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Amorphous calcium carbonate (ACC) has been widely found in biomineralization, both as a transient
precursor and a stable phase, but how organisms accurately control its formation and crystallization
pathway remains unclear. Here, we aim to illuminate the role of biologically relevant additives on the
phase behaviour of calcium carbonate solution by investigating their effects on the formation of ACC.
Results show that divalent cations like magnesium (Mg?*) ions and negatively charged small organic
molecules like aspartic acid (Asp) have little/no effect on ACC formation. However, the particle size of
ACC is significantly reduced by poly(aspartic acid) (pAsp) with long chain-length, but no effect on the
position of the phase boundary for ACC formation was observed. Phosphate (PO,>7) ions are even more
effective in reducing ACC particle size, and shift the phase boundary for ACC formation to lower
concentrations. These phenomena can be explained by a cooperative ion-association process where the
formation of ACC is only influenced by additives that are able to attract either Ca®* ions or COs>~ ions
and, more importantly, introduce an additional long range interaction between the CaCO$ complexes
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and promote the phase separation process. The findings corroborate with our proposed model of ACC
formation via spinodal decomposition and provide a more realistic representation of how biology can
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Introduction

During the formation of crystalline biominerals, transient
amorphous phases like amorphous calcium phosphate (ACP)
and amorphous calcium carbonate (ACC) are likely present as
precursors, and interact with a pre-deposited organic matrix."™
Soluble acidic macromolecules and some inorganic ions in the
matrix are known to be effective in controlling the nucleation
and growth of crystalline phases and stabilizing amorphous
precursors.”> ** However, little is known about their precise
role in controlling the formation of these amorphous phases.
One of the main reasons is that even for the system without
additives the formation mechanism of amorphous phases from
supersaturated solution has not been well-understood. Without
this knowledge, there is no good way of evaluating the effect of
additives on the formation of these minerals. This has changed
only recently, where the formation of ACP at physiological
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conditions has been demonstrated to proceed via the aggregation
of soluble ion-association complexes of calcium and phosphate
ions, a process that follows nucleation theory.'* The precipita-
tion of ACC, however, seems to proceed via liquid-liquid phase
separation, where no energetic barrier needs to be overcome
as required for the nucleation process and any slight deviation
from the mean concentration will spontaneously amplify.
This mechanism was proposed based on many experimental
indications.">** For example, a polymer-stabilized liquid calcium
carbonate phase was found to precipitate in a 20 mM CaCl,
solution with high concentration of poly(aspartic acid) (pAsp), the
so-called polymer-induced liquid-precursor (PILP) process, which
was initiated by the slow diffusion of ammonium carbonate
vapour.”> An emulsion-like precipitate was also observed after
mixing 0.01 M solutions of CaCl, and Na,CO3, which developed
into ACC spheres via densification.”® Furthermore, recent mole-
cular dynamics simulations predicted the formation of a dense
liquid phase through liquid-liquid separation in supersaturated
calcium carbonate solution."” In addition, inspired by the PILP
process, composites of ACC and organic polymers with many
interesting properties have been successfully fabricated."®™®
According to the spinodal decomposition theory, the fastest
growing wavelength of concentration fluctuation will determine
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the size of the domain and this characteristic length scale diverges
at the spinodal line. Therefore, in our previous study,'® by
evaluating the ACC particle size dependency on calcium carbonate
concentration (from 5 mM to 40 mM) and temperature (from 4 °C
to 48 °C), we have determined the phase boundary for ACC
formation in pure calcium carbonate solutions to be 3-4 mM,
where the inverse of ACC particle size extrapolates to zero. This
opens a unique opportunity to further understand the influence
of additives on ACC formation by studying their effects on the
position of the phase boundary (spinodal line). This can tell us
whether additive-induced changes in shape and particle size,
which are commonly observed, are a result of changes in the
correlation length of the unstable solution (which changes the
position of the spinodal line) or due to kinetic factors like
changing surface energy or the spatial distribution of solute
species. Gower et al.'> showed that negatively charged pAsp
with an average molecular weight (M,,) of 8600 is able to induce
the formation of a so-called polymer-induced liquid precursor
(PILP) phase of calcium carbonate, which consists of shapeless
droplets of large dimensions instead of the typical nano-
spheres. This behavior suggests that the droplets are formed
near the spinodal line where dimensions diverge to infinite.
Recently, by using a high concentration of polystyrene sulpho-
nate (PSS) with an average M, of ~70000, Smeets et al.>
showed that the binding of calcium ions with PSS to form
Ca-PSS globules promoted the formation of ACC by locally
increasing the supersaturation level and inhibiting the crystalli-
zation of crystalline calcium carbonate phases. In addition,
previous studies showed that the particle size of ACC can be
significantly decreased by just adding a small amount of
additives equally dispersed into the solution, such as pAsp,”
PSS,>>** or poly(acrylic acid) (PAA).>* All these studies use
highly negatively charged polymer with long chain-length,
which have strong electrostatic interactions with calcium ions
(Ca*"). However, it is still not clear whether these additive-
induced ACC formation is only a result of high binding affinity
of these additives to Ca>* or the polymer chain-length is also of
critical importance in these processes.

