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Magnesium is a key component used by many organisms in biomineralization. One role for
magnesium is in stabilizing an otherwise unstable amorphous calcium carbonate (ACC) phase. The
way in which this stabilization is achieved is unknown. Here, we address this question by studying the
chemical environment around magnesium in biogenic and synthetic ACCs using Mg K-edge X-ray
absorption spectroscopy (XAS). We show that although the short-range structure around the Mgion
is different in the various minerals studied, they all involve a shortening of the Mg—O bond length
compared to crystalline anhydrous MgCO5; minerals. We propose that the compact structure around
magnesium introduces distortion in the CaCOj; host mineral, thus inhibiting its crystallization. This
study also shows that despite technical challenges in the soft X-ray energy regime, Mg K-edge XAS is
a valuable tool for structural analysis of Mg containing amorphous materials, in biology and
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materials science.
Introduction

Magnesium is an essential ion in biology, used by all
living organisms in many metabolic cycles, including
respiration and photosynthesis. In today’s seawater, Mg
is approximately five times more abundant than Ca.'
Despite this, of the 65 or so known biogenic minerals
listed by Lowenstam and Weiner,” only five have Mg as a
major component, and none of these is widely distributed
among different organisms. Mg is, however, common as
an additive in carbonate and phosphate biogenic minerals.
Specifically, in calcite, the Mg concentrations can vary
from essentially zero to up to 30 mol % and in one
exceptional case, above 40 mol %.* Moreover, the Mg
concentrations can also vary in different areas within a
single crystalline skeletal element.’ Clearly, the amount
of Mg in these minerals is carefully regulated. Magnesium

*Corresponding author. E-mail: Lia.Addadi@weizmann.ac.il. Tel: 4972
89342228. Fax: +972 89344136.

(1) Lippmann, F. Sedimentary Carbonate Minerals; Springer Verlag:
Berlin, 1973.

(2) Lowenstam, H. A.; Weiner, S. On Biomineralization; Oxford Uni-
versity Press: New York, 1989; p 324.

(3) Chave, K. E. J. Geol. 1954, 62, 266-283.

(4) Ma, Y.; Aichmayer, B.; Paris, O.; Fratzl, P.; Meibom, A.; Metzler,
R. A.; Politi, Y.; Addadi, L.; Gilbert, P. U. P. A.; Weiner, S. Proc.
Natl. Acad. Sci. U.S.A. 2009, 106, 6048—-6053.

(5) Wang, R. Z.; Addadi, L.; Weiner, S. Philos. Trans. R. Soc., B1997,
352, 469-480.

(6) Lowenstam, H. A.; Weiner, S.Biomineralization and Biological
Metal Accumulation, Biological and Geological Perspectives. In
Mineralization by Organisms and the Evolution of Biomineraliza-
tion; D. Reidel Publishing Company: Renesse, The Netherlands, 1983;
pp 191—204.

© 2009 American Chemical Society

Published on Web 12/02/2009

is surprisingly common in pathologically deposited
minerals® and also contributes to the mechanical proper-
ties of biologically produced calcites. In the sea urchin
tooth, the higher Mg concentrations in the central work-
ing part of the tooth are thought to be responsible for the
increased hardness of this region’ and thus indirectly
contribute to the self-sharpening characteristics of the
tooth.” These observations raise the intriguing possibility
that Mg plays an important direct and indirect role in
biogenic mineral formation.

In vitro, Mg has a large effect on calcium carbonate
precipitation. In saturated solutions with a Mg/Ca ratio
of up to 2:1, Mg is incorporated in low concentrations
(1—3 mol %) into calcite in the Ca lattice positions.
Concomitantly, the calcite morphology is altered® and
the unit cell parameters decrease because of the size
difference between Ca and Mg ions.” At a Mg/Ca ratio
>4 in the precipitating solution, calcite nucleation is
inhibited and aragonite or amorphous calcium carbonate
(ACC) precipitate instead.'”” !> The kinetic inhibition of
calcite crystallization is thought to be related to the higher
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energy barrier to dehydration of Mg relative to Ca.'
Magnesium is analogously thought to fulfill a chemical
functional role in the formation of biogenic calcites and in
the stabilization of biogenic ACC phases. However, the
exact interplay between water, Mg, and ACC stability
and structure is still to be clarified.

