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1. Introduction

Carbonates are minerals that are frequently encountered in Nature, occurring as the main
mineral constituents in rocks and sediments, and as the most common constituents of the
bio-inorganic structures of the skeletons and tissues of many mineralizing organisms. The
presence of bio-inorganic structures of calcium carbonate polymorphs within organisms has
been intensively investigated in biology, mineralogy, chemistry, and material science
(Addadi & Weiner, 1992; Ozin, 1997; Stupp & Braun, 1997; Meldrum & Colfen, 2008) as well
as in biological fields, primarily in zoology (Taylor et al., 2009) and evolutionary biology
(Stanley, 2003).

The complex biomineral structures are formed through biomineralization processes, defined
as the formation of inorganic crystalline or amorphous mineral-like materials by living
organisms in ambient conditions (Mann, 2001; Bduerlein, 2007). Many organisms have,
during hundreds of millions of years of adaptation to the changing environment, developed
their own evolutionary strategy in the formation of biominerals (Knoll, 2003). As a result,
biomineralization has been a key to the historical existence of many species.

During the past decade, a number of published studies have shown that mineralizing
organisms utilize the capabilities of macromolecules to initiate the crystallization process
and to interact in specific ways with the surfaces of growing crystals (Mann, 1993; Falini et
al., 1996; Stupp & Braun 1997; Falini, 2000; Tambutté et al., 2007). Several studies report
evidence that many mineralizing organisms selectively form either intra- or extracellular
inorganic precipitates with unusual morphological, mechanical, and physico-chemical
properties (Falini et al., 1996, Mayers et al, 2008). These solids have surprisingly
sophisticated designs, in comparison with their abiotic analogues, in particular, taking into
account that they were formed at ambient pressure and temperature (Ozin, 1997; Skinner,
2005; Meldrum & Colfen, 2008; Mayers et al., 2008). Their formation process is highly
controlled, from the nanometer to macroscopic levels, resulting in complex hierarchical
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architectures and shapes, providing superior multifunctional material properties (Stupp &
Braun, 1997; Meldrum, 2003; Aizenberg, 2005).

The formation of biogenic calcium carbonate is controlled by organic molecules, mostly
peptides, polypeptides, proteins, and polysaccharides, which are directly involved in
regulating the nucleation, growth, and shaping of the precipitates (Elhadj et al., 2006a;
DeOliveira & Laursen, 1997; Sondi & Salopek-Sondi, 2004). Recently published studies have
shown that mineralizing organisms utilize the capabilities of such macromolecules to
interact in specific ways with the surfaces of the growing crystals, manipulating their
structural and physical properties (Teng et al., 1998; Volkmer et al., 2004; Tong et al., 2004).
These materials are inspiring a variety of scientists who seek to design novel materials with
advanced properties, similar to those produced by mineralizing organisms in Nature.

The mechanisms of the formation of unusual bio-inorganic mineral structures have been a
discussion topic for years. Lately, a new concept, the particle-mediated, non-classical
crystallization process in the formation of bio-inorganic, mesoscopically structured
mesocrystals, was promoted (Colfen & Antonietti, 2005; Wang et al., 2006). These structures
are composed of nanoparticle building units, and characterized by a well-facetted
appearance and anisotropic properties. This microcrystal concept is much more common in
biomineralization processes than has been assumed up to now, while the number of new
examples of the significance of mesocrystals in biomineral formation has significantly
increased in recent years.

Precipitated calcium carbonate (PCC) solids have a wide variety of important uses in
numerous industrial applications. They have long been recognized as versatile additives for
use in a wide range of plastic and elastomeric applications, and in many medical and dietary
applications and supplements. Presently, there is a need for new approaches to the
preparation of high-activity, submicron-size PCC materials with desirable physical and
chemical properties, using environmentally friendly materials and methods.

