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Abstract. Biomineralization processes are the subject of numerous investigations. This article gives a re-
view of the study on interactions between the charged polypeptides and the mineral surfaces involved in
biomineralization, with an additional kinetic approach. The influence of polypeptides on two types of pre-
cipitation processes is discussed: the spontaneous precipitation from supersaturated solution and the
growth kinetics of calcite seed crystals. In the first case the phenomenon of the formation and stabilization
of metastable phases was found while in the second case the influence of the applied polypeptides on the
kinetics and mechanisms of calcite crystal growth was investigated. Calcium carbonate polymorphs, cal-
cite and vaterite, were used as biomineral substrates and acidic polypeptides, poly-L-aspartic (pAsp) acid
and poly-L-glutamic (pGlu) acid, as simplified models of naturally occurring soluble acidic proteins. A
basic polypeptide, poly-L-lysine (pLys), was also used in experiments in order to find out whether con-
formity between the crystal surface and the adsorbed polypeptide, or just the electrostatic interactions,
have a decisive role in these processes. The addition of a particular polypeptide into the precipitation sys-
tem caused a significant inhibition of nucleation and growth of vaterite, the extent of inhibition being in
the order Inhpas, > Inhyg >> Inhprys. In addition to the inhibition of precipitation, the change of the poly-
morphic composition and the crystal morphology of the precipitate were also achieved. The explanation of
such acidic polypeptide behaviour is a consequence of kinetic constraints through the diverse efficiency of
inhibition of both calcite nucleation and vaterite growth caused by adsorption of acidic polypeptides. The
acidic polypeptides also caused the inhibition of calcite crystal growth, the effect being pAsp > pGlu, and
changed the observed mechanism of growth controlled by the integration of ions into the spiral steps, as
found for the model systems, to the surface nucleation rate-determining mechanism. Nonselective, weak
and electrostatic adsorption of pLys at the crystal surface was probably responsible for increasing the cal-
cite crystal growth rate when pLys was present at low concentrations and for inhibiting it at pLys higher
concentrations. The strongest interactions between the crystal surfaces and the polypeptides, observed for
the calcite/pAsp system, can account for coordinative interactions between the side chain carboxylic
groups of the predominantly planar arrangement of the pAsp structure (B-pleated sheet) and Ca®* ions
from the crystal surface. (doi: 10.5562/ccal809)

Keywords: calcium carbonate, calcite, vaterite, amorphous calcium carbonate, poly-L-aspartic acid, poly-
L-glutamic acid, poly-L-lysine

OVERVIEW often have properties such as shape, size, crystallinity,

isotopic and trace element compositions quite unlike

Biomineralization refers to the process by which the
organisms deposit a mineral phase, which is usually
indicated as biomineral. This term indicates not only the
biogenic origin of the mineral, but also the fact that this
product is a composite material of both mineral and
organic components. Biominerals are actually agglom-
erates of mineral nano-crystals separated by biological
macromolecules that can be inter- and/or intra-
crystalline. The relative amount of organic macromole-
cules can be as low as few percents. Biomineral phases

from its inorganically formed counterpart. Organisms
are able to control their mineralization at molecular
level producing materials with a hierarchical organiza-
tion ranging from the nano- to the macro- scale. In
many cases the control is achieved by means of biologi-
cal (macro) molecules, which are usually gathered by
the general term of organic matrix. The spatial and tem-
poral organization of the organic matrix components is
orchestrated at cellular level. This discriminates the
degree of control over mineral deposition. Organic ma-

T This article belongs to the Special Issue Chemistry of Living Systems devoted to the intersection of chemistry with life.
* Authors to whom correspondence should be addressed. (E-mail addresses: brecevic@irb.hr; damir.kralj@irb.hr)
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trix components are usually studied after extraction
from the biomineral and are historically classified in
two families depending on their solubility in water solu-
tions." In general, the soluble fraction is characterized
by the presence of acidic macromolecules, which are
rich in glutamic and aspartic acid residues in their pro-
teic regions and usually sulphated in their glycosidic
parts, sometimes the proteic regions are also phos-
phated. The insoluble fraction is usually formed by
macromolecules able to build fibrous structures, like
collagen in bones and chitin in mollusc shells, on which
the soluble organic matrix adsorbs and may exert its
function of control over mineral deposition." This clas-
sical distinction in some cases is not valid. Indeed, the
same macromolecules can exert both roles in controlling
their degree of aggregation, which is sometimes medi-
ated by metal ions.’

It is a paradigm that biological processes mainly
occur under kinetic control and that usually they are far
from the thermodynamic equilibrium. The biominerali-
zation processes respect this law.® The organic matrix
exerts its function controlling both the kinetics and the
thermodynamics of mineral deposition. In a simplified
view the kinetics control occurs by the stabilization of
metastable phases that can be converted with the time in
more stable ones or remain in this status for the lifetime
of the organisms. The majority of all recent literature on
biomineralization is addressed in the discovery and
characterization of thermodynamically unstable mineral
phases, usually amorphous phases, which can act as a
precursor of the final (more) stable mineral form.* How-
ever, thermodynamics also play an important role in
biomineralization. The crystallography of biominerals is
one of the most intriguing subjects of this theme. Organ-
isms are able to specifically organize the crystalline
units to build aggregates that diffract as single crystals,
but with habit that are not subject to the limits imposed
by the crystallographic symmetry. This may occur be-
cause there is a molecular recognition at the interface
between the mineral phase and the organic matrix that is
governed by a minimization of the interfacial energy,
under thermodynamic control.’

This review presents the state of art of the research
on the role of kinetics control on the deposition of cal-
cium carbonate in the systems which have a great relev-
ance for the general understanding of the biomineraliza-
tion processes.

