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CaCO3 crystalline structures having novel assemblies were in situ fabricated as analogs of naturally occurring
proteins and polysaccharides for biomineralization. The calcite crystal was mineralized in a poly(vinyl
alcohol)-Ca2+ complex film immersed in a Na2CO3 solution containing poly(aspartic acid). The morphology
and size of the CaCO3 crystals were tuned by varying the concentration of poly(aspartic acid). The mechanisms
of their nucleation orientation and formation were investigated experimentally and through molecular
dynamics (MD) simulations in order to obtain a better understanding of the interactions between the polymers
and the crystal at the molecular level. Both the MD results and experimental results indicate that the interaction
between PVA and calcite mainly depends on the concentration of the polymer. The novel approach proposed
herein for the fabrication of inorganic crystalline assembly structures can be used to fabricate precise crystalline
structures.
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Introduction
Biomineralization is the process by which living organisms
secrete inorganic minerals in the form of highly ordered and
complex structures such as skeletons, shells, teeth, etc..1-7 A
remarkable feature of naturally occurring materials − for
example, the porous silica exoskeleton observed in diatoms
and natural honeycombs − is their highly ordered structures
and finely carved appearance. Such highly ordered structures with sizes ranging from nanometers to millimeters are
characteristic of biological structures, introducing the capability to meet the physical or chemical demand occurring at
these different levels.8 Such complex and highly ordered
structures of natural materials have inspired materials scientists to develop new types of high-performance engineering materials.
By adopting the biomineralization-inspired assembly,
many inorganic particles with controllable morphology have
been prepared in vitro by using natural and synthetic polymers.9-21 Owing to the remarkable progress in the research
on biomimetic mineralization, the mechanisms underlying
the formation of biominerals have been established, on the
basis of which a number of novel designs and high-performance structures have been developed.22,23 Much effort has
been focused on exploring the interaction between additives
and certain crystal faces and the relationship between primary and secondary structures of organic additives and
crystal morphology.24,25 Recently, a series of quantitative
analyses on the formation of prenucleation clusters during
the early stages of CaCO3 precipitation in the absence and

presence of such additives have been carried out, and it has
been found that short-range ordering occurs much before the
formation of the prenucleation clusters.26,27 Therefore, it is
necessary to investigate whether the final morphology and
polymorphs of a crystal are affected by the ordering of its
structure during the formation of prenucleation clusters or by
the addition of additives to different mineral phases. Moreover, to the best of our knowledge, there have been few
studies on macroscopic CaCO3 materials with complicated
substructures and sizes ranging from the nanoscale to the
microscale.28-30
In this study, we investigate the assembly behavior of
CaCO3 crystals with sizes ranging from the nanoscale to the
microscale on a poly(vinyl alcohol) (PVA) film; the growth
of the crystals on the film is carried out by changing the
concentration of poly(aspartic acid) (pAsp), the crystal
modifier. We focused on specific, coordinated interactions
between the surfaces of the polymers and minerals by using
pAsp and PVA as the analogs of naturally occurring biominerals of modifier (acid-soluble proteins) and substrate
(polysaccharides). The co-effect of pAsp and PVA on the
synthesis of the CaCO3/polymer membrane was systematically characterized. Molecular dynamics (MD) simulations
were also carried out in order to obtain a better understanding of the interactions between the polymers and the crystal
at the molecular level.
Experimental Method
Materials. We purchased pAsp (Mw: about 5000) from
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Shandong Li Bang Fine Chemicals Company Limited (Jinan,
China) and obtained PVA (Mw: about 125000) from Sinopharm Chemical Reagent Company Limited (Shanghai,
China). CaCl2 and Na2CO3 were of the analytical-reagent
grade. Deionized water (over 18 MΩ) was used throughout
the experimental procedure.
Preparation of CaCO3 Particles. The salt solution contained 0.1 M CaCl2 and 0.1 M Na2CO3 as source ions for
CaCO3. Various concentrations of PASP were prepared as a
modifier of crystallization in the salt solution. pH of the
solution was regulated at 7.5. Experiments were maintained
in a closed glass beaker for seven days at 25 °C. The final
particles were rinsed with deionized water and dried for
characterization.
Preparation of the PVA Film and CaCO3 Films. Ten
grams of PVA was dissolved in 100 mL of deionized water
at 100 °C, and 1.11 g of CaCl2 was dissolved in the aqueous
PVA solution. Solid PVA films were coated on a glass
substrate by dip coating. The films, after being dried at 25 °C,
were washed with deionized water. For the preparation of
CaCO3 films, pAsp was dissolved in an aqueous Na2CO3
solution at two different concentrations (10 mg/mL and 20
mg/mL). The PVA-coated glass substrate was immersed in a
Na2CO3 solution containing various concentrations of pAsp.
The substrate obtained after a reaction period of seven days
at 25 °C was rinsed with deionized water and dried for
characterization.
Molecular Dynamics (MD) Simulations. MD simulation
was conducted by using Material Studio (MS) v4.2 package
(Accelrys, San Diego, CA) and the condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) force field. The COMPASS force field is a
general all-atom force field for atom simulation developed
using state-of-the-art ab initio and empirical parameterization techniques; it is applicable to both organic and
inorganic materials.31 Validation studies of the COMPASS
force field have demonstrated its ability to accurately predict
the structural, chemical, and physical properties of a broad
range of molecules and condensed phases.31 The process of
constructing the proposed model is explained in detail in the
Supporting Information section.
Characterization. A scanning electron microscope (SEM,
JEOL-6480) was used for observing the morphologies of the
products. The samples were carefully mounted on copper
stubs with a double-sided carbon tape and then coated with a
thin layer of gold before examination. X-ray diffraction
(XRD, D/max2500VB3) was performed with Cu Kα radiation (λ = 1.5148 ) via a rotating anode at 40 kV and 200 mA.
The data were collected in steps of 0.05o/10 s, with the
diffraction angle (2θ) ranging from 10o to 90o.
Results and Discussion
Synthesis of the CaCO3/Polymer Membrane. After the
synthesis of CaCO3 on the PVA membrane, the membranes
were directly observed using SEM and XRD. In the absence
of pAsp, we obtained precipitated crystals that were regular,
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Figure 1. SEM morphologies of the calcite crystals grown on PVA
membranes: (a) and (b) without additives, regular rhombohedral
shape; (c) and (d) after the addition of 10 mg/mL pAsp, flowerlike crystals; (e) and (f) after the addition of 20 mg/mL pAsp,
pineapple-like crystals.

