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Abstract: Calcium carbonate polymorphs were crystallized in alginate and xanthan hydrogels in
which a degree of entanglement was altered by the polysaccharide concentration. Both hydrogels
contain functional groups (COOH and OH) attached at diverse proportions on saccharide units.
In all systems, the precipitation process was initiated simultaneously with gelation, by the fast
mixing of the calcium and carbonate solutions, which contain the polysaccharide molecules at
respective concentrations. The initial supersaturation was adjusted to be relatively high in order
to ensure the conditions suitable for nucleation of all CaCO3 polymorphs and amorphous phase(s).
In the model systems (no polysaccharide), a mixture of calcite, vaterite and amorphous calcium
carbonate initially precipitated, but after short time only calcite remained. In the presence of
xanthan hydrogels, precipitation of either, calcite single crystals, porous polyhedral aggregates,
or calcite/vaterite mixtures were observed after five days of ageing, because of different degrees of
gel entanglement. At the highest xanthan concentrations applied, the vaterite content was significantly
higher. In the alginate hydrogels, calcite microcrystalline aggregates, rosette-like and/or stuck-like
monocrystals and vaterite/calcite mixtures precipitated as well. Time resolved crystallization
experiments performed in alginate hydrogels indicated the initial formation of a mixture of calcite,
vaterite and amorphous calcium carbonate, which transformed to calcite after 24 h of ageing.
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1. Introduction

The formation of diverse calcium carbonate (CaCO3) solid phases is one of the most investigated
precipitation process among slightly soluble ionic salts. In this system, three polymorphs (vaterite,
aragonite or calcite), two hydrates (monohydrocalcite, CaCO3·H2O and ikaite, CaCO3·6H2O) and
amorphous calcium carbonate can precipitate. Therefore, their formation pathways provide suitable
models for basic the investigation of mechanisms and kinetics of nucleation, crystal growth, dissolution
and, particularly, transformation of precursor phases in aqueous solutions. In addition, CaCO3 phases
are extensively investigated because of their relevance in geological, technological and biological
environments and systems [1–6].

The most important experimental parameters, which influence the precipitation of slightly
soluble salts like CaCO3 and their structural, chemical and morphological properties, are the initial
supersaturation, temperature, presence of additives, pH and hydrodynamic conditions. Consequently,
the traditional experimental protocols, like bulk precipitation, crystal seeding, constant composition or
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continuous processes, are regularly applied for tuning the properties of the precipitate. Crystallization
of slightly soluble salts in gelling environments is inspired by biomineralization of CaCO3 in mollusks
and corals, or calcium phosphates in enamel and bones and it has been recognized as an alternative
strategy for synthesis of materials with desired features [7]. Hydrogels are multicomponent, solid-like
systems built up by a three-dimensional network of interconnected (macro) molecular chains, with
the interspace filled up with water and possibly electrolytes. The formation of gel-like structures and
their physical and chemical properties are principally influenced by the concentration of the gelling
molecules, temperature, pH and in some specific cases, type and concentration of counter and co-ions
present in the system [7,8]. In such gelling systems, the critical parameters for precipitation are mostly
determined by diffusivity and the local charge distribution (ionotropic effect) [9–11].

Biocompatible polysaccharide hydrogels have been recognized as suitable models for
investigation of CaCO3 precipitation (crystallization), particularly for clarifying the role of basic
processes (nucleation, crystal growth, dissolution or aging) [7,10,12–14]. However, a more
explicit connection between calcium carbonates and gels is related to their possible biomedical or
pharmaceutical application. Thus, for example, a class of hybrid organic–inorganic drug delivery
systems, constructed from porous micro particles in which active molecules are absorbed and coated
with polymer multilayers has been described. In such systems, layer-by-layer adsorption of differently
charged polyelectrolytes onto porous vaterite particles may form microcapsules with gel-like interior,
after removing the mineral core [15–18]. Thus, size, polymorphic composition, surface texture and/or
porosity, can influence their properties relevant for potential use as a drug delivery vehicles. A role of
the above-mentioned parameters is intuitively understandable and can be correlated to the efficiency
of delivery. However, control of the particles’ shape is recognized as a future trend in preparation
of drug delivery models, since it was described that anisotropic particles show higher intracellular
transport [19–23].

In addition, within the field of tissue engineering, hydrogel composites with inorganic micro
particles are intensively investigated as materials for bone regeneration. Since bones can be considered
as a mineralized hydrogel made of collagen fibrils and calcium-deficient hydroxyapatite, a production
of synthetic hydrogel–inorganic composites is supposed to mimic the nature [24–26]. In such
systems, mineral phases increase the composites’ bioactivity, surface roughness, mechanical properties,
adhesion, proliferation and differentiation of bone-forming cells. Convenient inorganic phases used
for hydrogels enrichment are calcium phosphates and bioactive glasses, but silica and CaCO3 are
considered as well. Typical experimental strategies for mineralization of respective hydrogels with
CaCO3 involved either, mixing of previously formed particles with sols before gelation (so called
“internal gelation”) [27–30], or their precipitation after gelation. Indeed, in the case of postponed
formation of mineral particles, precipitating components have been delivered by different techniques.
Thus for example, CaCO3 precipitation has been initiated by alternating a soaking of poly(acrylic acid)
grafted poly(ethylene) films into Ca2+ or CO3

2− solutions. Similar protocols have been applied
for agarose or chitosan gels [14,31–33]. A diffusion of one component (CO2) into the agarose
gel preloaded with Ca2+ and modified with self-assembled monolayer, has been investigated as
a model of biomineralization of protein-based hydrogels. In such systems nucleation and growth
were simultaneously controlled [34]. Double-diffusion of calcium and carbonate ions into the
polyacrylamide hydrogels of different polymer content has been investigated and a correlation between
morphology of precipitate and hydrogel concentration was found [35]. A similar experimental setup
was also applied in the agarose hydrogel system in order to estimate the impact of porosity on
the properties of mineral phase and to correlate it with supersaturation profile and presence of
additives [36,37]. Besides the above-mentioned two-step protocols, simultaneous gel and CaCO3

formation has also been described. Thus, stepwise addition of Na2CO3/alginate solution into CaCl2
resulted in creation of appropriate composites and allowed the authors to recognize an active control of
the gel matrix over the size and morphology of the obtained calcite crystals [13]. Similarly, simultaneous
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CaCO3 precipitation and gelling of carrageenan, accomplished by the fast mixing of reactants,
explained the effect of the gelling status of carrageenan on properties of precipitate [12].

