1.5 cm,
while Jania sp. and Corallina sp. (Fig. 1 Band () are branched
articulated algae composed of calcified joints and interconnect-
ing segments. The brittle star O. savigny: (Fig. 1D) also pos-
sesses five arms, but its body dimension of ~0.5 cm is smaller
than that of O. wendtii. The skeleton of 7. musica (Fig. 1E) is
arranged in hollow tubes with a diameter of ~0.2 cm and inter-
connecting horizontal platforms. The starfish E. sepositus (Fig.
1F) possesses five arms. Microstructures of the mineralized tis-
sues of the six organisms also differ significantly. Whereas Jania
sp. and Corallina sp. possess nanometric-sized crystals deposited
on the cell walls (57 Appendix, Fig. S1), the crystalline features
of the four other organisms are micrometric in size. The two
coralline red algae have nanocrystals of similar dimensions. On
the other hand, the crystalline features in the two brittle stars
are different; the lenses of O. wendtii are typically 20 to 50 pm
in size, whereas the features of O. savignyi are significantly
smaller and are in the range of a few micrometers. Exceptional
to all other organisms is 7. musica, whose microstructure is sig-
nificantly less porous.

Energy-dispersive X-ray spectroscopy (EDS) analysis of the
samples confirmed the presence of Mg in the studied organisms
(81 Appendix, Fig. S2). We further analyzed the samples via
inductively coupled plasma optical emission spectroscopy
(ICP-OES) to accurately measure the average Mg content in
O. savignyi, T. musica, and E. sepositus (SI Appendix, Table S1).
As expected, the Mg content is relatively high and in the range
of 15.35 to 15.51 mol % [calculated based on the ratio of Mg/
(Ca + Mg)].

Mineralized tissues of each organism were studied in pow-
dered form using synchrotron high-resolution powder X-ray
diffraction (HRPXRD). The collected full-diffraction patterns
presented in Fig. 24 confirmed that all skeletons possess the
crystalline structure of calcite. As represented by the {104} dif-
fraction peak in Fig. 2B, the diffraction peaks are shifted to
higher 20 angles relative to those of pure calcite. This shift is
mainly a result of substitution of Mg ions, with their smaller
ionic radii, for Ca ions in the calcite lattice (24). As expected
and owing to Mg substitution, lattice parameters extracted
using the Rietveld refinement are smaller than those of pure
calcite (SI Appendix, Table S2). It is also possible that the shift
of the diffraction peaks is a result of additional stresses in the
crystals. A prominent difference is observed in the width of the
{104} diffraction peak of the different organisms, with a
broader diffraction peak in the case of Jania sp. and Corallina
sp., which can be related to the nanometric size of their crystals
(Fig. 1 Band Q).

Employing high-resolution transmission electron microscopy
(HRTEM) disclosed the presence of high-Mg nanoparticles dis-
persed within the Mg-calcite matrices of the brittle star
O. savignyi, the coral T. musica, and the starfish E. sepositus,
even though all of these three mineralized tissues diffracted as
single crystals under transmission electron microscopy (TEM)
(Fig. 3). Fig. 3A4 presents an HRTEM image of a lamella of the
brittle star O. savignyi acquired using a high-angle annular dark
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Fig. 1. Microstructures of the different organisms imaged using HRSEM. (A) O. wendltii. (B) Jania sp. (C) Corallina sp. (D) O. savignyi. (E) T. musica. (F) E. seposi-

tus. The different organisms are presented in Insets in A-F.