To better understand the role of Mg in stabilizing ACC,
we study the atomic structure immediately surrounding
the Mgion in three biogenic hydrated ACC (CaCO5:H,0 =
1:1) phases that exhibit different degrees of stability
(Figure 1B—D). We compare these biogenic ACC
phases to a synthetic Mg-containing ACC, a biogenic
high-Mg (11% MgCO;) calcite from sea urchin,
Paracentrotus lividus (Figure 1E), and three Mg-containing
standards from geological sources (geogenic): calcite,
dolomite, and hydromagnesite. We use X-ray absorption
spectroscopy (XAS), which is an excellent tool for examining
short-range structure in materials in general and specifically
for amorphous phases.'* We report the Mg K-edge X-ray
absorption near-edge structure (XANES) and use extended
X-ray absorption fine structure (EXAFS) analysis to
estimate the Mg—O distance in these minerals.

The Mg K-edge is in the soft X-ray regime and has only
recently become accessible to XAS measurements,'* "
mainly because of the technical difficulty of achieving
sufficient flux for EXAFS, 15—500 eV after the Mg edge
(more details are given in Supporting Information). In
addition, contamination by aluminum, which is common
in biogenic samples of marine origin, produces a signal at
the Al K-edge (1570 eV) that interferes with the Mg
EXAFS signal, especially in dilute samples. Although
demanding, a few Mg-K-edge EXAFS studies have been
conducted to date on other systems. #7723

The three biogenic ACC phases studied are cystoliths
from the leaves of the tree Ficus microcarpa, (Figure 1B);
the cuticle of the American lobster, Homarus americanus
(Figure 1C); and the “antler” spicules from the body of
the ascidian Pyura pachydermatina (Figure 1D). Cysto-
liths are formed by specialized cells in the leaves of plants,
but their function is still unknown.>* The core of the
cystoliths is rich in Mg (4—13% MgCOs), while the outer
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layer is Mg-free. Up to 10 mol % P is found in sparse
locations in both layers. The lobster cuticle is composed
of oriented chitin fibers arranged in a plywood structure,
in which ACC is embedded.”>~% The cuticle contains
10 mol % Mg and 18 mol % P (relative to mineral).
The ascidian spicules, which function as mechanical
support for the soft tissue, contain 9 mol % Mg®® and
14 mol % P.*

Experimental Section

The experimental and analytical techniques used are pre-
sented in detail in the Supporting Information.

Mineral samples of dolomite and hydromagnesite were
obtained from the University of California at Santa Barbara
Mineral Collection. The elemental purity of the mineral
standards was analyzed by energy dispersive spectroscopy
and the crystallographic purity was confirmed by X-ray diffrac-
tion.

Biogenic Mg-calcites: Tests from several sea urchins, Para-
centrotus lividus, were treated with NaOCI for 12 h, washed with
water, and air-dried.

Biogenic stable ACCs: Cystoliths from the leaves of Ficus
microcarpa were extracted with ethanol.?* Pieces of the carapace
of the lobster, Homarus americanus, and of the ascidian Pyura
pachydermatina tissue were treated with NaOCl, washed with
water, and air-dried.

Synthetic Mg-ACC was synthesized by modifying the proce-
dure of Koga et al.*® Before the measurements, each sample was
ground with a mortar and pestle and sieved through 65 um mesh.

X-ray Absorption Spectroscopy (XAS): Data collection was
performed at BESSY II at beamline UE52 PGM-PES. The
spectra were recorded around the Mg K-edge (1290—1600 eV)
in fluorescence geometry, with 0.1—0.5 eV steps at different
spectral regions.