The objective of this work is to elaborate the protocols for production of a significant amount of
CaCO3/hydrogel composites and to demonstrate the possibilities to control the physical properties
of mineral particles, with emphasis on their size, surface texture, porosity and shape. Since the
biocompatible and degradable polysaccharides (sodium alginate and xanthan gum) and bioactive
calcium carbonate polymorphs are used, the composites may be suitable for application in a field of
hard tissue engineering or drug delivery. In addition, the obtained results may be used as alternative
experimental strategies for preparation of porous and/or monodispersed CaCO3 polymorphs, suitable
for use as templates for the preparation of polyelectrolyte multilayer capsules.

2. Results and Discussion

The precipitation in gelling environment has been initiated by the fast mixing of reactants in order
to enable a rapid formation of gel and apparently instantaneous establishment of supersaturation [12].
Both polysaccharides, xanthan and alginate, are anionic polyelectrolytes with similar chemical
functionalities attached to molecules’ backbone (carboxylate, hydroxide). Indeed, alginate contains
about one COOH, while xanthan less than 0.4 COOH per sugar unit. The alginate hydrogels are formed
by crosslinking their molecules with divalent cations, while the formation of xanthan gel is caused by
releasing the water molecules that are attached to polysaccharide molecules and hydrogen bonding of
chains [38–42]. The pore size distribution of both gels was controlled by varying the polysaccharide
molecule concentration.

The results of morphological and structural analyses of CaCO3 precipitated in gels were compared
to referent bulk-precipitation systems. In this way the effects caused by the space confinement and
charge density may be discerned from otherwise dominating factors for precipitation of slightly
soluble salts, like supersaturation and hydrodynamics. Thus, the initial supersaturation was be set
to be relatively high, in order to undoubtedly exceed the threshold values for onset of nucleation in
both systems. In all systems the concentrations of precipitating components were identical: c(CaCl2)
= c(Na2CO3) = 0.066 mol dm−3, which correspond to supersaturations expressed with respect to
amorphous calcium carbonate (ACC), SC = 89.2 and SACC = 8.1, respectively. Indeed, the addition of
polysaccharides affects the concentration of unbound calcium ions and the activity of all reactants
present in the system, so it is rather difficult to calculate the actual supersaturation in gelling systems.
Therefore, the applied concentrations of reactants were relatively high in order to ensure that the
threshold value for the onset of nucleation was exceeded in both systems and at all concentrations of
hydrogels. Indeed, fast and intensive precipitation was observed in all systems.

Three types of precipitation experiments in gel were performed in order to discriminate possible
hydrodynamic effects (order of addition of reactants), or the adjustment of pH, which may influence
the distribution of charges of polysaccharide molecules. Thus, in the system Ca-gel, pH = 10.5, Na2CO3

solution was introduced into the CaCl2/polysaccharide solution with respective concentration of
alginate or xanthan. The pH of CaCl2 was pre-adjusted to 10.5. The system Ca-gel, pH = 9.0, is identical,
but the pH of the CaCl2 was pre-adjusted to 9.0. The order of addition of reactants was changed in the
CO3-gel, pH = 10.5 system, in which the CaCl2 solution (pH = 10.5) was rapidly introduced into the
Na2CO3/polysaccharide solutions of the appropriate concentration of polysaccharide.

However, in the respective model systems (identical concentrations of reactants, but without
presence of polysaccharide), a mixture of amorphous calcium carbonate (ACC), calcite and vaterite
precipitated immediately after mixing the reactants. Transformation of unstable phases into the calcite
was completed after about 24 h. Figure S10 shows typical calcite crystals isolated from the system.
Similar precipitation/transformation pattern, according to which only calcite remained in the system
after 24 h, was also observed in the systems of higher and lower supersaturation (c(CaCl2) = c(Na2CO3)
= 0.1 mol dm−3 and c(CaCl2) = c(Na2CO3) = 0.033 mol dm−3).
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2.1. CaCO3 Precipitation in Xanthan Gels

The concentrations of xanthan used for precipitation experiments varied in the range from
0.20–2.00 wt % with respect to water and, in all systems, the formation of precipitate occurred
immediately after the addition of calcium or carbonate solution. The results of structural analyses
(P-XRD) and morphological observations (SEM) of precipitates are reported in Table 1 and in Figure S1a.
Typical X-ray diffractograms and respective FT-IR spectra are also shown (Figures S2, S3 and S6).
Hence, it is shown that at lower gel concentrations, cxan = 0.20 wt % and 0.35 wt %, the precipitate
obtained five days after initiating the process, consists predominantly of calcite, with traces of vaterite.
At a moderate concentration of gel, cxan = 0.40 wt %, calcite is still the predominant phase unless
in the system Ca-gel, pH = 10.5, about 39 wt % of vaterite is mixed with calcite. At the highest gel
concentration, cxan = 2.00 wt %, vaterite was found to be significantly present in all systems.