rhombohedral calcite particles (Figure 1(a)). As shown in
Figure 1(a), many of the particles had cleavage faces of
(104) orientation, which is a well-known crystallographic
orientation in calcite and also the most thermodynamically
stable face.32-34 From the XRD result, however, diffraction
peaks of the vaterite phase (ICSD card no: 33-0268) appeared following addition of 5 mg/mL PASP, and diffraction
intensity of the calcite phase decreased, as shown in Figure
2(b). Along with the increase in PASP concentration, the
gradual disappearance of diffraction peaks of calcite, along
with a gradual increase of vaterite, can be seen in Figure
2(c). As shown in Figure 2(d), the typical vaterite phase was
eventually confirmed following addition of 20 mg/mL
PASP. The above results indicate an important role for PASP
in control of crystal polymorphs in homogeneous nucleation.
PASP is sufficient for control of transformation between
calcite and vaterite in solution. In Figure 2(b), we confirmed
that the strongest diffraction peak is indexed as a typical
(104) plane of calcite with the strong diffraction peak indexed as PVA. With the addition of pAsp, other crystallographic
orientations were observed; these are explained in detail
later in this section.
The predominant crystallographic orientations of the
calcite crystals were quantitatively analyzed from the XRD
spectra.35,36 For a quantitative analysis of the orientational
uniformity of the crystals (Table 1), we normalized the
measured intensities of the peaks in these spectra by the
standard intensities of the peaks corresponding to randomly
oriented calcite powder, the values of which were obtained
from the ICSD standard data. Note that we used the most
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Table 1. Crystallographic orientation of the calcite crystals grown
on the PVA membrane; the results were obtained from the XRD
data
hkl

Standard int, I*a

104
110
113
202
018
116
122

100
14
18
18
17
17
8

PVA

PVA/pAsp

b

c

I

%

Ib

%c

100

70.8

7

29.2

100
7.9
9
6
10
10
3

25.3
14.3
12.7
8.4
14.9
14.9
9.5

a
ICSD (card no.: 05-0586) data showing the intensities of peaks in the
XRD profile for randomly oriented calcite powder. bMeasured intensity
of peaks in the XRD profiles of calcite crystals grown on different
surfaces. cPercentage of crystals in different orientations estimated using
Equation 1.

