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Abstract

White spots form in the brown shrimp (Penaeus aztecus, Decapoda) shell during frozen storage. The mineral formed consists of calcite
incorporated into an amorphous a-chitin matrix. We studied mechanisms of interaction of amorphous a-chitin macromolecules with 4kl crystal
planes to form highly ordered structures, as well as the role of specific sites in the biopolymer, which can be related to nucleation and spheroidal
crystal growth. We used low vacuum scanning electron microscopy (LVSEM), X-ray powder diffraction (XRD), atomic force microscopy (AFM),
Fourier-transform infrared spectroscopy (FT-IR), and molecular mechanics modeling (MM+ method). AFM images showed fingerprint distances
in the biopolymer and a highly layered structure in the crystalline material. The presence of a-chitin, with a specific spatial distribution of radicals,
is thought to be responsible for nucleation and to thermodynamically stabilize ions to form the spherulite crystalline phase, which are usually oval
to spherical (0.10 to 200 pm in diameter). Our models of crystal-biopolymer interaction found high affinity of CO3  anions in the (104)
crystalline plane (the main plane in calcite monocrystals) to NH— groups of the biopolymer, as well as of the C=0 in the biopolymer to Ca>"
cations in the crystalline structure. These interactions explain the spherical growth and inhibition in some planes. The specific physicochemical
interactions (docking of groups depending on their geometrical distribution) suggest that the biomineral structure is controlled by the biopolymer
on a local scale. This information is useful for further design and improvement of (hybrid) materials for versatile application, from nanotechnology
to biomedicine and engineering.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction amorphous a-chitin (poly-p-(1 — 4)-N-acetylglucosamine) [2].
The exoskeletons of Crustacean are built up by chitin, proteins,

White spots may form in the shell of many arthropoda during and sometimes calcium salts, phosphates and carbonates. As
frozen storage [1] as in the brown shrimp (Penaeus aztecus). can occur in other systems, the mineral—organic interactions can
Dried white spot material has previously been shown to consist be due to high affinity of biomacromolecules to the mineral
of CaCOs; in the form of calcite, incorporated into a matrix of  surface [3—5]. The complex hybrid (biomineral) systems are an
exciting subject for material science and solid state biophysics.
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Quimica de Radiaciones y Radioquimica, UNAM, Circuito Exterior C.U. hybrids exhibit a remarkable degree of ordering and control
Apdo., Postal 70-543, 04510 México, D.F., México. over the nucleating crystalline structures at nanometric and
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micrometric scales, whose mechanism is not well understood
[6]. Of particular interest is the affinity and specificity of some
regions in the macromolecules, or monomers as aminoacids and
sugars, to some (/k/) crystal planes from some crystals. In calcite
from shrimps the interaction results mainly in a well-established
and organized carbonate crystalline phase [7] with spherulite
morphology (oval to spherical) and about 0.5 to 200 pm in
diameter [8]. Quite remarkably, spherical shape is not typical for
mineral calcite, although it is possible due to inhibition of some
crystalline planes through the interaction with certain molecules
or ions. The main crystal morphology for calcite is rhombohe-
dral, and the main peak in powder X-ray diffraction patterns
corresponds to its (104) plane. In the rhombohedral crystal
structure, the (104) plane dominates [9].

The biological nature commonly employs hybrid interac-
tions to improve mechanical properties of the tissues [10];
Bivalvia shells are perhaps the best example. Hybrid interac-
tions are believed to play the most important role here [11,12].
Nonetheless, their detailed characterization is scarce, despite the
fact that description of the mineral-macromolecule interactions
is a subject for extensive studies due to their importance for the
synthesis of high-performance materials [13—15]. Calcium
carbonate has been widely used for studying the biomimetic
processes; the synthesis of calcite crystals in the presence of
organic templates allows to produce crystals with specific
morphologies and sizes [16].

To explain this controlled crystal synthesis, authors regard a
specific geometrical distribution of functional groups in the
biopolymer as the one responsible for specific interactions with
the crystalline phase, as observed in other inorganic [17] and
biological systems [1,15,18].