Therefore, to understand the mechanism by which additives
influence the phase behaviour of calcium carbonate solution
and also the formation pathway of ACC, here we systematically
investigated the influence of biologically relevant additives on
ACC particle size and how they incorporate in the solid phase.
Next to the negatively charged polymer like pAsp, we also
studied inorganic ions like magnesium ions (Mg**) and phos-
phate ions (PO,*"), which were known to stabilize ACC in
in vitro experiments. In addition, we chose to study the effect
of pAsp chain-length in particular as it bridged part of the
gap between ionic additives and polymers/polypeptides. The
comparison to proteins is however limited as pAsp is largely
unordered and lacking a defined secondary structure. Therefore,
Asp monomer and pAsp with a chain-length of 10 (pAsp10), 100
(pAsp100) and 200 (pAsp200) were investigated. By comparing the
effects of different types of additives, we found that, in addition to
a strong electrostatic interaction with calcium ions (Ca>*) and/or
carbonate ions (CO,;*7), the additives must also be able to
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introduce long range interactions between the calcium carbo-
nate complexes ions during phase separation in order to have
an effect on the formation of ACC.

Results and discussion

Using the procedure described in the previous study,> the
influence of Asp and pAsp with different chain-lengths on the
formation of ACC was investigated. Briefly, ACC was synthe-
sized by dosing 0.25-2 mL of 1 M CaCl, solution into 48-49.75 mL
of Na,COj; solution (5-40 mM) with different amounts of these
additives where the amino acid to calcium molar ratio ranged
from 0.3% to 6%. In the pure system without any additives, the
particle size of ACC was found to increase with decreasing initial
concentration of calcium carbonate.'® As shown in Fig. 1a, 1.5%
of Asp had no influence on the particle size of ACC at all
concentrations, while 0.3% and 1.5% of pAsp200 significantly
decreased the particle size of ACC. For example, at a concen-
tration of 5 mM, the average diameter of ACC spheres
decreased from ~200 nm for the pure system to ~90 nm in
the presence of only 0.3% of pAsp200. The decreasing ACC
particle size suggests that the solution became more unstable
in the presence of pAsp200 and the critical concentration might
be shifted to lower calcium carbonate concentrations. However,
with increasing initial carbonate concentrations, the effect of
PAsp200 on ACC particle size became less pronounced. This
could be due to the factor that the solution is more unstable at
higher calcium carbonate concentrations and pAsp is not able
to further destabilize the solution.'® Because of this, the data
could not be fitted using the same equation as for the pure
system to extrapolate the critical concentration at the spinodal
line, which is based on the stability of the system. To test
whether pAsp shifted the spinodal line or not, the pH and Ca**
activity of the solution were measured for the experiments at
lower calcium carbonate concentrations from 2 mM to 5 mM
(Fig. S1, ESIt), which suggests that critical concentration at the
spinodal line is also at ~3.5 mM, similar to the pure system."’
Therefore, the shift of the spinodal line induced by pAsp might
be too small to be observed experimentally.

The effects of chain-length and charge of pAsp on ACC
formation were further investigated at a low concentration of
5 mM. For Asp monomer, increasing the amount to 6% still had
little effect on ACC particle size (Fig. 1b). This observation is
consistent with a study by Tobler et al.,*® which showed that
both Asp and glycine with an amino acid to calcium molar ratio
from 20% to 670% had no effect on ACC particle size as well as
its structure. However, the polymer, even at a chain-length of
10, could decrease ACC particle size significantly and the
particle size decreased with increasing initial concentration
of the polymer (Fig. 1b). With increasing chain-length to 100
(pAsp100), the decrease in ACC particle size was even more
dramatic. However, further increasing the chain-length to 200
(pAsp200) or with random chain-length (~ 14-80, referred to as
PAspX), the effect was similar to pAsp100, suggesting that when
the chain-length of pAsp reached a certain value, the difference
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Fig. 1 (a and b) Average diameter of ACC particles precipitated in the presence of different amount of additives and at different concentrations of Ca®*.
(c) The amount of amino acid incorporated in ACC particles precipitated at different concentrations of Ca2* in the presence of 1.5% of pAsp10, pAsp200
and pAsnX. (d) Raman spectra of ACC prepared at Ca>* concentration of 5 mM in the presence of 1.5% of additives. The dotted line refers to typical

CH-vibrations of amino-acid at 2934 cm™2.

in chain-length became less important. To test the importance
of the negative charge of pAsp, we also performed experiments
with a non-charged polypeptide: poly(asparagine) (pAsn) with
random chain-length (~32-97) (pAsnX). The difference
between pAsn and pAsp is the side chain, which for pAsp has
a negatively carboxyl (-COO™) group and for pAsn has an
uncharged amide (-CONH,) group at the pH conditions used
here (pH = 11.1). Results showed that pAsnX had little effect on
ACC particle size and even at 6% the average diameter only
slightly decreased to ~160 nm (Fig. 1b). This suggests that the
negative charge is required for a polymer to influence the
formation of ACC, which binds with the positively charged
Ca*" ions.

The incorporation of amino acid in ACC was quantitatively
determined by amino acid analysis (Fig. 1c) and qualitatively
analysed by Raman spectroscopy (Fig. 1d and Fig. S2, ESIT).
Results showed that Asp, which had no influence on ACC
particle size, did not incorporated in ACC, while pAsp was
incorporated in ACC and a higher amount of pAsp in ACC was
observed for pAsp with longer chain-length or at lower carbo-
nate concentrations, which were consistent with their effects on
ACC particle size. However, surprisingly, pAsn was incorpo-
rated in ACC more efficiently than pAsp10, although it showed
little effect on ACC particle size. The reason for this could be
that pAsn do interact with either calcium or carbonate ions, but
it is not sufficient to introduce additional effective interaction
between CaCOj complexes, possibly because the weaker
binding affinity as compared to the binding of Ca®>" and CO;*~

This journal is © The Royal Society of Chemistry 2018

to form CaCOJ complexes. The incorporation of pAsn in ACC
suggests that a strong electrostatic interaction between additives
and Ca** ions is not a necessity for the incorporation of these
additives in ACC, which results from a combined effect of
electrostatic interaction and chain-length of the additives.

