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Comparative analyzes of biomineralization models have being crucial for the understanding of the func-
tional properties of biominerals and the elucidation of the processes through which biomacromolecules
control the synthesis and structural organization of inorganic mineral-based biomaterials. Among cal-
cium carbonate-containing bioceramics, egg, mollusk and echinoderm shells, and crustacean carapaces,
have being fairly well characterized. However, Thoraceca barnacles, although being crustacea, showing
molting cycle, build a quite stable and heavily mineralized shell that completely surround the animal,
which is for life firmly cemented to the substratum. This makes barnacles an interesting model for study-
ing processes of biomineralization. Here we studied the main microstructural and ultrastructural features
of Austromegabalanus psittacus barnacle shell, characterize the occurrence of specific proteoglycans
(keratan-, dermatan- and chondroitin-6-sulfate proteoglycans) in different soluble and insoluble organic
fractions extracted from the shell, and tested them for their ability to crystallize calcium carbonate
in vitro. Our results indicate that, in the barnacle model, proteoglycans are good candidates for the mod-
ification of the calcite crystal morphology, although the cooperative effect of some additional proteins in
the shell could not be excluded.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The formation of mineralized structures, such as bones, teeth,
shells, carapaces, corals and pearls, is a widespread phenomenon
among living organisms (Lowenstam and Weiner, 1989; Mann
et al., 1989; Simkiss and Wilbur, 1989). Comparative analyzes of
these biomineralization models have being crucial for the under-
standing of the functional properties of biominerals and the eluci-
dation of the processes through which biomacromolecules control
the synthesis and structural organization of inorganic mineral-
based biomaterials. Although these natural composite bioceramics
contain single inorganic phases, mainly calcium carbonate or phos-
phate, they have unique morphologies and properties, and are
assembled in aqueous solution, at ambient conditions, and to net
shape (Heuer et al., 1992). The controlling activity of a relatively
small repertoire and minute quantities of organic macromolecules
which regulate the formation of these structures (Albeck et al.,
1996; Arias et al., 1993; Belcher et al., 1996, 2000; Falini et al.,
1996; Fernandez et al., 2001; Orme et al., 2001), and the
hierarchical structural organization of their organic and inorganic
phases play crucial roles in the mechanical properties of these nat-
ural materials (Kamat et al., 2000; Smith et al., 1999; Su et al.,
2002). Some of the macromolecules involved in biomineralization
of different structures are well characterized, although their role
on the regulation of crystal nucleation, growth and morphology
is not well understood (Dauphin, 2001; Nys et al., 1999). There
has been growing interest in the principles governing the compo-
sition, structure, organization and methods of assembly of a variety
of biological ceramics. Part of this interest stems from the desire to
create new synthetic materials inspired by the processes involved
in the formation of such bioceramics. Among calcium carbonate-
containing bioceramics, egg, mollusk and echinoderm shells, and
crustacean carapaces, have being fairly well characterized. While
eggshell is built inside an assembly line tube during a short period
of time (Arias et al., 1993; Fernandez et al., 1997, 2001), mollusk
shell grows continuously without any spatial restriction (Checa
and Rodríguez-Navarro, 2001), and crustacea exoskeleton grows
step by step between molting periods. However, the Thoraceca
barnacles, although being crustacea, showing molting cycle, build
a quite stable and heavily mineralized calcite shell that completely
surround the animal, which is for life firmly cemented to the sub-
stratum (Kamino et al., 2000). This makes barnacles an interesting

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsb.2015.08.005&domain=pdf
http://dx.doi.org/10.1016/j.jsb.2015.08.005
mailto:sofernan@uchile.cl
http://dx.doi.org/10.1016/j.jsb.2015.08.005
http://www.sciencedirect.com/science/journal/10478477
http://www.elsevier.com/locate/yjsbi


264 M.S. Fernández et al. / Journal of Structural Biology 191 (2015) 263–271
model for studying processes of biomineralization. Since Darwin’s
descriptive studies after traveling to Chile (Darwin, 1854), there
have been some studies on barnacle shell formation and general
structure (Bourget, 1977), but only a few have been concerned
with the chemical composition and microstructure of its shell
(Fernandez et al., 2002; Lowenstam et al., 1992; Rodríguez-
Navarro et al., 2006). To better understand the process of shell
mineralization in the Chilean barnacle shell, we have studied the
shell construction and distribution of organic components in the
different structural parts of its shell using a variety of biochemical,
spectroscopic and microscopy techniques. To define the function-
ality of different macromolecules in the mineralization process,
we have studied their effect on calcium carbonate crystallization.
2. Materials and methods

Twenty shells from specimens of Austromegabalanus psittacus
barnacles collected along the coast of Chile were used for this
study.
2.1. Microstructural features

Pieces of barnacle shell were washed, dried and polished with
abrasive paper N� 150 in a Vorsicht FE024HF machine to obtain
thin sheets of 10–50 lm thickness. Pieces were mounted on slides
and examined with light and epifluorescent microscope.
2.2. Ultrastructural features

For scanning electron microscopy (SEM), pieces of shell were
polished to obtain thin sheets, decalcified for 15, 30 and 50 s with
37% orthophosphoric acid, dehydrated, coated with gold and
observed in a Tesla BS 343A scanning electron microscope.

