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Phase-specific bioactivity and altered Ostwald
ripening pathways of calcium carbonate
polymorphs in simulated body fluid+t
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Rainer Detsch,? Aldo R. Boccaccini @29 and Stephan E. Wolf & *°d

Calcium carbonate is an abundant biomineral, and already archeological records demonstrate its bioactivity
and applicability for osseo-integrative implants. Its solubility, which is generally higher than those of calcium
phosphates, depends on its polymorph turning calcium carbonate into a promising biomaterial with tunable
bioresorption rate. However, the phase-dependent bioactivity of calcium carbonate, ie., its
osteoconductivity, is still insufficiently characterized. In this study, we address this issue by monitoring
the behavior of the four most important calcium carbonate phases, i.e., calcite, aragonite, vaterite, and
amorphous calcium carbonate, in simulated body fluid solution at 37 °C. Our results demonstrate that
the thermodynamically stable calcite phase is essentially inert. In contrast, the metastable phases
aragonite and vaterite are bioactive, thus promoting the formation of calcium phosphate. Amorphous
calcium carbonate (ACC) shows prominent bioactivity accompanied by pronounced redissolution
processes. Mg-stabilized ACC was additionally tested since its increased stability eases formulation and
handling in future applications. It is highly bioactive and, moreover, the additional release of Mg
promotes cell viability. Overall, our results demonstrate that bioactivity of calcium carbonate is phase-
dependent, allowing tailored response and bioactivity of future calcareous biomaterials. Our results also
reveal that phosphate ions strongly interfere with Ostwald—Lussac step ripening of calcium carbonate,
kinetically stabilizing metastable polymorphs such as vaterite and aragonite; this is a distinctive feature of
the calcium carbonate mineral system which clearly has to be considered in future applications of

calcium carbonate as a bioceramic.

Introduction

Calcium carbonate is an abundant biomineral able to form
numerous morphologies and, as sediment, generates large
geological deposits. Its three anhydrous and crystalline poly-
morphs predominate the bio- and geosphere. Beside rhombo-
hedral calcite, orthorhombic aragonite, and hexagonal vaterite,
an amorphous and unstable calcium carbonate (ACC) phase
exists. Serving as a transient precursor phase to a crystalline
material, ACC plays a dominant role in both biomineralization
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and synthetic crystallization processes, especially when crys-
tallization inhibitors come into play."”® The presence of such
crystallization inhibitors can trigger a range of so-called
nonclassical pathways which allow the synthesis of a wide
range of non-equilibrium morphologies, such as thin films on
substrates or allow for the incorporation of organic matrices
and foreign ions. Although calcium carbonate is a key model
system for understanding mineral formation, featuring chem-
ical distinctness which offers unparalleled synthetic and
morpho-synthetic freedom, the use of calcium carbonate in
biomedical applications is yet rare.

It is thus surprising that already archaeological records
demonstrate that calcium carbonate is bioactive and osseoin-
tegrative. The first evidence of the successful exploitation of
a calcareous material in vivo was found in 1931 at Playa de los
Muertos in the Ulloa valley, Honduras. The lower jaw of a Mayan
skull, probably belonging to a female 20 years of age, bore three
implants made from biogenic nacre. In 1972, Bobbio et al. evi-
denced by radiographic analysis of this peculiar ancient dental
prosthesis that these implants were inserted ante mortem as
compact bone formation and firm osseointegration could be
demonstrated.* Later work has shown that nacre indeed triggers

This journal is © The Royal Society of Chemistry 2019
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calcium phosphate precipitation in simulated body fluids,® and
that nacre is able to induce bone formation by human osteo-
blasts in vitro.® Subsequently, it was shown that aragonite is
bioresorbable and that aragonite and other calcium carbonate
polymorphs can serve as a drug release system.”™* Despite the
widespread occurrence of calcium carbonate in the biosphere,
e.g., in human otoliths, it seems that the full potential of the
calcium carbonate system is not yet tapped for the purposeful
design of bioactive and bioresorbable biomaterials/
bioceramics. Recent research also rose our awareness that
calcium carbonate formation contributes to the bioactivity of
bioglass.**

In fact, calcium carbonate is rarely used today as a bio-
resorbable, osseointegrative, bioactive biomaterial compared
to other pertinent mineral-based biomaterials such as calcium
phosphate-based systems or bioactive glasses. A well-received
example of the exploitation of a calcareous mineral for the
generation of a bioactive bioceramic is given by the conversion
of aragonite corals into apatitic calcium phosphate, which was
first demonstrated in the early seventies using high temperature
and pressures acid and basic phosphates during pseudomor-
phic conversion."*® This triggered a smaller series of detailed
investigation on the formation mechanisms and on the
exploitation of coralline calcium carbonate for biomedical
applications.”* These contributions evidenced that coralline
calcium carbonate is a potential bone filling material with good
osteoconductivity.”****” However, the use of biogenic and thus
pre-formed porous ceramic matrices comes at a price which
made this general approach less attractive: they typically pose
problems due to their meager mechanical integrity and load-
bearing capabilities which arise due to their ungovernable
porosity. This also makes contouring and matching defect size
challenging.”®*® Naturally, the scientific contributions on
coralline calcium carbonate and aragonite nacre rose the
awareness of the community that calcium carbonate might be
a bioceramic of interest. In recent reports exploiting calcium
carbonate as a mineral component of biomaterials, vaterite is
nearly exclusively used, mostly in combination with hybrid
systems or polymeric substrates.*** For instance, hybrid thin
films containing calcium carbonate promoted the recovery of
osteoblasts viability better than untreated titania surfaces, and
polycaprolactone composite nanofibers can serve as functional
guided bone regeneration membranes.*"* In stark contrast, the
purposeful use of the other polymorphs of calcium carbonate
beside vaterite, e.g., aragonite or calcite, is only scarcely docu-
mented in the literature.”**3¢

