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Abstract: In the biomineralization process, the changes in conformation of organic matrix may be a
widespread phenomenon. Investigation of the structural relationship between organic and inorganic materials
is the main subject. The approach taken was to extract quantitative information of the variations in
polyelectrolyte conformation during the mineralization process using atomic force microscopy. The results
infer the evidence of the role of polyelectrolyte conformation in mineralization of calcium carbonate and
the methods for understanding the principle that govern biomineralization.

Introduction

Calcium carbonate (CaCO3) deposition in biological systems
occurs during the formation of mollusc shells,1 egg shells,2-4

exoskeletons of arthropods,5 pearls,6 and corals.7 In all these
mineralized tissues the organic matrix plays an important role
in controlling the orientation, polymorphism, composition, and
morphology of the mineral phase. Many studies that were carried
out on the mechanisms involved in biomineralization processes
and several new biologically inspired synthetic routes were
designed to control the formation of the mineral phase.8,9 It has
been shown that polymorphism, morphology, and structural
properties of CaCO3 can be controlled by the use of specific
additives,10 macromolecules,11 small organic molecules,12 and

inorganic ions.13 Among the inorganic components, magnesium
(Mg2+) has a particularly important role in CaCO3 precipita-
tion.14 Biological systems have evolved strategies for high Mg2+

incorporation and stabilization that yield favorable material
properties. In sea urchin spines, for example, the inhomogeneous
distribution of Mg2+ impedes crack propagation, thus enhancing
fracture resistance.15 Under certain thermodynamic conditions,
Mg2+ can act either as an effective inhibitor to nucleation and/
or crystal growth of calcite or as a promoter for aragonite
nucleation.16 The inhibition of calcite formation could be
explained by the possible preferential adsorption of strongly
hydrated Mg2+ ions onto the growing calcite surfaces or by
enhancement of calcite solubility caused by incorporation of
Mg2+ into calcite structure.17 The role of Mg2+ as a promoter
of aragonite formation is closely related to its ability to inhibit
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Scheme 1. Chemical Structure of Synthetic Water-Soluble
Polyelectrolyte
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calcite nucleation. When the conditions are such that the
formation of calcite nuclei is significantly reduced, the
nucleation of the less stable polymorph, aragonite, can take
place.18 Improved understanding of the role of Mg2+ and its
incorporation into the calcite lattice has thus attracted
considerable interest among materials scientists. Crystalliza-
tion of CaCO3 in the presence of Mg2+ in combination with
various synthetic polymers has also been investigated as a
model of biomineralization.19-21

Herein, we report the nucleation of CaCO3 in the presence
or absence of Mg2+ ions in combination with or without
synthetic water-soluble poly (acrylamide-co-2-acrylamido-2-
methyl-1-propane sodium sulfonate-co-sodium acrylate) [poly
(AM-NaAMPS-SA)] to understand the conformation changes
of polyelectrolyte during the mineralization process. Although
such investigation have been carried out before by other
groups,22 its mechanisms are still far from being fully under-
stood. This is because the adsorption of organic molecules on
a solid surface is a complicated process consisting of many
events, such as conformational changes in organic molecules
and the coadsorption of ions. To the best of our knowledge there
is no report discussing the conformational changes of polyelec-
trolyte during the mineralization process observed using atomic
force microscopy (AFM) in real-time. In the biomineralization
process, the conformation changes of the organic matrix may
be a widespread phenomenon. The investigation of the structural
relationship between organic and inorganic materials is of main
interest. The approach taken was to extract quantitative informa-
tion on the polyelectrolyte conformational changes during the
mineralization process using AFM. The results provide evidence
of the role of the polyelectrolyte conformation in the mineraliza-
tion of CaCO3 and the methods for understanding the principle
that govern biomineralization.

