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ABSTRACT: The Scleractinia coral biomineralization process is a
representative example of a heterogeneous process of nucleation
and growth of biogenic CaCO3 over a mineral phase. Indeed, even
if the biomineralization process starts before settlement, the bulk
formation of the skeleton takes place only when the larvae attach to
a solid substrate, which can be Mg-calcite from coralline algae, and
the following growth proceeds on the Mg-calcite surface of the
formed baseplate of the planula. Despite this peculiarity and central
role of the Mg-calcite substrate, the in vitro overgrowth of CaCO3
on single crystals of Mg-calcite, or calcite, in the presence of
magnesium ions and the soluble organic matrix (SOM) extracted
from coral skeletons has not been performed until now. In this study, the SOMs from Stylophora pistillata and Oculina patagonica
skeletons were used in a set of overgrowth experiments. The overgrown CaCO3 was characterized by microscopic, diffractometric,
and spectroscopic techniques. Our results showed that CaCO3 overgrowth in the presence of S. pistillata or O. patagonica SOM
produces different effects. However, there appears to be a minor distinction between samples when magnesium ions are present in
solution. Moreover, the Mg-calcite substrate appears to be a favorable substrate for the overgrowth of aragonite, differently from
calcite. These observations fit with the observed settling of coral larvae on Mg-calcite-based substrates and with the in vivo
observation that in the planula aragonite forms on first-formed Mg-calcite crystals. The overall results of this study highlight the
importance of magnesium ions, either in the solution or in the substrate, in defining the shape, morphology, and polymorphism of
biodeposited CaCO3. They also suggest a magnesium-dependent biological control on the deposition of coral skeletons.

■ INTRODUCTION
In living systems, minerals are almost ubiquitous components
of bacteria, plants, fungi, and animals of all types in which they
serve a multitude of crucial structural and biochemical
functions.1−3 Biominerals, minerals of biogenic origin, form
at moderate ambient temperatures and pressures in conditions
of high concentrations of the mineralizing ions, using catalytic
aids, and crystallize in unique patterns related to the biological
and ecological environment in which they are biosynthe-
sized.1,2,4,5

The mechanisms by which organisms form mineralized
skeletons have been a major research focus. Among the most
relevant discoveries is the observation that different organisms
use a similar mechanism to form biomineralized structures
based on an amorphous precursor.6,7 Accordingly, the
formation of these mineralized structures occurs by particle
attachment on a mineral and/or biological matrix.8 As a
consequence, in many cases, the formation of calcium
carbonate (CaCO3) biomineralized structures as diverse as
coral skeletons,9,10 molluscan shells,11 and sea urchin spines12

occurs via a heterogeneous growth process through a transient
amorphous phase. This mechanism involves intraskeletal

organic molecules, mainly by their soluble fraction usually
referred to as the soluble organic matrix (SOM), and specific
ions, among which magnesium plays a key role. The relevance
of magnesium ions in CaCO3 precipitation processes has been
highlighted in different aspects. It has been demonstrated that
the magnesium/calcium molar ratio in solution controls the
polymorphic selection with the formation of Mg-calcite,
aragonite,13 monohydrocalcite,14 and amorphous calcium
carbonate (ACC),15 among the most relevant phases. In the
context of CaCO3 biomineralization, the stabilization of ACC
by magnesium ions has been intensely discussed,16 where the
potential roles of magnesium ions in controlling the
mineralizing activity of SOM molecules have been sug-
gested.17−19
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The Scleractinia coral biomineralization process is a
representative example of a heterogeneous process of
nucleation and growth of CaCO3.