Table 1. Mineralogical composition, shape and average size (referred to the longest axis of single
particle or aggregate) of precipitate (calcite and vaterite) prepared in different xanthan gels and
ci(CaCl2) = ci(Na2CO3) = 0.066 mol dm−3, t = 5 days.

cxan/wt % wcalc/wt % Shape L/µm #

Ca-gel
pH = 9.0

0.20 99 c-axis elongated rhombohedra 15(5)
0.35 95 c-axis elongated rhombohedra 10(5)
0.40 99 etched rhombohedra 10(5)
2.00 21 etched rhombohedra-spheres 10(5)–10(5)

Ca-gel
pH = 10.5

0.20 100 Rhombohedra 10(5)
0.35 99 Rhombohedra 10(5)
0.40 61 etched rhombohedra-spheres 10(5)–10(5)
2.00 19 etched rhombohedra-spheres 10(5)–10(5)

CO3-gel
pH = 10.5

0.20 100 rhombohedra * 15(5)
0.35 100 rhombohedra * 10(5)
0.40 100 rhombohedra * 10(5)
2.00 54 Rhombohedra-spheres 10(5)–10(5)

* Indicates the presence of a high number of hemispherical cavities on the {10.4} faces. # Values in parenthesis
indicates the standard deviation.

The results of morphological analyses (SEM) are consistent with structural analyses of precipitate.
Thus, Figure 1 shows the typical morphologies of crystals isolated five days after initiating the
precipitation in different xanthan gels. In the system Ca-gel, pH = 9.0, and lower concentrations of
xanthan (cxan = 0.20 wt % and 0.35 wt %) the obtained calcite single crystals were elongated along
the c axis: Some of the latter showed hemispherical cavities. In the precipitate obtained by using,
cxan = 0.40 wt %, the calcite crystals are actually the assembly of subcrystals, etched on the {104} faces.
At cxan = 2.00 wt % the SEM showed predominantly single spheres having a smooth surface and
few elongated calcite crystals showing {011} faces and {104} faces. In the Ca-gel, pH = 10.5 system
and cxan = 0.20 wt %, calcite appeared as {104} rhombohedra single crystals in which some {104}
showed hemispherical cavities. At a cxan = 0.35 wt % the calcite crystals showed aggregation and the
morphology was not regular, while at increased concentration, cxan = 0.40 wt %, the rhombohedral
calcite crystals were elongated along the c-axis. At the highest concentration, cxan = 2.00 wt %,
the precipitate consists of spheres, having a smooth surface and sometimes joined with calcite crystal
with cavities. In some cases, the spheres fill calcite crystals (Figure S8). The precipitates observed in the
CO3-gel pH = 10.5 systems, cxan < 2.0 wt %, were rather similar to Ca-gel, pH = 10.5 and cxan = 0.35 wt %:
Calcite appeared in a form of single crystals in which some of the {104} faces showed cavities. However,
when the applied xanthan concentration was the highest, cxan = 2.00 wt %, the precipitate consisted of
{104} rhombohedral calcite and aggregates of spheres with rough surfaces.
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Figure 1. SEM micrographs of CaCO3 precipitated in xanthan hydrogels, prepared by different
procedures and concentration of polysaccharide. Precipitate was isolated 5 days after initiating
the process. (A–D) sample prepared using the system Ca-gel, pH = 9.0 and cxan = 0.20 wt % (A);
cxan = 0.35 wt % (B); cxan = 0.40 wt % (C); cxan = 2.00 wt % (D). (E–H) sample prepared using the system
Ca-gel, pH = 10.5 and cxan = 0.20 wt % (E); cxan = 0.35% (F); cxan = 0.40 wt % (G); cxan = 2.00 wt %
(H). (I–L) sample prepared using the system CO3-gel, pH = 10.5 and cxan = 0.20 wt % (I); cxan = 0.35%
(J); cxan = 0.40 wt % (K); cxan = 2.0 wt % (L). The images are representative of the entire populations
of particles.

Similar gradual change of calcite morphology with increasing xanthan gel concentration (from
compact rhombohedral crystals to spherical aggregates) has been described in the system in which
crystallization was initiated in (NH4)2CO3-CaCl2 systems [43]. The authors used xanthan as a model of
the exopolysaccharides excreted by soil bacteria, which are supposed to be responsible for accumulation
of terrestrial carbonates. The observed formation of spherical calcite and vaterite was explained with
increased diffusivity (viscosity) of the medium and the presence of carboxyl groups, which were
additionally introduced into a form of acidic amino acids.

It should be emphasized that in all xanthan systems and cxan = 2.00 wt %, a mixture of calcite and
vaterite precipitated. Thus, spherical aggregates of vaterite, calcite rhombohedra or rhombohedral
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calcite aggregates were observed. High fraction of not-transformed vaterite in these systems can
be explained by assuming a simultaneous nucleation and crystal growth of metastable and stable
polymorphs and subsequent transformation of metastable phases, either by solution mediated, or a
solid-state mechanism. During the transformation process, dissolution of vaterite and growth of calcite
crystals occur simultaneously. It was found previously that in pure aqueous systems [44] vaterite
dissolution is controlled by the diffusion of constituent ions (Ca2+ and CO3

2−) away from the crystal
surfaces, while calcite growth is controlled by surface process. At conditions of high concentration of
macromolecules and restricted diffusivity, vaterite dissolution becomes the rate determining step of the
overall transformation process. Therefore, at the highest xanthan concentrations, the vaterite content is
still high. In most of the systems, size of the particles varied in the range from 10 to 15 µm, without any
systematic correlation between their sizes and xanthan concentration. In addition, in the systems of
the highest gel concentration (cxan = 2.0 wt %) two polymorphs could be observed: Spherical vaterite
particles and prismatic calcite, which are of different size. However, the vaterite aggregates, which
are trapped within a calcite crystal, indicate the initial growth of both polymorphs in a limited space
(Figure S8).