FORMATION OF CALCIUM CARBONATE PO-
LYMORPHS AT SUPERSATURATION CONDI-
TIONS RELEVANT TO THOSE IN BIOMINERA-
LIZATION PROCESSES

The recent literature evidence® '° emphasizes the role of
less stable calcium carbonate (CC) modifications in the
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formation of crystalline polymorphs. Thus, amorphous
calcium carbonate (ACC) is suggested to be a precursor
and the first solid phase precipitating within specialized
cells involved in biomineralization. Indeed, ACC is
used by some organisms (molluscs, sea urchins, corals
and crustaceans) as a temporary storage substance for
calcium and carbonate ions''™'” and supersaturation at
which the biomineralization processes take place ap-
proximately corresponds to the ACC solubility value.
Besides, it was also reported'®'” that in the precipitation
systems in which vaterite was formed initially by a
rapid precipitation under kinetic control, the formation
of calcite was found to be a consequence of the solu-
tion-mediated transformation of vaterite. Because of the
facts mentioned above, our experiments were designed
so that the reference point for the chosen concentrations
approximately corresponded to the ACC solubility.?

Formation of Calcium Carbonate Polymorphs by
Spontaneous Precipitation in the Absence of Synthet-
ic Charged Polypeptides

The initial solution supersaturation with respect to ACC,
in the precipitation system prepared with equimolar
concentrations of calcium and carbonate components at
25 °C was calculated and it was found that in the sys-
tem ¢;(Ca>") = ¢;(CO5* ) = 1.8 x 10~ mol dm* the solu-
tion was in equilibrium with ACC (S, = 1.00). The
supersaturation was expressed as saturation ratio, S =
1/ K, )2 K¢, or as relative supersaturation, S — 1,

where II is the ion activity product, I1 = a(Ca2+)
a(CO5%), and K¢, is the thermodynamic equilibrium
constant of dissolution of the particular calcium carbonate
modification (acc — amorphous calcium carbonate, v —
vaterite, ¢ — calcite) at 25 °c (ACC: K, =3976 x 107"
vaterite: K, = 1.221 x 10°%; calcite: K° =3.313 x 10" )

Two systems were chosen and exammed as model sys-
tems: one undersaturated, ¢;(Ca*") = ¢;,(COs>) = 1.0 x
10 mol dm™> (Sace = 0.65, S, = 7.1), and the other su-
persaturated, ¢;(Ca*") = ¢,(COs* ) =2.5 x 10 mol dm*
(Sace = 1.25, S, = 13.7), with respect to ACC. The re-
spective stability constants used for calculation of rele-
vant ionic species are given in Ref. 21. The precipitates
were characterized by X-ray powder diffraction (XRD),
FT-IR spectroscopy,” light and scanning electron mi-
croscopy. Figure 1 shows XRD patterns, FT-IR spectra
(1000 to 600 cm™") and scanning electron micrographs
of the precipitates in the model systems of lower and
higher initial supersaturations. Typical absorption bands
characteristic of vaterite (v, = 746 cm ') and calcite
(v4 = 713 cm™") assigned as OCO bending (in-plane
deformation) mode, as well as their XRD patterns un-
doubtedly demonstrate that the primary precipitate in
the ACC-undersaturated model system (Figure 1la)
consisted entirely of vaterite, while in the ACC-
supersaturated model system (Figure 1b) a mixture of
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Figure 1. Characteristic parts of X-ray difractograms and FT-IR spectra, as well as scanning electron micrographs of calcium

carbonates spontaneously precipitated in the model systems: (a) undersaturated (¢;(Ca*>") = ¢;(CO5*) = 1.0 x 107> mol dm
=7.1) and (b) supersaturated (c;(Ca’") = ¢;(CO5*) = 2.5 x 107> mol dm >, S, =

0.65, S,

-3 —
> Sacc -

1.25, S. = 13.7) with respect to amor-

phous calcium carbonate. Typical absorption bands of vaterite (v4 =746 cm ') and calcite (v4 =713 cm ') isolated 50 min after
mixing reactant solutions, as well as their characteristic diffraction maxima marked with (v) for vaterite and with (c) for calcite,
are shown. Arrow in SE micrograph la points out vaterite microaggregate in the form of a single hexagonal platelet aggregate.

calcite and vaterite was formed. Analogous results were
obtained in our work in which kinetics of spontaneous
precipitation of CC from moderately supersaturated
solutions (S, = 0.9) were studied. % 1n the precipitation
systems with higher supersaturations (S,.. = 3.1), the
first appearing solid phase was ACC and calcite was

formed at the end of the solution-mediated transforma-
tion that followed.”**

Kinetic parameters needed for the comparison of
the progress and extent of the precipitation processes
between the model systems and those containing poly-

peptides were obtained by measuring pH of the solution

Croat. Chem. Acta 84 (2011) 301.
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Figure 2. Typical progress curves, pH vs. time, of the sponta-
neous precipitation of calcium carbonate at 25 °C and different
initial reactant concentrations: (a) ¢;(Ca’) = ¢(COs>) =
1.0 x 107 mol dm and (b) ¢{(Ca*") = ¢(COs>) =2.5 x 107
mol dm>. The induction times are marked with arrows.

as a function of time. Figure 2 shows typical progress
curves obtained for both model systems: (a) undersatu-
rated and (b) supersaturated with respect to ACC. The
induction periods elapsing between creation of super-
saturation (mixing the reactants) and the first detectable
solid phase were found to be approximately 5 and 0.5
min, respectively. The number density of particles
formed initially in both model systems was of the order
of 107 per cm’, which pointed at heterogeneous nuclea-
tion being the prevailing mechanism of their formation.

