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ABSTRACT

We documented a specific method for combining calcium ions and alginate molecules slowly and
continuously in the mineralization system for the purpose of understanding the mediating function of
alginate on the crystallization of calcium carbonate. The alginate was involved in the nucleation and the
growth process of CaCOs. The crystal size, morphology and roughness of crystal surface were
significantly influenced by the type of the alginate, which could be accounted for by the length of
the G blocks in alginate. A combination of Fourier transform infrared spectroscopy and thermogravi-
metric analysis showed that there were the chemical interactions between the alginate and the mineral
phase. This strategic approach revealed the biologically controlled CaCO3 mineralization within calcium
alginate hydrogels via the selective nucleation and the confined crystallization of CaCOs. The results
presented here could contribute to the understanding of the mineralization process in hydrogel

systems.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Biomineralization process is a specific process that applies
natural macromolecule to control and direct the crystallization of
biominerals. The formation of various biominerals in living
organisms is based on the biomineralization process [1]. Hence,
the ability to control crystallization is a critical requirement in the
deposition of many important biominerals. Calcium carbonate is
of great interest in the context of crystal control because it is
produced by a wide variety of biological organisms that exhibit
exquisite control over the polymorph, location of nucleation,
crystal size and morphology [2].

Calcium carbonate is one of the most wide-spreading minerals,
which can exist in several different polymorphs (in the order of
increasing stability): vaterite, aragonite and calcite. Usually, these
are found in polycrystalline spherulites, needle-like particles and
single-crystalline cubes, respectively. In nature, however, the mor-
phology is precisely controlled by organic molecules and the mineral
is designed to meet the structural and functional needs of the
organism [1]. Although aragonite and calcite are the most com-
monly-found polymorphs in natural systems, vaterite is also present
in some organisms. All of the polymorphs can be obtained within
in vitro crystallization. All of the polymorphs eventually transform
into the most stable form, calcite, in the presence of water.

The precise control of additives has inspired many researchers
to investigate the influence of additives on the crystallization/
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growth of calcium carbonate [3-10]. A number of additives, such
as synthetic polymers [6,9-13] and biopolymers [14-17], have
been proven to exert effects on the polymorphs and morphologies
of CaCOs3. Most of the studies are concentrated on the role of
proteins. Polysaccharide, as a kind of natural biopolymer, has also
been shown to play a vital role in the growth of biominerals in
organisms [18]. In recent publications natural chitin has been
used, as a representative of polysaccharide, for the controlled
deposition of calcium carbonate [19-23]. Falini et al. [19]
observed three main polymorphs of calcium carbonate crystals,
such as calcite, aragonite and vaterite, in the B-chitin scaffold.
Their location within the matrix is a function of the polymorph.
The supersaturation inside the compartmentalized space in the
chitin governs the location and polymorphism of the crystals.
Yamamoto et al. [20] previously reported that the nucleation of
CaCOs occurred in the liquid-crystalline chitin matrix and the
CaCOs crystals deposited in the chitin gels to form hybrids with
an interpenetrated three-dimensional structure. However, little is
known about the precise mechanism on how polysaccharides
affect the crystallization of CaCOs. From the viewpoint of chemi-
cal structure, many polysaccharides are natural block copolymers
and consist of two or more different glycosidic monomer units [2].
For example, alginate is a hydrophilic polysaccharide that is
produced by algae and bacteria. Chemically, it is a linear copoly-
mer of two monomers, o-L-guluronic acid (G) and B-p-mannuro-
nic acid (M) residues, joined by glycosidic links «-1, 4 and B-1, 4.
The monomers are arranged in a block-wise pattern along the
chain with homopolymeric regions of G and M, termed G and M
blocks, respectively, interspaced with regions of alternating
structure (GM blocks) [24]. The ratio and order of G and M units
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are of great importance for the physicochemical properties of the
polymer, such as affinity to cations, gelling properties and chain
stiffness. Alginate forms gel with divalent cations, such as Ca*.
In the alginate molecules with only G blocks and GM blocks can
bind Ca?* in the form of “egg-box”, while M blocks act as the
solvating moiety [25,26]. Thus, the length of the G blocks is the
main structural feature contributing to gel formation [27]. In
previous studies, alginate was found to inhibit the crystallization
of calcium carbonate by interacting directly with the growing
surface of the crystals, although alginate could not alter the
standard rhombohedral habit of calcite [28,29]. Butler et al. [2]
reported that the direct mixing of calcium and carbonate ions
could result in the rosette-like aggregates of calcite in the
presence of sodium alginate. Very recently, alginate was used as
additives to induce the formation of CaCO3 particles with differ-
ent shapes and polymorphs [30,31]. For instance, the growth of
lens-like vaterite was obtained by slowly released alginate, which
was due to the partially oriented aggregation [32]. Despite the
importance of alginate in the field of biomineralization, where the
polysaccharide provides the template for the intricate hierarchical
assembly of calcium carbonate crystals, the research on the
precise mechanism of mediating effect of alginate and the inter-
play between crystallization of calcium carbonate and the biopo-
lymer alginate is so far limited.