To understand these phenomena, we first have to evaluate
the mechanism of phase separation of the pure system before
taking into account the possible role of additives. Ca*>* ions and
CO,>” ions are expected to form CaCO3 complexes in solution,
which might be the first step towards the formation of the
amorphous phase.'” In the presence of Asp or its polymer,
negatively charged carboxyl groups can also bind to Ca** ions
and the Ca®>" ion chelating ability increases with increasing
the degree of polymerization.?® The stability constant for the
binding of Ca®" ions to Asp is only 40 L mol " at ionic strength
of 0.1 at 25 °C,”” which is much lower than the stability
constant of CaCO3 complexes (1700 L mol~").>® However, the
stability constant for the binding of Ca** ions to pAsp with a
chain-length of 72 (pAsp72) at high pH (>7) is 1047 (10*%%)
L mol ' from the experimental data and 3311 (10*°%) L mol " if
assuming that the activity coefficients of different deprotonated
pAsp species have the same values as those of calcium-
polyaspartate complexes.?® This value is comparable to that of
CaCO$ complexes, and therefore a significant amount of the
Ca®" ions bind with pAsp (and not with Asp) instead of with
CO,>” ions. However, only strong binding of the additive with
Ca>" ions is not enough to change the particle size. A recent
study investigated the influence of citrate on the formation of
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ACC at an initial calcium carbonate concentration of 6.5 mM
and results showed that the average diameter of ACC did not
change even at a citrate/Ca** molar ratio up to 10%.>° This is
surprising considering the fact that the stability constant for
the complexation of Ca® and citrate (~7.0 x 10* L mol™") is
more than 40 times higher than that of CaCO3.>" Compared
with citrate and Asp, another important characteristic of pAsp
is that being a polymer it can locally concentrate the Ca>" ions
and the CaCO$ complexes through the chain. According to the
spinodal decomposition theory, it is the concentration fluctua-
tions that determine the phase separation process and the final
particle size of ACC." Therefore, pAsp can interact with several
CaCOj complexes and introduce an additional effective
interaction between the CaCOj complexes, which accelerate
the propagation of the concentration fluctuation of CaCO3 and
promote the phase separation process. To achieve this, the
length of pAsp should be long enough and therefore Asp
monomer has no effect on the phase separation process. This
also explains why pAsp100, pAsp200 and pAspX showed similar
effect on ACC formation, because as long as pAsp has a certain
chain length to introduce such an additional long range inter-
action it becomes less important. Since the effective interaction in
the pure system increases with increasing calcium carbonate
concentrations, it is expected that ACC particle size would be less
influenced by pAsp at higher calcium carbonate concentrations,
which is also consistent with the experimental data.

Indeed other additives like poly(sodium 4-styrenesulfate)
(PSS),>>>* PAA,>® PAA-containing double hydrophilic block
copolymers®? and polycarboxylic acid made from 70 wt% acrylic
acid and 30 wt% maleic acid (M,, = 70000 g mol )** also
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significantly decreased the particle size of ACC. Similar to pAsp,
they are all large molecules containing many negatively charged
groups (SO;~ group and COO~ group). To test whether posi-
tively charged polymer can have similar effect or not, ACC was
synthesized at a calcium carbonate concentration of 5 mM in
the presence of 2% of poly(arginine) and the average particle
size was also significantly decreased to ~65 nm, which is
comparable to the effect of pAsp. This suggests that positively
charged polymers, which bind with CO;*>~ ions, can also
introduce an additional effective interaction between CaCO3
and influence the formation of ACC.

As a comparison to the organic additives, we also investigated
the influence of inorganic additives on the formation of ACC,
including other divalent cations (Me>") like Mg>*, Sr** and Ba®*
ions and anions like phosphate ions (PO,*"). For Me*" cations,
our results (Fig. 2a) showed that the average diameter of ACC was
slightly decreased by 10% and 20% of Mg>" ions and 20% of
Sr** ions. For Ba®>" ions, the decrease in ACC particle size was
more prominent than for Mg** ions and Sr** ions, but only at
lower carbonate concentrations where the unstable solution
approached the spinodal line.'”® However, although these
divalent cations showed little influence on the particle size of
ACC, their incorporation in ACC was starkly different. The Mg>*
content in all ACC samples was significantly lower than the
initial value in solution (Fig. 1b), but it increased linearly with
increasing concentration of carbonate, which were consistent
with previous studies.***> The Sr** content in ACC was much
higher than Mg?*, but it increased non-linearly with increasing
concentration of carbonate, reaching ~17% at 40 mM. More
interestingly, the Ba>* content in ACC even decreased slightly