field (HAADF) detector and reveals nanoparticles displaying a
darker contrast than that of the matrix. Owing to the sensitivity
of the HAADF detector to changes in atomic number, this
result indicates that the nanoparticles are composed of lighter
elements than those of the hosting matrix. Combining this
result with data from EDS again paints a picture of nanopar-
ticles composed of Mg-calcite with a higher Mg content than
that of the matrix. The nanoparticles, similarly to our previous
findings on the high-Mg nanoparticles found in the brittle star
O. wendtii (27), are arranged in layers. Although the presence
of nanoparticles is evident within the matrix, the diffraction
pattern of O. savignyi is that of a single crystal (Fig. 3 A, Inses).
Examination of a lamella of the coral 7. musica using HRTEM
presents the same phenomenon (Fig. 3B). Crystalline nanopar-
ticles are present within the Mg-calcite matrix and according to
the phase-contrast image, possess various crystallographic orien-
tations (i.e., they are incoherent with the hosting matrix). This
is even though a large area of the sample containing both the
matrix and the nanoparticles diffracts as a single crystal (Fig. 3
B, Insef). The starfish E. sepositus also exhibits nanoparticles,

although the diffraction shows a spot diffraction pattern from a
large area. The nanoparticles are coherent with the hosting
matrix since both the matrix and the nanoparticles present a
continuous pattern in phase-contrast HRTEM (Fig. 3C).

The presence of nanoparticles within the lattice of these
three organisms was also supported here by the results of iso-
chronous annealing experiments coupled with synchrotron
radiation HRPXRD. By means of this method, the appearance
of an additional broad diffraction peak after heating to 400 °C
and its correlation to the nanoparticles’ phase had been estab-
lished in O. wendtii (9). Powdered samples of these three
organisms were heated to various temperatures and measured
using synchrotron radiation HRPXRD at room temperature
after the samples had cooled. The findings obtained in the new
species were akin to the earlier observations in O. wendtii, Cor-
allina sp., and Jania sp. We found that after heating a sample
of the brittle star O. savignyi ex situ in air to 400 °C, a new
broad diffraction peak appeared at higher 26 angles (Fig. 3D)
at a position corresponding to calcite with ~42 mol % Mg,
The same was detected for the coral 7. musica but only after its

A B —0O. wendtii
—Jania sp.
—Corallina sp.
1 l l l Pure Calcite —0Q. savignyi

Position T. musica
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20 (deg) 20 (deg)

Fig. 2. Synchrotron radiation HRPXRD data. (A) HRPXRD patterns of the mineralized tissues of the studied organisms showing their crystalline calcite struc-
tures. The data were collected at a wavelength of 0.4 A. (B) Mg calcite {104} diffraction peaks of the studied organisms relative to the {104} position of the

pure calcite.
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Fig. 3. HRTEM and synchrotron radiation HRPXRD results. (A) HRTEM image of O. savignyi acquired using an HAADF detector. (B) HRTEM image of T. musica
showing incoherent nanoparticles. (C) HRTEM image of E. sepositus showing coherent nanoparticles. (/nsets in A-C) Diffractions from regions containing the
matrix as well as the nanoparticles in the studied organisms. HRPXRD results show the evolution of the {104} diffraction peak of Mg-calcite after heating
presented for a wavelength of 0.4 A: (D) O. savignyi, (E) T. musica, and (F) E. sepositus. RT, room temperature.

heating ex situ in air to the higher temperature of 600 °C (Fig.
3E). The Mg content related to the new diffraction peak was
estimated as ~44 mol % Mg. In the case of the starfish E. sepo-
situs, the new diffraction peak appeared at a temperature of
400 °C in air, which corresponds in position to a Mg content
of ~41 mol % Mg (Fig. 35).

Both the HRTEM and HRPXRD results confirmed that
these three organisms, despite the fact that biologically they are
highly diverse, include high-Mg nanoparticles within their
matrices composed of Mg-calcite with a lower-Mg content.
When we combine these results with our previous findings
related to the brittle star O. wendtii and the coralline red algae
Jania sp. and Corallina sp., it is clear that all these mineralized
tissues not only contain high-Mg nanoparticles within their
Mg-calcite matrices but interestingly, all exhibit a total Mg con-
tent of over 14 mol %. We previously showed via thermody-
namic theoretical calculations that Mg—ACC is thermodynami-
cally unstable in Mg concentration in the range from 14 to 48
mol %. Moreover, we showed, that this instability has high
prospects to result in a spinodal decomposition to a lower-Mg
matrix and higher-Mg phases (27). Those calculations as well
as the fact that Mg-calcite with Mg concentrations above a few
percent can only be formed via ACC, combined with the cur-
rent widespread finding of such Mg-rich nanoparticles within a
low-Mg matrix, allow us to hypothesize that probably the for-
mation of high-Mg nanoparticles took place in the amorphous
stage prior to crystallization via spinodal decomposition.