In our research, we used a specific strategy, where calcium ion
and alginate were slowly and continuously added in the miner-
alization system. The mineralization process occurred at a rela-
tively low rate. The motivation for this research is to explore how
alginate mediates the crystal growth of calcium carbonate. In
addition, by studying the possible mineral/biopolymer interac-
tions, the probable mechanism of CaCOs crystallization within
calcium alginate hydrogel is proposed. Generally speaking, the
present study provides basic information for the control of calcium
carbonate crystals in hydrogel system and suggests a novel path-
way for the biomimetic fabrication of functional materials.

2. Experiment section
2.1. Materials

Two different kinds of sodium alginates were used in the
experiments, denoted as High G and Low G alginate, respectively.
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Both of them were purchased from Shanghai Chineway Pharma-
ceutical Tech. Co. Ltd., Shanghai, China. High G alginate (HG
Wp=2—-3 x 10° g/mol, LF 10-60) has 65-75% G blocks and Low
G alginate (LG W,,=2—-3x 10° g/mol, 120 M) has 30-35% G
blocks [33]. Higher content of G blocks leads to longer length of
G blocks in HG alginate than G blocks in LG alginate. The ratio of
G/M blocks is about 7/3 in HG alginate and 3/7 in LG alginate.
Fig. 1 reveals the chemical structure of alginate and the arrange-
ment of G and M blocks and repetitive domain of the two alginates
for this study. Calcium chloride (AR) and sodium carbonate (AR)
were bought from Chemical Agents Co. Ltd., Beijing, China. All
chemicals were used without further purification. Deionized water
was used throughout the sample preparations.

2.2. Hydrogel preparation and crystallization of CaCO3

For comparison, sodium alginates with different G blocks were
used to form the hydrogels and then they were simultaneously
setup under the same experimental conditions of calcium carbonate
crystallization. 100 ml aqueous sodium alginate solutions (1 w%)
were added into 200 ml calcium chloride solutions with 0.02 and
0.1 mol/L concentrations, respectively, via using a disposable
syringe. Ca-alginate gel beads with a diameter of approximately
2 mm formed immediately. Then the gel beads were immersed in
the calcium chloride solutions overnight. After that the obtained
Ca-alginate gel beads (~ 150 g) were washed with deionized water,
dried and put into 200 ml sodium carbonate solutions with 0.02
and 0.1 mol/L concentrations, respectively. The mineralization pro-
cess lasted for 4 h. The advantage of this procedure is that Ca2* and
the alginate macromolecules were gradually released from the
Ca-alginate gel with the gel dissociation. When the mineralization
process finished, the supernatants were removed carefully, then the
calcium carbonate powder precipitated at the bottom of beaker was
rinsed, dried and collected. The final CaCO5; powder obtained from
High G Ca-alginate gels, which was formed using 0.1 mol/L calcium
chloride solutions and 0.1 mol/L sodium carbonate solutions, was
named HGO1. The CaCO5; powder named HG002 was acquired from
High G Ca-alginate gel with 0.02 mol/L calcium chloride solution
and 0.02 mol/L sodium carbonate solutions. Calcium carbonate
powders LGO1 and LG0O02 were named in the same way. The
reactions were carried out at room temperature and the specific
procedure is shown in Fig. 2.
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Fig. 1. Chemical structure of alginate (a) and the arrangement of G and M blocks of High G and Low G alginate (b).
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2.3. Crystal characterization