Formation of Calcium Carbonate Polymorphs by
Spontaneous Precipitation in the Presence of Syn-
thetic Charged Polypeptides

In the model systems mentioned above, under super-
saturation conditions that may be relevant to those of
biomineralization processes, the effects of synthetic
analogues of the proteic regions of acidic macromole-
cules from molluscs (polyamino acids: poly-L-aspartic,
pAsp; poly-L-glutamic, pGlu; poly-L-lysin, pLys) were
investigated. The addition of different concentrations of
an acidic polypeptide,” 0.1 ppm < ¢;(pAsp) < 2.0 ppm of
poly-L-aspartic acid or 0.2 ppm < ¢i(pGlu) < 2.0 ppm of
poly-L-glutamic acid, into the ACC-undersaturated
precipitation system did not change the precipitate com-
position so that only vaterite precipitated, as was the
case in the analogous model system.?' Still, these poly-
amino acids caused a significant inhibition of nucleation
and crystal growth, which was reflected as an increase

* The average molar masses of polypeptides used were:
M(pAsp) = 11100 g mol™", M,(pGlu) = 12300 g mol™" and
M,(pLys) = 8800 g mol™" and the corresponding numbers
of monomer units were 96, 95 and 69, respectively. On
account of the simplicity, the concentrations of polypep-
tides used in this research are given as parts per million

(ppm).
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Figure 3. Progress curves, S, — 1 versus time, of the model
system ¢;(Ca”") = ¢(CO5*) = 1.0 x 10~ mol dm™ and the
analogous systems to which 0.5 ppm pAsp, 2.0 ppm pGlu and
4.0 ppm pLys was added at 25 °C.

in induction period and formation of a so-called "dead
zone" (apparent termination of crystal growth), respec-
tively (see Figure 3). Thus, the retardation of vaterite
nucleation occurred within the range 0.1 ppm < ¢;(pAsp)
< 0.5 ppm and in the whole range of pGlu concentra-
tions used, causing an increase in induction period with
the increase of polyamino acid concentration. A com-
plete inhibition of nucleation was obtained only in the
case of pAsp addition, i.e. at c{(pAsp) > 0.5 ppm. The
presence of the basic polypeptide in the system, 0.2 ppm
< ¢i(pLys) < 4.0 ppm of pLys, did not affect either nu-
cleation or crystal growth significantly during the ex-
periments. A strong agglomeration of vaterite particles,
which was observed by light microscopy in the model
system, was gradually reduced by the addition of in-
creasing concentrations of polypeptides and was even
completely prevented at their appropriate concentrations
(e. g. at c(pAsp) = 0.25 ppm).*' This suggests that poly-
peptides adsorb on the surface of vaterite particles thus
preventing their interactions. Regarding the morphology
of wvaterite particles, scanning electron micrographs
showed that the shape of the particles was not signifi-
cantly affected by the addition of polypeptides in the
given range of concentrations. Vaterite particles in all
cases appeared mostly in the form of spherical struc-
tures composed of hexagonal platelet aggregates, the
platelets rarely appeared even separately (see Figure
la). The vaterite spherical particles were found earlier,
by analysing broadening of their X-ray diffraction lines,
to be aggregates of crystallites of 2535 nm in size.”
Regarding the ACC-supersaturated system, the
addition of acidic polypeptides caused a significant
retardation of crystal growth and only the addition of
pAsp changed the induction times noticeably (Figure 4).
By the addition of different concentrations of pGlu or
pLys, no significant changes in the induction time com-
pared to the model system were observed; only pGlu
caused changes of the dead zone. The observed retarda-



B. Njegi¢-Dzakula et al., Kinetic Approach to Biomineralization

305

Table 1. Initial polypeptide concentrations, ¢/ppm, and experimentally determined mass fractions of calcite, W ycire, in the system
of higher initial supersaturation, S, — 1 =12.7; ¢;= (Ca®") = ¢(CO5*) =2.5 mmol dm >

C(PASP) / ppm Wcalcite C(PGlu) / ppm Wcalcite C(PLYS) / ppm Wcalcite
0.0 0.23 0.0 0.23 0.0 0.23
1.0 0.17 1.0 0.17 0.5 0.20
2.0 0.17 2.0 0.18 2.0 0.15
3.0 0.00 4.0 0.22 4.0 0.39
4.0 0.00 5.0 0.09 7.0 0.03
6.0 0.06
tion of crystal growth, caused by the addition of acidic (a)

polypeptides into the precipitation system, was ex-
plained according to the model of Cabrera and Ver-
milyea,”® which assumes contacts between the growing
crystal and the adsorbed foreign molecules at the crystal
surface.

The ACC-supersaturated system was also taken as
a system suitable for investigation of the polypeptide
influence on formation of CC polymorphs, since under
the experimental conditions employed a mixture of two
polymorphs (about 75 % of vaterite and 25 % of calcite)
forms initially. It was found that the addition of pAsp or
pGlu showed similar effect except that a higher concen-
tration of pGlu was needed to reduce the content of
calcite in the system (Table 1). pLys behaved differently
from the acidic polypeptides. It even increased the mass
fraction of calcite (Weyire) With increasing the concentra-
tion to a certain value but the further increase of its
concentration decreased W, .. The increase in Wegcite
could be explained by the enhancement of calcite crystal
growth by pLys.”” Such behaviour is typical for the
molecules that bond non-selectively and weakly to the
specific crystal surfaces and edges causing a decrease of
the edge energy and an increase of the effective driving
force.

Besides the effects that polypeptides exerted on
the content and type of polymorphs in the precipitate,

T T 1 1
0 1000 2000 3000 4000 5000
t/s

Figure 4. Progress curves, S, — 1 versus time, of the model
system ¢;(Ca>") = ¢i(CO;*) = 2.5 x 10~ mol dm™ and the
analogous systems in the presence of 3.0 ppm pAsp, 3.0 ppm
pGlu and 4.0 ppm pLys at 25 °C.