Data processing and analysis was performed using the
HORAE package.’! Theoretical model data for the fitting
procedure were constructed using the computer code ATOMS™
based on the crystallographic data of dolomite®* and hydro-
magnesite.>*

Results

Figure 1A shows the Mg XAS spectra of the three
Mg-containing biogenic ACC minerals, of a synthetic
Mg-ACC phase and of four crystalline standards. The
XANES spectra were peak-fitted following previous re-
ports' 182235 (Table S1 and Figure S1 in the Supporting
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Information). The four ACC samples are almost feature-
less above the edge, but exhibit pronounced transitions in
the pre-edge region, with an intense peak 3 and broad-
ening of peaks 3 and 1. Peak 3 is attributed to electronic
transitions within the first-coordination sphere, while
peaks 0, 1,4, and 5 are related to multiple scattering from
higher shells.'®?>% The crystalline samples have contri-
butions from all these peaks. However, peaks 0, 4, and 6
are absent in all the amorphous samples, and peak 5 is
extremely broadened compared to the crystalline stan-
dards, suggesting that the spectrum is dominated by
interactions from the first coordination shell and that
beyond the first shell the environment is less defined. Peak
2, which is present in the ACC samples and in hydro-
magnesite but not in calcite and dolomite, is attributed to
deviations from octahedral coordination symmetry.>>
Indeed the latter have octahedral symmetry, while hydro-
magnesite does not.>*** The presence of peak 2 in the
ACC samples may, thus, reflect reduced symmetry in the
first coordination shell. The spectrum of the sea urchin
test calcite has a distinctive fingerprint, composed of
sharp features in the edge region (peaks 0, 1, 3 and 4)
and distinct postedge features (peak 5 and 6), similar to
spectra of other biogenic and geological calcites
(Figure 1Ae,f and refs 17 and 20). This supports the notion
that in the sea urchin test the bulk of the Mg substitutes
for Ca in lattice positions.” Thus, the ACC samples
comprise one group with similar characteristics, while
dolomite and biogenic calcite comprise a second group.
Hydromagnesite, on the other hand, shows XANES
features characteristic of both groups.

We analyzed the EXAFS spectrum of each of the
samples and standards by refining a model for the first
shell around Mg based on crystallographic data of
the standards.?*** The k space and Fourier transformed
(real space) EXAFS data and fitted curves are shown in
Figure 2. Clearly, the weighted k data of the amorphous
samples (a—d) show fewer features than the crystalline
ones (e—g). Despite the similarity in the spectra between
the amorphous samples, some differences can be detected,
for example, around kK = 5 A", In Fourier transform
(FT) presentation, the peaks after the first and second
shell in all of the amorphous phases are less prominent,
and the first peak is shifted to a lower R (A) by half an
z&ngstrom relative to the sea urchin test and to dolomite,
suggesting shorter bonds in the first coordination sphere.
Among the crystalline samples, hydromagnesite has the
least contribution at higher R. The limited & range used
here (typically 5—6 k) results in poor spatial resolution in
the Fourier transform (given by AR = m/2Ak) and is on
the order of 0.26—0.3 A in the present data. This in part
is the reason why some differences between the ACC
samples observed in the EXAFS spectra in k space are not
resolved in the FT curve in r space.

The best fitting results are summarized in Table 1.
Nonlinear curve-fitting analysis was conducted by sub-
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Figure 1. (A) Mg K-edge XANES spectra of geological and biogenic
Mg/Ca carbonates. The major XANES peaks are labeled 1—6 accord-
ing to the peak fitting analyses: (a) plant cystoliths, (b) lobster cuticle,
(c) ascidian spicules, (d) synthetic Mg-ACC, (e) high Mg-calcite from
sea urchin test, () calcite containing 0.8% Mg (courtesy of Cusack and
Pérez-Huerta"), (g) dolomite, and (h) hydromagnesite. (B—E) Scan-
ning electron micrographs of (B) plant cystoliths; (C) a fracture
surface of a lobster cuticle; (D) ascidian spicules; (E) part of a sea
urchin test.