20 Indeed, the structural
formation of the skeleton starts soon after the planulae attach
to a solid substrate, followed by their deposition and continued
growth. However, Akiva et al. showed the presence of ACC
and small aragonite crystallites in the presettled larva.21 These
precursors evolve into mature aragonitic fibers, which are
characteristic of the stony coral skeleton,22−25 by heteroge-
neous particle attachment processes mediated by proteins and
magnesium ions.21

The key features of the substrates that favor coral larval
adhesion and the following processes are still a theme of
debate because various natural cues influence Scleractinian
corals’ settlement behavior.26 The best known natural cues are
the biochemical signals arising from the Mg-calcite associated
with mineralized crustose coralline algae (CCA).26,27 It has
been also reported by in vivo observation that in the planula,
aragonite forms on first-formed Mg-calcite crystals.28

Despite the relevance of the substrate in the different steps
of the formation of the coral skeleton and the central role that
Mg-calcite appears to have, few studies have investigated its
role in the deposition of CaCO3 in vitro and in the presence of
the major additives, SOMs and magnesium ions. As stated
above, in the subtropical scleractinians, Stylophora pistillata and
Pocillopora acuta, the first mineral formed and deposited after
the planula settlement was reported as Mg-calcite, whereas
aragonite crystals developed between these structures and
formed spherulite-like aggregates.21,28 Njegic ́ Dzǎkula et al.
showed by the analyses of the kinetic and thermodynamic data
that in a chemical system similar to seawater, i.e., having a high
concentration of magnesium ions, together with low CaCO3
supersaturation (Ω), the SOMs from Balanophyllia europaea or
Leptopsammia pruvoti affected the aggregation of overgrowing
crystalline units on aragonite seeds.29 A calcium carbonate
overgrowth experiment on coral skeletons showed the
formation of aragonite crystals with a seemingly species-
specific texture. In this case, magnesium ions were absent and
the SOM molecules were diffused from a skeletal substrate.30

The variation of magnesium ion concentrations in chemical
systems, which mimicked the typical pH and Ω known for the
calcifying fluid in corals, highlighted the inhibiting effect of
magnesium ions, regardless of pH and Ω values.24,31

The proposed hypothesis is that Mg-calcite crystals, reported
as a substrate on which the coral larvae attach to and on which
the planula produce Mg-calcite to grow the aragonitic skeleton,
affect the capability of SOMs and magnesium ions to influence
the precipitation of CaCO3. To verify this hypothesis, CaCO3
overgrowth has been performed using calcite and Mg-calcite
seeds in the presence of precipitating media containing SOMs
and magnesium ions. The SOMs extracted from the skeletons
of the Mediterranean Sea stony coral, Oculina patagonica, or
the Indo-Pacific stony coral, S. pistillata, were used to represent
coral species with different growth strategies and living
conditions and environments.

■ EXPERIMENTAL SECTION
Materials. All chemicals were obtained from Merck, analytical

grade, and used without further purification. All glassware was cleaned
in ethanol and rinsed with distilled water before being dried in air.
Extraction of the Organic Matrix. The soluble (SOM) and the

insoluble OM (IOM) fractions were extracted through decalcification
using a 0.1 M CH3COOH solution, as previously reported.30 The

skeletons of the Mediterranean Sea stony coral, O. patagonica, and the
Indo-Pacific stony coral, S. pistillata, were used. The SOM
concentration was expressed as the amount of protein from the
amino acid analysis.
Calcium Carbonate Seed Crystal Syntheses. A 30 cm

diameter desiccator was utilized for seed synthesis. It contained one
glass beaker (50 mL) with crushed ammonium carbonate powder
covered with parafilm, punched with three needle holes, and a Petri
dish containing 5 g of anhydrous CaCl2. These were placed at the
bottom of the desiccator in advance. Microplates for cellular culture
containing a round glass coverslip in each well were used. Each well
containing 750 μL of 10 mM CaCl2 solution or of 10 mM CaCl2 and
10 mM MgCl2 solution was prepared. After a 4-day crystallization
time, the glass coverslips were lightly rinsed with Milli-Q water, dried,
and examined using an optical microscope. The crystals on some
coverslips, after gold coating, were examined with a scanning electron
microscope.
Calcium Carbonate Overgrowth Experiments on Mg-Calcite