15.0kV x5000 2um ===

Figure 5. Scanning electron micrographs of the spontaneously
precipitated calcium carbonate in the ACC-supersaturated sys-
tem (ci(Ca®") = ¢(CO5* ) =2.5 x 107> mol dm >, S, — 1 = 12.7)
and different concentrations of pAsp: (a) 0 ppm, (b) 1 ppm, and
(c) 4 ppm. A new calcite face is pointed out with arrow.
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Scheme 1. The suggested model of interactions between the dissolved polypeptides (e. g. pAsp) and different solid substrates (e.g.
metastable vaterite and thermodynamically stable calcite) that may nucleate and grow simultaneously in a precipitation system.
(A) solution — prenucleation stage, (B) nucleation, (C, D) crystal growth of metastable and stable modifications, (E, F) solution-
mediated transformation, which includes dissolution of metastable and crystal growth of thermodynamically stable phase.

pAsp also affected the morphology of both, vaterite and
calcite. The typical shapes of vaterite rather regular
spheres with rough surfaces and calcite regular rhombo-
hedra, which were formed in the model system (Figure
Sa), were changed to smooth vaterite spheres and calcite
crystals with new faces and/or ledges (Figure 5b). The
formation of new calcite faces or specifically oriented
steps of the original {104} crystalline faces are most
probably the consequence of pAsp adsorption at the
crystal surface. At pAsp concentrations at which the
formation of calcite was prevented, vaterite appeared as
much smaller microaggregates irregular in shape de-
creasing in size with increasing the pAsp concentration
(Figure 5c¢).

Obviously, the acidic polypeptides, pAsp in par-
ticular, affected the nucleation, crystal growth and
aggregation of CC polymorphs, which may be ex-
plained by taking into consideration relative strength
and extent of interactions between the polypeptides
and each of the polymorphs. A model that most proba-
bly represents the interactions between the two poly-
morphs, the thermodynamically metastable vaterite
and the stable calcite that nucleate and grow simulta-
neously in the ACC-supersaturated system, and the
dissolved polypeptide, like pAsp, is represented in
Scheme 1.2' When in the system without additives the
solution becomes undersaturated with respect to the
metastable phase, because of the growth of the stable
phase, the solution-mediated transformation starts and
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lasts as long as the stable phase remains in equilibrium
with the solution. The addition of an acidic polypep-
tide causes inhibition of nucleation and crystal growth
of the stable polymorph, since it binds more strongly
to the calcite than the vaterite surfaces. Consequently,
the mass fraction of calcite and the amount of precipi-
tate are reduced. If the polypeptide affects the mor-
phology of both polymorphs, the formation of new
crystal faces and/or ledges are expected. As a result of
crystal growth and/or dissolution inhibition of the
stable and metastable phases, the solution-mediated
transformation of vaterite to calcite is also retarded. At
the addition of certain higher concentrations of the
polypeptide, the nucleation of calcite could be pre-
vented, so that the solid phase will consist entirely of
the metastable phase, vaterite.

The kinetic probability for the formation of the
nuclei of any of the three CC polymorphs (vaterite,
aragonite and calcite) could be presumed by the study of
their crystalline structure. The CO;> ions in calcite
(rthombohedral) and aragonite (orthorhombic) are per-
pendicular to the c-axis and calcium ions have sixfold
and ninefold coordination, respectively.”** Since vater-
ite (hexagonal) structure has a certain degree of disorder
(carbonate ions are randomly distributed over three
orientations to the c-axis and calcium ions are in eight-
fold coordination),” it needs fewer structural constraints
than calcite and aragonite, the formation of vaterite
nuclei should be kinetically favoured.
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It has also to be added that in both investigated
systems, ACC-undersaturated and ACC-supersaturated,
the nucleation was predominantly heterogeneous and
the only difference between the systems was the impos-
sibility for ACC to form in the ACC-undersaturated
system. Because of that it springs to mind that the ther-
modynamically stable polymorph formation starts by
the initial ACC nucleation and its subsequent transfor-
mation into calcite.

SEEDED CRYSTAL GROWTH OF CALCITE IN
THE PRESENCE OF SYNTHETIC
POLYPEPTIDES

The mechanisms of the processes involved in biominer-
alization, those occurring at the organic/inorganic inter-
faces in particular, are still the matter of study, in spite
of the large amount of research performed on biomate-
rials and biomineralization. ™ It has been sug-
gested* ™ that adsorption of organic macromolecules
on the specific faces of crystals growing from solution
retards their growth in the direction perpendicular to the
particular face, which affects not only the crystal shape
but also mechanical properties of thus formed compos-
ite material. Our investigations”’ were focused on spe-
cific coordinative interactions between the synthetic
acidic polypeptides (pAsp, pGlu) as analogues of bio-
logically occurring soluble acidic proteins, and calcite
as a mineral surface. In order to find out whether con-
formity between the substrate and the adsorbed poly-
peptides, or just nonspecific electrostatic interactions,
play crucial role in biomineralization, the behaviour of
pLys, the basic polypeptide with positively charged
amino group side chains under the experimental condi-
tions, was also investigated. From the results of kinetic
data obtained in seeded experiments, the mode and
extent of calcite/polypeptide interactions were deter-
mined.
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2 08
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Kinetics of Crystal Growth

The crystal growth kinetic experiments were preformed
under similar conditions of initial supersaturations,
temperature (25 °C) and stirring rate as those of sponta-
neous precipitation.”’ Two model systems were exam-
ined: in the lower supersaturation system the solution
was undersaturated and in the higher supersaturation
system the solution was supersaturated with respect to
ACC. The initial mass concentrations of the calcite seed
crystals introduced differed for the two systems (Oseeq =
250 mg dm* for the ACC-undersaturated system and
Pseed = 1000 mg dm for the ACC-supersaturated sys-
tem), as well as the range of polypeptide concentrations
(0.3 ppm < c¢i(pAsp, pGlu) < 1.5 ppm and 0.2 ppm
< ci(pLys) <4.0 ppm for the ACC-undersaturated sys-
tem and 0.7 ppm < c¢i(pAsp, pGlu) < 2.05 ppm and 0.5
ppm < ¢i(pLys) < 7.0 ppm for the ACC-supersaturated
system). It should be emphasized that, in order to pro-
vide the optimal reproducibility, the same batch of the
calcite seed crystals was used for inoculation of solution
in all experiments.”” The experiments were started by
pouring CaCl, solution into the same volume of Na,CO;
solution containing calcite seed crystals. In experiments
in which polypeptides were present, an appropriate
polypeptide concentration was also added to the carbon-
ate component. As found earlier, the experiments per-
formed under the same experimental conditions but
without the addition of seed crystals into the system
showed reproducible induction periods before the spon-
taneous precipitation started.