To further verify this hypothesis, we selected three other bio-
mineralized tissues, which exhibit rather high but lower than
the 14 mol % average Mg content (lower limit of the instability
gap). To this end, spines of the sea urchins Phyllacanthus
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imperialis, Paracentrotus lividus, and Heterocentrotus mammilla-
tus (phylum Echinodermata) were selected for this study. ICP-
OES indeed revealed a substantially lower Mg content in the
range of 4.11 to 10.63 mol % (S/ Appendix, Table S1).

HRPXRD performed on powdered samples of the three
lower—Mg content tissues, as expected, did not demonstrate the
emergence of an additional broad diffraction peak upon iso-
chronous annealing, even in a high-pressured CO, environ-
ment under which the decomposition of Mg-calcite to Mg-
calcite with a lower Mg content, MgO, and CO, at elevated
temperatures is retarded (S7 Appendix, Fig. S3). These observa-
tions allowed us to rule out the presence of high-Mg nanopar-
ticles within the matrices of the biomineralized tissues of
P. imperialis, P. lividus, and H. mammillatus.

Fig. 4 depicts the various studied biomineralized tissues
according to the measured Mg content via ICP-OES and indi-
cates whether high-Mg nanoparticles exist or not. It is evident
that high-Mg nanoparticles are present only for those tissues
that exhibit an average Mg content above 14 mol %.

We believe that the high-Mg nanoparticles existing within
the different biomineralized tissues may serve a critical func-
tional role in the mechanical properties of these organisms.
They contribute to an increased fracture toughness and
increased crack resistance of the organisms’ skeletons, which in
turn, enable the organisms to withstand external stresses and
possible dangers from their natural environment (9, 28, 34). In
addition, it is reasonable to assume that high-Mg nanoparticles
also increase the total hardness of the inhomogeneous Mg-cal-
cite structure. The enhanced hardness of biogenic calcite com-
pared with that of geological calcite is usually attributed to
solid-solution strengthening due to substitution of Ca*" by
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Fig. 4. The various studied biomineralized tissues divided into two categories based on their Mg content. High-Mg nanoparticles are present only for those

with an average Mg content higher than 14 mol %.

Mg2+in the calcite crystal structure (46). However, the forma-
tion of the inhomogeneous Mg-calcite nanostructure may result
in additional strengthening caused by the interaction between
the nanoparticles and dislocations (precipitation hardening). It
was shown that nanoprecipitates can be either sheared or
bypassed by moving dislocations depending on the size, coher-
ency, and spacing of the nanoprecipitates (47). The stress at
which the nanoprecipitates are overcome during shearing is
proportional to their average size and is inversely proportional
to the average distance between them. This stress can be written

as follows (48):

O shear = 1.15T %, [1]
2r
where f; is the volume fraction of the nanoprec1p1tates, R, is the
average nanoprecipitates radius, I' = F3 (b) 20)' 2Ty = 2746,
and y, represents the counter dlSlOCathD motion force per unit
length as the dislocations penetrate the nanoprecipitates, whereas
b is the Burgers vector. Assuming y, = aG,b, where a is a
numerical parameter that depends on the nanoprecipitates geome-
try [for a spherical precipitate of radius R, it can be estimated as
a ~ 1.4(b/R)] (SI Appendix, note 1), and T’ & Gb* is the disloca-
tion line tension, where G and G, are the shear moduli of the cal-
cite matrix and of the Mg-rich nanoprecipitates, respectively, one

. 3 R G,
can rewrite Eq. 1 as 6, ~ 2.30%/% G, f iz Using the rea-

sonable values # = 0.8 nm, RP =8nm, f,= 0.08, G = 37 GPa,
and G, = 41 GPa (as for Mg-calcite with 40 mol % of Mg)
(9, 49) yields 6 s = 3.2 GPa.