In order to prove the incorporation of xanthan molecules by CaCO3, the thermogravimetric
analyses (TGA) of selected samples have been done. Thus, in the system Ca-gel, pH = 10.5,
cxan = 0.2 wt %, a mass loss of about 0.8%, in the range of temperatures between 50–150 ◦C was
observed. This loss corresponds to water molecules, while loss of about 1.0%, obtained within the range,
150–400 ◦C, corresponds to the decomposition of the organic matter. In the similar system, Ca-gel,
pH = 10.5, cxan = 0.35 wt %, about 0.3% of water (60–150 ◦C) and 0.9% of organic matter (150–400 ◦C)
detected. The results are comparable to those described in literature for calcite precipitation in the
presence of relatively low content of xanthan (c = 0.05%) and different initial concentrations of Ca2+

and CO3
2− [45]. Thus, the authors found that about 1% of xanthan could be incorporated into the

calcite which grow in system [Ca2+] = [CO3
2−] = 16 mmol dm−3, while at higher concentration, [Ca2+]

= [CO3
2−] = 32 mmol dm−3, the incorporated amount is lower, 0.27%. Similar investigations in

the agarose hydrogels of different strengths and degree of entanglements [7,46] showed exactly the
opposite trend of incorporation of gelling polysaccharide into the calcite structure. Thus, the increase
of the Ca2+ concentration from 5 mmol dm−3 to 30 mmol dm−3 caused the increase of the agarose
incorporation in the range from about 0.5 wt % to 0.9 wt %. The authors also proposed different
models of incorporation, which assumed a competition between parameters like the strength of the
gel, growth rate or specific crystal/agarose interactions.

2.2. CaCO3 Precipitation in Alginate Gels

The concentrations of alginate used for precipitation experiments varied in the range from
0.20 wt % to 2.00 wt % with the respect to water and precipitation started immediately after mixing
the reactants. The results of structural analyses of precipitate (P-XRD and FT-IR) are shown in Table 2
and in Figure S1, while Figures S4, S5 and S7 show the typical X-ray diffractograms and FT-IR spectra.
Thus, in the Ca-gel, pH = 10.5, mixture of calcite and vaterite was observed, while predominantly
calcite precipitated in the Ca-gel, pH = 9.0 and CO3-gel, pH = 10.5 systems. In the Ca-gel, pH = 9.0 and
lowest alginate concentration, vaterite was observed as well. In all gelling systems, the largest CaCO3

particles were observed at the lowest alginate concentration (calg = 0.20 wt %). However, at higher gel
concentrations, the average size of the particles decreased but no distinct correlation between the size
distribution and gel concentration was observed.
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Table 2. Mineralogical composition, shape and average size (referred to the longest axis of single
particle or aggregate) of precipitate (calcite and vaterite) prepared in different alginate gels and
ci(CaCl2) = ci(Na2CO3) = 0.066 mol dm−3, t = 5 days.

calg/wt % wcalc/wt % Shape L/µm #

Ca-gel
pH = 9.0

0.20 78 rhombohedra */spheres 10(3)–5(1)
0.50 100 rhombohedra 5(2)
0.80 100 rhombohedra * 5(2)
2.00 100 rhombohedra * 5(2)

Ca-gel
pH = 10.5

0.20 63 rhombohedra *-spheres 15(5)–5(2)
0.50 76 rhombohedra *-spheres 10(5)–5(3)
0.80 61 rhombohedra *-spheres 10(5)–5(4)
2.00 77 rhombohedra *-spheres 10(5)–5(3)

CO3-gel
pH = 10.5

0.20 100 rhombohedra * 15(5)
0.50 100 rhombohedra 10(3)
0.80 100 rhombohedra 10(5)
2.00 100 rhombohedra 10(5)

* Indicates the presence of a high number of hemispherical cavities on the {10.4} faces. # Values in parenthesis
indicates the standard deviation.

Typical SEM micrographs of the dried CaCO3 samples, precipitated in different alginate gels
are shown in Figure 2. Thus, calcite crystals precipitated in the CO3-gel, pH = 10.5 appeared in the
form of stack-like or polyhedral aggregates, built up of prismatic primary particles. On the other
hand, the rosette-like aggregates are predominant calcite forms in both Ca-gels. This is in agreement
with findings of some other authors that precipitated CaCO3 in presence of alginate or xanthan,
but at concentrations lower than critical for gel formation [45,47]. The predominant formation of
rosette-like calcite was explained by its nucleation on a gelled microparticles template. However,
predominant growth of stuck-like calcite morphology in the xanthan systems has been explained by
its nucleation directly on ionized carboxylate groups along the backbone of polysaccharide molecules
(see SI: Description of molecular gelling process) [38–42]. In comparison to literature data, the systems
investigated in this work are additionally complicated by strong gel formation and initial precipitation
of metastable and stable solid phases in close physical contact. Thus, Figure S9, shows vaterite
and calcite particles merged in a single phase in the alginate system in which vaterite to calcite
transformation was not completed (Ca-gel, pH = 10.5, c(alg) = 0.8 wt %). Contrarily, in the systems
in which the solution-mediated process of transformation was completed, the cavities in the calcite
crystals are visible (CO3-gel, pH = 10.5, calg = 0.8 wt % and Ca-gel, pH = 9.0, calg = 0.8 wt %). The effect
is stronger than in the xanthan gels of comparable concentration, which can be explained by difference
between their gelling mechanism: Strong crosslinking between alginate molecules with divalent
cations, versus the hydrogen bonding in xanthan. In addition, it should be considered that xanthan
contains less COOH groups that could initially interact with solid phases (1 COOH per monosaccharide
unit in alginate, versus 2/5 COOH per monosaccharide in xanthan).
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Figure 2. SEM micrographs of CaCO3 precipitated in alginate hydrogels, prepared by different
procedures and concentration of polysaccharide. Precipitates are isolated 5 days after initiating the process.
(A–D) sample prepared using the system Ca-gel, pH = 9.0 and calg = 0.2 wt % (A); calg = 0.5 wt % (B);
calg = 0.8 wt % (C); calg = 2.0 wt % (D). (E–H) sample prepared using the system Ca-gel, pH = 10.5 and
calg = 0.2 wt % (E); calg = 0.5 wt % (F); calg = 0.8 wt % (G); calg = 2.0 wt % (H). (I–L) sample prepared using
the system CO3-gel, pH = 10.5 and calg = 0.2 wt % (I); calg = 0.5 wt % (J); calg = 0.8 wt % (K); calg = 2.0 wt %
(L). The images are representative of the entire populations of particles.