When the mineralization process completed, the calcium carbo-
nate named LGO1, LG002, HGO1 and HG002 were gained. These four
kinds of powders were coated with Au prior and then imaged using
LEO-1530 (LEO Company) scanning electron microscope (SEM), fitted
with a field-emission source operating at an accelerating voltage of
10 kV. Phase analysis was performed by powder XRD using a D8
ADVANCE (BRUKER Company) X-ray diffractometer with Cu Ko
radiation (40 kV, 40 mA). XRD patterns of calcium carbonate crystals
were collected at a 20 range of 5-80°. Thermogravimetric analysis
(TGA) was performed with a TGA Q5000 (TA Instruments) to monitor
the weight loss of the samples at a heating rate of 10 °C/min from
room temperature to 900 °C under a nitrogen atmosphere. Infrared
spectra were collected using a Nicolet 6700 (ThermoFisher SCIEN-
TIFIC) Fourier transform infrared spectrometer using the KBr pellets
method with resolution of 4 cm ™. For the time-dependent experi-
ments, the calcium carbonate crystallization reactions were stopped
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Fig. 2. Schematic diagram of preparing calcium alginate hydrogels and crystal-
lization process of calcium carbonate.
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at the designed time. The products were lyophilized to obtain the
cotton-like mixtures of alginate and CaCOs, which were directly
characterized by FTIR to determine the interplay between mineral
and biopolymer.

3. Results and discussion

3.1. Calcium carbonate crystal growth with High G and Low G
Ca-alginate gels

Four kinds of calcium carbonate samples named HGO1, HG002,
LGO1 and LG002 were used to investigate crystal polymorph by
means of powder XRD analysis and FTIR spectral analysis. Fig. 3
depicts the typical XRD patterns of four calcium carbonate crystals
and it clearly exhibits that this four obtained CaCO5 crystals have a
similar pattern. The diffraction peaks at 20 of 29.4°, 35.9° and
39.5° correspond to (104), (110) and (11 3) crystallographic
planes of calcite, respectively, while the peak at 43.7° corresponds
to (3 00) crystallographic plane of vaterite [34]. As indicated by
the figure, the displayed diffraction peaks are well in agreement
with the previous study. FTIR spectra of calcium carbonate crystals
are shown in Fig. 4. The FTIR spectrum of calcite has a particularly
interesting characteristic. It has a very intense broad band center-
ing at 1425 cm~! and sharp bands at 876 and 712 cm~!, which
can be attributed to v3 (asymmetric CO stretching) mode, v2 (CO3
out-of-plane deformation) mode and v4 (OCO bending in-plane
deformation) mode vibrations [35], respectively. The infrared
spectra at 1084 cm~! is attributed to v1 (symmetric CO stretch-
ing) mode of vaterite [36]. Both XRD and FTIR results mentioned
above indicate that the synthesized CaCOs crystals are mainly
calcite with a small amount of vaterite crystals.

SEM of calcium carbonate products obtained from the reactions
in alginate gels with different length of G blocks and different ion
concentrations reveal the different morphology and crystal size of
CaCOs; (Fig. 5). In general, there are two kinds of obvious
morphologies, one is single calcite crystal and the other is calcite
aggregate. The particles of LG002, with morphologies of well-
defined rhombohedral single calcite crystals and step-like calcite
aggregates, are formed with Low G alginate gel and the CO3~
concentration of 0.02 mol/L (Fig. 5a). The morphologies of HG002
are similar to that of LGO02 (Fig. 5¢). The particle size of LGO02 and
HGO002 are about 4.5 and 3.0 um, respectively. When the ion
concentration increased from 0.02 to 0.1 mol/L, the morphologies
of calcite crystals changed significantly. The single calcite crystals
of LGO1 and HGO1 transformed from sharp rhombohedral shape to
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Fig. 3. XRD patterns of CaCO3 precipitated in the present of Low G and High G alginate at different concentrations of carbonate ions. Concentration of carbonate ions:

(a) 0.02 mol/L and (b) 0.1 mol/L; Square: calcite, Circle: vaterite.
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Fig. 4. FTIR spectra of CaCOs precipitated in the present of Low G and High G alginate at different concentrations of carbonate ions. Concentration of carbonate ions:

(a) 0.02 mol/L and (b) 0.1 mol/L.

Fig. 5. SEM images of calcium carbonate products obtained from the reactions with different carbonate ion concentrations and mediated by Low G and High G alginate. (a)
LG002, (b) LGO1, (c) HG002, and (d) HGO1; the scale bars in the whole micrographs are 10 pm.

cubic morphology without clear straight edge, and the average
crystal sizes are 7.6 and 6.0 um, respectively (Fig. 5b and d). The
calcite aggregates of LGO1 with spherical morphology are com-
posed of staircase-like blocks with the exposed (1 0 4) crystalline
faces (Fig. 5b), while the aggregates of HGO1 show double
spherical morphology (Fig. 5d). Interestingly, HGO1 displays the
same superstructure as the aggregates of LGO1. To further inves-
tigate the details of morphology, the calcite aggregates of four
kinds of particles are magnified, as shown in Fig. 6. Surprisingly,
the distinct appearances of crystal surface are detected. The
surfaces of crystals mediated by Low G alginate are smooth,
regardless of the CO35~ concentration (i.e. 0.1 or 0.02 mol/L).
Comparatively, the surfaces of CaCOs particles mediated by High
G alginate are rough and imperfect.