The propagation of the process was followed by
the continuous pH measurements of the solution. On the
basis of the pH measured and the known initial concen-
trations of the precipitating components, the solution
composition at any moment of the calcite crystal growth
was calculated.”” The detailed calculation procedure,
which takes into account the respective protolytic equi-
libria and equilibrium constants, as well as the charge

3
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Figure 6. Progress curves, ¢ versus time, of the seeded calcite growth at 25 °C in two different model systems: (a) ¢;(Ca’") =
¢(CO5*) = 1.0 x 107 mol dm™> and calcite seed mass p (calcite) = 250 mg dm™>; (b) ¢;(Ca’") = ¢(CO5>) = 2.5 x 10~ mol dm™>
and calcite seed mass p (calcite) = 1000 mg dm ™, as well as in the analogous systems in the presence of: (a) 1.0 ppm pAsp, 1.0
ppm pGlu or 1.0 ppm pLys, and (b) 1.5 ppm pAsp, 1.5 ppm pGlu or 2.0 ppm pLys.
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and mass balance equations can be found in any of pre-
vious papers.'##**474 The progress curves, ¢, versus
time, of both model systems, and those recorded in the
presence of 1.0 ppm of pAsp, pGlu, and pLys, are
shown in Figure 6. By the addition of each of pAsp or
pGlu, a retardation of crystal growth of calcite was
achieved. That was demonstrated by lowering the slope
of the respective progress curves with increasing the
polypeptide concentrations (not all curves are shown in
Figure 6). This tendency was comparable for the both
polypeptides although the effect of pAsp was more
pronounced than the effect of pGlu and the termination
of crystal growth apparently happened at different su-
persaturation levels. In the case of pLys addition, an
enhanced of the growth rate of calcite in the ACC-
undersaturated system was observed even at concentra-
tions lower than 1.0 ppm. The effect was manifested as
a faster drop in ¢, compared to the model system. On
the contrary, in the case of ACC-supersaturated system,
the addition of as much as 7.0 ppm of pLys did not
affect the kinetics of the calcite crystal growth to a great
extent, as observed from the shape of the respective
progress curves.

The calcite crystal growth rates, —d[Cal],/d?, were
calculated by numerical differentiation of the total dis-
solved calcium concentration, [Ca], as a function of
time, ¢, and was expressed as a function of supersatura-
tion at a particular moment:

2/3(S_1)n

v, =—d[Ca] /dr=k, (1)

n - ppt

In the above equation £, is the rate constant and ¢y is
the concentration of precipitated calcium carbonate,
which was determined by subtracting the calculated
total concentration of calcium or carbonate species from
the known initial calcium chloride, [CaCl,];, or sodium
carbonate, [Na,COs];, concentration.

In order to study the influence of the chosen poly-
peptides on the calcite crystal growth kinetics and
mechanisms, the respective growth rates, dc/dt, calcu-
lated from the progress curves of the model systems and
the systems with a polypeptide added, were plotted as a
function of relative supersaturation. After testing differ-
ent theoretical crystal growth models, parabolic and
exponential, respectively:

de/dt =k,

ppt

2/3 (S _ 1)2 (2)

/6

de/dr =k,S"°(S-1)** (InS)
k.F(S) exp[-K, /InS]

-K /InS]=
exp[-K, ](3)

the straight lines obtained indicated the mechanism of
the basic reaction that controlled the calcite growth (rate
determining reaction) at the given experimental condi-
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Figure 7. Logarithmic plots of growth rates vs. relative super-
saturation, in accordance with Eq. (2), of the seeded calcite
growth at 25 °C in two different model systems: (a) ¢;(Ca*") =
¢(CO5*) = 1.0 x 107 mol dm™ and calcite seed mass p (cal-
cite) = 250 mg dm>; (b) ¢;(Ca®") = ¢,(CO5*) = 2.5 x 10~ mol
dm™ and calcite seed mass p (calcite) = 1000 mg dm>, giving
slopes (rate orders) n =2.17 and n=1.78, respectively.