or Calcite Crystal Seeds. The crystallization desiccator utilized for
seed synthesis, containing (NH4)2CO3 and anhydrous CaCl2, was
used. In each well of the microplate for cellular culture, a round
coverslip having on its surface the seeds of either calcite or Mg-calcite
was inserted, and 750 μL of an aqueous solution of either 10 mM
CaCl2 or 10 mM CaCl2 and 10 mM MgCl2 (Mg/Ca molar ratio equal
to 1, hereafter named MgCa) was used. In these systems, the SOM
from either O. patagonica or S. pistillata was used at a concentration of
13.3 or 33.3 μg/mL, respectively. These concentrations were defined
after preliminary investigation in a homogeneous precipitation system
(Figures SI1−SI4).32 After a 4-day crystallization time, the glass
coverslips were lightly rinsed with Milli-Q water, dried, and examined
using an optical microscope.
Characterization of Calcium Carbonate Precipitates. The

optical microscope observations of CaCO3 precipitates were made
using a Leica microscope equipped with a digital camera. The
scanning electron microscopy (SEM) images were acquired using a
Leica Cambridge Stereoscan 360 scanning electron microscope. The
samples were gold coated (2 nm) before their observation. A Thermo
Scientific Nicolet iS10 Fourier transform infrared (FTIR) spectrom-
eter was used to collect the FTIR spectra. The disk sample for FTIR
analysis was obtained by mixing a small amount (<1 mg) of the
product with 100 mg of KBr and applying a pressure of 45 tons per
square inch (620.5 MPa) to the mixture using a press. X-ray
diffraction patterns were collected using a PANanalytical X’Pert Pro
diffractometer equipped with a multiarray X’Celerator detector using
Cu Kα radiation generated at 40 kV and 40 mA (λ = 1.54056 Å). The
diffraction patterns were collected in the 2θ range between 20 and 60°
with a step size (Δ2θ) of 0.02° and a counting time of 100 s. The
refinement of the X-ray diffraction patterns for the determination of
the unit cell parameter was performed using the software Profex.33

Raman spectra were collected using a LabRAM HR Evolution
instrument (Horiba, France). The instrument is equipped with an 800
mm spectrograph which allows for sub-two wavenumber pixel spacing
when working with a 600 grooves/mm grating at the an excitation
wavelength of 532 nm. The sample was exposed to the laser light by a
50× LWD NA = 0.5 objective (LMPlanFL N, Olympus, Japan). The
LabRAM instrument has a 1024 × 256 pixel, open-electrode, front
illuminated, cooled charge-coupled device (CCD) camera. The
system is set around an open confocal microscope (BXFM Olympus,
Japan) with a spatial resolution of 2 μm using a 50× objective.
Exposures between 15 s and 1 min were used. This system is
equipped with ultralow frequency capability, four laser lines, many
objectives, and several gratings to allow modular and flexible use for
samples of great variability.

■ RESULTS
A series of overgrowth experiments were performed using the
vapor diffusion method on calcite or Mg-calcite seeds.34 The
seed crystals of calcite showed the typical {104} rhombohedral
faces, while those of Mg-calcite showed additional rhombohe-
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dral {011} faces due to the interaction of magnesium ions with
the growing crystals and irregular {104} faces (Figure 1A,B;
insets).35 The surface texture of newly expressed {011} faces
showed the presence of {011} steps closed by {104} faces.
When Mg-calcite seeds were precipitated, the copresence of
acicular crystals of aragonite was also observed. The X-ray
powder diffraction patterns confirmed the morphologically
assigned mineral phases (Figure SI5), and the analysis of the
diffraction pattern of Mg-calcite indicated an isomorphic
substitution of magnesium ions by calcium ions of about 4
atom %.35

Overgrowth control experiments were performed without
SOM (Figure SI6). The deposition of additional calcite {104}
layers on the calcite seeds was observed from the 10 mM