Alginate was reported previously to exert some influences on
the crystallization of CaCOs;, but did not alter the standard
rhombohedral habit of calcite [29]. However, some literatures do
support that the polymorph can be changed in the presence of
alginate. Leng et al. [32] believed that alginate exerted a strong
stabilizing effect on vaterite, which may originate from the special

interaction between alginate and Ca®™. In addition, when sodium
alginate was used for the prior treatment of porcine and human
heart valves, the crystallization of vaterite on the surfaces of
atherosclerotic aorta can be effectively inhibited [37]. Vaterite is
usually found when calcium carbonate precipitates at higher
levels of supersaturation. In this study, the network structure of
macromolecule was existed during the mineralization process [38],
in both the High G and the Low G alginate gels. The increase of
calcium ion concentration in the macromolecule network pro-
duced a high supersaturation of calcium ions at the local sites and
then a small amount of vaterite crystals were formed finally.

The method we developed here is targeted for adding the
inorganic ions and organic additives, namely Ca®* and alginate
molecules to the mineralization system slowly and continuously.
The mediating function of alginate was synergistic with the
nucleation and growth of CaCOs. The CO3~ diffusion method used
made sure that the CO3~ concentration within hydrogel increased
gradually. CO3~ was able to capture Ca?* from the gel, which
resulted in two cases of calcium carbonate crystal nucleation. One
was the selective nucleation of CaCO3; within the Ca-alginate gels;
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Fig. 6. SEM images of magnified calcite aggregates. (a) LG002, (b) LGO1, (c) HG002, and (d) HGO1; the scale bars in the whole micrographs are 1 um.

the other was CaCOs5 nucleation in the solution with free alginate
molecules. As the Ca?* was captured in the process of gel
dissociation, the alginate molecules might exist in two forms,
one was Ca-alginate hydrogels and the other was free alginate
molecules, till the gels completely dissociated. Therefore, during
the whole biomineralization process, CaCOs crystal growth was
mediated by alginate hydrogels and free alginate molecules. The
former led to the formation of calcite aggregates and the latter
favored the single calcite crystals. From Fig. 5, the crystal size of
the single calcite differed in the reactions with different carbonate
ion concentrations and mediated by Low G and High G alginates.
There might be two factors attributed to the crystal size of calcium
carbonate, CO3~ concentration and the type of alginate molecules.
There is no doubt that the higher CO3~ concentration can provide
more ions to promote crystals growth. The effect of the free
alginate molecules on the size of CaCO3 will be further discussed
later. Previously, Butler et al. [2] reported that the nucleation of
calcium carbonate crystals was not inhibited but the induction
time was increased in the presence of alginate, leading to the
increase in the amount of crystals. Very recently, some researchers
have proven that the induction time increased more with High G
alginate than with Low G alginate [30]. Considering the smaller
size of the calcite crystals with High G alginate, the amount of
crystals formed with High G alginate may be much more than that
formed in the presence of Low G alginate. On the other hand,
alginate is effective in inhibiting calcium carbonate crystallization,
which is consistent with previous studies [29,39,40]. Reduced
growth of calcium carbonate in the presence of additives is usually
accounted for the adsorption of the additives onto active growth
sites of the crystal surface and blocking the active growth sites
subsequently [29,41]. Because of alginate’s high affinity to cal-
cium, it is possible that alginate adsorbed onto active growth sites
on the crystal surface, and thus reduced the activity-based calcium
carbonate supersaturation, which is probably responsible for the
decreased growth rate of CaCOs. It is shown that peptides rich in
aspartic and glutamic acid containing carboxylic side groups
interacted strongly with calcium carbonate crystal surfaces [42].
In alginate, each monomer contains a carboxylic group, which
increases the mineral/biopolymer interaction. The different
growth rates for High G and Low G alginate may be accounted

for the difference in the length of G blocks, which is an important
parameter related to calcium affinity. Thus, the High G alginate
with longer G blocks may bind much strongly to the crystal
surface, which leads to lower growth rate and stronger growth
inhibition of calcium carbonate. It is a probable explanation as
why the crystal size controlled by High G alginate is smaller than
the one with Low G alginate. Some literature reported that the
surface morphological discrepancy is potentially due to the
different gelation mechanisms of calcium alginate at different
pH [43-45]. We believe that High G alginate can bind to the CaCO3
surface more intensely and interact with the mineral more
drastically than Low G alginate, which can lead to the rough and
imperfect surface of calcite with High G alginate and the smooth
surface with Low G alginate.