B
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Fig. 2 Average diameter of the ACC spheres prepared at a carbonate concentration from 5 to 40 mM in the presence of Me?* (a) and PO,>~ (c), and the
corresponding Me?* content (b) and PO,*~ content (d) in the ACC. The error bars indicate the standard deviation of the observed size distribution.
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from ~21% to ~20% with increasing concentration of carbo-
nate from 5 mM to 40 mM. All together, these results showed
that the ability of these cations to incorporate in ACC increased
with increasing ionic radii (Mg** < Sr**< Ba®"), but the
incorporation efficiency strongly depends on the total concen-
tration of carbonate. In agreement with our findings, a recent
study showed that when Mg”*, Ca**, Sr** and Ba®" ions were
coprecipitated with CO;>~ ions, the preferential incorporation
of larger cations in the amorphous precipitates was clearly
observed at lower concentration of carbonate (10 mM), but less
prominent at higher concentration of carbonate (100 mM).*®
These results suggest that the relative amount of cations in the
precipitate depends not only on the relative complexation
ability (Coulombic interaction) of the cations with carbonate
ions, but also on the concentration of carbonate, which deter-
mines the stability of the solution. To understand how these
divalent cations change the phase behavior of the solution, the
particle size data were fitted using the same equation as used in
the previous study.'® Results (Fig. S3, ESIt) showed that the
concentrations at the spinodal line (c,) for Mg>" ions and Sr**
ions were similar to the pure system, but for Ba>* ions the value
was slightly lower, suggesting that only with Ba®>" ions, the
solution was more unstable than the pure calcium carbonate
solution under the same condition. This corresponds very well
to the incorporation of these cations in ACC where there is a
preferential precipitation of Me®" ions over Ca®>" ions only in
the case of Ba®>* ions. It suggests that the formation of BaCO3
complexes is kinetically favoured over CaCO3 complexes under
the current conditions, which will also introduce an additional
effective interaction between CaCOJ complexes and promote
the phase separation of ACC with smaller particle size.

The influence of phosphate ions on the formation of ACC
was investigated by replacing part of the Na,CO; with the
NaH,PO,, and the initial P/Ca molar ratio ranged from 0.1%
to 5%. Although the pH of the reaction solution (11.1-11.4) is
lower than the dissociation constant of HPO,>~ (pK, = 12.3), the
stability constant of CaPO,” complex (2.9 x 10° L mol )
(complexation of Ca®>" and PO,*7) is ~5000 times higher than
that of CaHPO$/Ca(HPO,);*~ complexes (complexation of Ca>*
and HPO,>~ in CaHPOj ~300 L mol ' and in the Ca(HPO,);*~
complex ~750 L mol *),"*”"*% suggesting that PO,>” is the
dominant species to interact with Ca>* ions, which is confirmed
by the Infrared and Raman analysis of ACC (see below). Similar
to pAsp, phosphate ions also significantly reduced the average
particle size of ACC, especially at lower concentrations of
carbonate ions (Fig. 2c). Interestingly, phosphate ions were more
effective than pAsp and the average diameter even decreased with
decreasing initial total concentrations. The overall phosphate
content (P/Ca molar ratio) in ACC (Fig. 2d) was higher than the
initial phosphate concentration in solution and it increased
with decreasing total carbonate concentration, suggesting that
phosphate ions were preferentially incorporated in ACC as com-
pared to the carbonate ions. By extending the range of initial P/Ca
molar ratio to 0.06-10% for the experiments at a calcium
carbonate concentration of 5 mM, it was found (Fig. S4a, ESIt)
that the average diameter of ACC spheres first decreased quickly

This journal is © The Royal Society of Chemistry 2018
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with increasing initial P/Ca molar ratio and then gradually
reached a plateau. On the other hand, the P/Ca molar ratio in
ACC increased linearly with increasing initial P/Ca molar ratio in
solution, with a partition coefficient of 3.0, indicating a 3 times
enrichment of PO,’~ in the solid phase independent of the
solution phosphate concentration. However, the partition coeffi-
cient decreased to 1.4 with increasing initial total concentration
of calcium carbonate to 40 mM (Fig. S4b, ESIt). These results
suggest that the phosphate ions were less effective in reducing
the particle size of ACC and being incorporated in ACC when the
total concentration of carbonate increased, where the solution
became more unstable and the kinetics of phase separation
increased.

Since phosphate ions were more effective than pAsp in
reducing ACC particle size, it was expected that their effect on
the spinodal line of calcium carbonate solution be prominent.
Therefore, experiments were performed at lower concentrations
in the presence of 2% of phosphate ions. Results showed that
ACC spheres with an average diameter of ~30 nm can also be
obtained at calcium carbonate concentrations of 2 mM and
3 mM (Fig. S5, ESIt). The P/Ca molar ratios in these ACC
spheres were up to ~15% at 3 mM and ~30% at 2 mM, even
though the initial P/Ca molar ratio was only 2% (Fig. S5, ESIf).
It should be noted that without phosphate ions, ACC could not
form at such low concentrations,'® suggesting that PO,*>" ions
indeed promote the phase separation of ACC from solution
and shift the phase boundary of calcium carbonate to lower
concentrations.