The aim of these studies is to understand how the amorphous
macromolecular structures as «-chitin couple to crystalline
planes to form controlled crystalline structures, as well as to
know the roles of different chemical groups in the crystal—
biopolymer interaction [19,20]. Performing experiments in situ
at nanoscale level and under environmental conditions is
possible actually by using atomic force microscopy [19,21].
Taken together with molecular modeling, it could contribute to
our understanding of the phenomena underlying this molecu-
larly controlled process.

In the present paper, we studied the spherulites by means of
low vacuum scanning electron microscopy (LVSEM), X-ray
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Fig. 1. X-ray diffractogram of: (A) powdered sample of the shrimp shells (white
spot material) and (B) a calcite diffractogram. The contribution from amorphous
solid is due to a-chitin. The highest calcite peak corresponds to (104) plane.

powder diffraction (XRD), atomic force microscopy (AFM),
Fourier-transform infrared spectroscopy (FT-IR), along molec-
ular mechanics modeling (MM+method) of a-chitin—calcite
interactions. We tried to address the question whether a-chitin
structure can match calcite surface structure, to explain the
origin of the spherulite morphology by inhibiting the (100),
(001) and (104) planes, as well as to describe changes in the a-
chitin molecular architecture when associated to the crystalline
phase. Studying this sort of structures is an inevitable step for
bringing new knowledge at nanoscale level and synthetic tools
to other research areas, from solid state biophysics to nascent
bionanotechnology.

2. Materials and methods

Commercial dried shells of P aztecus were used in the
present study. Carapaces (Cephalothorax) were selected from
the entire shells (containing the white material within the
tissue) and washed in distilled water, without any further
chemical treatment. The carapaces were cut into pieces of
approximately 0.3x0.3 cm. Three different shells were
randomly cut into pieces for analyses. To perform XRD and
FT-IR analysis, the solid white material was separated by
using tweezers and scalpel; an agate mortar was used for its
homogenization.

Fig. 2. Low vacuum scanning electron microscopy images of the calcite spherulites. Left, the crystalline material over amorphous a-chitin phase; right, a closer view of

the spherulites. Their size is between 100 and 200 nm.
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Fig. 3. AFM topography image of a shell with white spots. Scanrange: 467 x
467 nm and vertical range 38 nm.

X-ray powder diffraction was performed to identify the
crystalline phase. The patterns were collected using a Siemens
D5000 Diffractometer, CuK« radiation (35 kV, 25 mA), vertical
goniometer fixed, graphite monochromator and scintillation
counter supplied. The data were recorded using a step size of
0.5°, 5 s counting time each step (step/scan mode) over 5—110°
20-range.

For LVSEM observations, the sample was fixed in a sample
holder using a carbon ribbon, without any additional treatment.
A LVSEM JSM-5900LV instrument was used. The measure-
ments were performed at a low vacuum of 1-250 Pa (0.01—
2.5 Torr) and an acceleration voltage of 5-20 kV.

A JEOL Scanning Probe Microscope (JSPM-4210) was used
for AFM studies of the shells with white spots (contact mode).
A scan speed of about 215.7 nm/s was used.

To spectroscopically characterize the biopolymer—crystal
interaction, FT-IR measurements were performed on a Nicolet
680 FT-IR spectrometer. The samples were ground and
extracted by using tweezers and scalpel, mixed with KBr
powder (100: 1 ratio) and then compressed into pellets.

Molecular modeling was performed for calcite (100), (001)
and (104) crystal planes (Trigonal, space group R-3 ¢, No. 167)
interacting with three trimeric units of a-chitin which were
made by using the crystal model and then optimized
(Orthorhombic, space group P2,2,2;). The crystal plane models
were constructed in the CpAtoms 5.1 for Windows software (By
Shape Software Inc.) and exported to HyperChem 7 (by
Hypercube Inc.). The organic molecules were placed in variable

Table 1
Characteristic distances in a-chitin crystal structure

Crystallographic data

(—NH as reference pointin 0.301, 0.53 -NH —OH (in the same chain) and to —
the chain) NH (the next chain)

Distances (nm)

The distances are determined by editing an a-chitin unit cell and taking a
chemical functional group (in this case a —NH) as a central reference point (the
crystallographic data of the a-chitin are from Ref. [2]). The number in bold is
compared to the respective bold numbers in Table 2.