tions. The growth kinetics for the both model systems
were found to obey the parabolic rate law indicating that
the calcite growth rate was controlled by a second order
surface reaction, i.e. the integration of ions into the
spiral step emerging from the surface dislocation. Figure
7 shows logarithmic plots of the growth rate vs. relative
supersaturation for the ACC-undersaturated and ACC-
supersaturated model systems giving slopes (rate orders)
n=2.17 and n = 1.78, respectively, which are consistent
with the reports of some other authors.*****' The re-
spective rate constants were also determined: k, =
2.373 x 107 £0.15 x 10 mol'* dm ™" s™' for the ACC-
undersaturated system, and k, = 2.03 x 107 £ 0.15 x
107 mol"* dm ™' s! for the ACC-supersaturated system.
By the addition of different concentrations of each of
the polypeptide used, an inhibition of the calcite crystal
growth was observed, as well as the change of the rate
controlling mechanism. The straight lines obtained for
the exponential rate law indicated that the addition of
pAsp and pGlu in the ACC-undersaturated and ACC-
supersaturated systems, as well as the addition of pLys
to the ACC-undersaturated system resulted in the
change of the rate controlling mechanism from integra-
tion of growth units into the spiral step (parabolic law)
in the model systems to the surface nucleation con-
trolled growth (exponential law). The appropriate crys-
tal growth rate constants of calcite for the ACC-
undersaturated systems were determined to be: k, =
249 x 10° mol'” dm™" s™' for pAsp, k, =2.20 x 107
mol'”® dm™' s for pGlu and k, = 2.43 x 10~ mol"
dm™" s™' for pLys. For the ACC-supersaturated systems
the respective constants were found to be: k, = 1.96 x
10”° mol"* dm™' s™, k, = 1.81 x 10" mol"” dm™' s and
ky = 1.30 x 10° mol”* dm™' s' for pAsp, k, = 2.21 x
10° mol”dm ' s ' and k, = 1.40 x 10> mol"> dm ' 5!
for pGlu, and k£, =1.94 x 10> mol"* dm ' s, k,=1.66 x
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Figure 8. Test plots for the exponential rate law, according to
Eq. (3), of the calcite crystal growth at 25 °C in the ACC-
undersaturated system, ¢;(Ca>") = ¢;(COs>) = 1.0 x 107> mol
dm, containing concentrations of 1.0 ppm of pAsp, pGlu and
pLys.

10° mol”™ dm ™' s, k, = 1.69 x 10° mol"® dm ' 57,
kr =171 x 10° mol"” dm™ s and k, = 1.92 x 107
mol”® dm™ s for pLys. As seen from these data, the
change in the rate determining mechanism of the ACC-
supersaturated system, caused by the presence of poly-
peptides, was less evident. The most likely explanation is
an increase in the surface area of the available calcite
seed crystals (ACC-undersaturated system: pgeq = 250
mg dm > and ACC-supersaturated system: peeq = 1000
mg dm ), that caused the proportionally lower coverage
of the adsorption sites. Figure 8 shows test plots for the
exponential rate law of the calcite crystal growth in the
ACC-undersaturated system containing concentrations of
1.0 ppm pAsp, pGlu and pLys. The change in crystal
growth controlling mechanism could be explained by
assuming that the growth at the surface spirals and sur-
face nucleation are the processes taking place simultane-
ously. At such conditions, the overall growth rate totals
the individual rates and, when one process is signifi-
cantly inhibited, it could be approximated that the faster
process is the rate determining one. However, by stop-
ping growth through the adsorption of polypeptide mole-
cules onto a limited number of active kinks at the spiral
step, surface nucleation could become the rate determin-
ing process, even at relatively low supersaturation.

The influence of selected polypeptides on crystal
growth of calcite was further investigated by analyz-
ing the growth rate kinetics with respect to the poly-
peptide concentration and supersaturation of the sys-
tem. It was found that the addition of pGlu and pAsp
caused termination of calcite growth (dead zone) at
the respective critical supersaturations, §*, which
increased with increasing their concentrations in the
system. On the instance of pGlu, Figure 9 shows typi-
cal curves of calcite crystal growth rates, corrected for
the change in the surface area of calcite seed crystals
(—(d[Ca]/d) cppfz/ %), as a function of relative super-
saturation in the ACC-undersaturated precipitation
system. It is evident that at ¢(pGlu) = 0.3 ppm S* =
1.8 and at ¢(pGlu) = 0.8 ppm S* increased to S* = 4.0.
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Figure 9. Crystal growth rate of calcite seed as a function of
relative supersaturation in the ACC-undersaturated system,
¢i(Ca*) = ¢(CO5*) = 1.0 x 10 mol dm™ at 25 °C upon
addition of different concentrations of pGlu. Arrows indicate
the values of S”.

According to the model of Cabrera and Vermilyea,*®
the termination of crystal growth at a certain polypep-
tide concentration can be explained as a consequence
of its adsorption on the crystal terrace (ledge).”> The
advancing step (ledge) will stop at a certain supersatu-
ration when the distance between the adsorbed mole-
cules becomes smaller than the diameter of the critical
surface nucleus. If the distance is larger than the di-
ameter, the step (ledge) will curl around the mole-
cules, which will slow down the crystal growth and
change the crystal morphology. Figure 10 shows SEM
images of the calcite crystals taken from the model
system (Figure 10a) and the systems after overgrowth
in the presence of pAsp, pGlu and pLys (Figures 10b-
d). The curved edges of crystals obtained in the pres-
ence of the acidic polypeptides suggest the presence
of new stabilized crystalline faces, which are different
from the stable {104} faces. Their appearance is most
probably a consequence of the adsorption of the par-
ticular polypeptide by matching between the charged
carboxylate groups and the calcium ions from the
crystal surface. Since the accurate indexing of these
curved faces was not possible, it could also be consid-
ered as an option that the curved edges are specifi-
cally oriented steps of the {104} crystalline faces. It
was reported that in the adsorbed state pAsp assumed
B-sheet and random coil conformation, while pGlu
was in a-helix and random coil conformation.” Simi-
larly to the proposed conclusions, the calcite crystal
edges were found to be rounded on the addition of
proteins involved in deposition of calcitic prismatic
layer of mollusc shells. These highly charged glyco-
proteins rich in aspartic acid and therefore called
Asprich, contain > 50 % of aspartic acid enriched
sequences, including the polyaspartic acid sequen-
ces.™
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(b)

Figure 10. Scanning electron micrographs of calcite crystals after overgrowth experiments in the model system (a), and in the
presence of pAsp (b), pGlu (c) and pLys (d). Some of the curved edges of overgrown layers (b, ¢) are marked with arrows.

In distinction from pAsp and pGlu, the addition of
basic polypeptide pLys into the system did not cause the
formation of dead zone of calcite growth. This indicates
a different mode of polypeptide/crystal surface interac-
tion. At the same time, the morphology of calcite crys-
tals grown in the presence of pLys did not show any
significant change in the crystal shape compared to the
model system (see Figures 10a and 10d) thus indicating
that no additional stabilized crystalline faces were
formed.