As a next step, we estimate the stresses needed to cause a dis-
location to bypass nanoprecipitates on the glide plane. Accord-
ing to the Orowan equation (48, 50, 51),

3o
O bypass — L. 4 Rp b (2]
Incorporating reasonable values for this system of G = 37 GPa,
b= 0.8 nm, R, = 8 nm, and £, = 0.08 yields 6,5 ~ 1.0
GPa. Owing to the size distribution of the nanoprecipitates,
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both shearing and bypassing precipitation strengthening mecha-
nisms can operate simultaneously. It was shown via both com-
puter simulations (51) and theoretical calculations (52) that the
Pythagorean addition rule demonstrates the best approximation
in the case where the two precipitation strengthening mecha-
nisms operate in parallel:

Aapm‘ = \/(Gslmzr)z + (O-bypzm)z- [3]
Therefore, the precipitation hardening can be estimated as
MGy =1/ (3.2)° + (1.0)* = 3.35 GPa.

It is interesting to compare this obtained value with that of
the solid-solution strengthening caused by Mg atoms homoge-
neously distributed in the calcite matrix. The solid-solution
strengthening has been experimentally studied by Kunitake et al.
(26) for small Mg concentrations, namely less than 1 mol %
via indentation experiments. Their results can be equally fitted
by both linear and square root dependences; in the latter case,
they can be approximated as AH,, = AHy X", where X is the
atomic Mg concentration, with AH = (6 +11) GPa, depend-
ing on the indentation direction. Extrapolation to higher Mg
concentrations of ~15 mol % would result in strengthening by
AH, = (2 + 4) GPa.

One can suggest that the hardening observed in biogenic cal-
cite containing a heterogeneous distribution of Mg-rich nano-
precipitates within a Mg-calcite matrix is a result of the com-
bined effect of solid-solution strengthening and precipitation
hardening, while the latter mechanism alone enhances the hard-
ening at least by twofold. Indeed, this was confirmed by the
study of Polishchuk et al. (9), where the hardness of a (001)-
oriented calcite single crystal with coherently aligned Mg-rich
nanoprecipitates (with average Mg concentration of 15.2 + 0.1
mol %) was found to be as high as 7.46 + 1.62 GPa. For com-
parison, the hardness of (001)-oriented geological calcite was
shown to be only (2.30 to 2.5) GPa, and that of biogenic low
Mg-calcite is only (3.5 to 4.2) GPa. It should be noted that
precipitation of Mg-rich nanoprecipitates decreases the average
Mg concentration in a Mg-calcite matrix and thus, diminishes
the corresponding solid-solution strengthening effect. However,
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the decrease in Mg concentration of the matrix in the studied
cases is rather small (for example, from 15 to 13 mol % in the
brittle star O. wendtii), so the decrease of the solid-solution
strengthening effect is minor compared with the increase in
hardness due to the formation of nanoprecipitates. The latter is
not surprising as it is known in classical metallurgy that impuri-
ties existing as coherent or incoherent nanoprecipitates are
more effective in impeding the movement of dislocations com-
pared with the effect of impurities in solid solutions. In addi-
tion, in some metallurgical systems, it is reported that precipita-
tion leads to a much greater strengthening of a matrix
compared with the effect of solid-solution strengthening (53).

Discussion

The findings of this research on the structure of biomineralized
tissues in the nine selected organisms clearly prove that the
presence of high-Mg calcite nanoparticles within a low-Mg cal-
cite matrix is a widespread phenomenon in high-Mg calcite
biological systems. The fact that high-Mg nanoparticles are
selectively present within the different species even of the same
phylum (as shown here for the studied brittle stars compared
with the studied sea urchins, which are all echinoderms) is a
strong indication that this phenomenon is not related to bio-
logical similarities between species but can rather be attributed
to the compositional similarities of their mineralized tissues and
specifically, to the Mg content.