Experimental Section

Materials. Acrylamide monomer (B.D.H., U.K) was recrystal-
lized from chloroform and washed with benzene (B.D.H., reagent
grade). Then it was dried under vacuum till it reached a constant
weight and was stored over silica gel in desiccators. 2-Acrylamido-
2-methyl-1-propane sulfonic acid (AMPS), A.R grade (Aldrich),
was used as received. The sodium salt of AMPS (NaAMPS) was
prepared by dissolving AMPS in stoichiometric quantity of sodium
hydroxide solution. Acrylic acid (Aldrich grade) was used as
received. Sodium acrylate (SA) was prepared by dissolving acrylic
acid in stoichiometric quantity of sodium hydroxide solution. The
polyelectrolyte was synthesized by a solution polymerization
technique by previously reported methods.23,24 The solution
structure and properties of acrylamide-based polyelectrolyte were
reported previously.25,26 Scheme 1 displays the structure of the
[poly(AM-NaAMPS-SA)] (relative viscosity ∼2) with a monomer
composition of 80:10:10 which is used as a crystal modifier in this

study. Magnesium chloride, calcium chloride, and potassium
carbonate were purchased from Merck. Water was purified by
Millipore. A 0.1 M HCl or 0.1 M NaOH buffer was used to adjust
the pH.

Methods. (a) Crystallization of Calcium Carbonates. In a
typical synthesis, a solution of CaCl2 (2 M, 2 mL) was added to an
aqueous solution of poly (AM-NaAMPS-SA) (100 mL, 2.0 g L-1),
and the pH of the solution [CaCl2/poly (AM-NaAMPS-SA)/H2O]
was adjusted to 7.5 using HCl or NaOH. A solution of K2CO3 (2
M, 2 mL) was then added dropwise into the pH-adjusted solution
under vigorous stirring for 1 min, and the solution was kept under
static conditions in the refrigerator at -20 °C. To study the role of
Mg2+ ions on CaCO3 precipitation, 100 mM of magnesium chloride
was added to the aqueous polyelectrolyte solution. In the control
experiment both Mg2+ and polymer were omitted.

(b) Field Emission Scanning Electron Microscopy (FESEM). SEM
studies on the CaCO3 crystals were carried out using a Hitachi
S-5200 field-emission scanning electron microscope at acceleration
voltages of 15 or 20 kV after a rotary coating with 3 nm of platinum
at an angle of 45° in a Balzers BAF 300. Since the experimental
solutions contain KCl, we performed energy dispersive spectroscopy
to analyze the chemical composition of the crystals. The results
verified the precipitate is CaCO3 with only little/no K and Cl
present.

(c) Calcium Ion Measurements. To estimate the polymer/
CaCO3 ratio, we dissolved an aliquot of sample in 0.1 M KCl
adjusted to a PH of 6.0 and measured the Ca2+ concentration using
Ca2+ selective minielectrodes (ETH 1001). We use the calibration
solutions according to Tsien, R.Y. and Rink, T.J.28 Since ionic
strength in our sample and test solutions were equal, Ca2+

concentration rather than Ca2+ activity was determined. The results
show that in all samples the amount of polymer was less than 20%.

(d) X-ray Diffraction Studies. Powder X-ray diffraction studies
on the crystal powder were carried out using a Siemens D500 X-ray
diffractometer with Cu KR radiation at 40 kV and 30 mA.

(e) Raman Spectroscopy. Raman spectra were recorded using
a CRM 200 confocal Raman spectrometer, WiTec, Ulm, Germany.
The exciting source was a SGL-2200 laser operating at 532 nm
with a power of about 200 mW. The scattered light was collected
at an angle of 180° (back-scattering). Typical spectral resolution
was 3 cm-1. To avoid the transformation of less stable polymorphs
into calcite the laser beam is scanned in a field of 200 × 200 µm2.
The total exposure time was 20 s. Original spectra are normalized
to the calcite peak at 280 cm-1. After subtracting the calcite fraction
of the spectra the remaining spectra are normalized either to the
aragonite or the ACC peak at 205 or 230 cm-1, respectively.