The quantitative estimation and comparison of the
effects of selected polypeptides on the crystal growth
rate of calcite were made by using model of Kubota and
Mullin.® The model correlates the reduction of crystal
growth rate in the presence of inhibitors with their con-
centrations and is described by the equation

v/v, =1—a93q =1- [aKc/(l +Kc)] @)

where v/, is the reduction of the crystal growth rate (v
is the growth rate in the polypeptide containing system,
and vy is the growth rate in the model system at the
given supersaturation), ¢ is the additive concentration, K
is the Langmuir constant, « is the effectiveness of poly-
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peptide and 0., is the crystal surface coverage. Figure 11
shows the plots of the relative crystal growth rate reduc-
tion of calcite seeds, v/vy, as a function of different
polypeptide concentrations for relative supersaturation,
S — 1 =15.5 in the ACC-undersaturated system. A range
of relative supersaturations were analyzed (not all
shown here) and different growth reduction patterns
were obtained. The results directly depended on the type

- 1.0[ pLys
-
05 pGlu
pASp
0.0 T T T T
0.0 1.0 2.0 3.0 4.0 5.0
c/ppm

Figure 11. Relative crystal growth rate reduction, v/v,, of
calcite seeds in the ACC-undersaturated system, c¢;(Ca®") =
¢(CO3*) =1.0 x 10 mol dm >, at 25 °C and relative super-
saturation, S — 1 = 5.5, as a function of different polypeptide
concentrations.
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Electrostatic Interactions

Scheme 2. Schematic model of possible interactions between the carboxylic groups from the side chains of acidic polypeptides
adopting random coil (pGlu) or partial B-pleated sheet conformation (pAsp) and crystal sites.

of polypeptide used. In the case of pAsp, v/, linearly
decreased to zero at all supersaturations, pGlu caused a
progressive reduction of v/vy, which apparently asymp-
totically approached a certain nonzero values, while
pLys caused a growth rate enhancement at its lower
concentrations and higher solution supersaturations (S —
1 > 5.5), as well as the growth rate decrease at lower
solution supersaturations (S — 1 < 5.0) and increase of
its concentration. Such behaviour is typical for the addi-
tives that weakly and nonselectively bond to the crystal
surface. Their interactions are most probably of electro-
static nature and have no ability of stabilizing specific
new crystalline faces with respect to the energetically
favoured {104} ones. The enhancement of growth rate
can be explained by the adsorption of mobile molecules
at the steps, causing a decrease of edge energy and the
related increase of the effective driving force of crystal
growth.” It was reported in the literature that the growth
rate enhancement in the presence of selected oligopep-

tides ((Asp;Gly)sAsps, (AspsSer)sAsps, Asp-Glu, efc.)
was observed at very low, nanomolar, concentra-
tions.**® Considering that the supersaturations investi-
gated in this work were higher, the crystal growth could
occur not only at the spiral steps but also through the
surface nucleation mechanism.

The inhibitory effectiveness, a, of pGlu and pAsp
can be directly compared, if it is assumed that their
adsorption is a result of coordinative bonds between the
carboxylic groups from their side chains and calcium
ions at the crystal surface. Their primary structures are
also similar, differing only in one carbon atom, which
refers to the similar Langmuir constants, K. Based on
the analytical expression for the growth rate reduction
(Eq. (4)) and on the facts mentioned above, it can be
concluded that apag, > oo The likely explanation lies
in their stereochemical difference. In a solution contain-
ing Ca’" ions, and particularly when adsorbed on sur-
faces, pAsp tends to adopt more extended regions in [3-
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Figure 12. (-potential of vaterite (a) and calcite (b) seeds dispersed in solutions containing 2 ppm of pAsp, pGlu or pLys as a

function of pH.

pleated sheet conformation, while pGlu conserves a-
helix and random coil conformations, and to a lesser
extent the B-pleated sheet conformation of some distinct
regions.” The extended conformation that the polypep-
tide assumes in the B-sheet region favours the formation
of more coordinative bonds. These chemical bonds can
initiate the formation and stabilization of new crystal-
line {hkl} faces simply by preventing the formation
and/or development of thermodynamically stable faces.
The model of strong coordinative interactions be-
tween pAsp and calcite surface is complementary to the
mechanism described for functioning of the Asprich
proteins. For that, it should be kept in mind that not only
stereochemistry but also the other parameters, such as
the sequence of polypeptide and structure together with
the specific microenvironments, charge, ionotropy and
the presence of specific insoluble macromolecules, can
influence the production of a particular polymorph.®
Scheme 2 shows schematic illustration of the possible
conformations of pAsp (a), pGlu (b), and pLys (c) in
aqueous solution. Protein structures were used as probes.
The selection was made in the protein data bank
(www.pdb.org) considering the percentage of secondary
structure and narrowing down the choice to calcium
binding proteins. Following this, all the amino acids
were mutated to obtain the desired polypeptide. The first
40 amino acids from the protein with PDB code 1RTP
were used to rebuild the pGlu and pLys conformations,
and the peptide regions 12-29, 77-97, 120-135, of the
protein with PDB code 11S4, were used for rebuilding
the pAsp conformation. The B-pleated sheet structure of
pAsp (d) was rebuilt by using the structure of the crystal-
line region of the B-pleated sheet of silk (PBD code
ISLK) as a probe and mutating all the amino acids in
aspartate. The ribbon indicates f-sheet regions and the
turns indicate random coil and helix conformations. The
atoms of the residue side chains are marked by coloured
spheres: black for carbon, red for oxygen, and blue for
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nitrogen. Polyaspartic acid (and to a lesser extent pGlu)
interacting with Ca”" ions, undergoes to a p-pleated sheet
conformation (d). In this structure the polypeptide car-
boxylate groups can form coordination bonds with the
calcite surface calcium ions, thus stabilizing additional
crystalline faces instead of the energetically favoured
{104} ones (e). Variable orientation of the polypeptide
carboxylic side groups does not allow to predict (or build
a model) the formation of particular calcite faces with
the required accuracy. Polylysine interacts with the cal-
cite surface by electrostatic forces and stabilization of
any additional face is not expected (f).