Besides its clear biocompatibility, already evidenced by
calcareous biominerals even in humans and its long-time usage
in various contexts such as food additives or drug formulations,
the polymorphism of calcium carbonate may be one of the key
attributes which could render this mineral system a very
attractive bioceramic if its reactivity profile is properly char-
tered. The different mineral phases, ie., calcite, aragonite,
vaterite and amorphous calcium carbonate (ACC), all exhibit
a higher solubility than, for instance, hydroxyapatite (HAP)
which fundamentally renders these calcareous minerals
bioavailable and thus bioresorbable. Moreover, the different
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mineral phases exhibit different solubilities which may allow
for the development of calcareous bioresorbable materials with
attunable resorption rates. All of the polymorphs of calcium
carbonate are synthetically accessible by direct precipitation
from aqueous solutions. At standard conditions, calcite is the
stable phase, whereas aragonite is known to be the polymorph
stable at elevated temperature and/or pressure. Thermody-
namically, vaterite is the least stable phase of the crystalline
calcium carbonate mineral phases.’” Beside the crystalline
phases also amorphous phases are known to play a central role
in biomineralization processes of calcareous species. Amor-
phous calcium carbonate is a highly metastable phase, which is
often highly hydrated (<1.6 moles of water per mole of CaCOj;)
and, after dehydration, transforms quickly to calcite, aragonite,
or vaterite.*®?* A strict application of the Ostwald-Lussac law of
stages would predict that ACC should transform into a ther-
modynamically stable state by obeying the energetically down-
hill sequence ACC — vaterite — aragonite — calcite.’®
However, the transformation of vaterite to aragonite is rarely
observed, and pure ACC usually transforms to calcite via vaterite
intermediate at low temperatures (<30 °C) and via aragonite at
higher temperatures (>60 °C).* It seems clear that heteroge-
neous nucleation events on the surface of vaterite particles
triggers the omission of the metastable aragonite phase at
standard conditions.> Already the presence of small-weight
organic additives or foreign ions (e.g., Mg>", Sr**, aspartic
acid, or citric acid) can radically affect the crystallization rates
and pathways of ACC,** which makes calcium carbonate
a complicated system in non-pure environments. Rather than
being a drawback, this responsive behaviour of the calcium
carbonate system opens up a multitude of potential process
parameters to steer and control the mineralization and phase
transformation processes converting the CaCO3/H,O system
into a potentially finely attunable bioceramic material or bone-
filling material with adjustable reactivity.

In contrast to the yet untapped potential outlined above, the
differences in bioactivity, i.e., its osteoconductivity, and phase
transformation behaviour of the different calcium carbonate
polymorphs were never addressed in the context of a potential
usage as a bioceramic. Already the change in solubility and
reactivity of calcium carbonate as a function of its mineral
phase suggests that calcium carbonate polymorphs should
behave distinctly different when subjected to in vivo conditions.

In this study, we map out the phase transformation and
ripening processes of calcium carbonate powders in simulated
body fluid (SBF, prepared according to Kokubo et al.**) in order
to assess the potential bioactivity and reaction profiles for
future exploitation of calcium carbonate as a biomaterial, be it
in all-calcareous systems or as a minor/major component in
biomaterial preparations. We demonstrate that the behaviour
and bioactivity, with respect to biomimetic SBF solutions, is
clearly polymorph-specific: calcite is relatively inert concerning
CaP precipitation whereas all other calcium carbonate poly-
morphs show bioactivity. The bioactivity of the calcium
carbonate polymorphs clearly scales with their solubility. The
ripening behaviour in SBF of the investigated calcium
carbonate phases is seemingly quite unexpected as the presence
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of phosphate ions in the solution can strongly suppress Ost-
wald-Lussac step ripening. This leads to the prolonged phase
stability of the otherwise meta- and unstable mineral phases,
e.g., aragonite and vaterite.

Materials and methods
Synthesis of phase-pure calcium carbonate polymorphs

Calcite at an analytical grade (purity > 99%) was purchased from
Sigma-Aldrich (St. Louis, USA). Calcium carbonate in the form
of aragonite, vaterite, or amorphous calcium carbonate is
metastable and is not available commercially in sufficient
purity; geological deposits are also impure and contain a wide
and unpredictable range of foreign ions and organic inclusions.

Phase-pure aragonite was prepared by a double decomposi-
tion by mixing solutions of calcium nitrate and sodium
carbonate (purity > 99%; Sigma-Aldrich, St. Louis, USA) at
elevated temperature. Both salts were dissolved in ultrapure
water (Merck Milli-Q Direct 8 with UV photooxidation, 18.2
MQ cm ') at 0.1 mol L™ and 1.0 mol L' concentration,
respectively. The experiment was conducted at 75 °C, under
a constant agitation speed of 400 rpm. Subsequently, 20 mL of
calcium nitrate was added into 200 mL sodium carbonate at
a rate of 5 mL min~". Upon completed addition, the reaction
was stirred further for additional 11 minutes to allow for
ripening, yielding a total reaction time of 15 min. While the pH
of initial sodium carbonate solution was 10.7 at 75 °C, it
decreased to 7.2 during precipitation (HI-98140 Hannah
Instruments, Vohringen, Germany). The white precipitate was
retrieved by vacuum filtration, thoroughly washed three times
with ultrapure water, and was subsequently washed once with
ethanol, then dried in a desiccator.