So far, only modest attention has been devoted to the formation of uniform and nearly
spherical calcium carbonate colloidal particles, devoid of crystal habits and anisotropic
properties, but still maintaining a crystal structure (Sondi et al., 2008). The aim of this
chapter is to describe recent advances in the formation of well-defined and uniform
submicron-size, nanostructured colloidal calcium carbonate particles, through the non-
classical biomimetic nanoscale aggregation route and to identify some of the problems that still
need to be addressed.

2. Bioinorganic structures - learning from Nature

A large number of organisms in Nature produce, either intracellularly or extracellularly,
inorganic materials, mostly modified calcium carbonate polymorphs. The number of
reported studies on their function, structure and morphology has recently been increasing.
A comprehensive coverage of all such studies and of biomineral structures would be
impractical in this chapter. Instead, an example of functional biomineralization will be given
by presenting structures of coccolithophores and their inorganic coccosphere and coccoliths,
some of the remarkable and omnipresent types of marine phytoplankton assemblies in
Nature (March, 2007). These are characterized by intriguing structures that can offer an
answer to the question of how organisms govern the formation of complex bioinorganic
structures, and how these structures are adapted to the functions of these organisms.
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The aim of the present contribution is to highlight the internal structures and surface
morphology of coccolith at the nano-level. Figure 1 shows a scanning electron
photomicrograph (SEM) of coccosphere from the sediments of a marine lake (Malo Jezero, in
the island of Mljet, Adriatic Sea). Coccolith shows its typical complex morphological feature
characterized by pervasive and consistent chirality and radial symmetry (Figure 1A).
However, a fairly unique observation at higher magnification is that the structural elements
of coccolith are built up of much smaller, nanosize subunits (Figure 1B-D). This finding
suggests that some organisms have the ability to use neoclassical mechanisms in the
formation of their biomineral structures, based on the aggregation of preformed nanosize
particles.

Fig. 1. SEM photomicrographs of coccosphere showing their (A) typical shape and
morphology and (B-C) the composite nature of coccoliths at higher magnification. The
sample originate from sediment from the marine lake of Malo Jezero on the island of Mljet,
(Adriatic Sea). Unpublished illustrations.

The appearance of nanostructured biominerals in Nature is the rule rather than a chance
event. Various other organisms base the functionality of their structural components on the
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formation of nanostructured materials, functionally adapted to the living environment.
Figure 2 shows an example of heterotrophic protozoa that build up their lorica from highly
organized and nanostructured calcium carbonate solids.

Fig. 2. SEM photomicrographs of heterotrophic protozoa showing the nanostructured shape
of their lorica (the samples originate from the sediment of the marine lake of Malo Jezero on
the island of Mljet, Adriatic Sea). Unpublished illustrations.

The findings obtained in natural systems have instigated laboratory experiments in
producing carbonate materials by biomimetic precipitation processes. The methodology of
the precipitation process, based on the aggregation of the preformed nanosize particles, is a
way to produce uniform colloidal calcium carbonate solids.

3. Biomimetic formation of calcite particles

During recent decades tremendous progress in the preparation of a variety of colloids of
simple and composite natures has been made. The general principles regarding the
conventional formation of colloids of different structural, physical, and chemical properties
have been established (Matijevi¢, 1993). The search for innovative processing strategies to
produce uniform precipitates of calcium carbonate of controlled size was advanced using
the concepts and methodologies of biomimetic materials chemistry. This concept was
defined by Mann (1993), who stated that “the systematic fabrication of advanced materials will
require the construction of architectures over scales ranging from the molecular to the macroscopic.
The basic constructional processes of biomineralization - supermolecular pre-organisation, interfacial
molecular recognition (templating) and cellular processing - can provide useful archetypes for
molecular-scale building, or molecular tectonics in inorganic material chemistry”. Some of the
recent reviews have, in detail, described the biomimetic formation of carbonate solids, using
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new concepts of microstructural processing techniques that either mimic, or are inspired by,
biological systems (Meldrum, 2003; Colfen, 2003; Yu & Colfen, 2004; Xu et al., 2007).