Figure 2. (A) XRD patterns of CaCO3 deposition produced at
various concentrations of PASP. (a) without additives; (b) after
addition of 5 mg/mL PASP; (c) after addition of 10 mg/mL PASP
(d) after addition of 20 mg/mL PASP. (B) XRD patterns of CaCO3/
PVA membrane: (a) without additives and (b) after the addition of
20 mg/mL pAsp.

distinguishable peaks, indicated as “c”, to calculate the
predominant crystallographic orientations. The percentage
of calcite crystals in different orientations (hkl) was estimated using the following equation:
*
Ihkl /Ihkl
-,
%hkl = 100 × ---------------------------*
Σhkl (Ihkl/Ihkl
)

(1)

where Ihkl is the intensity of peaks obtained from the ICSD
standard data (card no.: 05-0586) shown in the XRD profile
*
for randomly oriented calcite powder and Ihkl
is the measured intensity of the peaks from the XRD profiles of calcite
crystals grown on different surfaces.
The results show that the crystals grown on the PVA
membrane have a pronounced orientational uniformity: the
predominant nucleating planes were (104) for PVA [70.8%
for the (104) reflection] and (104) for PVA/pAsp [25.3% for
the (104) reflection]. From this result, we can see that 70.8%
of the crystal faces of calcite have the orientation of the
(104) plane. However, upon adding pAsp, the percentage of
crystal faces with the orientation of the (104) plane decreased. As shown in Figure 1(f), the addition of pAsp promotes
the formation of calcite with pineapple-like morphology that

includes some other orientations; however, the (104) planes
are still predominant in the pineapple-like morphology.
Weiner et al. discovered that the antiparallel β-pleated
sheet found in the matrix of mollusk shells contains Asp-XAsp structures (where X is a neutral residue).3;37 These periodic structures may bind Ca2+ ions to form the (001) faces of
calcite or aragonite crystals.38-40 Hou et al.3 found that the
EDTA-insoluble protein membranes extracted from the
nacreous layer of mollusk shells (M. edulis) promote nucleation through structural matching with the (001) faces of
calcite. Our observations suggest a similar structural correspondence between the PVA membrane and the fabricated
calcite crystals (Figures 1(a) and 1(b)). The lattice parameters of synthetic calcite calculated from the XRD patterns
were found to be as follows: a = 4.988 Å and c = 17.08 Å;
these values are in good agreement with the literature values
for rhombohedral symmetry (in hexagonal axes): a = 4.991
Å and c = 17.061 Å.32 The interplanar angle between the
(001) and (104) planes calculated by using a general
equation36 based on the experimental data was found to be
approximately 44.61o. By using this value, we performed
crystallographic analysis of the fabricated calcite crystals by
following a previously reported method.32,33 Further, (104)oriented twin crystals inclined at 44.62o relative to the [001]
direction and perpendicular to the (001) plane were grown.
On the basis of these results, we suggest the following
mechanism for the formation of calcite. Figure 3 shows the
schematic representation of the process of crystal formation.
Nucleation takes place at point O and grows in the [001]
direction, perpendicular to the membrane surface. Calcite
crystals nucleate in the inductive region of the PVA
membrane. These nuclei have the same [001] directions, as
shown in Figure 3. By referring to the matching model, it
can be inferred that their [100] or [010] directions may be
the same or may differ by an angle of 60o, since calcite
belongs to a hexagonal system.3 Similarly, the prismatic
layers in mollusk shells are (001)-oriented calcite crystals.41
Therefore, the results indicate that the coordinated interactions between the hydroxyl groups in a natural, insoluble
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Figure 3. Schematic illustration of crystal growth on the PVA film; the growth of the crystals on the film is carried out by changing the
concentration of pAsp.