Phase-pure vaterite was prepared by double decomposition
of calcium chloride and sodium carbonate at room tempera-
ture. For this, solutions with a concentration of 1.0 mol L™! of
sodium carbonate (purity > 99%; Sigma-Aldrich, St. Louis, USA)
and of calcium chloride (purity > 99%; Fluka Analytical,
Bucharest, Romania) were prepared. Under stirring at 400 rpm,
50 mL of 1.0 mol L' calcium chloride solution was added
dropwise with a rate of 3.33 mL min~" to 50 mL of 1.0 mol L™"
sodium carbonate at room temperature. The white precipitate
was collected by vacuum filtration, thoroughly washed three
times with ultrapure water, subsequently washed with ethanol,
then dried in a desiccator. During precipitation, the pH of the
solution dropped from 11.7 to 8.4 after completion of precipi-
tation (HI-98140 Hannah Instruments, Vohringen, Germany).

Phase-pure amorphous calcium carbonate (ACC) was
prepared by double decomposition of calcium chloride and
sodium carbonate at room temperature. For this, 25 mL of
40 mmol L™! sodium carbonate was quickly added to 25 mL of
40 mmol L' calcium chloride under vigorous stirring at
800 rpm. After 5 seconds of reaction time, the precipitate was
removed by vacuum filtration (MicronSep Nitrocellulose, 0.45
pm membrane disk, GVS Life Science, Findlay, USA). The
powder was washed three times with dry ethanol and was then
dried in a desiccator. During precipitation, the initial pH of 11.3
decreased to 10.2 (HI-98140 Hanna Instruments, Germany).
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Phase-pure magnesium-stabilized ACC (Mg-ACC) was
prepared by a direct-strike synthesis. First, a series of calcium
chloride solutions with 10 wt%, 20 wt% and 40 wt% magne-
sium, in respect to the calcium content, was prepared by mixing
0.2 mol L™" CaCl, and 0.2 mol L~" MgCl, in the given propor-
tions. The obtained solutions were rapidly mixed with 20 mL of
0.2 mol L™' sodium carbonate solution under stirring at
750 rpm for 5 s, by adding sodium carbonate into the Ca/Mg
solution. The suspension was filtered by vacuum filtration,
washed with water and ethanol in sequence, and was dried at
a temperature of 60 °C for 2 h. The incorporation of magnesium
the ACC matrix was assured by inductively coupled plasma
optical emission spectroscopy (Spectro Genesis FES, ICP-OES).
For each ICP-OES measurement, 30 mg of powder was dis-
solved in nitric acid (1 mol L™"); every sample was measured at
least in triplicate. Successful incorporation of Mg in the ACC
matrix was assured, see Fig. D in the ESL}

Incubation in simulated body fluid

Simulated body fluid (SBF) was prepared according to the
protocol of Kokubo et al.;** all reagents for SBF preparation were
supplied by Sigma-Aldrich (St. Louis, Germany) or VWR (Rad-
nor, USA) and the amount of the reagents was adjusted
according to their purity. Each calcium carbonate polymorph
was immersed in powder state as received from the synthesis
given above; a constant ratio of 1.5 g L™ between powder mass
and SBF volume was obeyed. Samples were incubated in
a rotational incubator (KS 400i control, IKA, Staufen, Germany)
at 175 rpm at 37 °C temperature for varying times, from one day
to 28 days. SBF solution was refreshed every three days. Upon
completion, samples were collected and washed three times
with 50 mL ethanol and centrifuged at 7000 rcf for 10 min
(Centrifuge 5430, Eppendorf, Wesseling-Berzdorf, Germany).
Finally, the samples were air-dried in a dust-protected
container. As a control, samples were incubated in ultrapure
water under otherwise identical conditions.

Characterization of powders

X-ray diffraction (XRD) was carried out using a Siemens Kris-
talloflex D500 (Karlsruhe, Germany), equipped with a Cu Ko
source; measurements were conducted over a 26 range of 20° to
60° with a step size of 0.02° and dwell time 0.05 s. Phase analysis
was accomplished using the software package MATCH! (Crystal
Impact, Bonn, Germany). Fourier Transform IR (FTIR) spectra
(IRAffinity-1S, Shimadzu, Japan, equipped with an ATR cell)
were collected by gently grinding samples to ensure homoge-
neity. All spectra were obtained from 4000 to 400 cm ™ ; they are
the average of two independent measurements with 32 scans
each at a resolution of 4 cm ™. Raman spectroscopy analysis was
done using a LabRAM HR800, Horiba spectrometer. Scanning
electron microscopy (Carl Zeiss Auriga) was applied to follow
the morphological evolution of powders; all samples were
uncoated and observed at a working distance of 3.0 mm and an
accelerating voltage of 1.0 kV. Simultaneous differential
thermal analysis (DTA) and thermogravimetric analysis (TGA)
were performed by means of an SDT 2960 DTA/TGA (TA

This journal is © The Royal Society of Chemistry 2019
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Instruments, New Castle) using platinum crucibles; corundum
powder was used as an inert reference. A heating rate of
5°C min " was applied; samples were heated up to a maximum
temperature of 1000 °C.

Indirect cytotoxicity test of Mg-doped ACC

Cell culture experiments were performed by using a bone
marrow stromal cell line (ST-2, Deutsche Sammlung fiir Mik-
roorganismen und Zellkultur, Germany). Cells were cultured in
RPMO 1640 medium (Gibco, Germany) containing 10 vol% FBS
(Sigma Aldrich, Germany) and 1 vol% penicillin/streptomycin
(Sigma-Aldrich). ST-2 cells were seeded into 24-well plates in
a concentration of 100 000 cells per well (1 mL) for 24 hours.
Simultaneously, 0.1 g granules were added to 10 mL culture
medium (without cells) and incubated separately for 24 h at
37 °C. After that, the supernatant was extracted and diluted into
different concentrations (0; 0.01; 0.1; 1 wt/vol) from all samples.
The seeded ST-2 cells were washed with PBS, and the different
suspensions of supernatant from the pre-incubated granules
were transformed to the ST-2 cells for the next 48 h. The culture
cells did not come in direct contact with the calcareous powder
but with its release products.