A number of new methods and approaches, based on biomimetic processes and techniques,
have been investigated and used in the preparation of calcium carbonate precipitates of
different structural, morphological and surface properties. Some of them have been focused
on exploring the promoting effect of matrices (templates) on the crystals’ nucleation and
growth (Popescu et al., 2007; Tremel et al., 2007). Several procedures have been developed,
depending on the structural complexity of the templates used, such as self-assembled
monolayers (Aizenberg et al., 1999; An and Cao, 2008), Langmuir monolayers (Heywood &
Mann, 1994; Pichon et al., 2008), and gelatin films (Martinez-Rubi et al., 2008). Several
studies have also shown that the formation of biogenic calcium carbonate structures is
controlled by organic macromolecules (matrix proteins), mostly peptides and proteins,
which are directly involved in regulating the nucleation, growth, and morphology of the
precipitates. A variety of macromolecular additives, including proteins (Sarashina & Endo,
1998; Falini, 2000; Sondi & Salopek-Sondi, 2004), and designed peptides (DeOliveira &
Laursen, 1997; Elhadj et al., 2006b; Gebauer et al., 2009), were reported. The bio-inspired
production of calcium carbonates could also be accomplished by using soluble polymeric
additives (Meldrum, 2003). Recently, a new class of additives was used, the double-
hydrophilic block copolymers, for the effective control of the morphogenesis of inorganic
precipitates in aqueous solutions, offering the possibility to obtain solids of uncommon
morphologies (Sedlak & Colfen, 2001; Colfen, 2006).

Recently, following the protein templating concept, significant progress in the study of the
bioinspired formation of calcium carbonates was accomplished through the use of
catalytically active proteins, such as urease enzymes (Sondi & Matijevi¢, 2001; Sondi &
Salopek-Sondi, 2004). It was shown that during the homogeneous precipitation of carbonate
solids by the urease-catalyzed reactions in aqueous solutions of calcium salts, nanosize
calcite particles appeared during the early stages of the precipitation process. Following up
on this work the new, bioinspired strategies for the preparation of uniform, nanostructured
and submicron-size calcium carbonate solids were developed (Skapin & Sondi, 2005; Sondi
et al., 2008).

Comprehensive coverage of this entire field of biomimetic material science would be
impractical in this chapter. Rather, the main focus of this contribution is the role of
catalytically active proteins. The complex biomimetic mechanism, acting on the crystal
growth of initially formed nanocrystallites and subsequent aggregation that, finally, governs
the formation of nanostructured submicron-size colloidal carbonate solids, will be
discussed.