3.2. Interplay between the mineral and the biopolymer in the
biomineralization process

Thermogravimetric analysis (TGA) was employed to determine
whether the samples obtained from High G and Low G alginate
contain the organic matrix. TGA curves for both HGO1 and LGO1
are shown in Fig. 7, where the remaining sample weight (%) is
plotted as a function of temperature. From the results of TGA, the
distinct differences in the two samples are observed. The curve of
HGO1 shows two weight loss stages. One is probably due to the
loss of biopolymer up to about 500 °C. A subsequent loss in mass
is observed at approximately 600 °C, which is similar to the case
of the pure calcium carbonate sample. The curve of LGO1 only
shows a loss in mass at 600-700 °C. TGA data for alginate and
CaCOs3 are reported previously, where the weight loss between
150 and 500 °C is contributed to the decomposition of algi-
nate [46], above 600 °C is due to the decomposition of CaCOs3
into CaO and CO, [47]. This is consistent with our observations.
The researchers had proven that some block copolymers are
present in the calcite, and it is believed that there is a strong
interaction between functional groups in the polymer and cal-
cium ions in the crystal [48]. Etching experiments on large
numbers of calcite crystals obtained from gel system showed
that all of the gel-grown crystals incorporated the gel matrix [49].
Further study confirmed that the alginate was involved in the
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Fig. 7. TGA curves recorded for HGO1 and LGO1, showing thermal decomposition
of the mineralized products.

calcium carbonate particles and the particles were CaCOs/alginate
hybrids [32]. In the current studies, the alginate is detected in the
sample of HGO1 rather than LGO1, which is probably attributed to
the length of G blocks. The High G alginate containing longer G
blocks can result in a stronger interplay between the calcium
carbonate crystal and the alginate than that of Low G alginate. In
addition, the alginate may also exist in LGO1, but the amount of
alginate is too small to be observed.

During the time-dependent experiments of CaCO3; mineraliza-
tion, the reactions were stopped at the pre-selected time at 2, 5,
15, 30, 45 and 60 min, and the samples were lyophilized to
characterize the mineralization process of CaCO3 by FTIR, This is
primarily for determining the interplay between the mineral and
biopolymer in the biomineralization process. The variations of
infrared absorption peaks and the appearance of new absorption
bands are shown in Fig. 8, which describes the FTIR results of pure
alginate and the mixtures of crystal and biopolymer obtained after
2-min reaction. As indicated by the curve of the pure alginate, the
absorption peaks at 1620 and 1415 cm ™' can be assigned to the
asymmetric and the symmetric stretching vibration of —COO~
groups, respectively [50,51]. When the reaction time is 2 min, the
mineralization of CaCO3; can be confirmed by the appearance of
the absorption peaks at 2485, 865 and 708 cm~ !, and the peak
position shifts to lower wave numbers compared to the standard
calcite [35], which indicates that calcite crystallizes at the initial
stage and no other polymorph of calcium carbonate is formed.

FTIR spectra of the crystal/biopolymer mixtures acquired from
the High G Ca-alginate gels at the reaction times from 5 to 60 min
are shown in Fig. 9. The spectra of these samples are similar to each
other and only slight differences can be observed in the shape and
intensity of the bands. The FTIR spectra, with the bands of asym-
metric  stretching (1411cm™!), out-of-plane  deformation
(874 cm~!) and in-plane deformation (713 cm~!) are attributed to
calcite [52]. These typical bands can be observed clearly in these five
samples derived from the systems lyophilized at different times. At
the reaction time of 5 min, there is no obvious absorption band at
around 874 cm~'. From 15 to 60 min, the absorption bands at
873 cm~! become stronger and sharper. Similarly, the band at
706 cm~! also strengthens with the increasing reaction time. These
results indicate that the calcite content in the mixture increases
with the reaction time extension. The bands at approximately 870,
1030, 1452 and 1620 cm~!, which are clearly visible only for
alginate [38], can be detected in these five mixtures. Interestingly,
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Fig. 8. FTIR spectra of pure alginate and the mixtures obtained at the reaction
time of 2 min.
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Fig. 9. FTIR spectra of the crystal/bioploymer mixtures acquired from the High G
alginate gel at different reaction times.