Results

Synthesis and characterization of phase-pure calcium
carbonate polymorphs

To assess the interaction of individual calcium carbonate pha-
ses with SBF solutions and to determine the phase-dependent
impact on bioactivity, phase-pure synthetic calcite, aragonite,
vaterite and amorphous calcium carbonate (ACC) were required
at a high chemical purity since inorganic and organic impuri-
ties can strongly impact on crystallization and phase trans-
formation behavior of calcium carbonate. Phase- and
chemically pure calcite, the thermodynamically stable calcium
carbonate phase, is commercially available. The purchased
calcite is phase-pure, as demonstrated by XRD, FTIR, and
Raman spectroscopy; and additional TGA/DSC analysis assured
that no organic foreign material or polymorph was present (see
Section A on calcite provided in the ESIt). Scanning electron
microscopy revealed the classic and expected rhombohedral
crystals of calcite (Fig. 1); their typical size is about 3 pm, and
they show a minor number of stepped features on their crystal
facets. The calcite crystals were not agglomerated, and the edges
were well pronounced and sharp. The metastable phases of
aragonite and vaterite are not commercially available, so both
had to be synthesized by double decomposition using a reverse
strike technique. Phase-purity was assessed by XRD, FTIR, and
Raman; TGA/DSC assured that no inorganic components or
second mineral phases were present (see Section B on aragonite
and Section C on vaterite provided in the ESIf). Aragonite was
obtained in a rod-like morphology, with a typical crystal size of
5-14 um in length and 700-900 nm in width (Fig. 1). These rod-
like structures were composed of smaller building units, ie.,
microscale rods which assembled into structures which are
of mesocrystals reported by Colfen

reminiscent and
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Antonietti.* Zhou et al. synthesized aragonite rods with similar
morphologies at comparable reaction conditions, i.e., by mixing
calcium chloride with sodium carbonate at 95 °C.** Phase-pure
vaterite was obtained in form of polycrystalline and ellipsoidal
aggregates which are built from even smaller nanocrystals with
a mean length of 200 nm (Fig. 1). Finally, phase-pure amor-
phous calcium carbonate was also synthesized by a reverse-
strike double-decomposition technique which yielded sphe-
roidal and aggregated nanoparticles ranging in size from 120 to
300 nm (Fig. 1) which were shown to be X-ray amorphous (see
Fig. D1-A in Section D on ACC provided in the ESIt). FTIR and
Raman analyses further corroborated the absence of a crystal-
line phase; TGA/DTA assured that no foreign organic material
was present and underlined the highly hydrated state of the
synthesized ACC (see Section D on ACC provided in the ESIT).

Behaviour of calcium carbonate polymorphs exposed to
simulated body fluid or water

In order to properly assess the distinct behavior of calcium
carbonate polymorphs exposed to simulated body fluid,
a control reaction performed in ultrapure water is needed by
which standard crystal ripening processes, such as Ostwald-
Lussac step ripening or Ostwald ripening due to the presence of
fluid, can be identified. The Ostwald-Lussac rule of stages
describes the typical behavior of a polymorphic system under-
going a series of phase transformations. Such systems are ex-
pected to transform into the thermodynamically stable phase
via intermediate and transient stages of less stable polymorphs.
From a homogenous solution, the less stable polymorph is ex-
pected to form first, more precisely at the highest rate, and then
transforms into the next stable mineral phase, essentially
feeding the growth of the subsequent polymorph. The direct
transformation to the stable mineral phase (or to an interme-
diate kinetic product) is essentially possible, but the trans-
formation rates are predicted to be distinctly lower due to
a higher activation barrier of the direct pathway. The predictive
power of the simplifying Ostwald-Lussac rule can already be
seen in the synthesis protocols of the different calcium
carbonate polymorphs whose conditions essentially reflect the
step rule behavior. Elevated temperatures are needed to turn
aragonite into the thermodynamically stable polymorph. Ost-
wald ripening describes the typical behavior of a dispersion in
which smaller particles feed the growth of larger ones; the
thermodynamic driving force of this coarsening process is
essentially based on the reduction of interfacial energy and the
relation of the surface tension of an interface to its curvature,
given by the Ostwald-Freundlich equation. Overall a net mass
flow is observed from particles with higher surface/volume ratio
to particles with smaller surface/volume ratio of the same
polymorphic phase; particles below the average will shrink or
simply dissolve.

Calcite changes its crystal morphology slightly upon
immersion in water. The crystals still have well-defined edges,
and the facets smoothen, but the crystals overall grow in size
and start to agglomerate, either by accretion of touching crystals
or by re-nucleation of calcite and growth on the already existing

RSC Adv., 2019, 9, 18232-18244 | 18235
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Fig. 1 Scanning electron micrographs of the phase-pure calcium carbonate starting materials before incubation.

calcite crystals (Fig. 2-A). As calcite is the stable thermodynamic
phase under the given conditions,” no change in the poly-
morph composition is observed, as documented by XRD (see
Fig. A2-A in Section A provided in the ESIT).

When immersed in SBF, the overall behaviour of calcite
remains unaltered (Fig. 2-B). No deposition of calcium phos-
phate was observed, neither by XRD of the bulk (see Fig. A2-B in
the ESIt) nor by visual inspection by scanning electron micro-
graphs (Fig. 2-B). The absence of calcium phosphate was also
corroborated by the lack of the characteristic phosphate bands
at 1030 em™ " in FTIR spectra (see Fig. A3 in the ESI{). This
allows the conclusion that calcite is essentially inert against
calcium phosphate deposition under SBF-conditions; even
incubation for 28 d produced no calcium phosphate. Thus, in
SBF solutions, calcite merely undergoes Ostwald ripening/
growth processes identical to those observed in pure water.