matrix may play a significant role in biomineralization.
Meanwhile, flower-like crystals are formed in the presence of pAsp; some crystal particles have an agglomerated
appearance (Figures 1(c) and 1(d)), which is caused by
polynuclear growth. The nuclei are agglutinated by surfaceadsorbed pAsp molecules and grow together as a single
particle. Therefore, under a higher concentration of pAsp,
the agglomerated appearance becomes more elaborate. In
Figures 1(e) and 1(f), the aggregated orbicular particles are
composed of a number of little, pineapple-like pyramids of
calcite. As in the case of the axes of the three planes
discussed earlier, all the [001] directions appeared capable of
extension toward the center of the sphere-like particle.42 In
macro-observation, this means that the arrangement of all
obtuse-triangular pyramids in the sphere-like particle will
either be identical or mirror-symmetric (Figure 1(f)). The
formation model of the aggregated orbicular particles is
shown in Figure 3.
Undoubtedly, the results obtained indicate the adsorption
of the selected polypeptides on the calcite surface.
Interactions between pAsp and the calcite surface occur as a
result of the formation of coordinative bonds between the
Ca2+ ions at the surface and the side-chain carboxylic groups
of the polypeptide.14 The adsorption of the pAsp molecules
on the calcite surface is a result of the electronegativity of
the carboxyl groups (-COO−). The stereochemical structure
of the polypeptide is similar to that of the C-O3 triangle in
the calcite crystal lattice, and the COO− groups of pAsp may
especially bind the surface Ca2+ ions, thereby controlling the
growth of the calcite crystal.43 Similarly, these results indicate that the coordinated interactions between the carboxylic

groups of the natural, soluble glycoproteins found in aspartic
acid residues, which are extracted from the calcitic layers of
mollusk shells, may play a significant role in biomineralization. Addadi et al.44 reported that in the adsorbed state,
poly-L-aspartic acid assumed a β-sheet structure and random
coil conformation. The predicted secondary structure of
pAsp in an aqueous solution suggests that pAsp accounts for
almost 50% of the β structures (β-strand and β-turn). When
adsorbed on the surface of a solution containing Ca2+ ions,
pAsp tends to adopt extended regions in β-pleated sheet
conformation. The extended conformation assumed by the
polypeptide in the β-sheet region favors the formation of
coordinate bonds between its side-chain carboxylate groups
and Ca2+ ions at the calcite surface.
With reference to the polymorph formation described
herein, the proposed model of strong coordinated interactions between pAsp and the calcite surface is consistent
and complementary to the mechanism of functioning of the
Asprich proteins isolated from the calcite layer of mollusk
shells. We keep in mind that not only the stereochemistry but
also other parameters such as the sequence and structure of
the polypeptide, accompanied by specific microenvironments, including ionotropy, charge, and the presence of
specific insoluble macromolecules, can play a decisive role
in the formation of a particular polymorph.14,41,43-47
We believe that these results might enable us to understand the process of biomineralization. A good understanding of the process of biomineralization delivers new tools
and possibilities into the hands of chemists for the generation of crystalline nano- and mesostructures in a much
broader and potentially useful way. However, there is still
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much to be learned about the forces guiding crystal assembly and the exact formation mechanisms.
Molecular Dynamics (MD) Simulation. The use of MD
simulation is an effective method for the study of the interactions between nanoparticles, polymers, and small molecules. The MD simulation technique is based on the force
field of atoms that can simulate the properties of a system,
with a calculated space length ranging from several angstroms to several nanometers. Therefore, in order to get an
insight about the assembly mechanisms of the CaCO3 crystal
under the action of a polymer at the molecular level, we
designed three models on the basis of our experimental
results: (i) calcite (001)/PVA model, (ii) calcite (104)/pAsplow (low concentration) model, and (iii) calcite (104)/pAsphigh (high concentration) model. The calcite (001)/PVA
model simulated the nucleation of calcite crystals on the
PVA membrane; the calcite (104)/pAsp-low model and the
calcite (104)/pAsp-high model simulated calcite crystals
assembly under the action of pAsp with low and high
concentration, respectively.
Calcite/Polymer Interaction. Computation of the interaction energy between a polymer and calcite is important to
understand the physisorption of calcite with the polymer. We
built the PVA model and the pAsp model with the calcite
(001) and (104) planes using Material Studio (MS) v4.2
package (Accelrys, San Diego, CA) (See Figs. S1, S2, and
S3 in the Supporting Information section).
A single-layer slab structure with a periodic boundary
condition was used to build the model of the PVA membrane
with the calcite (001) plane and the model of the pAsp
molecule with the calcite (104) plane (Figure 4). The
application of periodic boundary conditions enables us to
investigate the adsorption behavior of calcite with a desired
coverage on an infinite PVA surface and the calcite crystal
surface. In the calcite/PVA model, there are two layers of
PVA molecules: one fixed and the other movable. The former
is analogous to the upper surface of the PVA membrane, and
the latter is analogous to the surface in contact with the
calcite surface. A 5000-step energy minimization was performed at the initial stage of the layer-model construction.
MD simulations were conducted on the two models under
the NVT ensemble with a time step of 1 fs for 1500 ps until
the system reached equilibrium. Subsequently, additional
100-ps MD simulations were conducted for analysis. Snapshots of the calcite/PVA model, calcite/pAsp-low model, and
calcite/pAsp-high model before and after the MD simulations are shown in Figure 4. The binding energies, nonbonding energies, and mean-squared displacements of these
three models were calculated after conducting the MD
simulations.
Interaction between Calcite and the Polymers. The
interaction between calcite and the polymers can be
evaluated on the basis of the binding energy between the
crystallographic surfaces in calcite and the polymer molecules. Table 1 shows the binding energies between the
polymer chains and the calcite surface; these were calculated
from the following equation:
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Figure 4. Snapshots of (A) the calcite/PVA model, (B) the calcite/
pAsp-low model, and (C) the calcite/pAsp-high model before
(left) and after (right) MD simulation.