To understand what happens in the case of P-enriched ACC,
we have to evaluate the formation kinetics and pathway of
both calcium carbonate and calcium phosphate individually.
In both systems, they tend to form complexes in solution.''?
Habraken et al.,"* furthermore, showed that calcium phosphate
ion-association complexes readily aggregate into branched
three-dimensional polymeric structures, which densify during
time and transform into ACP according to a slow multi-step
process. ACC, on the other hand, tends to spontaneously phase
separate from solution.">'® As the stability constant of CaCO$
complexes (1.7 x 10* L mol~*)*® is ~2000 times lower than that
of CaPO,  complexes, Ca** ions or CaCOj complexes would
strongly interact with PO,*~ ions when the concentration of
PO, ions is more than 1/2000 of CO;>~ ions, corresponding to
the observed decrease in ACC particle size at only 0.06-0.1% of
PO,’” in the solution. Therefore, an explanation for the smaller
particle size and phase separation of a phosphate-rich phase
is that the complexation of Ca®*" ions and PO,*~ ions and
their polymerization/densification also introduce an additional
effective interaction between CaCO3 complexes. This is similar
to the effect of highly charged macromolecules like pAsp,
however, phosphate ions can even push the stability region to
lower concentrations and the PO, -dominated formation kinetics
enables the precipitation of a molecularly mixed phosphate-
carbonate species. To emphasize that indeed the calcium phos-
phate behaves like a polymer, we performed experiments in
which we added equivalent amounts of condensed phosphates
(pyrophosphate (PyroP) and polyphosphate, n = 100 (polyP)).
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Both showed similar effects on the particle size of ACC as the
phosphate ions (Fig. S6a, ESIt), and their contents in ACC were
also similar (Fig. S6b, ESIt). Raman spectra (Fig. Séc, ESIT) of the
ACC samples further showed characteristic peak for the P-O
vibrational mode of pyroP** and polyp’® at 1042 cm™' and
1161 cm ™', respectively, indicating the incorporation of pyroP
and polyP in ACC without decomposing into phosphate ions.
The distribution of phosphate ions in ACC was then inves-
tigated with FTIR spectroscopy. As shown in Fig. 3a, all spectra
exhibit characteristic peaks of ACC, including the asymmetric
stretching mode v; of CO;>” at 1470 and 1408 cm ', the
in-plane deformation v, of CO;*” at 724 and 692 cm ’,
the out-of-plane deformation v, of CO;*~ at ~864 cm™* and
the symmetric stretching mode v; of CO;*~ at 1075 cm *.>*
In addition, the asymmetric stretch v; of PO~ appears as a
broad hump from 970 ecm ' to 1160 cm ' without sharp
splitting and the symmetric stretch v; of PO,*>~ appears at
~952 cm ™', suggesting that the PO,*~ ions in ACC also existed
in an amorphous state,*"*> which was also supported by the
Raman spectra of the samples (Fig. S7, ESIt). The most promi-
nent feature in the spectra was that the intensity of the peaks of
PO~
molar ratio (Fig. 3a), corresponding to the increasing phos-
phate content in ACC. A closer examination of the spectra in
the range from 800 cm ™ to 1200 cm ™ * (Fig. 3b) showed that not
only the relative intensity of the peaks for PO,>” and CO;>~
changed, but also their positions were shifted. Specifically, the

increased significantly with increasing the initial P/Ca
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v3 of PO, shifted to lower wavenumber and the v; of CO,>~
shifted to higher wavenumber. To quantify the difference, the
vy of PO,*>~ was deconvoluted into 3 peaks at ~1010 cm™*,
1040 cm ' and 1075 cm ' and all peaks were fitted with a
Guass function (Fig. S8, ESIt). Results showed that the ratio
of the peak area between the v, of PO,*>” and the v, of
CO,”",increased with increasing the phosphate content in
ACC, but not linearly. Interestingly, the ratio of the peak area
between the v; of PO, the v; of PO,>, increased linearly with
increasing the phosphate content in ACC. In addition, the v, of
CO,>" gradually shifted from 864 cm ' to 868 cm™ ' with
increasing phosphate content in ACC (Fig. 3c). These results
clearly indicate that the vibration of CO;>~ and PO,*” were
influenced by each other, suggesting that they are molecularly
mixed with each other. A recent solid state NMR study of ACC
formed in the presence of phosphate ions also shows that the
PO, ions exist in an amorphous state and are molecularly
dispersed throughout the structure of ACC.** However, this
doesn’t mean that the composition of the P-enriched ACC
spheres is homogenous. Patches of P-enriched regions might
still exist in these particles. This may in turn provide informa-
tion on the formation history of the amorphous phase. Therefore,
to further investigate the distribution of PO,>~ ions in ACC and the
chemical bonding of the atoms, X-ray photoelectron spectroscopy
(XPS) analysis was performed. In contrast to ICP, which measures
the composition of the sample bulk, XPS is a surface-sensitive quan-
titative spectroscopic technique with probing depth up to ~10 nm.

(b)

Absorbance

1200 1150 1100 1050 1000 950 900 850 800
Wavenumber (cm™)

—=—|CP
—o—XPS,_ .

—— XPS,

0.16
0.14

surface|

0.12
0.10
0.08
0.06

P/Ca molar ratio

0.04

l

0.024

0.00 T T T T T T
P m“‘,l.,_p sV e ‘.m\";,,‘\, \om';,,'p zom';‘,l.\, aomM

Samples

Fig. 3 FTIR spectra of ACC spheres prepared at a carbonate concentration from 5 mM in the presence of different amount of PO,>~ (a and b), (c) the
peak position of the v, of CO32’ as a function of the P/Ca molar ratio in ACC, and (d) the P/Ca molar ratio measured with ICP, XPSp i Or XPSgyface for ACC

samples prepared at different conditions.
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Moreover, by changing the collection angle of the signal, it is
possible to enhance the measurement of elements at the surface
of the sample with ~63% of the information originating from the
top 3 nm thick layer (XPSgyuface) OF €enhances the measurement of
elements at the bulk of the sample within 8-10 nm (XPSp,), which
is a thicker surface compared to the bulk analysis from ICP
measurement. Results (Fig. 3d) showed that the P/Ca molar ratio
obtained from XPS;,ji, XPSsurface aNd ICP were consistent with each
other for samples at ¢(Ca®*) of 5 mM with 1% and 2% of PO,>~ and
at ¢(Ca®") of 10 mM with 5% of PO,>~. However, for the sample at
c(Ca®) of 5 mM with high initial PO,*>~ content (5%) or at high
¢(Ca®") (20 mM and 40 mM), the P/Ca molar ratio on the surface
(XPSsurtace) Was significantly lower than in the bulk (ICP), indicating
a spatial variation in P content within these samples. These results
showed that the distribution of PO,*~ in ACC not only depends on
the initial concentration of PO,*>~ ions in solution, but also on the
total concentration of calcium carbonate, which is consistent with
their effects on ACC patrticle size. In addition, high resolution XPS
(Fig. S9, ESIT) also showed a variation of the chemical environment
of carbon and calcium.