As proposed in our previous study (27), the high-Mg nano-
particles in O. wendtii are formed via spinodal decomposition
of the Mg-ACC precursor. Generally, spinodal decomposition
was shown to be enabled when the Mg content in the calcite is
in the range of 14 to 48 mol % (i.e., in high-Mg calcite sys-
tems). Given the high contents of Mg [exceeding the thermo-
dynamically stable limit of Mg within calcite at room tempera-
ture, which is on the order of only a few moles percentage (2)]
incorporated within the calcitic skeletons studied herein and
owing to the intricate microstructures found in these organ-
isms, it is reasonable to suggest that their crystallization fol-
lowed from a Mg—ACC precursor, as was previously stated for
many biominerals, among them O. wendtii, Jania sp., and Cor-
allina sp. (9, 20, 28, 54-56). The present detection of high-Mg
nanoparticles in O. savignyi, T. musica, and E. sepositus and the
fact that their skeletons all include Mg contents within a range
that allows spinodal decomposition are strong indications that
the formation of high-Mg nanoparticles within Mg-calcite crys-
tals very possibly follows spinodal decomposition of a
Mg—ACC precursor and is a widespread phenomenon that is
not limited to specific organisms. This is further supported by
the fact that in those organisms in which the Mg concentration
is lower than 14 mol % (out of the instability gap), no such
nanoparticles exist. Of course, we cannot rule out another route
of nanoparticles formation, namely their precipitation during
crystallization, as we are studying the final mineralized tissue
and not able to follow their formation in situ.

The occurrence of spinodal decomposition is conditional on
the rate of the Mg and Ca ions diffusion, which is too slow in
solid Mg-calcites under ambient conditions, while it can be fast
enough in liquids and gels. That is why we propose that the
spinodally decomposed matrix is a Mg-ACC gel or liquid-like
phase, which is thermodynamically akin to the corresponding
crystalline solution. The second possible route of the Mg-rich
nanoparticles precipitation in this Mg concentration range via a
nucleation and growth pathway is much slower than spinodal
decomposition since it requires multiple nucleation events,
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while spinodal decomposition becomes initiated in the absence
of any nucleation and may result from minor fluctuations in
composition. Thus, combining the fact that spinodal decompo-
sition is faster and is favorable thermodynamically for a Mg
concentration in the range of 14 to 48 mol % together with
the fact that nanoparticles are found only in those organisms
that demonstrate Mg levels within that range strongly supports
the possibility that indeed spinodal decomposition took place
prior to crystallization. Additionally, our observation that in
several organisms in which nanoparticles were found, we also
observe their organization in layers with alternating concentra-
tions (as seen for the brittle stars O. wendtii and O. savignyi
and for the alga Jania sp.) is an additional indication that
strengthens the spinodal decomposition scenario, as was
explained in detail in our previous work (27). Despite the
above considerations in favor of the spinodal decomposition
scenario, the authors cannot unquestionably rule out the route
via nucleation and growth.

Other formation scenarios of a layered structure with fluctu-
ation in the total Mg concentration can be envisaged, such as a
solution-based equivalent of constitutional supercooling driven
by the exclusion of Mg atoms from crystallizing calcite. The
Mg concentration within the solid solution can vary with the
fluctuations in the crystallization rate as was suggested by Haase
et al. (57) and Allegre et al. (58) to explain the oscillatory zon-
ing in plagioclase feldspar. A reason for such fluctuations in the
calcite crystallization rate can be the accumulation of the
excluded Mg ions within the Mg—ACC ahead of the crystalliza-
tion front, which promotes a decrease in the crystallization rate.
The trend toward a decrease in the crystallization rate can be
reversed upon spinodal decomposition of the Mg—ACC layer
adjacent to the crystallization front. However, excessive Mg
excluded from the calcite matrix during crystallization is then
accumulated in additional Mg-rich nanoparticles incorporated
into the calcite matrix. The latter effect is probably dominant
in variation of the Mg concentration in the considered two-
phase structure.