Aragonite, upon immersion in water, starts to transform into
the thermodynamically stable polymorph calcite slowly; the
process is slow and not completed within 28 d of incubation.
The phase transformation was evidenced by XRD analysis and
FTIR (see Fig. B2-A and B3-A in Section B provided in the ESIT),
and minor peaks of calcite appeared already after one day of
immersion. Rietveld refinement gave a phase composition of

18236 | RSC Adv., 2019, 9, 1823218244

18 wt% of calcite and 82 wt% of aragonite after 28 d; a full list of
refinements is given in Table B.4 in Section B (provided in the
ESIt) which documents the slow phase transformation process.
Apparently, calcite nucleates preferentially at the crystal surface
or at surface defects of aragonite, e.g., at cleavages, fractures,
and twin boundaries (Fig. 3-A).

In contrast to the behavior of aragonite in water, aragonite
immersed into SBF at 37 °C for 1-28 days (Fig. 3-B) did not
display any noticeable change in particle morphology from
those before immersion in water. The aragonite precipitates
showed a negligible change in their morphology after the first
day of incubation, as some few spherical agglomerates have
additionally formed on aragonite crystals. Such spheroidal
aggregates composed of plate-like nanocrystals are a typical
morphology of calcium phosphate.® This interpretation is
supported by EDS analysis, which demonstrated that these
agglomerates are indeed composed of C, O, P, Ca (see Fig. B2-C
in the ESIf). XRD analysis revealed that peaks from aragonite
are present in the first 21 days; after 28 days of incubation,
additional reflections attributed to calcium phosphate appear
(see Fig. B2-Bf). FTIR analysis corroborated these findings (see
Fig. B3-Bt); until 21 days of immersion, only bands character-
istic of aragonite was present. However, the formation of

This journal is © The Royal Society of Chemistry 2019
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Calcite

Fig.2 Morphological evolution of calcite during incubation (A) in water and (B) in SBF, both at 37 °C. Calcite is stable in water and SBF. In SBF, no
formation of calcium phosphate precipitates is observed even after an extended incubation period of 28 d.

calcium phosphate after 28 days produced absorption bands at
1029, 601 and 563 cm ™~ *.* It should be noted that CaP spheroids
can be already spotted in SEM and EDS analysis well before 28
d of incubation; before it is undetectable by XRD, potentially
because the formed calcium phosphate is amorphous or cryp-
tocrystalline. It is also untraceable by FTIR; probably because its
volume fraction is under the detection limit. Overall, these
results clearly indicate that in SBF solution, Ostwald-Lussac
step ripening of aragonite, which would result in the formation
of calcite, is suppressed and, in contrast to calcite, aragonite
allows for calcium phosphate formation, apparently heteroge-
neous nucleation.

Vaterite is thermodynamically metastable and, accordingly,
the vaterite crystals undergo a fast transformation and re-
dissolution after immersion in water (Fig. 4-A). Already after
one day of immersion, rhombohedral crystals of calcite can be
spotted. They accompany needle-like elongate crystals which
are, according to XRD (see Fig. C2-A in the ESI}), probably the
left-overs of the partially dissolved vaterite bundles. After 3 days
of incubation, the elongated crystals are only sporadically
present and disappear after 7 days. From day 7 on, only rhom-
bohedral crystals of calcite are present, which then grew further
in the course of the immersion time and develop their equi-
librium habit after 21 days. Already after one day of immersion,
reflections of calcite accompany those of vaterite (see Fig. C2-

This journal is © The Royal Society of Chemistry 2019

Aft); at later stages, only calcite reflections are present. This is
corroborated by FTIR analysis (Fig. C2-Aft).

Oppositely to these observations made in water, vaterite
particles immersed into SBF at 37 °C did not display any clear
change in particle morphology (Fig. 4-B). However, already after
a single day of incubation, a few spheroidal agglomerates have
been formed which, as determined by EDS analysis (see Fig. C2-
C,i the characterized particle is marked in Fig. 4-B with a red
cross), are composed of calcium phosphate.®® After 21 days,
FTIR spectra corroborated the presence of phosphate since
bands at 1029, 601 and 563 cm ™ * appear which are attributed to
calcium phosphate formation (see Fig. C37).*® Probably due to
the low crystallinity and relative low quantity of calcium phos-
phate, XRD reflection of calcium phosphate are not observed
before 28 days (Fig. C1-Bt). Most remarkably and quite similar
to the aragonite case, XRD patterns show no other reflections
beside those of vaterite until 21 days of incubation have passed
by (see Fig. C2-B¥). After 28 days, first reflections appear, which
can be attributed to calcium phosphate. In contrast to the
control experiments in water, in which vaterite already trans-
forms after 3 d, no calcite can be found in case of incubation of
vaterite in SBF. This underlines that vaterite did not transform
to calcite even after 28 days of immersion in SBF at 37 °C. This
again demonstrates that in SBF solutions, the Ostwald-Lussac
rule of stages is not in effect for metastable calcium carbonate
polymorphs; it seems like redissolution of calcium carbonate is
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Fig. 3 Morphological evolution of aragonite during incubation (A) in water and (B) in SBF, both at 37 °C. In water, the transformation to calcite
takes more than 28 d to complete. In contrast, no calcite can be found in case of incubation in SBF, but calcium phosphate precipitates are
present already after one day (marked with a red cross, the respective EDS given in Fig. B2-C in Section B on aragonite provided in the ESI¥).

suppressed allowing preservation of even metastable phases for
long(er) periods of time. Similar to aragonite and in contrast to
calcite, vaterite triggers calcium phosphate formation and,
actually, in an even more pronounced fashion as it can be traced
earlier and forms in larger amounts, according to the signal
intensities.

Amorphous calcium carbonate (ACC), when brought into
contact with water, transforms into calcite virtually immedi-
ately. This expected behaviour of ACC is demonstrated here
both by XRD and FTIR analysis and scanning electron micro-
graphs after 1 d of incubation (Fig. 5-A, see also Fig. D2-A in
Section D provided in the ESIt). The morphology of calcite,
whose growth is fed by the dissolving ACC, is very akin to those
observed in case of calcite as a starting material.