the absorption band at approximately 1620 cm™~!, corresponding to
the asymmetrical stretching modes of carboxyl group in alginate
(vCOO™), gradually shifts to higher wavenumber in the samples
from 5 to 60 min. These shifts indicate there is chemical interaction
between the mineral and the biopolymer, most likely encouraged by
the chemical bonding between Ca?* and the negatively charged
carboxyl group in alginate [38]. The presence of intermolecular
interplay between inorganic minerals and alginate chains in the
polymer network can be used to control the crystal size and
roughness of the crystal surface.

From the investigations and analyses described previously, the
possible mechanism of calcium carbonate crystals with different
morphologies formed within the High G and Low G alginate
hydrogel is as follow. From the biomineralization’s perspective,
the biologically controlled process comprises of several coherent
steps: extraction and enrichment of calcium and carbonate ions,
nucleation, and confined crystallization of CaCOs, arrangement
and crystallographic orientation of crystallites [53]. In our study,
first of all, G blocks order into “zigzag” structure with cavities of
appropriate size for divalent metals. Regions of High G and Low G
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Fig. 10. Schematic illustration of the growth of calcite aggregates with different morphologies obtained from (a) Low G alginate gels and (b) High G alginate gels.

alginate chains rich in G blocks have heightened specificity for
Ca2* because of favorable geometric ordering for coordination.
This coordinate bond directly leads to the cross-linking of alginate
and then calcium alginate hydrogels are formed. Secondly, the
slow diffusion of CO3~ ions onto the gel surface can simulate the
extraction and enrichment of carbonate ions. Thirdly, the bound
calcium ions in alginate gel can act as the nuclei and then they
selectively nucleate together with the diffused carbonate ions to
form calcium carbonate crystals. Finally, the in situ confined
crystallization of CaCOs5 takes place within the alginate networks.
The confined crystallization leads to the formation of the stair-
case-like units with the exposed (1 0 4) crystalline faces and then
these units aggregate into a globular shape. In alginate molecules,
calcium ions can be bounded by G blocks in the form of “egg-box”,
where the calcium carbonate nucleated and crystallized [25,26].
Due to the fact that the content of guluronic acid residues is
different in High G and Low G alginate, the length of G blocks and
the interval blocks (M blocks) differ remarkably between High G
and Low G alginate. The High G alginate has shorter intervals in
the macromolecule backbones, which makes the two G blocks
more compact than that in Low G alginate. This explains to some
extent why double spherical calcite aggregates are formed with
High G alginate gels, while single spherical calcite aggregates are
obtained from Low G alginate gels. Thus, the calcium carbonate
mineralization within the network of calcium alginate hydrogel is
schematically illustrated in Fig. 10. This summarizes the two steps
of CaCOs crystal formation: selective nucleation and confined
crystallization of calcium carbonate.

4. Conclusions

In this paper, we documented a specific method for combining
inorganic ions and organic additives slowly and continuously for a
better mimicking of the biomineralization process in organisms.
SEM and XRD confirmed the effect of alginate on the crystal-
lization of CaCOs. Calcite, with two main morphologies of the
single calcite crystals and the spherical calcite aggregates, was the
predominant phase and a small amount of vaterite was coexisted.
The crystal size, morphology and crystal surface roughness were
controlled by the length of G blocks in alginate. FTIR and TGA
determined the interplay between the mineral and biopolymer in
the mineralization process. There were chemical interactions
between the alginate and the mineral phase, which might be

assigned to the interplay between calcium ions in the mineral and
carboxyl groups in alginate. A potential mechanism of CaCOs
crystallization within calcium alginate hydrogel was proposed.
The selective nucleation and the subsequent confined crystal-
lization of CaCO3 within the decomposed calcium alginate hydro-
gel with High G and Low G blocks led to form the double spherical
calcite aggregates and single spherical calcite aggregates, respec-
tively. Although detailed crystallographic data of CaCO3 were not
available from the present study, the results demonstrated
important aspects of alginate-controlled crystallization, which
contributed to the understanding of mineralization process in
hydrogel systems and suggested a novel pathway for the biomi-
metic fabrication of functional materials.
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