(f) Atomic Force Microscopy. An aqueous solution of poly-
electrolyte with or without divalent cation dropped on silica were
imaged in air using Digital Instruments DI3100 AFM equipped with
a Nanoscope IIIa controller (Veeco Instruments, Santa Barbara, CA)
operated in TappingMode. A silicon cantilever with resonance
frequency 300-400 kHz and spring constant 42 N/m was used.
AFM height images were presented after simple flattening using
DI software. The samples were observed by AFM immediately after
the deposition and also after sample exposure to highly humid
atmosphere. Humidity was controlled by enclosing the samples with
pure water in a container for 100% relative humidity (RH). The
AFM observation was done in the laboratory condition at the
relative humidity of 50-60%. It should be noted that it is hard to
attach negatively charged polyelectrolyte on a negatively charged
Si surface because of electrostatic repulsive forces. However, under
relatively high polyelectrolyte concentration, van der Waals attrac-
tion to the adsorbing surface could overwhelm electrostatic repulsive
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forces and force the polymers onto the Si surface, which allow the
imaging of polyelectrolyte surface.

Results and Discussion

CaCO3 precipitation in the absence of Mg2+ or polyelectrolyte
resulted in the anticipated calcite rhombohedral morphologies.
Crystallization in the presence of polyelectrolyte without Mg2+

resulted in the formation of aggregates of spherical crystal
morphology with diameter 20 µm (see Figure 1). These spheres
consist of rhombohedra subcrystals with sizes of 1 µm. Raman
spectra and XRD (Figures 2b and 3a) show clearly that only
the calcite polymorph is present in these spherical aggregates.
Here the spherical crystal morphology might result from
polyelectrolyte via specific or nonspecific crystal-additive
interactions. The influence of Mg2+ on the growth of CaCO3

in the absence of polyelectrolyte was more striking. The
resulting precipitates had four different morphologies: spindle-
like, dumbbell-like (Cölfen, H et al.29 also obtained similar
morphology by using double-hydrophilic block copolymer PEG-
b-PMAA as an additive), cross-like, and mulberry like (Grass-
mann et al.30 observed similar CaCO3 morphology grown within
gelatin and artificial p-AAm gel matrices in the presence of p-L-
Asp). Their sizes were in the range between 3 and 4 µm (Figure
4a A-D). The texture of these crystal aggregates were
roughened, and the subcrystals appear as intergrown rhombo-
hedra (with sizes of 200 nm) with well-defined {10.4} faces.

The presence of calcite, aragonite, and amorphous calcium
carbonate (ACC) was confirmed by Raman analysis; where as
X-ray diffraction (XRD) indicated the presence of calcite only
(Figure 2c and Figure 3b, respectively). Raman analysis was
particularly valuable for detecting amorphous and hydrated
phases of CaCO3; XRD was more sensitive for the identification
of crystalline phases.9,20 After subtracting the calcite fraction,
aragonite and ACC peaks can clearly be seen in the remaining
spectra (Figure 5b,e). Loste et al.20 have shown that the increase
in the Mg2+ content of the solution results in the precipitation
of intergrown rhombohedral crystal aggregates and significant
changes in the shape of the aggregates occurred upon increasing
the Mg2+ or by combining organic plus Mg2+ additives. In
contrast, the concentration of Mg2+ to Ca2+ ratio was kept
constant and then, by combining the polyelectrolyte plus Mg2+,
resulted in the same morphologies that were found with Mg2+

alone (Figure 4b, A-D). However the addition of polyelectrolyte
induces the smooth texture as well as reduction in crystal
aggregates size which were markedly different in texture and
size from the crystal aggregates produced with Mg2+ alone. The
crystal aggregate sizes were between 2 and 2.5 µm, and the
spherical-shaped subcrystals with diameters in the range of 100
nm appeared on the surface. The XRD pattern recorded shows
the presence of only calcite crystals (Figure 3c). Nevertheless,
in the Raman spectrum a shoulder appears at 200 cm-1 (Figure
2d) indicating the presence of aragonite. After subtracting the
calcite fraction aragonite, peaks at 209, 705, and 1087 cm-1

can clearly be seen in the remaining spectrum (Figure 5c). In
addition to this several peaks for ACC were observed in Raman
analysis after subtracting the calcite fraction (Figure 5f). The
formation of calcite and aragonite from transient phases of ACC
was demonstrated in echinoderms and mollusks.31,32 ACC is a
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Figure 1. Representative SEM images of the CaCO3 crystal aggregates
grown in the presence of polyelectrolyte without magnesium.