In stark contrast to this, the transformation of ACC in SBF
solution does not yield rhombohedral calcite; no rhombohedral
or even no facetted crystals at all can be spotted, they are absent
even after 28 days of incubation. Instead, large agglomerations
of nano-sized spheres can be identified (Fig. 5-B). After 14 days
of immersion, the precipitate develops morphologies best
described as large but hollow spheres. EDS analysis clearly
evidences the presence of phosphate in all of these structures,
especially in the globular halo formed after 6 h of incubation
(see Fig. D4 in the ESIT). Seemingly in contradiction with the
observations made by SEM, XRD diffractograms reveal that ACC
rapidly transforms via vaterite to calcite in a multistep process

18238 | RSC Adv., 2019, 9, 18232-18244

(see Fig. D2-BY), a small amount of vaterite is still present until
up to 4 days of immersion. In line with these results, FTIR also
suggests a cascade of transformations (see Fig. D3+t), showing
bands characteristic of calcite and vaterite in the first seven
days. Additionally, bands which are associated with phosphate
appear, ie., anti-symmetric stretch vibration (v3) at 1029 cm™*
and in-plane bending (v,) at 601 and 563 cm™", respectively.
Moreover, the broad absorption bands between 3000 and
3600 cm~ ' and the sharper band at 1632 cm ™" (O-H stretching),
which are characteristic for ACC, disappear already after one
day of immersion. In contrast to these analyses, a crystalline
calcium phosphate phase was undetectable by X-ray diffraction,
possibly because the forming calcium phosphate is low in
crystallinity, cryptocrystalline or simply of amorphous char-
acter.” The hollow-sphere morphology suggests that a thin coat
of calcium phosphate forms on the transient ACC (or vaterite)
spheres which act as sacrificial templates for the hollow sphere
by dissolving in the later stages of the mineralization process.
This intermediate stage can be well seen in Fig. 5-B, and also in
Fig. D4 in Section D (provided in the ESIt), which show large
calcium carbonate spheres which are already in the progress of
sacrificial dissolution and carries a halo of calcium phosphate
precipitates.

In order to corroborate this assumption and to check the role
of calcium phosphate in the recrystallization of ACC, the test
was repeated with simulated body fluid at a concentration

This journal is © The Royal Society of Chemistry 2019
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Vaterite

Fig. 4 Morphological evolution of vaterite during incubation (A) in water and (B) in SBF, both at 37 °C. Within one day, calcium precipitates
nucleate on the vaterite particles (marked with a red cross) when incubated in SBF.

tenfold increased. This modified simulated body fluid (mSBF)
is, in comparison with the original SBF proposed by Kokubo
et al., more stable due to the increased bicarbonate concentra-
tion so that no spontaneous precipitation of calcium phosphate
is noticeable.*® After incubation of ACC in mSBF, the
morphology of the particles was very similar to the one
immersed into Kokubo's SBF. SEM micrographs show large
agglomeration of nanosized spheres. The spheres are also
initially covered with a thin layer composed of spherical parti-
cles which later is replaced by relatively large hollow spheres. In
comparison to those observed in Kokubo's SBF, the CaP coating
is much more pronounced, and the hollow spheres are better
developed, the diameter of their mantle is distinctly thicker (see
Fig. D5%). EDS analyses performed at various places on these
agglomerates and after varying periods of incubation clearly
indicated calcium phosphate as a component (see Fig. D57).
FTIR analysis gave already after one day of incubation the
characteristic absorption bands of phosphate (see Fig. D67). X-
ray diffraction showed that, after one day, ACC recrystallized to
vaterite and calcite, whereby vaterite reflections dominate in the
first days and are no longer present after 3 days of incubation
(see Fig. D67). This contrasts with the experiment with the SBF
solution; here, vaterite was still present until 14 days of incu-
bation which essentially demonstrates that the reaction/
supersaturation rates are increased in mSBF in comparison to
Kokubo's SBF. Overall, the pronounced and more developed

This journal is © The Royal Society of Chemistry 2019

morphologies and, along with this, the specifically increased
presence of CaP suggest that calcium phosphate formation
plays a significant role in the transformation of amorphous
calcium carbonate, creating a thin layer of calcium phosphate
on the dissolving vaterite particles.

Mg-stabilized amorphous calcium carbonate (Mg-ACC)
shows a reduced reactivity in contrast to pure, non-doped
ACC. The extreme reactivity of non-doped ACC may pose
a severe problem when ACC shall be used as a component in
a formulation, e.g., a cement. We, therefore, extended our study
to this ACC variant stabilized by the addition of magnesium
ions during the precipitation. Magnesium is well-documented
to stabilize an amorphous state of calcium carbonate, and
biogenic calcium carbonate is typically remarkably rich in Mg. A
series of Mg-doped ACC was prepared from different educts
solutions containing 10 wt%, 20 wt%, or 40 wt% of magnesium.
Due to a different partitioning of Mg and Ca between ACC and
the solvent, magnesium is only partially incorporated in the
ACC structure. Analyses by ICP-MS showed that starting solu-
tions containing 10 wt%, 20 wt%, or 40 wt% of magnesium
yielded 0.87 wt%, 2.6 wt%, and 5.7 wt% Mg in the obtained Mg-
doped ACC power (see Table D.7t). The morphology of Mg-
doped ACC is akin to that of pure ACC, and it is remarkably
stable in its dry state as documented by consecutive XRD
analyses; even after 1 month, the powders are X-ray amorphous
(see Fig. D8Y). Incubated in water, Mg-doped ACC retains its

RSC Adv., 2019, 9, 18232-18244 | 18239
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Fig. 5 Morphological evolution of amorphous calcium carbonate (ACC) during in incubation (A) in water and (B) in SBF, both at 37 °C.