Based on the results of all three types of additives, mecha-
nistic insight into the formation pathway of ACC and the effects
of additives on this phase separation process can be general-
ized (Fig. 4). In the absence of additives, Ca®>" ions and CO3>~
ions first form CaCOJ complexes, after which ACC phase
separates from solution via a spinodal decomposition process
where the overall concentration of CaCO3 complexes deter-
mines the average particle size of ACC.'® To change the particle
size and promote the phase separation of ACC, the additives
must be able to form complexes with Ca** or CO;>~ ions and
simultaneously be able to introduce long range interaction

(a)

10
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between the CaCOj complexes. Such a cooperative ion-
association process can be achieved by charged polymers with
long chain-length, which are able to attract many counter-ions
and their associated CaCO9 complexes along the chain. Another
way to achieve this is to use ions like PO, ions that are able to
form dense structure with counter-ions. More importantly, it
requires that this process is kinetically faster than the densifi-
cation of CaCOJ complexes, which depends on the concen-
tration of both additives and calcium carbonate in solution.
The change of the phase behaviour of calcium carbonate
solution (i.e. position of the prospected spinodal line), however,
was only clearly observed by an additive (PO,>") that is able to
form a less soluble salt with Ca*" by itself. It must be noted that
as ACP was observed to form via nucleation,'" the mechanism
at which this occurs is likely in between spinodal decomposi-
tion and nucleation, and no clear spinodal or connodal line can
be drawn here (also because of varying compositions).

As biogenic ACC biominerals also consist of spherical nano-
particles from tens to hundreds of nanometer in diameter,
the particle size could be used to understand the initial
concentration of calcium carbonate where ACC is deposited,
as we have speculated in our previous work."® However, according
to the phase diagram for the pure system, an average diameter of
~30 nm, which is commonly observed in organisms, suggests an
initial calcium carbonate concentration of more than 100 mM.
Here, we showed that organisms might use macromolecules
and inorganic ions to control the particle size of ACC even at
low concentrations. In addition, by locally concentrating Ca**
ions or CO,>” ions with these molecules, ACC can be precipi-
tated at much lower concentrations, which also explains why
mineralization of calcium carbonate can occur in undersaturated

Y’o}g
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G
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Fig. 4 Mechanism of calcium carbonate formation: (a) in the absence of additives or additives that are not able to influence the formation of ACC, the
binding between positively charged Ca®* ions and negatively charged CO3?~ ions results in the formation of CaCO$ complexes, and the effective
interaction between the complexes lead to the formation of ACC when the solution is unstable. (b) In the presence of additives that are able to influence
the formation of ACC, the first step is a cooperative ion-association process where the additives attract either Ca®* ions or COs>~ ions and provides
an additional effective interaction between the CaCO? complexes, which destabilizes the solution and induces the formation of ACC with smaller
particle size.
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conditions. Another important observation is that additives only
seem to work at low concentrations where apparently the kinetics
for ACC formation is slow enough. The prospected mechanism for
the additive-directed decrease in particle size assumes that there
is such a time window in which the additives can interact with
the ions/complexes during phase separation. Therefore, next to
providing a more realistic representation of how biology can
direct mineralization, this observation strengthens our theory that
indeed we are reaching a phase boundary, which would be the
ACC spinodal line.

Conclusion

To understand the mineralization process of ACC in organisms,
we systematically investigated the influence of biologically
relevant additives on the phase behaviour of ACC. We have
demonstrated that divalent cations like Mg”*, Sr** and Ba®'
ions have little effect on the particle size of ACC, while their
incorporation in ACC strongly depends on their dehydration
kinetics. While Asp monomer shows little effect on ACC particle
size, pAsp with long chain-length and anions like phosphate
(PO,*7) ions significantly decrease the particle size of ACC and
show a preferred incorporation into the ACC especially at low
carbonate concentrations. In addition, PO,*>" ions are able to
shift the phase boundary for ACC formation to lower concen-
trations because of their property to strongly bind and con-
centrate Ca®>* ions by forming polymer-like structures during
ACC phase separation. Altogether, our study suggests that
additives influence the phase behaviour of calcium carbonate
solution by a cooperative ion-association process where the
additives are able to bind with either Ca** or CO,;>~ ions and
introduce an additional effective interaction between CaCO9
complexes during the phase separation of ACC.

Experimental section

Materials and general preparative methods

Analytical grade calcium chloride dihydrate (CaCl,-2H,0), sodium
carbonate decahydrate (Na,COs;-10H,O), r-aspartic acid, poly-
(o,B)y-pr-(aspartic acid sodium salt) with random chain-length
(~14-80) (M,, = 2000-11000 Da) and poly(i-asparagine) with
random chain-length (~32-97) (M,, = 5000-15000 Da) were
purchased from Sigma-Adlrich. Poly(r-aspartic acid sodium salt)
with chain-length of 10, 100 and 200 were purchased from
Alamanda Polymers, corresponding to a molecular weight of
1400, 14000 and 27000 Da, respectively. The 1 M calcium
solution, carbonate solution with various concentrations and
1 mg mL ™" additive solutions were prepared by dissolving corres-
ponding chemicals in ultrapure water. A computer controlled
titration system consisting of a titration device controlling three
dosing units (800 Dosino) (905 Titrando, Metrohm Ltd) was
utilized for the experiments.