3.1. The use of urease in the formation of CaCO; precipitates - an overview

The first microbiological precipitation of calcium carbonate induced by urease (urea
amidohydrolase, EC 3.5.1.5.), a multi-subunit, nickel-containing enzyme that converts urea
to ammonia and CO,, was described by Stocks-Fischer et al. (1999). The activity of urease in
microbiologically induced calcite precipitation was also reported (Bachmeier et al., 2002).
This enzyme, generated by many bacteria, certain species of yeast, and a number of plants,
which allows these organisms to use exogenous and internally generated urea as a nitrogen
source (Dixon et al., 1975). The chemical, structural, and surface properties and the mode of
action of urease in the decomposition of urea have been described (Mobley & Hausinger,
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1989; Estiu & Merz, 2004). It also appears that urease participates in systemic nitrogen-
transport pathways and possibly acts as a toxic defense protein (Mobley & Hausinger, 1989).
Urease, generated by certain pathogenic bacteria, during urinary tract infections, plays a
significant role in the formation of intracellular urinary stones (Edinliljegren et al., 1994).
Recently, it was demonstrated that calcium carbonate polymorphs of different sizes and
shapes can be obtained by homogeneous precipitation in solutions of calcium salts through
the enzyme-catalyzed decomposition of urea by urease (Sondi & Matijevi¢, 2001; Sondi &
Salopek-Sondi, 2004). The role of urease in the formation of strontium and barium
carbonates and their mixed compounds was also investigated (Sondi & Matijevi¢, 2003;
gkapin & Sondi, 2005). In addition to a catalytic function in the decomposition of urea,
ureases also exert significant influence on the crystal-phase formation and shaping of
carbonate precipitates. A recent study by the authors of this chapter has illustrated the role
of the primary protein structures (amino acid sequences) of ureases on the phase formation
and morphological properties of the obtained solids. As model substances, two ureases, the
plant (Canavalia ensiformis) and the bacterial (Bacillus pasteurii) urease, were used in this
study (Sondi & Salopek-Sondi, 2004). It was shown that despite a similar catalytic function
in the decomposition of urea, these ureases exerted different influences on the crystal-phase
formation and on the development of the unusual morphologies of calcium carbonate
polymorphs. These differences were explained as a consequence of the dissimilarities in the
amino acid sequences of the two examined ureases, causing their different roles in
nucleation and physico-chemical interactions with the surface of the growing crystals. These
studies have illustrated the diversity of the proteins produced by different organisms for the
same function, and the drastic effects of subtle differences in their primary structures on the
crystal-phase formation and the growth morphology of calcium carbonate precipitates.

3.2. Precipitation of nanostructured colloidal calcite particles by a biomimetic nanoscale
aggregation route - the use of the urease enzyme as a protein-template model

Advances in the understanding of the physical and chemical principles of the formation of
colloidal particles have greatly contributed to the scientific aspects of material science. It is
interesting to point out, for example, that many forms of uniform colloids, built up of
nanosize subunits, have been found in Nature. In considering the mechanisms of formation
of colloidal materials over the range of the modal size, aggregation processes should be
recognized as one of the common mechanisms (Petres et al., 1969; Lasic, 1993; Zukoski et al.,
1996; Brunsteiner et al., 2005). This finding contradicts the commonly accepted classical
precipitation mechanism, according to which uniform colloidal particles are formed when
nuclei, arising from a short-lived burst, grow by the attachment of constituent solutes
(Matijevi¢, 1993).

Recently, a number of studies were carried out in order to employ the aggregation concept
in the formation of inorganic colloids (Chow & Zukoski, 1994; Privman et al., 1999; Sondi et
al., 2008). The significance of the aggregation process, in the formation of uniform colloidal
particles from preformed nano-crystallites, was already observed by Tezak and co-workers,
in the late 1960s (Petres et al., 1969). However, this finding has long remained neglected.
Recently, it has been theoretically and experimentally established that many colloids,
prepared by precipitation from homogeneous solutions, are built up of nanosize subunits
(Nakayama et al., 1995; Privman et al., 1999; Sondi & Matijevi¢, 2001; 2003). Therefore, this
mechanism was shown to be quite common in the formation of colloidal particles that show
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crystalline characteristics. Nevertheless, there are only a few references dealing with the role
of this mechanism in the precipitation of carbonates (Sondi et al., 2008; Song et al., 2009).
This contribution underscores the importance of nanoscale aggregation processes in the
formation of colloidal carbonate particles in the presence of model organic macromolecules
(ureases), a situation commonly encountered in biomineralizing systems.

The processes of formation of bio-inorganic phases in biological systems are complex
mechanisms that, almost as a rule, are characterized by several simultaneous events. An
example of the complexity and of the importance of aggregation processes in the bio-
inspired formation of calcium carbonate in simplified, laboratory conditions can be found in
previously reported cases dealing with the role of catalytically active ureases (Sondi &
Matijevié, 2001; Sondi & Salopek-Sondi, 2004; Skapin & Sondi, 2005). This unique process of
the biomimetic precipitation of uniform nanostructured colloidal calcite additionally
explains the precipitation process based on the aggregation of preformed nanosize particles
(Sondi et al., 2008).