2.3. Kinetics of CaCO3 Phase Transition in the Alginate Gels

The assumed initial and simultaneous formation of several CaCO3 phases in alginate gels was
confirmed by time resolved precipitation experiments in a moderately strong gelling environment
(Ca-gel, pH = 9.0, calg = 0.8 wt %). Figure 3A shows SEM micrographs of mineral particles
isolated immediately after formation of precipitate and after termination of the process (Figure 3B).
Indeed, typical vaterite spherulitic aggregates can be seen at the early stages of the process, while
irregular prismatic calcite crystals with spherical imprints were found at later stages. The existence
of both, metastable and stable polymorphs in alginate gelling systems are similar to findings of
Dias-Dosque et al. [48], obtained by spin-coating techniques and a slow CO2 diffusion. The semi
quantitative FT-IR analysis of mineral samples [49] separated from the gel at time intervals coincide
with the SEM observations (Figure 4). It is shown that vaterite content decreased from about 80 wt % at
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the beginning of the process and dropped to zero after 24 h. The observed relatively fast transformation
of vaterite crystals is apparently in contradiction to the results of CaCO3 growth in the system in
which alginate and Ca2+ have slowly released from respective gels [29]. In these systems, in which
CO2 diffusion technique was used, vaterite remained stabilized for 8 days, which is probably the
consequence of continuous supply of Ca2+ and CO3

2−. Their concentrations were obviously high
enough to keep the supersaturation level above the vaterite solubility and, as a result, hindered the
dissolution. Unfortunately, such experimental setup does not provide the information on solution
composition, which is crucial for understanding the mechanisms of formation of specific phases.
However, in the experimental setup applied in this work, the initial supersaturation could be estimated
and the continuous sampling for the FT-IR analyses applied. The analyses indicated that, besides the
crystalline polymorphs, the amorphous CaCO3 also existed at the early stages of the process. It was
identified according to the normal vibration frequencies of carbonate ions at about 1490 and 1430 cm−1

(ν3a, ν3b), 1080 cm−1 (ν1), 866 cm−1 (ν2), 725 and 690 cm−1 (ν4a, ν4b) [50–52]. Since, ν2 and ν4 bands
cannot be detected in the mixtures with high content of polymorphs, the ratios of the intensities of ν2

and ν4 absorption bands of calcite were measured [53,54]. In the case of pure calcite, the ratio is about
3, while in the mixtures with ACC, it increases as a consequence of the absence of ν4 absorption of
ACC in the 713 cm−1 region. Thus, it was found that the ν2/ν4 of the sample isolated at the beginning
of the crystallization was about 7.7, while after 24 h it drops to 2.3.

Figure 3. SEM micrographs of CaCO3 precipitated in Ca-gel, pH = 9.0 and calg = 0.8 wt %, isolated
from the system immediately after onset of the crystallization (A,B) and after 24 h (C,D). The higher
magnification micrographs are shown on the right side. The images are representative of the entire
populations of particles.
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Figure 4. (a) The FT-IR spectra of typical CaCO3 samples precipitate in Ca-gel (pH = 9.0; calg = 0.8 wt %)
and separated at respective time intervals. The absorption bands of calcite and vaterite at 712 cm−1 and
745 cm−1 are indicated. (b) The change of vaterite/calcite content with time, estimated by comparison
of the intensities of ν4 normal vibrations of carbonate ions in vaterite (v) and calcite (c).

The expected incorporation of the alginate molecules into the CaCO3 precipitate was tested by
TGA analyses of the samples isolated at selected time intervals. The results show (Table S1) that the
precipitate which consisted of calcite (t = 24 h) incorporated significantly less organic matter and water
in comparison to systems containing vaterite. However, no straightforward correlation between the
TG data and the vaterite or calcite content was found, which indicates that the water and organic
matter are not uniformly distributed within the gel and mineral phases. However, the correlation
can be found between the vaterite content and the total amount of incorporated water and alginate
macromolecules. Similar measurements were made in the system Ca-gel, pH = 10.5, calg = 0.8 wt %,
in which about 39% of vaterite was found after five days of aging. It was determined that about 3.2% of
water and 5.3% of organic matter are incorporated into the precipitate, which is qualitatively consistent
with data obtained from kinetics.

3. Materials and Methods

The chemicals used to prepare reactant solutions, CaCl2 and Na2CO3, were analytically pure and
the deionized water was of high quality (conductivity < 0.055 µS cm−1). Sodium carbonate solution,
c = 0.20 mol dm−3, was prepared by dissolving anhydrous Na2CO3 in water, while calcium chloride
solution, c = 0.20 mol dm−3, was made by diluting appropriate CaCl2 stock.