high reactivity and transforms quickly into a crystalline state. In
case of 10 wt% Mg, distinct fractions of aragonite are detect-
able; a behavior which is expected since Mg is known to
suppress calcite growth.* At 20 wt% Mg, less aragonite is
present; at 40 wt% Mg, only calcite is formed, and after 28 d also
magnesite is formed. The morphological development is more
complex than in the pure case since Mg is also a growth and
habit modifier.”” In case of ACC prepared in the presence of
10 wt% Mg, aragonite needles can be clearly detected, whereas,
at higher Mg content, spherical particles larger than the initial
ACC particles form and dominate; the typical rhombohedral
shape of calcite is not present (Fig. 6-A). Turning to SBF, we find
a behavior of Mg-ACC, which is similar to pure ACC (Fig. 6-B).
After the formation of large spheres (either vaterite or Ostwald-
ripened ACC), these spheres are coated by a layer of CaP. The
formation of CaP is also clearly detectable after 28 d at all Mg-
concentrations. At this late stage, hollow spheres have been
formed due to the redissolution of the calcareous sacrificial
template. The stabilization of ACC by means of magnesium is
not detrimental for a biomedical application, as demonstrated
by in vitro cytotoxicity assays (Fig. 6-C). Indirect viability test of
cells cultured in the presence of ACC doped with 10 wt%,
20 wt%, 40 wt% Mg and, for comparison, Mg-free ACC for 24 h
revealed that the overall viability of the cells exposed to the
extracts did not decrease when compared with the positive
control. The cell viability in case of ACC prepared with 40 wt%
Mg is comparable with the positive control and with pure ACC

18240 | RSC Adv., 2019, 9, 18232-18244

indicating that higher Mg content in the extract does not
present any significant influence on cell viability. Turning to
ACC with 10 wt% Mg and 20 wt% Mg, the cell test shows
a statistically significant increase (p < 0.05) in viability,
compared to the positive control and to pure ACC. Overall, ACC
prepared in the presence of 20 wt% Mg extract shows the
highest cell viability with an increase of ~22%.

Discussion

Calcite is thermodynamically stable and, immersed in water,
undergoes Ostwald ripening, which leads to the formation of
agglomerated polycrystals. In SBF solutions, similar ripening is
observed, and calcite appears to be essentially inert against
calcium phosphate deposition under biomimetic conditions.
We attribute this behavior to the low solubility of calcite, which
is the lowest of all polymorphs at standard conditions. Changes
in the calcium activity can be neglected, and the supersatura-
tion of SBF with respect to calcium phosphate remains unal-
tered. SBF itself is supersaturated with respect to certain
calcium phosphates (CaP), e.g., hydroxyapatite (HAP), which
should form spontaneously. The absence of CaP crystallites on
the surface of calcite lead us to the assumption that calcite is
incapable of serving as a heterogeneous nucleator for CaP
because the calcite {104} faces, which are expressed in ther-
modynamic equilibrium, are apparently incommensurable with
those of hydroxyapatite (and potentially also with other calcium

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Morphological evolution of Mg-doped amorphous calcium carbonate (Mg-ACC) during incubation (A) in water and (B) in SBF, both at
37 °C. (C) Cytotoxicity assay of Mg-ACC on bone marrow stomal cell line (ST-2 cells) shows a significant increase in cell viability in presence of

10 wt% and 20 wt% Mg (p < 0.05, Anova).

phosphates). Our observations correlate exceptionally well with
in vivo study of calcite implanted into rabbit tibiae, demon-
strating that pure calcite can bind to bone without the forma-
tion of a surface apatite layer.**

Aragonite, metastable at standard conditions, transforms to
calcite when brought into contact with water, obeying the Ost-
wald-Lussac step rule. In stark contrast to this, aragonite is
stable in SBF, and no calcite appears during the first 28 d of

This journal is © The Royal Society of Chemistry 2019

incubation; in the framework of the Ostwald-Lussac step rule
this means that the phase transformation of aragonite to calcite
is impeded by increasing the barrier for this step, e.g., by crystal
growth inhibitors suppressing the formation/growth of calcite.
In SBF, only phosphate and sulphate might intervene with the
crystallization of calcite/calcium carbonate (both forming
sparely soluble calcium salts), and we assume that both or one
of these ions blocks the growth of calcite, rendering aragonite

RSC Adv., 2019, 9, 18232-18244 | 18241
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Fig. 7 Schematic Ostwald—Lussac step ripening processes occurring upon immersion of calcium carbonate polymorphs in water and in SBF,
respectively. The grayed-out arrows indicate those transformation which are typically not observed under the chosen conditions. The respective

activation barriers are not to scale.

kinetically stable. Phosphate has been repeatedly reported to
inhibit calcite formation,***> whereas sulfate seems not to
impede calcite growth.* From this, we conclude that phosphate
is capable to strongly interfere with the generic Ostwald-Lussac
rule of calcium carbonate, remarkably raising the barrier for
calcite formation/growth making calcite essentially inacces-
sible. In contrast to calcite, aragonite shows calcium phosphate
precipitates forming on the crystallite surface, which indicates
that the expressed aragonite face is capable of acting as
a heterogeneous nucleator for CaP, and thus aragonite is
bioactive. This is in line with an earlier report.”

Vaterite, thermodynamically metastable, undergoes expe-
dient Ostwald-Lussac ripening yielding calcite when immersed
in water; the omission of aragonite as intermediate corresponds
with literature.*®**° Contrasting the water control experiment
but congruent to the case of aragonite, vaterite is stable in SBF
solutions and does not transform to calcite. Vaterite is more
bioactive than aragonite and shows a more pronounced
formation of CaP on its surface which is also corroborated by
increased signal intensities in various characterization tech-
niques; we attribute this behaviour to the higher solubility of
vaterite leading to a higher efflux of calcium ions increasing the
solution's supersaturation with respect to CaP formation.