ACC synthesis in solution

The experiments were performed at (24 + 1) °C in a 100 mL vessel
filled with certain amount of carbonate solution with/without
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additives (48-49.75 mL) under stirring. 1 M calcium solution
(0.25-2 mL) was dosed through the dosing unit into the reaction
vessel at a rate of 10 mL per minute to ensure a controlled and
consistent mixing of the two solutions and ACC precipitated
immediately. The total volume of the solution after dosing were
50 mL and the concentration ratio of calcium to carbonate after
mixing was 1:1. The reaction solution was monitored by using a
pH electrode and a Ca ion-selective electrode. The precipitates
were collected immediately after precipitation by fast vacuum
filtering of the reaction solution and rinsed with ethanol. The
dry powders were then stored in a vacuum desiccator for further
characterization.

Scanning electron microscopy (SEM)

Scanning electron microscopy was performed using a field
emission scanning electron microscope (JEOL, JSM-7500F)
working at an acceleration energy of 10 keV. Samples were
not coated prior to investigation.

Raman and infrared spectroscopy

Raman spectra were collected using a confocal Raman micro-
scope (2300; WITec) equipped with a CCD camera (DV401-BV;
Andor), a Nikon objective (10x) and a 532 nm laser (40
accumulations, integration time 1 s). Infrared spectra were
recorded using a Thermo Scientific Nicolet is5 FTIR spectro-
meter (ATR-Diamond mode) (500 scans, resolution 2 cm ™).

Inductively coupled plasma-optical emission spectrometry
(ICP-OES) analysis

Elementary analysis was performed by ICP-OES (PerkinElmer,
Optima 8000 ICP-OES Spectrometer). Sample solutions were
prepared by dissolving certain amounts of as-prepared powders
in diluted HNO; solution.

Amino acid analysis

ACC powder with known weight was hydrolyzed in 6 N HCI
containing 5% phenol by vacuum sealing and heating at 110 °C
for 24 h. Hydrolyzed samples were flash evaporated, resuspended
in sample dilution buffer and run on a postcolumn ninhydrin-
based amino acid analyzer (Sykam S433, Firstenfeldbruck,
Germany).

X-ray photoelectron spectroscopy (XPS) analysis

Investigation of the chemical bonding of the ACC powders was
performed utilizing Thermo VG Scientific Sigma Probe with
monochromatic Al Ko, 1486.6 eV X-ray source, beam size
400 pm X 200 um. The samples were irradiated with mono-
chromatic X-rays. Survey spectra were recorded with a pass
energy 200 eV. The core level binding energies of the different
peaks were normalized by setting the binding energy for the
Cls at 285.0 eV.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tb03170j

Open Access Article. Published on 19 December 2017. Downloaded on 4/2/2026 5:36:12 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

Acknowledgements

The authors thank Steve Weiner and Lia Addadi for useful
discussions. The research was supported by a German Research
Foundation grant within the framework of the Deutsch-
Israelische Projektkooperation DIP. Zhaoyong Zou was sup-
ported by China Scholarship Council (CSC). B. P. acknowledges
financial support by the European Research Council under the
European Union’s Seventh Framework Program (FP/2007-
2013)/ERC Grant Agreement (no. 336077). Open Access funding
provided by the Max Planck Society.

References

1

10
11

12

13

14

15

16

17

18

A. Shechter, L. Glazer, S. Cheled, E. Mor, S. Weil, A. Berman,
S. Bentov, E. D. Aflalo, I. Khalaila and A. Sagi, Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 7129-7134.

Y. Politi, J. Mahamid, H. Goldberg, S. Weiner and L. Addadi,
CrystEngComm, 2007, 9, 1171-1177.

J. Mahamid, A. Sharir, D. Gur, E. Zelzer, L. Addadi and
S. Weiner, J. Struct. Biol., 2011, 174, 527-535.

A. Mikkelsen, S. B. Engelsen, H. C. B. Hansen, O. Larsen and
L. H. Skibsted, J. Cryst. Growth, 1997, 177, 125-134.

L. B. Gower, Chem. Rev., 2008, 108, 4551-4627.

Y. Politi, D. R. Batchelor, P. Zaslansky, B. F. Chmelka,
J. C. Weaver, 1. Sagi, S. Weiner and L. Addadi, Chem. Mater.,
2009, 22, 161-166.

W.]. E. M. Habraken, A. Masic, L. Bertinetti, A. Al-Sawalmih,
L. Glazer, S. Bentov, P. Fratzl, A. Sagi, B. Aichmayer and
A. Berman, J. Struct. Biol., 2015, 189, 28-36.

S. Bentov, S. Weil, L. Glazer, A. Sagi and A. Berman, J. Struct.
Biol., 2010, 171, 207-215.

A. Gal, R. Wirth, J. Kopka, P. Fratzl, D. Faivre and A. Scheffel,
Science, 2016, 353, 590-593.

R. A. Berner, Geochim. Cosmochim. Acta, 1975, 39, 489-504.
W. J. E. M. Habraken, J. Tao, L. J. Brylka, H. Friedrich,
L. Bertinetti, A. S. Schenk, A. Verch, V. Dmitrovic, P. H. H.
Bomans, P. M. Frederik, ]J. Laven, P. van der Schoot,
B. Aichmayer, G. de With, J. J. DeYoreo and N. A. J. M.
Sommerdijk, Nat. Commun., 2013, 4, 1507.