The polysaccharides used for gel preparation were kindly supplied by Danicso. Xanthan gum
was produced by a fermentation process of bacteria Xanthomonas campestris, while sodium alginate
was produced from brown seaweed, mainly Laminaria digitata species. The appropriate polysaccharide
stock solutions were prepared by the addition of respective amount of dry powder into deionized water
at 70–80 ◦C and intensive stirring until complete dissolution. Three different protocols of simultaneous
calcium carbonate precipitation and gel formation were employed.

3.1. CO3-Gel, pH = 10.5

50 cm3 of hot (70–80 ◦C) polysaccharide (alginate or xanthan) solution of respective concentration
was mixed with 50 cm3 of Na2CO3 solution (c = 0.20 mol dm−3, pH = 11.5) and intensively stirred.
Precipitation was initiated by rapid addition of 50 cm3 of CaCl2 solution (c = 0.20 mol dm−3) into
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100 cm3 of thus prepared Na2CO3/polysaccharide mixture. The pH of CaCl2 solution was previously
adjusted by the addition of NaOH, to the value, pH = 10.5. The obtained suspension was aged for
5 days at room temperature.

3.2. C-Gel, pH = 9.0

50 cm3 of hot (70–80 ◦C) polysaccharide (alginate or xanthan) solution of respective concentration
was mixed with 50 cm3 of CaCl2 solution (c = 0.20 mol dm−3) and intensively stirred. The pH of CaCl2
solution was previously adjusted by the addition of NaOH to the value, pH = 9.0. Precipitation was
initiated by rapid addition of 50 cm3 of Na2CO3 solution (c = 0.20 mol dm−3, pH = 11.5) into 100 cm3

of thus prepared CaCl2/polysaccharide mixture. The obtained suspension was aged for 5 days at
room temperature.

3.3. Ca-Gel, pH = 10.5

50 cm3 of hot (70–80 ◦C) polysaccharide (alginate or xanthan) solution of respective concentration
was mixed with 50 cm3 of CaCl2 solution (c = 0.20 mol dm−3) and intensively stirred. The pH of CaCl2
solution was previously adjusted by the addition of NaOH to the value, pH = 10.5. Precipitation was
initiated by rapid addition of 50 cm3 of Na2CO3 solution (c = 0.20 mol dm−3, pH = 11.5) into 100 cm3

of thus prepared CaCl2/polysaccharide mixture. The obtained suspension was aged for 5 days at
room temperature.

3.4. Model System

Precipitation was initiated by rapid addition of 50 cm3 of Na2CO3 solution (c = 0.20 mol dm−3,
pH = 11.5) into 100 cm3 of magnetically stirred CaCl2 solution, (c = 0.20 mol dm−3, pH = 6.7). The progress
of the reaction was followed by measuring the pH. The system was aged for 24 h.

At the end of each experiment, the suspension was centrifuged, the precipitate was washed
several times with saturated calcite solution and dried at 105 ◦C for 3 h. Thermogravimetric
analyses of precipitates were performed by means of Mettler TG 50 thermobalance, equipped with
TC 10 TA processor, at rate 10 K/min. Qualitative and semi quantitative composition of the dried
precipitate was determined by means of FT-IR spectroscopy (FT-IR Bruker, Tensor II) using KBr pellet
technique [35] and by X-ray powder diffraction (XRD) using an automatic Philips diffractometer,
model PW1820 (CuKα radiation, graphite monochromator, proportional counter) in Bragg-Brentano
geometry. The diffraction intensities were measured in the angular range 10◦ ≤ 2Θ ≤ 70◦. Step size
was set to 0.02◦ of 2θ with measuring time of 2 s per step. Calcite and vaterite were identified according
to the ICDD Powder Diffraction File [55]. In order to determine the mole fractions of calcite and vaterite
in the samples, a calibration curve, correlating the intensity ratios of selected diffraction lines and
the mole ratio of calcite and vaterite, was constructed. The morphologies of the precipitate were
observed by optical microscopy (Orthoplan photographic microscope, E. Leitz, Wetzlar, Germany) and
by scanning electron microscopy, SEM (Hitachi 6400) operating at 20 kV. For the SEM observations,
the samples were glued by a carbon tape on the aluminum stub and gold sputtered.

Calculation of the initial solution composition (supersaturation) was based on the known total
calcium chloride and sodium carbonate concentrations and the known NaOH concentration used for
pH adjustment. The initial supersaturation was defined as relative supersaturation, S = (Π/Ksp)1/2,
where Π is the ion activity product, Π = a(Ca2+)·a(CO3

2−), and Ksp is the thermodynamic solubility
product of calcite (Ksp = 3.313 × 10−9), vaterite (Ksp = 1.221 × 10−8) or amorphous calcium carbonate
(ACC) (Ksp = 3.976 × 10−7) [37] at 25 ◦C. Detailed calculation procedure, which considers the respective
protolytic equilibria and equilibrium constants, as well as the charge and mass balance equations,
was shown previously [56,57]. However, it should be emphasized that in the case of precipitation
in gels, the presence of the respective polysaccharide was not considered so the calculated initial
supersaturation is given only for comparison with bulk precipitation experiments.
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4. Conclusions

Precipitation of calcium carbonate was investigated in xanthan and alginate hydrogels in which
the concentration of polysaccharide molecules varied in the range from 0.2 to 2.0%.