CaCl2 solution (Figure 1A); on Mg-calcite seeds of the same
solution, the overgrowth of {104} calcite crystals occurred, in
some cases until the complete covering of the seed crystals and
the disappearance of the rhombohedral {011} faces (Figure
1B). When the overgrowth was performed from the MgCa
solution on calcite crystals, the formation of crystal exposing
the typical {011} faces of Mg-calcite was observed together
with {104} faces (Figure 1C). The overgrown crystals
displayed the same crystallographic orientation as the
substrate. Interestingly, overgrowth crystals nucleated in
lines, which run diagonally to the rhombohedral {104} faces
of the substrate. A similar scenario was observed when the
overgrowth occurred from the MgCa solution on Mg-calcite
seeds (Figure 1D). In this case, the seed crystals were covered

Figure 1. SEM images of calcium carbonate products obtained from overgrowth experiments. (A−D) Control experiments, i.e., overgrowth
experiments in the absence of SOM. (E−H) Overgrowth experiments in the presence of 13.3 μg/mL SOM extracted from O. patagonica. (I−L)
Overgrowth experiments in the presence of 33.3 μg/mL SOM extracted from S. pistillata. The text of the label that follows the letter is reported for
the sake of clarity. Ca and MgCa indicate 10 mM CaCl2 solution and 10 mM MgCl2 solution, respectively. Cal and MgCal indicate calcite seed and
magnesium calcite seed, respectively. Ocu and Sty indicate the presence of SOM from O. patagonica and S. pistillata, respectively. The insets show
details of the CaCO3 overgrowth. The Miller indices of the crystalline faces are reported.
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entirely by {011} faces of Mg-calcite. X-ray powder diffraction
analysis confirmed the morphological assignment of the
mineral phase (Figure SI7).

The addition of SOM to the crystallization solution leads to
similar trends in the crystal overgrowth on calcite and Mg-
calcite seeds, with some specific distinctions. The obtained
products were characterized, and each species produced
distinctive characteristics and mineral patterns of the over-
grown crystals.

In general, the formation of crystalline-like structures
occurred on the seeds from the Ca solution, while from the
MgCa solution, the formation of globular and spheroidal
shapes was observed (Figures SI8 and SI9). On calcite seeds
from the Ca solution, with O. patagonica SOM (indicated as
Ocu in the figure), a regular form of calcite overgrew, covering
some of the crystal edges (Figure 1E). In contrast, with the
presence of S. pistillata SOM (named Spy in the figure), the
formation of disk-like shapes centered on each {104} face of
the calcite seed was observed (Figure 1I).

The overgrown calcite left uncovered the crystal edges and
showed the surface rich in irregular pits (Figure 1I inset). The
Raman spectroscopy investigation revealed that this structure
was made of calcite (Figure 2I). On Mg-calcite seeds from the
Ca solution, the presence of O. patagonica SOM provoked the

deposition of calcite crystals that, as observed on calcite seeds,
developed on the {104} faces (Figure 1F), covering all of the
seed edges, showed {018} faces on their edges, and had pitted
surfaces (Figure 1F). Meanwhile, in the presence of SOM from
S. pistillata, the overgrown calcite did not cover the seed
completely leaving the {011} faces of Mg-calcite seeds exposed
(Figure 1J). Furthermore, the overgrown calcite crystals were
more pitted in the presence of O. patagonica SOM than S.
pistillata SOM (Figure 1F,J), but the latter induced a stronger
change in the crystalline shape stabilizing the formation of
{hkl} faces almost parallel to the crystallographic c-axis of
calcite (Figure 1J).

As for growth on calcite seeds from the MgCa solution,
spheroidal shapes with some evidence of crystalline faces
covered almost completely the calcite seed in the presence of
O. patagonica SOM (Figure 1G), and they were made of Mg-
calcite, although in a few cases, the presence of vaterite was
also detected (Table 1 and Figure 2F). This effect was less
marked in the presence of S. pistillata SOM (Figure 1K), where
irregular disk-like structures were present on {104} faces
together with small spheroidal structures. In both cases, the
formation of acicular structures was observed on the top of the
spheroidal structures, and in some cases, they completely
covered the seed (Figure 1G inset). The latter was made of