Figure 2. Raman spectra (without subtracting the calcite spectra) recorded
from (a) CaCO3 standard and CaCO3 precipitated in the presence of (b)
polyelectrolyte without Mg2+, (c) with Mg2+ without polyelectrolyte, and
(d) with polyelectrolyte and Mg2+.

Figure 3. XRD spectra recorded from CaCO3 precipitated in the presence
of (a) polyelectrolyte without Mg2+, (b) with Mg2+ without polyelectrolyte,
and (c) with polyelectrolyte and Mg2+.
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metastable phase that normally transforms within minutes into
a stable crystalline phase. Our samples from both experiments
(Mg2+ alone and Mg2+ with polyelectrolyte) consist of a mixture
of calcite, aragonite, and ACC, which indicates this transforma-
tion process is present. Our explanation for more than one phase

that induced by the Mg2+ alone can be the initial transient ACC
phase might contain low concentration of Mg2+ that is very
different from what was expected for the selective nucleation
for aragonite. Under these conditions precipitation is rapid since
it is barely inhibited by the small Mg2+ concentration, but the
Mg2+ concentration is sufficient to induce the shape of the
aggregates of CaCO3. The mixture of CaCO3 phases induced
by Mg2+ alone resembled that induced by the Mg2+ with
polyelectrolyte. However, it is noteworthy that crystals grown
in the presence Mg2+ with polyelectrolyte exhibited much
smoother texture or spherical-shaped subcrystals, as well as
reduction in crystal aggregates size, than those formed in the
Mg2+ alone. The results obtained in the present work indicate
that the crystalline structures and the shape of the CaCO3

aggregates are mostly driven by Mg2+ alone. However the
smooth texture as well as reduction in crystal aggregates size
could be due to the change in the chemical environment at the
polyelectrolyte surface when the aggregates come in contact
with Mg2+.

AFM has been used to examine the variation of the poly-
electrolyte conformation, when they come in contact with
divalent cations. We first discuss the AFM imaging on dilute
aqueous polyelectrolyte surface, in the absence of divalent
cations. Figure 6 shows the typical tapping mode AFM images
of a polyelectrolyte surface. Here we could see some phase
separation: a lower spherical area and an upper cloudy area.
Poly (AM-NaAMPS-SA) possess ionizable groups, which
dissociate in aqueous media to give negatively charged poly-
electrolyte chains and positively charged counterions. The
repulsion between charged monomers tends to expand the
polyelectrolyte chain. A high charge density on the polymer
backbone produces a high electrostatic potential around it, and
a fraction of counterions are consequently located in the
immediate vicinity of the polyelectrolyte chain leading to phase
separation, if counterions are multivalent.33-35 It is assumed
that the introduction of Ca2+ to the polyelectrolyte solution will
induce the formation of complexes with the sulfonate (-SO3

2-)
groups and organize the polyelectrolyte backbone into a
spherically orientated state. Conformational changes could affect
the channels that facilitate the transport of ions, thus controlling
the binding of ions and the active sites on the surface of the
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Figure 4. Representative SEM images of the CaCO3 crystal aggregates
grown in the presence of (a, A-D) magnesium without polyelectrolyte and
(b, A-D) in combination with magnesium and polyelectrolyte.

Figure 5. After subtracting the calcite spectra, the remaining Raman spectra
show (a) aragonite reference and (d) amorphous calcium carbonate (ACC)
reference peaks. CaCO3 precipitated in the presence of (b) Mg2+ without
polyelectrolyte and (C) polyelectrolyte and Mg2+show Aragonite peaks;
whereas CaCO3 precipitated in presence of (e) Mg2+ without polyelectrolyte
and (f) polyelectrolyte and Mg2+ show ACC peaks.