jecting the data to different initial conditions and con-
straints (see Supporting Information). In the three
biogenic and one synthetic ACC sample, the average
Mg—O distances (2.04—2.06 + 0.02) are shorter than in
dolomite and biogenic high-Mg calcite from the sea
urchin test. Mg—O bond lengths and Debye—Waller
parameter values derived from the fitting analyses of
the standards (Table 1) are consistent with crystallo-
graphic data and with previous EXAFS reports.'” The
uncertainty of the analysis in determining peak positions
in our data is 0.02 A. For both standards analyzed,
dolomite and hydromagnesite, the resultant Mg—O bond
is 0.015 A shorter than what is reported from crystallo-
graphic measurements. Note that the Debye—Waller
factors of all samples are relatively high (Table 1). At
constant temperature, higher Debye—Waller factors
usually indicate static disorder in the mineral. In our case,
this increase in the Debye—Waller factors may result
from the high correlation between the parameters and
the short energy range used. In addition, this artificial
increase is known when modeling a crystalline sample
with a single shell, since the limitation imposed on the
model does not account for the contribution from the
higher shells.!” Alternative models with fixed coordination
numbers (see Supporting Information text and Table S2)
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Figure 2. Mg K-edge EXAFS spectra in FT presentation and & space (insets). The data (solid black lines) and the fitted model (red dashed lines) are shown
for each sample in the relevant k range and r range used for fitting with weighting of &*: (a) plant cystoliths, (b) lobster cuticle, (c) ascidian spicules, (d)
synthetic Mg-ACC, (e) geological dolomite, (f) biogenic high Mg-calcite, and (g) geological hydromagnesite. Note the presence of higher shell peaks in the
crystalline samples, especially in dolomite and in calcite. Note that the sharp feature marked with * at ~k = 6 A~ in (b) and (c) are contributions from

aluminum contamination in the samples.

Table 1. Nonlinear Curve-Fitting Results of the First Coordination Shell (Mg—O) of Geological and Biogenic Crystalline Standards and Biogenic ACC

Samples”
Mg—O from
coordination Mg—-O Debye—Waller energy shift diffraction
sample number, N distance R (A) factor, o* (A?) EO (eV) (A)

plant cystoliths 63+2 2.04 + 0.008 0.022 4+ 0.005 2.90 (fix)

lobster cuticle 57+1.6 2.04 + 0.006 0.025 4 0.005 2.70 (fix)

ascidian spicules 6.1+2 2.06 +0.012 0.025 4+ 0.008 4.98 (fix)

synthetic Mg-ACC 8.4+2 2.04 + 0.005 0.026 £ 0.005 2.67 (fix)

Mg-calcite, 6+1 2.11 &+ 0.006 0.025 4+ 0.004 6.4 (fix)

biogenic

dolomite 6 (fix) 2.10 4+ 0.017 0.024 + 0.001 494413 2.115%
hydromagnesite 6 (fix) 2.06 +£0.019 0.022 £ 0.001 524+ 1.7 2.075%

“Variables that were fixed in the fit are denoted by (fix). k range varies between ki, = 1.95—2.05 A~ 'and Kmax = 7.1-7.8 10\71, rrangeis 1 —2.1 A for

all the fits. Typical measurement uncertainty in R is 0.02 A.

were refined for each of the samples. Although in these
models the resulting fit deteriorates, similar trend of
shorter bond distances of ACC phases relative to crystal-
line phases support the validity of the assumptions.

In k-space spectra of the crystalline samples, the fitted
curves reflect only the major sinusoidal contributions
while the minor contributions are not taken into account,
resulting in a poorer fit. In the amorphous samples, on the
other hand, a single frequency curve accounts for most of
the spectral features. This again reflects the increased
disorder around Mg. The Mg—O distance in biogenic
calcite (2.11 4+ 0.02 A) is similar to that reported pre-
viously'” for different geological calcites, supporting the

conclusion that the bulk of the Mg is located within lattice
positions.