Figure 2. Raman microscope analyses on CaCO3 obtained from overgrowth experiments. (A, B) Optical microscopy image and mineral phase
overlaid color map, respectively, of CaCO3 overgrown on a calcite seed from a 10 mM CaCl2 solution in the presence of 33.3 μg/mL SOM from S.
pistillata. (C, D) Optical microscopy image and mineral phase overlaid color map, respectively, of CaCO3 overgrown on a calcite seed from a 10
mM CaCl2 solution in the presence of 13.3 μg/mL SOM from O. patagonica. (E, F) Optical microscopy image and mineral phase overlaid color
map, respectively, of CaCO3 overgrown on a Mg-calcite seed from a 10 mM CaCl2 and 10 mM MgCl2 solution in the presence of 33.3 μg/mL
SOM from S. pistillata. (G, H) Optical microscopy image and mineral phase overlaid color map, respectively, of CaCO3 overgrown on a Mg-calcite
seed from a 10 mM CaCl2 and 10 mM MgCl2 solution in the presence of 13.3 μg/mL SOM from O. patagonica. (I) Raman spectra of calcite (red),
aragonite (green), and vaterite (blue) from the respective overgrowth experiments. The color maps indicate calcite (red), aragonite (green), and
vaterite (blue). Scale bar: 20 μm.
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aragonite (Figure 2). In the presence of Mg-calcite seeds,
globular shapes formed in the presence of both SOMs (Figure
1H,L). They were made of aragonite (Figure 2). We had no
evidence of the presence of ACC from Raman spectra.
However, it has to be considered that micro-Raman spectros-
copy is not a surface technique and thus thin superficial layers
of ACC could not be detected. O. patagonica SOM affects the
overgrowth differently from S. pistillata SOM, the latter
favoring the formation of more regular globular shapes on/
from which acicular aggregates formed. These globular shapes
broke under the electron beam. This can be caused by the
presence of entrapped water but can also be a unique growth
texture of the deposited mineral phase. Observations on
intermediate stages of overgrowth suggest that independently
of the crystallization system growth starts from the {104} faces
of the seeds, regardless of whether they are calcite or Mg-
calcite (Figure 3).

The overgrowth on aragonite seed aggregates was not
investigated in the present study. This was due to the difficulty
in identifying the overgrown CaCO3, since aragonite does not
form single crystals, as calcite and Mg-calcite do, but acicular
aggregates. The general goal of this research was to investigate
the overgrowth process on calcite and Mg-calcite crystal seeds.

■ DISCUSSION
The literature reports that the first stages of the structural coral
calcification process, the adhesion to the substrate and the
initial skeleton formation, can occur on substrates based on
Mg-calcite, mainly from CCA,26 and most importantly that the
first mineral phase deposited in the planula is Mg-calcite and
the growth of fibrous aragonite occurs on this substrate.21,28

However, the influence of the presence of SOM macro-
molecules and magnesium ions on the calcification process on
Mg-calcite crystal seeds has not yet been investigated by in
vitro studies. These two additives have been shown to influence
the deposition of CaCO3 through many in vitro experi-
ments.21,24,28,30,36−38 The effect of magnesium ions, partic-
ularly, appears to be a distinctive feature of coral calcification.
In mollusk shells, it has long been established that the SOM
alone can guide the formation of aragonite in specific media,
even in the absence of magnesium ions.39−41 On the contrary,
the reported in vivo and in vitro experiments suggest that stony
corals can induce aragonite formation through an ACC
precursor phase,9,30 in which magnesium ions have a crucial
role.21,24,28,30,36−38 Moreover, a converging set of experimental
data in homogeneous systems shows that the presence of SOM
in solution favors the formation of Mg-calcite instead of
aragonite, regardless of the investigated species.42,43 This has
also been shown using the specific coral acidic recombinant
proteins, CARP3, in in vitro experiments.44 Moreover, CARP3
induces aragonite formation in seawater and stabilizes the
formation of a thin layer of vaterite when preadsorbed on
calcite crystals in the absence of magnesium ions.45