Ebinding = Ecalcite + Epolymer − Ecalcite+polymer ,

(2)

where Ecalcite is the energy of the calcite surface, Epolymer is
the energy of the polymer chains, and Ecalcite+polymer is the
energy of the calcite surface with the polymer. Note that a
high binding energy indicates high adhesive strength between the polymer and the calcite surface.48,49 The binding
energies between calcite and the polymer were calculated
from the COMPASS force field, the results of which are
listed in Table 2.
As already mentioned in the Results and Discussion
section, the calcite crystals nucleate in the inductive region
of the PVA membranes through interfacial matching to the
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Table 2. Binding energies between calcite and the polymers
Surface

Polymer

Ecalcite+polymer
(kJ·mol−1)

Epolymer
(kJ·mol−1)

Ecalcite
(kJ·mol−1)

Ebind
(kJ·mol−1)

(001)
(104)
(104)

PVA
pAsp-low
pAsp-high

198073.63
−594887.02
−555080.53

−8519.85
−4289.06
−7711.54

214507.68
−590536.49
−547127.61

7914.20
61.47
241.38

(001) faces. By simply varying the concentration of pAsp
added to calcite, the calcite crystal was assembled to form
flower-like and pineapple-like particles. Therefore, the
calcite/PVA model was built for the simulation of the
nucleation of the calcite crystals in the PVA membranes; the
calcite/pAsp-low (B) and calcite/pAsp-high (C) models
were built for the simulation of the assembly of the calcite
crystals under the action of pAsp with low and high
concentration, respectively. As shown in Table 2, the results
clearly indicate that the polymer was adsorbed on the crystal
surface because the binding energies of the different systems
were positive. It is more important to ensure that the binding
energy between calcite and PVA is sufficiently strong to
induce nucleation of the calcite (001) face. Moreover, the
binding energy of the calcite/pAsp-high model is four time
higher than that of the calcite/pAsp-low model. This implies
that the assembling force of the calcite crystals under the
action of high-concentration pAsp is different from that of
the calcite crystals under the action of low-concentration
pAsp. As shown in the SEM images (Figures 1(d) and 1(f)),
the calcite crystal unit cells comprised flower-like and
pineapple-like particles, but the elaborate degree of assembly was different between the two kinds of particles because
of the different assembling forces of high- and low-concentration pAsp. Therefore, the simulation results are consistent
with the experimental results, both of which provide
abundant proof that a variation in the concentration of pAsp
played a significant role in the assembly of the calcite
crystal.
The non-binding energies between the calcite particles and
the polymers were calculated from the COMPASS force
field, the results of which are listed in Table 3. The negative
and positive values of interaction energy correspond to the
attractive and repulsive forces between calcite and the
polymer, respectively. By comparing the non-bonding energies between calcite and the three polymers, it can be clearly
inferred that the interaction between PVA and calcite mainly
depended on the Coulomb force and the van der Waals force,
whereas the interaction between pAsp and calcite mainly
depended on the Coulomb force. These results helped us to
probe into the assembling forces of the calcite crystals under
Table 3. Non-bonding energies between calcite and the polymers
Surface

Polymer

ΔEnon-bond
(kJ·mol−1)

ΔEvdW
(kJ·mol−1)

ΔEcoulomb
(kJ·mol−1)

(001)
(104)
(104)