The question is: how does the presence of urease macromolecules and of magnesium ions in
the reacting solutions influence the formation of nearly spherical, submicron-size colloidal
calcite particles? Obviously, the conditions under which such solids can be obtained are
rather restrictive in terms of the concentration of urease, the reaction time, and the presence
of magnesium and calcium salts. Details of the concentrations and methodologies used can
be found elsewhere in the open literature (Sondi & Salopek-Sondi, 2004; Skapin & Sondi,
2005; Sondi et al., 2008).

In general, the process started by the rapid formation of the nanosize amorphous precursor
phase is followed by simultaneous crystallization via the solid-state transformation pathway
and the nanoscale aggregation processes. Three major phenomenological features, excluding
the amply described decomposition of urea by urease, should be relevant in order to
determine this process: (i) the role of urease macromolecules in the nucleation of the solid
phase (templating), and their subsequent interaction with the inorganic phase at the solid-
liquid interface, directing the growth of inorganic structures; (ii) the inhibitory effect of
magnesium ions on the growth of nascent solids; and (iii) the subsequent aggregation of
nanosize particles that governs the formation of submicron-size colloids.

Available reports indicate that protein macromolecules initiate the solid-phase formation,
and control the crystalline nature and morphology of inorganic precipitates (Falini et al.,
1996; Feng et al., 2000; Sondi & Salopek-Sondi, 2004; Xie et al., 2005; Yamamoto et al., 2008).
These phenomena are the consequence of physico-chemical interactions between the active
functional groups of organic macromolecules at their surface with the “building
components” (ions, complexes) of the forming solids. The carboxyl-rich character of a
protein, resulting from the abundance of negatively charged aspartic (Asp) and glutamic
(Glu) acid residues is probably the most important factor in their biomineralization
reactivity. Numerous studies have shown that these amino acids act as nucleation agents in
solution and as primary active sites at the interface of organic/inorganic biomineralizing
structures (Teng et al., 1998; Orme et al., 2001). The distribution of Asp and Glu on the
surface of C. enmsiformis urease is shown in the CPH model (Figure 3). Its amino acid
sequence contains 12.8 % Asp and Glu residues. The initial formation of a nanosize,
amorphous and metastable precursor phase may be the result of a strong interaction
between the Ca2* and Asp and Glu at the urease surface, forming Ca2*/Asp and Ca2*/Glu
multi-carboxyl chelate complexes (Tong et al., 2004). This is in agreement with previous
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studies which have shown that the Asp residue controls the rate of nucleation, inhibits the
growth of solids and favors the formation of the amorphous phase (Aizenberg et al., 2001;
Addadi et al., 2003).

Fig. 3. CPH model of C. ensiformis urease (protein ID: AAA83831.1) showing (A) the tertiary
structure of the protein displayed and colored according the secondary structure; (B) the
distribution of Glu (blue) and Asp (red) residues on the surface of the urease molecule. The
model was generated by using the Expasy on-line program: CPH models - 2.0 for prediction
of the protein tertiary structure and visualized by the RasWin 2.6 program. (Figure adapted
from Sondi et al., 2008).

The presence and the activity of Asp and Glu are not sufficient to inhibit the future growth of
the initially formed nanoparticles. Prolonged reaction times result in the formation of
micron-size near-spheres and sequential-growth rhombohedra of calcite solids occurs
(Figure 4 A-C). This observation is also corroborated by findings that, under what were
otherwise the same experimental conditions, the growth of the initially formed
nanoparticles was inhibited by magnesium ions (Figure 4D-F). This highlights the
importance of the presence of magnesium ions during the formation of nanosize
precipitates. Magnesium ions act as the main modifier of the calcite morphology in many
natural environments (Davis et al., 2004). Meldrum and Hyde (2001) reported that
magnesium ions, in combination with organic additives, affect the calcite morphology by
adsorption to specific crystal faces, altering the nucleation and so inhibiting crystal growth.
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Fig. 4. Scanning electron micrographs (SEM) of calcium carbonate particles obtained by aging
a solution containing 0.5 mol dm urea, 0.25 mol dm=3 CaCl,, and 1 mg cm C. ensiformis urease
at 25 oC for (A) 10 min, (B) 30 min, and (C) 60 min, and precipitates obtained under the same
experimental conditions and for the same aging time, but with the addition of 0.25 mol dm-3
MgCl, to a reacting solution (D-E). (Figure adapted from Sondi et al., 2008).