The results of the overgrowth experiments are in line with
the previous literature, highlighting the critical role of
magnesium ions and SOMs. When only SOM was present in
the solution, the CaCO3 overgrowth on calcite and Mg-calcite
altered with the SOM source. The presence of SOM from O.
patagonica did not change the shape features of the overgrown
calcite on the calcite seed, having an apparent epitaxial growth
of crystalline blocks surrounding the seed edges and conserving
the {104} faces,46,47 although these faces showed a more
irregular surface ascribable to the adsorption of SOM
molecules.32,48,49 These observations were also maintained
when the overgrowth occurred on Mg-calcite seeds, which is
different from the control, which is SOM free. This overgrowth
mechanism seems to be a feature of the SOM from O.
patagonica, irrespective of the different seed crystals used.
Conversely, the SOM from S. pistillata favored an overgrowth
mechanism in which the epitaxy occurred on the {104} faces,
independently from the seed crystal of calcite or Mg-calcite. In
this case, the overgrowth calcite showed a different shape and
morphology from the control. These observations suggest a
diverse capability of the two SOMs to interact with the seed
and the growing CaCO3, which could be related to their
different amino acid compositions and proteins.32 It is known
that there is an increase in SOM molecule concentrations near
the surface that changes the activity of the solution close to the
crystal face, leading to a decrease in surface energy, which in
turn reduces the nucleation barrier favoring the over-
growth.50,51 This peculiar condition could favor the formation
of a liquid-phase mineral precursor, as observed for the
formation of calcite fibers on existing calcite substrate
crystals.52

In the presence of magnesium ions in the solution, the
overgrowth of polycrystalline Mg-calcite crystals was observed.
This overgrowth differs in the crystal shape and morphology
and the coverage of the seed crystals according to the used
seed. The Mg-calcite overgrown on Mg-calcite seeds exposes
more {011} faces and covers the seed crystals completely
compared to that on calcite seeds. We can suppose that the
{011} faces act as a favorable template for the growth of Mg-
calcite. This peculiar controlled assembly of Mg-calcite crystals
has not been reported so far in the literature.

Table 1. Summary of the Results Obtained from the
Overgrowth Experiments in the Presence of Seeds and SOM
Extracted from O. patagonica and S. pistillataa

coral
species solution seeds

overgrowth
phase shape

control Cal Cal C {104}; rh.
Cal MgCal C {104}; rh. ass.
MgCa Cal MgC, Ab {011}, {104}; rh. ass.
MgCa MgCal MgC, Ab {011}, {104}; rh. ass.

O.
patagonica

Cal Cal C {018}, {104}; rh. ass.
rough

Cal MgCal C {018}, {104}; rh. ass.
rough

MgCa Cal MgC, A, (V)c spher., needle agg.
MgCa MgCal A, (ACC)d glob., needle agg.

S. pistillata Ca Cal C, (V)c disk. rough
Ca MgCal C {hkl}, {104}; rh. ass.
MgCa Cal MgC, A disk, spher. needle agg.
MgCa MgCal A, (ACC)d glob., needle agg.

aC, A, MgC, V, and ACC indicate calcite, aragonite, Mg-calcite,
vaterite, and amorphous calcium carbonate, respectively. The shape of
the crystals has been defined as follows: rh = rhombohedral; disk =
disk-like structure; spher. = spheroidal; glob. = globular structure; and
needle = needle-like structures. Ass. indicates that the overgrowth of
single crystal occurred on more faces of the same seed; this was
considered as an assembly of crystals. Agg. indicates aggregates of
needle particles without a defined order. bAragonite aggregates were
observed in the proximity of calcitic seed. cIn a few seeds, Raman
spectra indicated the copresence of vaterite. dThere is no direct
evidence of the presence of ACC; the globular shapes of the particles
as well as the content of water in them may suggest an initial presence
as a transient form.
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The copresence in the solution of SOMs and magnesium
ions reduced the different capabilities of the two SOMs in
affecting the overgrowth of CaCO3. Spheroidal shapes of
aragonite (Raman data, Figure 2) from which acicular crystals
emerged were always observed, independently of the seed and
the SOM used. These spheroids were more elongated when
using the SOM from O. patagonica than from S. pistillata. This
difference is more evident with calcite seeds than with the Mg-
calcite ones. On the former, the SOM from S. pistillata also
induces calcification effects resembling those observed in the
absence of magnesium ions. Remarkably, the differences of the
SOMs in affecting the overgrowth of CaCO3 are no longer
noticeably evident when Mg-calcite seeds are used.