THE MODE OF POLYPEPTIDE INTERACTIONS
WITH THE CALCITE AND VATERITE
SURFACES

In order to better understand and to corroborate the
proposed mode of interactions of synthetic polypeptides
(pAsp, pGlu and pLys) with vaterite and calcite sur-
faces, and to explain the changes in the mechanisms of
precipitation processes caused by their presence, the
electrokinetic properties of vaterite and calcite seed
crystals were analyzed.”'” Figure 12 shows the results
of electrophoretic mobility measurements for the both
type of crystals dispersed in the saturated calcium car-
bonate solution with or without a polypeptide added in
concentration of 2 ppm. For the entire pH range investi-
gated, the (-potentials of pure vaterite and calcite were
negative. The addition of acidic polypeptide, pAsp or
pGlu, caused the {-potential of both polymorphs to
become even more negative, showing a poor distinction
between (-potential of calcite treated with pAsp and
pGlu. In distinction from the acidic polypeptides, the
presence of pLys, the basic polypeptide, produced a
substantial increase in the (-potential of calcite seed
crystals and the (-potential of vaterite seeds became
positive. Since the calculated values of isoelectric points



B. Njegi¢-Dzakula et al., Kinetic Approach to Biomineralization

of the polypeptides used are p/yas, = 1.8, plpgra = 2.1 and
plpys = 12.3, the side chain carboxylic groups of pAsp
and pGlu can be considered completely dissociated
under the experimental conditions applied. This means
that the dissolved acidic polypeptides (pAsp and pGlu)
were negatively charged. The side chain amino groups
of pLys are protonated under the same conditions, thus
accounting for the polypeptide positive net charge.
From the results of electrokinetic measurements it is
evident that the selected polypeptides were adsorbed on
the surfaces of calcite and vaterite independently of
their charge. The interactions of positively charged
basic polypeptide, pLys, with the negatively charged
surfaces of calcite and vaterite crystals are most proba-
bly electrostatic, weak and non-specific, continuously
releasing and readsorbing on the crystal faces of calcite
and vaterite. Consequently, such a polypeptide cannot
stabilize specific new crystal faces of calcite with the
respect to its energetically favoured {104} faces. For
pAsp and pGlu a pure electrostatic interaction could
occur only at specific crystal faces with a net positive
charge. Therefore, it has to be assumed that the majority
of their interactions are due to the formation of coordi-
native bonds between calcium ions at the crystal surface
and the side chain carboxylic groups of the polypeptide.
Besides, the primary structures of pAsp and pGlu mole-
cules are similar, the only difference being one addi-
tional CH, group in Glu, and their negative charges are
also similar (pK,(Asp) = 3.86 and pK,(Glu) = 4.25 for
the completely dissociated side chain carboxylic groups,
pKu(Asp) = 2.09 and pK,(Glu) = 2.17 for a-carboxylic
groups). Supposing that their interactions with the crys-
tal surfaces are similar, it could indicate that less pAsp
than pGlu is adsorbed on vaterite, although the solution
concentrations of polypeptides used in experiments
were similar (cyasp = 0.2 ppm= 1.74 pmol dm™ 3 CpGlu =
0.2 ppm = 1.55 pmol dm; Cprys = 0.2 ppm = 1.56 umol
dm™). This seems to be opposite to the report on the
greater nucleating ability of pAsp for calcite than that of
pGlu.”® Nevertheless, different structures of vaterite and
calcite should be taken in consideration, and as a conse-
quence, interactions of different geometrics are very
likely. In aqueous solutions containing calcium ions, the
predicted secondary structure of pAsp presume more
extended regions in [-pleated sheet conformation,
whereas pGlu withholds a-helix and random coil con-
formations, as well as, to a lesser extent, the B-pleated
sheet conformation of some distinct regions.® Such a
higher conformational flexibility of pGlu could favour
interactions of different geometries® with different
crystal faces of vaterite, which can justify its preferen-
tial adsorption. The morphology of vaterite particles
obtained in the experiments did not allow a clear identi-
fication of the crystallographic faces at which adsorp-
tion of polypeptides occurred. Therefore, no structural
model was proposed.
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BIOMINERALIZATION RELEVANCE

The results obtained and the model of interactions be-
tween the polypeptides and the CC polymorphs proposed
in these studies may certainly be of relevance in explana-
tion of the mechanism of metastable phase(s) formation
during the biomineralization processes. Synthetic acidic
polypeptides, pGlu and pAsp, were chosen as model
acidic polypeptides since the natural acidic glycoproteins
extracted from calcitic layers of mollusc shells, vateritic
fish otoliths, and ACC from ascidians and spicules are
rich in glutamic and aspartic acid residues. These glyco-
proteins influence and stabilize the vaterite precipita-
tion.”® The results presented above corroborate the hy-
pothesis that synthetic acidic polypeptides control pre-
cipitation of calcium carbonate polymorphs, vaterite and
calcite, and that this is possible only if the electrostatic
interactions are supported by coordination bonds. The
results also suggest that coordinative interactions of natu-
ral glycoproteins may have a significant role in biominer-
alization. Moreover, the results show that the initial solu-
tion supersaturation influences formation of the certain
CC polymorph and that the solubility of ACC should be
considered as a threshold supersaturation for laboratory
studies that mimic biomineralization processes in nature.
However, it has to be mentioned that the acidic glycopro-
teins in biomineralization tend to be adsorbed on surfaces
as a part of organic matrix rather than to be dissolved as
is the case in this work.
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