L. B. Gower and D. J. Odom, J. Cryst. Growth, 2000, 210,
719-734.

S. E. Wolf, ]. Leiterer, M. Kappl, F. Emmerling and W. Tremel,
J. Am. Chem. Soc., 2008, 130, 12342-12347.

M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and
L. B. Gower, Faraday Discuss., 2012, 159, 291-312.

A. F. Wallace, L. O. Hedges, A. Fernandez-Martinez,
P. Raiteri, J. D. Gale, G. A. Waychunas, S. Whitelam,
J. F. Banfield and ]. J. De Yoreo, Science, 2013, 341, 885-889.
S. Sun, L.-B. Mao, Z. Lei, S.-H. Yu and H. Colfen, Angew.
Chem., Int. Ed., 2016, 55, 11765-11769.

Y. Oaki, S. Kajiyama, T. Nishimura, H. Imai and T. Kato,
Adv. Mater., 2008, 20, 3633-3637.

B. Cantaert, D. Kuo, S. Matsumura, T. Nishimura, T. Sakamoto
and T. Kato, ChemPlusChem, 2017, 82, 107-120.

This journal is © The Royal Society of Chemistry 2018

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

41

42

43

View Article Online

Paper

Z. Zou, W. J. E. M. Habraken, L. Bertinetti, Y. Politi, A. Gal,
S. Weiner, L. Addadi and P. Fratzl, Adv. Mater. Interfaces,
2017, 4, 1600076.

P. J. M. Smeets, K. R. Cho, R. G. E. Kempen, N. A.
J. M. Sommerdijk and ]J. J. De Yoreo, Nat. Mater., 2015, 14,
394-399.

Z. Zou, L. Bertinetti, Y. Politi, P. Fratzl and W. J. E. M.
Habraken, Small, 2017, 13, 1603100.

A. H. Cai, X. R. Xu, H. H. Pan, J. H. Tao, R. Liu, R. K. Tang
and K. Cho, J. Phys. Chem. C, 2008, 112, 11324-11330.
X.-R. Xu, A.-H. Cai, R. Liu, H.-H. Pan, R.-K. Tang and K. Cho,
J. Cryst. Growth, 2008, 310, 3779-3787.

Z. Zou, L. Bertinetti, Y. Politi, A. C. S. Jensen, S. Weiner,
L. Addadi, P. Fratzl and W. J. E. M. Habraken, Chem. Mater.,
2015, 27, 4237-4246.

D. J. Tobler, J. D. R. Blanco, K. Dideriksen, K. K. Sand,
N. Bovet, L. G. Benning and S. L. S. Stipp, Procedia Earth
Planet. Sci., 2014, 10, 143-148.

T. Nakato, M. Yoshitake, K. Matsubara, M. Tomida and
T. Kakuchi, Macromolecules, 1998, 31, 2107-2113.

R. F. Lumb and A. E. Martell, /. Phys. Chem., 1953, 57,
690-693.

T. E. Larson, F. W. Sollo and F. F. McGurk, Complexes
Affecting the Solubility of Calcium Carbonate in Water, Phase
II, University of Illinois at Urbana-Champaign, Water
Resources Center, 1976.

Y. T. Wu and C. Grant, Langmuir, 2002, 18, 6813-6820.
D.J. Tobler, J. D. Rodriguez-Blanco, K. Dideriksen, N. Bovet,
K. K. Sand and S. L. S. Stipp, Adv. Funct. Mater., 2015, 25,
3081-3090.

R. P. Singh, Y. D. Yeboah, E. R. Pambid and P. Debayle,
J. Chem. Eng. Data, 1991, 36, 52-54.

B. Guillemet, M. Faatz, F. Grohn, G. Wegner and Y. Gnanou,
Langmuir, 2006, 22, 1875-1879.

J. Rieger, J. Thieme and C. Schmidt, Langmuir, 2000, 16,
8300-8305.

C. R. Blue and P. M. Dove, Geochim. Cosmochim. Acta, 2015,
148, 23-33.

C. R. Blue, J. D. Rimstidt and P. M. Dove, Methods Enzymol.,
2013, 532, 557-568.

N. Cam, T. Georgelin, M. Jaber, J. F. Lambert and K. Benzerara,
Geochim. Cosmochim. Acta, 2015, 161, 36—49.

A. Chughtai, R. Marshall and G. H. Nancollas, J. Phys. Chem.,
1968, 72, 208-211.

G. Mancardi, U. Terranova and N. H. de Leeuw, Cryst
Growth Des., 2016, 16, 3353-3358.

B. C. Cornilsen, J. Mol. Struct., 1984, 117, 1-9.

H.J. D. Jager and A. M. Heyns, Appl. Spectrosc., 1998, 52,
808-814.

G. R. Sauer and R. E. Wuthier, J. Biol. Chem., 1988, 263,
13718-13724.

S. J. Gadaleta, E. P. Paschalis, F. Betts, R. Mendelsohn and
A. L. Boskey, Calcif. Tissue Int., 1996, 58, 9-16.

S. Kababya, A. Gal, K. Kahil, S. Weiner, L. Addadi and
A. Schmidt, J. Am. Chem. Soc., 2015, 137, 990-998.

J. Mater. Chem. B, 2018, 6, 449-457 | 457


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tb03170j