The spheroidal shapes are formed by aragonite, and their
shape could be the evidence of a transient amorphous phase,
which, however, was not observed. The stabilization of
magnesium ions and SOMs of ACC has been previously
reported.9,30 In the ammonium carbonate vapor diffusion
method precipitation system used in this research, the mineral
phase is analyzed after a reaction time of 4 days.34 It cannot be
excluded that ACC crystallizes in this reaction time, even if an
ACC stabilization from the organic matrix macromolecules has
been reported for other in vitro calcium carbonate precipitation

systems.30 In an in vivo experiment, it was shown that ACC
and aragonite coexist even before the planula attachment.9 In
in vitro experiments, the formation of ACC submicron particles
that converted to Mg-calcite upon heating was observed,
except when the SOM from B. europaea was present and
aragonite coformed.30 Here, we observed that the aragonite
overgrown on Mg-calcite appeared as needles coexisting with
spheroidal shapes (Figure 3). This could involve a mechanism
of phase microstructural reorganization associated with
nanoparticle reassembly, as already observed for calcite in a
hydrogel53 and in the presence of synthetic polyelectro-
lytes.54,55 In a previous study, the overgrowth of aragonite, as
prisms, was observed only on the aragonitic coral skeleton and
was described as a secondary nucleation event.30 Here, the
mechanism of aragonite formation, besides the cited phase
microstructural reorganization, has to take into account the
Mg-calcite substrate. The SOM molecules adsorb on the
crystal face, leading to a decrease in surface energy51 and
favoring the heterogeneous nucleation process.56 However, this
consideration alone does not explain the preferential formation
of aragonite on Mg-calcite seeds with respect to calcite seeds in
the presence of SOMs and magnesium ions. Thus, we can
speculate that the SOM molecules when adsorbed on the Mg-

Figure 3. SEM images of calcium carbonate overgrowth experiments at different stages of growth of some representative experiments. (A, C, E, F)
Overgrowth experiments in the presence of 33.3 μg/mL SOM extracted from S. pistillata. (B, D) Overgrowth experiments in the presence of 13.3
μg/mL of SOM extracted from O. patagonica. The label that follows is reported for clarity. Ca and MgCa indicate 10 mM CaCl2 solution and 10
mM CaCl2 and 10 mM MgCl2 solution, respectively. Cal and MgCal indicate calcite seed and magnesium calcite seed, respectively. Ocu and Sty
indicate the presence of SOM from O. patagonica and S. pistillata, respectively.

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.2c00552
Cryst. Growth Des. 2022, 22, 5045−5053

5050

https://pubs.acs.org/doi/10.1021/acs.cgd.2c00552?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00552?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00552?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00552?fig=fig3&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


calcite crystals, their natural substrate in vivo, act as a template
for the nucleation of aragonite or favor the phase transition to
aragonite from an ACC precursor. Such a speculation is in line
with one of the pioneering paradigms of biomineralization:
biomineralizing macromolecules are able to perform their
action as controllers of mineral phase polymorphism only
when adsorbed on specific substrates.39,41,57

■ CONCLUSIONS
In conclusion, this study showed that SOMs from S. pistillata
and O. patagonica have different effects on the overgrowth of
CaCO3 on Mg-calcite and calcite seeds, but these differences
are less evident in the presence of magnesium ions. Moreover,
the Mg-calcite is a favorable substrate for the overgrowth of
aragonite, differently from calcite. This may occur through an
ACC transient phase in agreement with data reported in in vivo
experiments and a template effect of the adsorbed SOM
molecules. The overall results of this study highlight the
importance of magnesium ions in defining the shape,
morphology, and polymorphism of bioproduced CaCO3.
They also suggest a magnesium-dependent biological control
on the deposition of the coral skeleton.
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