Table 2
Crystallographic parameters for a-chitin and calcite
Structure Distances (nm) Other data
Unit cell With the first neighbor (nm)
atoms
a-Chitin a=0.476 0-0 0.216, 0.30
(Orthorhombic) b=0.1028
c=0.1885 N-O 0.292, 0.366
Calcite crystal a=0.498 Ca®" polyhedra
(Trigonal) c=0.1762 (100) Ca—-0 0.235
Ca-0 0.235

(001)  Ca-C 0.321
(104)  C-C 0.404

The parameters in bold are remarkably similar.

positions with respect to the crystalline plane models; the
geometry of the latter was frozen. For the (104) planes, two
configurations, parallel and perpendicular, were used in which
the a-chitin trimer chains were put in its longitudinal axis
parallel or perpendicular to the calcite (010) direction. Full
geometry optimization was performed with MM+ force field,
Polak-Ribiere conjugate gradient algorithm and root mean
square gradient of 0.005 kcal A" mol™'. Molecular dynamics
relaxing of the optimized structures was employed to look for
different possible local minima (step size of 0.001 ps, constant
simulation temperature of 300 K).

3. Results and discussion

According to XRD measurements, the extracted shrimp shell
spherulites are composed of highly crystalline calcite and alpha-
chitin (Fig. 1). The spherulite size is between 100 and 200 nm.
The amorphous peaks at low angles (260 of about 10° and 20° in)
are explained by a long-range order in the alpha-chitin structure.
As found by LVSEM, they have a very homogeneous shape
(Fig. 2).

By using AFM on the samples with white spots (Fig. 3), the
spherical shapes from Fig. 2 are reproduced again under higher
magnification. We did not observe, however, any periodic
structures even when scanning at higher resolution (data not
shown). This could be explained by the calcite being enveloped
with a layer of a-chitin.

In the other hand, one can see that the periodicities of
radicals in the unit cell of the a-chitin (in Table 1, -NH as a
central reference point) can match some of the periodical
features of the calcite unit cell. As an example, in calcite the unit
cell parameter a (in Table 2 in black, 0.498 nm) can match some
of the distances among radicals in the a-chitin structure (Table 1
in black, 0.53 nm) (a-chitin crystallographic data obtained from
Ref. [2]). The molecular matching between the two components
in the shrimp exoskeleton led us to perform a molecular model
of the hybrid ducking.

Regarding the chemical nature of the fibrous polymer (the
presence of amide, hydrogen bonds and their interaction with
the crystal structure), we tried to give an insight by using
infrared spectroscopy for the samples with and without white
spots. In the FT-IR spectra (Fig. 4), we observed first of all a
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Fig. 4. FT-IR spectra for the shrimp shell samples with white spots. The peaks from a-chitin and calcite are present, with some differences as compared to pure a-chitin
(peaks 1-3 in the inset, taken from Ref. [1] with permission of the publishers). Band at 3267 cm™ ' shows a possible -NH--CO3 ? interaction. Other interactions can be

masked by the calcite bans.

series of bands related to calcite at 2523, 1800, 1451, 880 and
719 cm™ !, as well as the bands related to a-chitin at 3267, 2962
and 2891 cm ™.

Intense bands were found at about 1655 and 1555 cm™ '
Both are typical for amides and correspond to stretching
vibrations of carbonyl groups, including in chitins (ve—o,
usually called ‘amide I’), and to dny (‘amide 1I’), respectively
[1,21]. Compared to the FT-IR spectrum of pristine a-chitin
[1,2,22] (inset in Fig. 4), one can see that the peaks related to
amides and the CH stretching vibrations in the sample with
white spots are less pronounced although it must be discussed.
Other authors have also reported similar differences when this
biopolymer is associated to crystals [1]. This might result from
the crystal-biopolymer interaction, where the organic moieties
are less ordered with respect to each other than in pristine
biopolymer, but instead oriented towards the crystal surface (the
3267 cm ).