Figure 6. AFM images of an aqueous polyelectrolyte surface that shows
some phase separation: a lower spherical area and an upper cloudy area. A
high charge density on the polymer backbone produces a high electrostatic
potential around it, and a fraction of counterions are consequently located
in the immediate vicinity of the polyelectrolyte chain leading to phase
separation.
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polyelectrolyte that could be altered, thus affecting the nucleation
pattern. This assumption is supported by AFM results. The
influence of calcium (Ca2+) and magnesium (Mg2+) on the
polyelectrolyte solution is depicted in Figure 7A,C; a marked
conformational change is seen. In particular, a rather small
fraction of divalent cations is already sufficient to lead to a
collapse of the polyelectrolyte in solution. At sufficiently high
salt concentration, the two systems (polyelectrolyte-Ca2+,
polyelectrolyte-Mg2+) enter a two-phase region, which yield
a polyelectrolyte-rich gel-like precipitate and a virtually polymer-
free aqueous phase. The large majority of the cations are
expected to be located inside the collapsed regions. In Figure
7A, we could see the adsorbed polyelectrolyte with Ca2+ ions.
The core of the collapsed globular region and its several
branches are clearly visible. This orientation may lead to the
formation of aggregates of spherical crystal morphology (Figure
1) and points out the fact that the polymer provides nucleating
sites for crystal growth through complexation of Ca2+ by the
-SO3

2- groups on the backbone, and it also acts as a growth-

directing agent. Figure 7C displays the image of the same
polyelectrolyte in the presence of Mg2+ ions. Now the branches
only appear as a corona around the core, which assumes a
gradual tapering toward each end. No single branches can be
seen anymore, as is for a collapsed conformation of the
polyelectrolyte. This type of orientation may lead to the
formation of “spindle-like” aggregates with Mg-containing
calcite. The crystal morphology change caused by the presence
of Mg2+ can be a slow process. As we can see, the crystal
aggregates in Figure 4 panels a,A and b,A have not reached
their stable morphology because the faces have not disappeared
completely. We can expect that the final morphology of a crystal
could be a mulberry-like shape as shown in Figure 4 panels
a,D and 4b,D. The growth rates are different at different stages
of the morphology change.36 We believe that once the crystal
morphology reaches its equilibrium state, the crystal growth rate
will become constant and the amount of Mg2+ incorporated at
this stage will be uniform. Figure 7E demonstrates that, at
parallel polyelectrolyte concentration and pH, the addition of
both the Ca2+ and Mg2+ ions leads to a more pronounced
tapered region, which indicates conformational freedom in the
denatured state. Such conformational change could be due
to the strong interaction of Mg2+ ions with the polyelectrolyte.
The addition of Mg2+ions weakened the interaction between
the polyelectrolyte and the Ca2+ ions since Mg2+ ions possess
high charge density. Perhaps because of this, most of the Ca2+

ions are preferentially confined within the collapsed region.
Therefore, we can assume that such an orientation of the side-
chain functional groups on the polyelectrolyte backbone plays
a crucial role for the selective morphogenesis of the crystal
aggregates with smooth texture and reduction in crystal ag-
gregates size.

Conclusion

Our observations showed that we could describe the alteration
of CaCO3 crystal aggregates’ shape and texture as well as size
by divalent cation with or without a polyelectrolyte having
preorganized structure prior to mineral deposition, and their roles
in regulating the growth of calcium carbonate minerals. Though
the investigation of the structural relationship between organic
and inorganic layers is far from complete, such structural and
textural changes as well as size changes are roughly consistent
with the effect of conformation on the obtained calcite morphol-
ogy. In conclusion, our results show the particle structure,
texture, and size can alter via conformational freedom in the
denatured state prior to mineral deposition, and the mode of
orientation varies with nature of additives. These results provide
a relationship between the effect of conformational changes on
the microstructure of CaCO3 composites and the necessity of
new synthetic strategies. These model experiments serve to
demonstrate the complexity of crystal growth in biological
systems.
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Figure 7. AFM images of aqueous polyelectrolyte surface with (A) calcium
ions that shows collapsed region and its several branches, (C) magnesium
ions that show that the branches only appear as a corona around the core,
which assumes a gradually tapering shape toward each end. No single
branches can be seen anymore, as is for a collapsed conformation of the
polyelectrolyte. (E) Magnesium and calcium ions show Ca2+ and Mg2+

ions lead to a more pronounced tapered region, which indicates conforma-
tional freedom in the denatured state. Panels B, D, and F are the
corresponding vertical height profiles.
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