Examination of all studied species shows that there is a clear
difference in the arrangement of the nanoparticles found within
them. The nanoparticles in the brittle star O. wendtii (9) and
the starfish E. sepositus (present study) are coherent with the
hosting matrix. The nanoparticles in Jania sp. (28), Corallina
sp. (28), and 7. musica (present study) are incoherent with the
hosting matrix. The coherence between a low-Mg calcite matrix
and numerous Mg-rich calcite nanoprecipitates is observed
within single crystals. This can be explained by crystallization
from a single nucleation event, proceeding in the low-Mg-ACC
matrix. A possibility that can explain the noncoherence of the
nanoparticles containing higher Mg levels is that during crystal-
lization (which will start from the lower-Mg content matrix),
only the low-Mg matrix crystallizes, and the high-Mg nanodo-
mains do not crystallize at first, as the higher Mg concentration
stabilizes the amorphous state. Then, at a later stage, at some
point the amorphous nanodomains undergo nucleation and
growth in different crystallographic orientations than that of
the matrix. Another possibility for the incoherency is the
slightly higher Mg content, thus a larger lattice mismatch,
within those species containing the noncoherent nanoparticles.
In such a case, the coherency loss can occur due to the size of
Mg-rich particles exceeding a critical size (59).

The HRPXRD results indicate a decreased thermal stabilicy
for the high-Mg nanoparticles found within the coralline red
algae relative to the other studied organisms. A possible reason
for this could be the different length scales of the hosting
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matrix crystals, which are micrometric in O. wendti,
O. savignyi, T. musica, and E. sepositus, whereas in the two stud-
ied coralline red algae, they are nanometric. Their nanometric
size in the red algae could possibly be attributable to a high
nucleation rate, which might also result in a noncoherent
arrangement of the nanoparticles.

In regard to the implications of the presence of the high-Mg
nanoparticles within a low-Mg matrix on the mechanical prop-
erties, it is clear from our calculations in this paper that their
presence strongly enhances not only the fracture toughness but
also, the hardness of the mineralized tissue. The fact that lower-
ing the concentration of Mg in the matrix by only 1 to 2 mol %
in order to form the high-Mg nanoparticles enhances the hard-
ness by 100% is a fascinating finding. This biostrategy not dis-
cussed previously in the literature really presents a minimal
energy and facile route to enhancing the mechanical properties.

To conclude, the inclusion of high-Mg calcite nanoparticles
within a low-Mg calcite matrix identified in six biologically dis-
tinct organisms demonstrating more than 14 mol % Mg-calcite
is shown to be widespread. We believe that it is very likely that
this phenomenon is even more widespread in biomineraliza-
tion. We propose that the formation of the high-Mg nanopar-
ticles is most likely achieved through spinodal decomposition
of a Mg-ACC precursor and show that their existence has a
functional and mechanical role. This unique and previously
unidentified biomineralization strengthening strategy of high-
Mg nanoparticles inclusion is of great importance in the field
of materials science, with special emphasis on the design of
high-performance tough materials.

Materials and Methods

sample Collection. Samples of O. wendltii were collected in Belize. Samples of
Jania sp. and Corallina sp. were collected from the shallow waters of the Mediter-
ranean Sea, lsrael. Samples of O. savignyi were collected from the Red Sea,
Israel. Samples of T. musica were collected in Zanzibar. Samples of the starfish E.
sepositus were collected from the Mediterranean Sea, Israel. Samples of P. impe-
rialis and H. mammillatus were collected in the Philippines. Samples of P. lividus
were supplied by the Israel Oceanographic and Limnological Research Institute.

sample Bleaching. Samples of O. wendtii and E. sepositus were bleached for
the removal of organic matter in deionized (DI) water and sodium hypochlorite
(NaOCl) solution with a 2:1 volume ratio of NaOCI/DI for 8 and 2 h, respectively.
Sodium carbonate (2 wt %) was added to the DI water to avoid dissolution of cal-
cite. After bleaching of the organics, the mineralized samples were washed sev-
eral times with DI and dried in air.