Precipitation was performed simultaneously with the gel formation and was initiated by a fast
addition of reactants (Ca2+ or CO3

2− solutions) into hot CO3-polysaccharid or Ca-polysaccharide
solutions, respectively. Relatively high initial supersaturation was selected in order to exceed the
threshold values for starting the nucleation in both gelling systems and at all concentrations of
macromolecules. In addition, high initial supersaturation provided the environment for initial and
simultaneous formation of different polymorphic modification of calcium carbonate. Simultaneous
nucleation and growth of spherical vaterite aggregates and prismatic calcite crystals in the confined
space resulted in the formation of hybrid, ingrown structures. After dissolution of vaterite, which is
a result of aging of the precipitate, calcite crystals with spherical imprints remained.

In the model systems (no polysaccharide), a mixture of calcite, vaterite and amorphous calcium
carbonate precipitated initially, but due to the solution-mediated process of transformation, only
calcite remained in the solution after 24 h. Transformation (dissolution) of ACC typically finished after
five min.

In the presence of lowest concentrations of xanthan gel, the precipitate aged for five days consisted
predominantly of calcite single crystals with developed {011} faces, elongated along c axis and
capped with {104} faces. At moderate xanthan concentrations, the porous polyhedral aggregates
were found after five days of aging. At the highest xanthan gel concentration, a substantial amount
of not-transformed vaterite was observed in all systems, thus pointing out to the strong inhibition of
vaterite dissolution.

In the CO3-alginate gels of all concentrations, calcite was the only calcium carbonate polymorph
found after five days of aging, while in the Ca-gels the vaterite was found as well. In the CO3-gels,
calcite appeared in a form of microcrystalline aggregates, while in Ca-gels the rosette-like or stuck-like
monocrystals was found.

Time resolved crystallization experiments in moderately strong Ca-alginate hydrogels, showed
that a mixture of calcite, vaterite and amorphous calcium carbonate formed initially. After 24 h of aging,
only calcite remained in suspension. In comparison to the model system, transformation of amorphous
calcium carbonate was significantly inhibited and it was detected even after four h of aging.

Calcite samples isolated from gelling systems typically incorporate less than 1% of water molecules
and about 1% of macromolecules. The incorporation of water into the samples containing vaterite is
significantly higher and up to 6.8% was determined. The content of absorbed macromolecules is also
much higher and more than 3% was found in all systems.

Described one-step protocols may be useful for preparation of biocompatible CaCO3/alginate
or CaCO3/xanthan hydrogel composites, with different gel strength, mineral phase composition and
adjustable micro or macro porosity. Indeed, such mixtures may be suitable for diverse applications in
the hard tissue engineering and/or drug delivery.
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under the project (IP-2013-11-5055). Giuseppe Falini and Simona Fermani thank the Consorzio Interuniversitario per la
Chimica dei Metalli nei Sistemi Biologici for the support.

Author Contributions: The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brecevic, L.; Kralj, D. On calcium carbonates: From fundamental research to application. Croat. Chem. Acta 2007,
80, 467–484.

www.mdpi.com/2073-4352/7/12/355/s1


Crystals 2017, 7, 355 13 of 15

2. Sommerdijk, N.A.J.M.; de With, G. Biomimetic CaCO3 mineralization using designer molecules and
interfaces. Chem. Rev. 2008, 108, 4499–4550. [CrossRef] [PubMed]

3. Gebauer, D.; Völkel, A.; Cölfen, H. Stable prenucleation calcium carbonate clusters. Science 2008, 322,
1819–1822. [CrossRef] [PubMed]

4. Meldrum, F.C.; Cölfen, H. Controlling mineral morphologies and structures in biological and synthetic
systems. Chem. Rev. 2008, 108, 4332–4432. [CrossRef] [PubMed]

5. Demichelis, R.; Raiteri, P.; Gale, J.D. Structure of hydrated calcium carbonates: A first-principles study.
J. Cryst. Growth 2014, 401, 33–37. [CrossRef]

6. Carlson, W.D. The polymorphs of CaCO3 and the aragonite-calcite transformation. Rev. Mineral. Geochem.
1983, 11, 191–225.

7. Asenath-Smith, E.; Li, H.; Keene, E.C.; Seh, Z.V.; Estroff, L.A. Crystal growth of calcium carbonate in
hydrogels as a model of biomineralization. Adv. Funct. Mater. 2012, 22, 2891–2914. [CrossRef]

8. Flory, P.J. Introductory lecture. Faraday Discuss. Chem. Soc. 1974, 57, 7–18. [CrossRef]
9. Estroff, L.A.; Hamilton, A.D. Water gelation by small organic molecules. Chem. Rev. 2004, 104, 1201–1218.

[CrossRef] [PubMed]
10. Nindiyasari, F.; Fernández-Díaz, L.; Griesshaber, E.; Astilleros, J.M.; Sánchez-Pastor, N.; Schmahl, W.W.

Influence of gelatin hydrogel porosity on the crystallization of CaCO3. Cryst. Growth Des. 2014, 14, 1531–1542.
[CrossRef]

11. Max, A.; Lauffer, M.A. Theory of diffusion in gels. Biophys. J. 1961, 1, 205–213.
12. Kosanovic, C.; Falini, G.; Kralj, D. Mineralization of calcium carbonates in gelling media. Cryst. Growth Des.