PVA
pAsp-low
pAsp-high

−45274.13
−597514.04
−557387.56

−19145.10
17702.48
4398.45

−26129.02
−615219.03
−561786.02

the action of PVA and pAsp at the molecular level.
It is important to understand the effects of incorporated
inorganic particles on the mobility of the polymer in order to
characterize the manner in which inorganic particles reinforce or plasticize the polymer and alter the transport
properties of the hybrid system. The diffusion channels
between free-volume voids are controlled by the polymer
with chain mobility. Understanding chain mobility is crucial
for studying the transport properties of hybrid systems.50,51 It
is generally agreed that polymer chain mobility is closely
related to the interaction between inorganic particles and the
polymer.52,53
Polymer chain mobility is investigated by examining the
mean-square displacement (MSD) of the polymer chains as
a function of the simulation time:
2

2

〈 Δr(t ) 〉 = [ ( ri( t)−ri( 0) ) ] ,

(3)

where ri (t) and ri (0) are the positions of atom i at time t and
0, respectively. The bracket denotes the ensemble average,
which is obtained by averaging over all atoms and all time
origins, t = 0. Inorganic particles may serve as a crosslink
that constrains the surrounding polymer chains, thereby
decreasing the polymer chain mobility.54 Meanwhile, the
inorganic particles may perturb the polymer chain packing
and consequently destroy the crystalline region in the
polymer.55 Therefore, the changes in chain mobility depend
on the organic-inorganic systems.56,57 In the present system,
PVA and pAsp are semi-crystalline polymers in which the
mobility of the polymer chains is constrained by the
crystalline regions, as a result of which they exhibit slow
domains. When the calcite crystals are incorporated into the
polymer, chain packing perturbation plays a dominant role.
There are strong interactions between calcite and the
polymer, and these interactions disrupt the percolation of
slow domains that would normally be present in the polymer.
Thus, the chain mobility increases as a greater number of
crystalline regions lose their percolated nature.
The MSD of the polymer chains in the calcite/PVA and
calcite/pAsp models is shown in Figure 5. A larger slope of
the MSD curve indicates a higher chain mobility.52 Apparently, the polymer chain mobility of the two models is
higher than that of a pure polymer molecule. The strong
interactions between the polymer and calcite, combined with
the binding energy, disrupt the crystalline region in the
polymer, thereby resulting in the enhancement of chain
mobility. It is interesting to note that the calcite crystals grew
under the action of PVA and pAsp, the property of PVA and
pAsp were affected by calcite crystal simultaneously.
Furthermore, the calcite/pAsp-high model which made the
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mainly depends on the Coulomb force and the van der Waals
force, whereas the interaction between pAsp and calcite
mainly depends on the Coulomb force. Moreover, we found
that as a result of the interaction between the polymers and
calcite, the polymer chain mobility of the composite was
higher than that of the pure polymer. The results of this study
demonstrate the effectiveness of the proposed approach,
which allows superior control over the crystal morphology
and membrane architecture and the potential of biomimetic
mineralization as a promising strategy toward the advancement of materials. Improved understanding of the formation
of highly ordered structures under biomimetic conditions
would enable further advancements in chemical, biological,
and materials sciences and help develop effective methods to
encapsulate and deliver various target substances in biological and pharmaceutical applications. Controlling the
crystalline assembly by changing the concentration of the
crystal modifier provides an ideal bottom-up approach to
fabricate new functional materials and devices with desirable organization.
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Figure 5. MSD of the polymer chains in (A) the calcite/PVA
model and (B) the calcite/pAsp model.

two PASP molecules homogeneous distribution in the model
have lager slope compare calcite/pAsp-low model. Therefore, combine with the calculations of binding energy, the
strong interaction between polymers and calcite surfaces
disrupted the polymers crystalline region, resulting in the
enhancement of chain mobility.
Conclusion
We successfully constructed an artificial biomineralization
system, where calcite was mineralized within the PVA/pAsp
polymer matrix. The design of this in vitro crystal growth
system was based on the models of the organic matrix in
which biomineralization occurs.2 We have shown that the
calcite crystals nucleate in the inductive region of the PVA
membranes through interfacial matching to the (001) faces.
By simply varying the concentration of pAsp added to
calcite, the calcite crystal was assembled to form flower-like
and pineapple-like particles. Further, pAsp was adsorbed on
the surface of the calcite crystals for inducing the aggregation of the crystals through coordinated interactions
between the COO− groups of pAsp and the Ca2+ ions of the
calcite crystals. We also carried out MD simulations in order
to obtain a better understanding of the interactions between
the polymers and the crystal at the molecular level. The MD
results indicate that the interaction between PVA and calcite
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