HRSEM. Microstructures of the six studied organisms were examined by HRSEM
using a Zeiss Ultra-Plus FEG-SEM with a secondary electron detector and accelera-
tion voltages of 4 kilovolts (kV). Prior to measurement, the samples were coated
with carbon.
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EDS. EDS was performed using an Oxford Silicon Drift Detector EDS installed in
a Zeiss Ultra-Plus FEG-SEM with an acceleration voltage of 10 kV.

HRPXRD. Samples of 0. wendtii, Jania sp., and Corallina sp. were measured by
synchrotron radiation HRPXRD at the ID22 beamline of the European Synchro-
tron Radiation Facility (ESRF) in Grenoble, France using a wavelength of 0.3999
A at room temperature. Samples of 0. savignyi were measured using synchro-
tron radiation HRPXRD at the 11BM-B beamline at the Advanced Photon Source
at the US Department of Energy's Argonne National Laboratory (lllinois) using a
wavelength of 0.4579 A. Heating was performed ex situ at 400 °C for 30 min,
and the sample was later measured at room temperature after heating. Samples
of T musica were measured using synchrotron radiation HRPXRD at the 1D22
beamline of the ESRF in Grenoble, France using a wavelength of 0.3545 A. Heat-
ing was performed ex situ at 400 °C and 600 °C for 30 min, and the samples
were later measured at room temperature after heating. A sample of £. sepositus
was measured using synchrotron radiation HRPXRD at the ID22 beamline of the
ESRF in Grenoble, France using a wavelength of 0.3542 A. Isochronous anneal-
ing was performed to temperatures of 300 °C, 400 °C, and 500 °C for 30 min. A
sample of P. imperialis was measured using synchrotron radiation HRPXRD at
the ID22 beamline of the ESRF in Grenoble, France in a high-pressured CO,
environment (~20 atmospheres) using a wavelength of 0.3542 A. Isochronous
annealing was performed to temperatures of 400 °C, 500 °C, and 600 °C for 30
min. A sample of P. lividus was measured using synchrotron radiation HRPXRD
at the 1D22 beamline of the ESRF in Grenoble, France in a high-pressured CO,
environment (~15 atmospheres) using a wavelength of 0.3542 A. Isochronous
annealing was performed to temperatures of 400 °C, 500 °C, and 600 °C for 30
min. A sample of H. mammillatus was measured using synchrotron radiation
HRPXRD at the 1D22 beamline of the ESRF in Grenoble, France in a high-
pressured CO, environment (~30 atmospheres) using a wavelength of 0.3542
A. Isochronous annealing was performed to temperatures of 500 °C and 600 °C
for 30 min.

HRTEM. The FEI Titan Cubed Themis G2 60-300 was operated at 200 KV for the
study of a focused ion beam (FIB)-sectioned lamella of O. savignyi in scanning-
transmission electron microscopy mode using an HAADF detector and at 60 KV
for its study in TEM mode. The FEI Titan Cubed Themis G2 60-300 was operated
at 60 and 200 KV for the study of a plasma FIB-sectioned T. musica lamella in
TEM mode. An FiB-sectioned lamella of E. sepositus was studied using the FEl
Titan Cubed Themis G2 60-300 operated at 60 KV in TEM mode.

IcP-OES. |CP-OES was performed using an iCAP 6300 Duo ICP-OES spectrome-
ter (Thermo Scientific). Prior to measurements, the samples were weighed and
fully dissolved in HNO;,

Data Availability. All study data are included in the article andfor
Sl Appendix.
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