To give an insight to the possible mechanisms of interaction
and inhibition of some crystal planes by the docking with
macromolecules or monomers [3,12,15,20,23,24] we used MM+
molecular mechanics. By combining geometry optimization and
molecular dynamics (relaxing the optimized structures) we
found a number of local minima. The lowest energies for
different crystal planes are presented in Table 3. The highest
stability was found for (104) calcite crystal plane (group of three
a-chitin trimers in parallel configuration) with an interaction

energy of —22.456 kcal mol™ . After this value, the next one is
for the same (104) plane with perpendicular orientation of three
a-chitin trimers, of — 19.09 kcal mol ™ !; then follows the value of
—8.558 kcal mol ™! for the (001) plane. These results agree with
other authors’ reports, which used other macromolecules (p-
chitin and lysozyme) to produce different crystal morphologies
[15,23], by inhibiting rhombohedral calcite planes to form
mainly spheroidal or other uncommon calcite morphologies.

In the molecular model with the lowest energy of interaction
((104) parallel with —C=0; in Table 3), the radicals —-C=0
and Ca®", -NH and CO3~ (left and right arrow, respectively, in
Fig. 5) are very close with distances of about 0.475 and
0.456 nm, respectively. Although both sides of the plane have
very strong negative charges, this structure is very stable.

Table 3
Energies of interaction of three calcite crystal planes with a-chitin model (space
in blank means that those atoms are not present in the mentioned crystal plane)

Crystal face First element from the a-chitin and the second
element from the crystal plane (in kcal mol™ ")
0O—Ca H-Ca H-CO; 0-CO;

100 16.96 2.15

001 —8.558 30.303 17.285 20.162

104 (Parallel) 2.05 —22.456

104 (Perpendicular) 17,10.38 —19.09
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Fig. 5. Optimized geometries of the (104) crystal plane, parallel configuration, and different radicals in a-chitin trimer (MM+). The distance between O and Ca (left
arrow) is 0.475 nm, and the one between NH and CO3 (right arrow) is 0.456 nm. Amplified views are shown above: (A) oxygen atom approaching Ca; (B) NH

approaching to CO3 ™.

Since the charge in all models were the same, but with
different orientation of a-chitin trimers, one can suggest that the
geometry is a very important factor for better docking, as
discussed by other authors [15,20].

4. Conclusions

The main components of spherulites from the white spot
material are the a-chitin and crystalline calcite. Our theoretical
results show that the (104) planes in the calcite structure are the
most favored to interact with alpha-chitin, what is consistent
with the experimental results [15]. AFM topography imaging
suggests that the spherulites surface is covered by a layer of a-
chitin.

FT-IR Band at 3267cm” ' (Fig. 4) reinforce the assumption
that both phases have a tight contact because it shows a —
NH-CO5 ? interaction (Fig. 5A,B). The other interaction from
our model (Ca**O—C—) is not clear in the FT-IR study because
can be masked by the normal Ca*"-O from the crystal planes
and not necessary from the organic—inorganic interaction.

In the other hand, the spatial orientation of CO3 ™ anions in
(104) calcite plane can govern the three-dimensional arrange-
ment over the biopolymer because they are inclined with respect
to the crystal plane, they likely allow Ca*? ions to be accessed
by some functional groups of the biopolymer. The FT-IR data
support our assumptions, showing wider amide I and II bands
(3267, 1655 and 1555 cm™ '), apparently due to lowering the
radical’s symmetry when it bends towards the crystal surface.
Thus, the CO3~ could play an important role to the nucleation of
calcite when it approaches to the —NH group from the «-chitin.
This work gives important information to explain the objective
conditions to perform a hybrid interaction in a biological
material. To our knowledge, this is the first report confirming
the molecular basis of this interaction. More detailed studies and
additional information are necessary on the AFM imaging,
chemical and elemental composition as well as the structure of
biopolymer phase, which are now under way in our laboratory.
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