_ Individual Mg—O bond distances as short as 2.04—2.06
A exist in several Mg-carbonate minerals; however, the
average distance of all the oxygen atoms in the first-
coordination sphere are usually longer. In anhydrous
minerals, such as magnesite (MgCQOs), huntite (CaMgs-
(COy3),4), and dolomite (CaMg(COs),), the average distance
ranges between 2.10 and 2.12 A 33303 hydrated forms,

(36) Oh, K. D.; Morikawa, H.; wai, S. I.; Aoki, H. Am. Mineral. 1973,
58, 1029-1033.
(37) Dollase, W. A.; Reeder, R. J. Am. Mineral. 1986, 71, 163—166.
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such as lansfordite (MgCO5-H»0), nesquehonite (Mg-
COs3-3H,0), artinite (Mg,(CO3)(OH),-3H>0), and hy-
dromagnesite (Mgs(CO3)4(OH),-4H,0) the average dis-
tance is, however, 2.06—2.08.3%3%3 n organic materials,
the Mg—O(water) distance varies between 2.07 and
2.09 A.* Thus, the presence of water is likely to cause a
shortening of the average Mg—O distances in the first
coordination shell. Taking into account the averaged
measurement error in our EXAFS analysis (0.01 A), the
Mg—O distances found for the ACC samples lay in the
range of hydrated Mg-carbonate samples. Alternatively,
shorter Mg—O bonds may suggest a smaller coordination
number, for example a Mg—O distance as short as
1.9-1.94 A is found in tetrahedral Mg sites in the
MAPO-36 catalyst.'” Unfortunately, the accuracy in the
determination of coordination numbers by EXAFS is
only ~30%,"? as opposed to the much higher precision
for bond lengths. The coordination number precision is
even lower when fitting only a single shell due to the high
correlation between all of the parameters that contribute
to the amplitude.

Interestingly, a XANES spectrum similar to that of
biogenic ACC was obtained by Finch and Allison'* for
Mg in coral skeletons composed of aragonite. The
authors suggested that this may indicate either the pre-
sence of an amorphous mineral phase or that the Mg is
preferentially bound to the organic matrix. The results
reported here and in the literature'"*?! indicate that in
biogenic calcite the main contribution to the Mg spectra
comes from a crystalline phase.

Itisinteresting to compare the characteristics of the Mg
environments found here to those of the Ca environments
in the same samples.*! Ca K-edge EXAFS analyses of the
same biogenic ACC samples showed that the Ca environ-
ments in each of the minerals are distinct, giving rise to
different patterns in the FT-EXAFS data. The short-
range order varies in the number of ligands in the first
shell, their distances, and the number of detectable co-
ordination spheres. The average Ca—O distance reported
by Levi-Kalisman et al.'is2.36 A, slightly larger than in
calcite (2.34 A). Elongation of bonds and expansion of the
coordination sphere is expected in an amorphous phase
compared to its crystalline counterpart. This has been
observed, for example, in comparisons of the Si—O bond
length between opal and quartz.** In contrast to the Ca
environment, the average Mg—O distances in the amor-
phous samples (2.04—2.06 A), taken as a group, are
shortened when compared to both crystalline hydrated
(2.06—2.09 A) and crystalline anhydrous (2.10—2.12 A)
phases. This is particularly significant when taking into
account that the coordination numbers in all the crystal-

(38) Liu, B. N.; Zhou, X. T.; Cui, X. S.; Tang, J. G. Sci. China, Ser. B:
Chem. 1990, 33, 1350-1356.
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55, 1432-1443.
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Chem. Soc., Dalton Trans. 2000, 21, 3977-3982.
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Wiley & Sons: Weinheim, 1993.
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line phases above are the same. Bond lengths around Mg
are expected to be shorter relative to Ca—O bond
lengths.! The Mg—O bond lengths measured in ACC
are even shorter than expected compared to the crystal-
line Mg carbonate minerals. This indicates that the Mg in
ACC is not unduly influenced by the host ACC phase.
Thus, the presence of Mg in ACC causes significant
distortion of the local atomic structure, favoring a dis-
ordered atomic structure of the bulk and consequently
stabilizing the amorphous phase.