Molecular dynamic simulations (de Leeuw, 2002) are supporting evidence for the inhibitory
effect of magnesium ions on calcite crystal growth. The above-described mechanisms determine
the initial formation of nanosize calcium carbonate particles and inhibit their further growth.

In the final stage, the aggregation of preformed nanoparticles occurs in the reacting system.
More detailed morphological and structural analyses of the obtained calcium carbonate
spheroids, taken at a higher TEM magnification (Figure 5), show them to be built of slightly
textured nanosize subunits that, according to the XRD data, exhibit the calcium carbonate
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structure. Recently, a number of experimental and theoretical studies have dealt with
mechanisms of the formation of colloidal particles by the aggregation of preformed nanosize
precursors. In spite of the significant contributions of these research results, most of these
models have been based on a number of simplifying assumptions (Privman et al., 1999). Often,
the role of the surface charge of the particles was neglected. For nanoparticles, the charge and
the extent of their electrical double layer should be a major initiator of the aggregation
processes (Kallay & Zalac, 2002). Our studies have shown that a negative charge, measured on
the precipitates, can be assumed to originate from the charge of the same sign on the
nanoparticles (Sondi et al., 2008). Since the aggregation obviously does occur, the conclusion is
that the prevailing electrostatic barrier is ineffective for preventing the aggregation of the
initially formed nanoparticles, the number of which in the reacting solution is continuously
increasing. Indeed, it has also been shown that nanometer-scale particles cannot be stabilized
by the electrostatic repulsion barrier, at the same mass, but at a higher number concentration
(Kallay & Zalac, 2002). The reason for this is that these aggregate more rapidly than the larger
colloidal particles. Theoretically, the main reason is the small size of the nanoparticles in
comparison to the extent of their diffuse double layers. These diffuse layers overlap entirely,
and the interaction between the nanoparticles can be considered as an interaction between
ions. The consequence is a rapid aggregation of the preformed nanoclusters, and the formation
of complex nanostructured submicron-scale spheres.
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Fig. 5. Transmission electron micrograph (TEM) of spherical calcium carbonate particles
obtained by aging a solution containing 0.5 mol dm-=3 urea, 0.25 mol dm-3 CaCl,, 0.25 mol
dm-3 MgClp, and 1 mg cm?3 C. ensiformis urease at 25 °C for 60 min (corresponding SEM
micrographs are shown in Figure 4F). (Figure adapted from Sondi et al., 2008).
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4. Conclusion

This chapter aims to contribute to the understanding of the biomimetic mechanism for the
synthesis of uniform and submicron-size colloidal particles of calcium carbonate. A novel,
bio-inspired precipitation strategy, designated as the biomimetic nano-scale aggregation route,
in the formation of these precipitates was discussed. This concept involves: (i) the use of
functional templates, proteins, which are implicated in controlling the nucleation of solids;
(ii) the inhibitory effect of magnesium ions on the crystal growth of initially formed
nanocrystallites; and (iii) the subsequent aggregation of these particles that governs the
formation of submicron-size and nanostructured hierarchical structures of colloidal
carbonates. Understanding these mechanisms may lead to new strategies for the synthesis of
novel calcium carbonate solids and to an improved insight into the sequestration of the
inorganic components in the skeletons and tissues of mineralizing organisms.
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