2011, 11, 269–277. [CrossRef]
13. Xie, M.; Olderoy, M.O.; Andreassen, J.P.; Selbach, S.M.; Strand, B.L.; Sikorski, P. Alginate-controlled formation

of nanoscale calcium carbonate and hydroxyapatite mineral phase within hydrogel networks. Acta Biomater.
2010, 6, 3665–3675. [CrossRef] [PubMed]

14. Munro, N.H.; McGrath, K.M. Biomimetic approach to forming chitin/aragonite composites. Chem. Commun. (Camb.)
2012, 48, 4716–4718. [CrossRef] [PubMed]

15. Volodkin, V.; Petrov, A.I.; Prevot, M.; Sukhorukov, G.B. Matrix polyelectrolyte microcapsules: New system
for macromolecule encapsulation. Langmuir 2004, 20, 3398–3406. [CrossRef] [PubMed]

16. Trushina, D.B.; Bukreeva, T.V.; Kovalchuk, M.V.; Antipina, M.N. CaCO3 vaterite microparticles for biomedical
and personal care applications. Mater. Sci. Eng. C 2014, 45, 644–658. [CrossRef] [PubMed]

17. Volodkin, D.; Klitzing, R.; Möhwald, H. Pure protein microspheres by calcium carbonate templating.
Angew. Chem. Int. Ed. 2010, 122, 9444–9447. [CrossRef]

18. Lengert, E.; Saveleva, M.; Abalymov, A.; Atkin, V.; Wuytens, P.C.; Kamyshinsky, R.; Vasiliev, A.L.; Gorin, D.A.;
Sukhorukov, G.B.; Skirtach, A.G.; et al. Silver alginate hydrogel micro- and nanocontainers for theranostics:
Synthesis, encapsulation, remote release, and detection. ACS Appl. Mater. Interfaces 2017, 9, 21949–21958.
[CrossRef] [PubMed]

19. Parakhonskiy, B.V.; Yashchenok, A.M.; Konrad, M.; Skirtach, A.G. Colloidal micro- and nano-particles as
templates for polyelectrolyte multilayer capsules. Adv. Colloid Interface Sci. 2014, 207, 253–264. [CrossRef]
[PubMed]

20. Yashchenok, A.; Parakhonskiy, B.; Donatan, S.; Kohler, D.; Skirtachad, A.; Mohwald, H. Polyelectrolyte
multilayer microcapsules templated on spherical, elliptical and square calcium carbonate particles. J. Mater.
Chem. B 2013, 1, 1223–1228. [CrossRef]

21. Yi, Q.; Sukhorukov, G.B. Externally triggered dual function of complex microcapsules. ACS Nano 2013, 7,
8693–8705. [CrossRef] [PubMed]

22. Donatan, S.; Yashchenok, A.; Khan, N.; Parakhonskiy, B.; Cocquyt, M.; Pinchasik, B.; Khalenkow, D.;
Möhwald, H.; Konrad, M.; Skirtach, M. Loading capacity versus enzyme activity in anisotropic and spherical
calcium carbonate microparticles. ACS Appl. Mater. Interfaces 2016, 8, 14284–14292. [CrossRef] [PubMed]

23. Svenskaya, Y.I.; Fattah, H.; Zakharevich, A.M.; Gorin, D.A.; Sukhorukov, G.B.; Parakhonskiy, B.V. Ultrasonically
assisted fabrication of vaterite submicron-sized carriers. Adv. Powder Technol. 2016, 27, 618–624. [CrossRef]

24. Douglas, T.E.L. Biomimetic Mineralization of Hydrogels in Biomineralization and Biomaterials, Fundamentals and
Applications; Aparicio, C., Ginebra, M., Eds.; Woodhead Publishing: Cambridge, UK; 2015; pp. 291–313.

25. Gkioni, K.; Leeuwenburgh, S.C.; Douglas, T.E.; Mikos, A.G.; Jansen, J.A. Mineralization of hydrogels for
bone regeneration. Tissue Eng. B 2010, 16, 577–585. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/cr078259o
http://www.ncbi.nlm.nih.gov/pubmed/18937514
http://dx.doi.org/10.1126/science.1164271
http://www.ncbi.nlm.nih.gov/pubmed/19095936
http://dx.doi.org/10.1021/cr8002856
http://www.ncbi.nlm.nih.gov/pubmed/19006397
http://dx.doi.org/10.1016/j.jcrysgro.2013.10.064
http://dx.doi.org/10.1002/adfm.201200300
http://dx.doi.org/10.1039/dc9745700007
http://dx.doi.org/10.1021/cr0302049
http://www.ncbi.nlm.nih.gov/pubmed/15008620
http://dx.doi.org/10.1021/cg401056t
http://dx.doi.org/10.1021/cg1012796
http://dx.doi.org/10.1016/j.actbio.2010.03.034
http://www.ncbi.nlm.nih.gov/pubmed/20359556
http://dx.doi.org/10.1039/c2cc00135g
http://www.ncbi.nlm.nih.gov/pubmed/22473223
http://dx.doi.org/10.1021/la036177z
http://www.ncbi.nlm.nih.gov/pubmed/15875874
http://dx.doi.org/10.1016/j.msec.2014.04.050
http://www.ncbi.nlm.nih.gov/pubmed/25491874
http://dx.doi.org/10.1002/ange.201005089
http://dx.doi.org/10.1021/acsami.7b08147
http://www.ncbi.nlm.nih.gov/pubmed/28603966
http://dx.doi.org/10.1016/j.cis.2014.01.022
http://www.ncbi.nlm.nih.gov/pubmed/24594104
http://dx.doi.org/10.1039/c2tb00416j
http://dx.doi.org/10.1021/nn4029772
http://www.ncbi.nlm.nih.gov/pubmed/24083649
http://dx.doi.org/10.1021/acsami.6b03492
http://www.ncbi.nlm.nih.gov/pubmed/27166641
http://dx.doi.org/10.1016/j.apt.2016.02.014
http://dx.doi.org/10.1089/ten.teb.2010.0462
http://www.ncbi.nlm.nih.gov/pubmed/20735319


Crystals 2017, 7, 355 14 of 15

26. Douglas, T.E.L.; Sobczyk, K.; Łapa, A.; Włodarczyk, K.; Brackman, G.; Vidiasheva, I.; Reczyńska, K.;
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