Amorphous calcium carbonate (ACC) is unstable and, in the
presence of water, rapidly transforms to calcite. The potential
intermediate stage of vaterite is not captured in our experiments
due to the coarse time resolution, but it is well documented in
the literature.>* In SBF, ACC transforms to calcite probably via
vaterite as traces of vaterite are detectable even after 14 d; in
water, vaterite transforms within 3 d to calcite. ACC is similarly
bioactive as vaterite; it produces, in contrast to vaterite, an
amorphous or cryptocrystalline CaP untraceable by XRD. This
might be due to the absence of a crystalline substrate providing
the required stereochemistry allowing for heterogeneous
nucleation. More probable is that the extreme high solubility of
ACC might also cause a fast release of calcium ions into the

18242 | RSC Adv,, 2019, 9, 18232-18244

solution which ramps up the supersaturation with respect to
CaP, facilitating the precipitation of a disordered and amor-
phous CaP phase. The latter scenario also directly explains the
peculiar hollow-sphere morphology; transient vaterite spheres
serve as sacrificial templates for CaP precipitation.

The finding that ACC transforms in SBF solution to calcite
and vaterite contradicts with the tests of vaterite aged in SBF
solution, which remained stable for up to 28 d. This disagree-
ment can be resolved by considering, again, the high release
rates of calcium ions into SBF, fueled by the rapid redissolution
of ACC, which is not observed in the vaterite case. This
pronouncedly increases the solution's supersaturation with
regard to calcite so that either the increased barrier of the
vaterite-to-calcite transformation becomes more probable to be
overcome or that calcite formation is directly triggered, without
the involvement of intermediate stage. We assume that the
latter aspect dominates. As we observed similar morphologies
and transformation behavior in PBS buffer, which does not
contain sulfate ions, it is clear that the behavior has to be
attributed to the presence of phosphate in the system.

In order to prolong the stability of ACC, allowing for
extended storage for weeks and in order to ease formulations
based on ACC, we also prepared Mg-stabilized ACC which
behaves in SBF very similar to pure ACC. The incorporation of
Mg in the calcareous biomaterial is not detrimental for cell
viability or bioactivity. In contrast to pure ACC, the presence of
magnesium seems to facilitate the formation of a crystalline
CaP phase, as demonstrated by XRD. Moreover, the presence of
Mg suppressed the formation of vaterite and increased cell
viability. In our experiments, the addition of magnesium in
amounts of 10 and 20 wt% thus promoted the cell viability,
indicating excellent biocompatibility and allows for further fine-
tuning the phase transformation behavior in SBF solutions.

The SBF system has been criticized as an efficient and reli-
able in vitro test for bioactivity.> It goes without saying that SBF
tests are highly simplifying and even if they cannot provide the

This journal is © The Royal Society of Chemistry 2019
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chemical complexity of an in vivo test, the reductionistic
approach of SBF test gives valuable insights into the behavior of
inorganic minerals in the presence of foreign ions, especially
phosphate. Our key findings that (a) phosphate acts as an
inhibitor in Ostwald-Lussac step ripening and that (b) calcite
seems incapable to nucleate CaP in contrast to all other calcium
carbonate polymorphs should also hold true in more complex
systems. Our results for calcite are in exceptionally good
agreement with the findings of Fujita et al. who showed calcite
plates, when implanted in rabbit tibiae, to bind to bone tissue
without the formation of surficial apatite layer.** As the process
of heterogeneous nucleation is a fundament of CaP formation
on surfaces (leaving aside mere CaP deposition, e.g., by sedi-
mentation), and as the thermodynamic concepts of phase
transformation and their inhibition also valid in organisms, the
observation made in SBF tests are valuable for a first assessment
and a fundamental understanding of the behaviour of calcium
carbonate. Moreover, good correlations between bioactivity in
SBF tests and bioactivity in vivo have been established.** Indeed,
by SBF tests, inorganic materials proposed for bone substitu-
tion and bone regeneration can be compared.

Conclusions

For the first time, the four major polymorphs of calcium
carbonate - calcite, aragonite, vaterite, and amorphous calcium
carbonate (ACC) - have been systematically mapped out with
respect to their bioactivity and phase transformation behavior
in SBF solution. Reviewing our results, it becomes clear that the
Ostwald-Lussac step rule is distinctly altered when turning
away from pure water to SBF solutions mimicking the inorganic
components of body fluids, such as blood. The results are
summarized in Fig. 7, contrasting the phase transformation
behavior of calcium carbonate in water with that in SBF, i.e., in
the presence of phosphate ions.

Based on our results, it seems that calcite is not bioactive
with respect to CaP formation in SBF solution. All other calcium
carbonate polymorphs show distinct bioactivity, and the
bioactivity increases with the polymorph's solubility. Further,
the phase transformation and re-dissolution behavior are
remarkably altered by the presence of phosphate, generating
passivating coating and stabilizing metastable calcium
carbonate polymorphs. In order to stabilize the highly unstable
ACC, in order to ease its formulation and processing, we also
generated and tested Mg-stabilized ACC. This Mg-doped ACC
was clearly bioactive in SBF and, moreover, promoted cell
viability. This observation evidences not only the excellent
biocompatibility of this calcareous biomaterial. It also shows
that the reactivity and bioactivity of calcareous biomaterials can
be designed by adjusting its phase and ion/dopant composi-
tion. In future application, this feature of calcium carbonate-
based biomaterials will allow to design and optimize the
host's response in clinical applications. Overall, our findings
pave the way for designing calcium carbonate-based bone
replacement materials with adjustable bioactivity and bio-
resorption rate; they clearly demonstrate that calcium
carbonate is indeed a bioceramic suitable for bone replacement

This journal is © The Royal Society of Chemistry 2019
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material as its behavior can be tuned by crystal phase and
composition.
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