Similar to the Ca K-edge spectra, the Mg K-edge
XANES spectra show that the Mg environments in
the different stable-ACC samples have characteristic
features that appear to be specific for each of the
biominerals studied. The most conspicuous difference
is in the lobster cuticle spectrum, where the position of
peak 1 in the XANES region is shifted relative to the
other samples, even though the modeled Mg—O dis-
tance is similar in all the ACC samples. From the
analysis of the Mg XANES spectra, Li et al.?> showed
a correlation between the position of peak 1 and the
Mg—O distance in several Mg-containing aluminum-
silicate minerals. The shift in peak 1 was alternatively
attributed to increased distortion of the Mg—Oyg octa-
hedron, without implying a change in Mg—O distance,
as may be the case in our analysis.”> Beside these
differences, the ACC samples show also common char-
acteristics in both the XANES and EXAFS spectra. The
Mg—O bond length in synthetic Mg-ACC is similar to
that in the biogenic samples, excluding the possibility
that the observed shortening results from direct coordi-
nation with organic molecules present only in the bio-
genic minerals.

The overall shorter Mg—O bond length can in principle
result from a smaller average coordination number and/
or water molecules that are present in the first-coordina-
tion sphere. In both cases, the local distortions are likely
to impose constraints on the structure and thereby stabi-
lize a disordered structure. The higher coordination
number obtained in the fitting of synthetic Mg-ACC
may be taken to support the latter option, although the
high uncertainty of the determination prevents a definite
statement in this direction.

All three biogenic Mg-ACC minerals are indefinitely
stable in vivo, such that nothing can be deduced on
possible pathways to their transformation into crystalline
phases. The three minerals studied have, however, differ-
ent stabilities in vitro, once extracted. The lobster ACC is
the most stable, followed by the ascidian spicules and
finally the leaf cystoliths, which are the least stable.
Interestingly, the percentages of both magnesium and
phosphate ions in these three phases decrease in the same
order. Recently, Al-Sawalmih et al.** showed that phos-
phates are fundamental to the stabilization of ACC in the
lobster cuticle. We suggest that the interplay between the
different additives and their combined effects may be the

(43) Al-Sawalmih, A.; Li, C.; Siegel, S.; Fratzl, P.; Paris, O. Adv. Mater.
2009, 217, 1-5.
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key to the fine-tuning of the mineral properties and
especially their stabilities.

Conclusions

Mg is an important ion in both amorphous and
crystalline biogenic calcium carbonate minerals, and
its concentration is highly regulated. Mg is known to
significantly alter calcite growth in vitro and to contri-
bute to the stabilization of ACC.%%!"124 Thjs study
shows that the structure around the Mg ions in ACC is
distorted compared to the crystalline polymorphs.
Furthermore, there are differences in the structures
around the Mg ions in the four types of ACC phases
studied. We show that the Mg—O bond lengths are
significantly shorter in the ACC phases compared to
anhydrous Mg/CaCOs crystalline phases and are com-
parable to those of the hydrated phases. We propose that
this shortening and the distortion it imposes on the
CaCOj host mineral are important factors in the stabi-
lization of the amorphous structure. We believe that a
mechanistic understanding of the contribution of the
different components involved in fine-tuning mineral
stability is a key to understanding general processes in
biomineralization. This could also be used in the rational
design of new materials with complex shapes assembled
from precursor or stable amorphous structures depend-
ing on the desired function.

(44) Kitano, Y. Bull. Chem. Soc. Jpn. 1962, 35, 1973-1985.
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