For transmission electron microscopy (TEM), samples were
fixed in 2% Paraformaldehyde, 0.2% Glutaraldehyde in 200 mM
phosphate buffer pH 7.4 for 48 h, decalcified in 10% formic acid
for 48 h at room temperature, dehydrated in a graded acetone ser-
ies and embedded in Poly Bed 812 (Polysciences Inc., Warrington,
PA). Ultrathin sections (70–90 nm) were cut with a Porter Bloom
MT2-B ultramicrotome.

For precise proteoglycan determination by immunogold local-
ization, sections were incubated with one of the primary mono-
clonal anti-glycosaminoglycan antibodies listed below and then
incubated with gold conjugated second antibody (Ted Pella, CA).
Observations were made with a Zeiss EM-109 electron microscope.

The monoclonal antibodies used for this study were produced
and characterized by Bruce Caterson and co-workers against speci-
fic epitopes present in proteoglycan substructures located in the
sulfated glycosaminoglycans, either in saturated disaccharides or
in the unsaturated disaccharides that are produced after digestion
with specific endoglycosidic enzymes (Caterson et al., 1987). These
antibodies do not cross-react with proteins or other saccharide epi-
topes. The antibodies used were:

2B6 (IgG, ICN Biomedical Inc.): this mouse monoclonal antibody
specifically binds to the unsaturated disaccharide produced after
digestion of dermatan sulfate (DS) or chondroitin-4-sulfate (C-4-
S) by chondroitinase ABC (EC 4.2.2.4) or after digestion of
chondroitin-4-sulfate by chondroitinase ACII (EC 4.2.2.5)
(Caterson et al., 1985, 1987; Christner et al., 1980).

3B3 (IgM, ICN Biomedical Inc.): this mouse monoclonal anti-
body recognizes chondroitin-6-sulfate (C-6-S) after digestion with
chondroitinase ABC (EC 4.2.2.4) or chondroitinase ACII (EC 4.2.2.5)
(Caterson et al., 1985).
5D4 (IgG, ICN Biomedical Inc.): this mouse monoclonal anti-
body recognizes a hypersulfated hexasaccharide of keratan sulfate
(KS) (Mehmet et al., 1986).
2.3. In vitro crystallization features

For organic matrix extraction, Dot-blot characterization and
in vitro crystallization assays, pieces of shell were decalcified by
using 10% formic acid for 13 days at 4 �C or Dowex resin (Albeck
et al., 1996) in a rotating glass tube for 3 days at room temperature
and dialyzed (Spectra/Por membrane tubing MWCO 3,500) with
distilled water. The material inside the dialyzing bags was cen-
trifuged and the precipitate and supernatant were separately lyo-
philized. Product of this centrifugation, a gross insoluble (GIF)
and a soluble fraction (SF) were obtained. By freezing GIF in liquid
nitrogen and ground it in a mortar and pestle to a homogeneous
powder, an insoluble fraction (IF) was obtained. A deproteinized
insoluble fraction (DIF) was obtained by treating a subsample of
IF with 1 M NaOH at 37 �C for varied times up to 24 h, washed with
a pre-determined volume of distilled water and dried (No and
Meyers, 1997; Percot et al., 2003). Fourier transform infrared spec-
troscopy (FTIR) analysis was performed on dried flake samples.
FTIR spectra were obtained with an ATR/FTIR interspec 200-X spec-
trometer, Estonia. The spectroscopic measurements on samples
were performed directly using the PIKE Miracle TM accessory in
a Ge single reflection crystal plate. The FTIR spectrum performed
on a flat tip was obtained by averaging 20 scans over the spectral
range of 600–4000 cm�1.

A subfraction of IF obtained after Dowex resin decalcification
was processed to prepare a proteoglycan-enriched fraction
(PGEF) (Arias et al., 1992; Carrino et al., 1994; Yanagishita and
Hascall, 1984). Briefly, the IF lyophilized subsample was solubi-
lized in a solution of 4 M guanidinium chloride, 0.05 M sodium
acetate, pH 5.8. The samples were chromatographed on Sephadex
G-50 (Pharmacia) columns eluted with 8 M urea, 0.15 M sodium
chloride, 0.5% CHAPS, 0.05 M sodium acetate, pH 6.0, and the V0
material was loaded onto a DEAE Sephacel column that was equi-
librated in the same solution. Proteoglycans are negatively charged
molecules, which adsorb to DEAE-Sephacel. After the column was
rinsed with loading buffer to remove the tissue proteins, the pro-
teoglycans were eluted in a stepwise fashion with 0.25 M and then
1.0 M sodium chloride, both in 8 M urea, 0.5% CHAPS, 0.05 M
sodium acetate, pH 6.0. The PEF was lyophilized.

Dot-blots of the SF and PGEF were performed with a Bio-Dot
microfiltration apparatus (Bio-Rad, Richmond, CA), as previously
described (Arias et al., 1992; Lennon et al., 1991). Briefly, samples
in TBS were blotted onto nitrocellulose membranes (Bio-Rad) and
the membranes blocked with 3% BSA in TBS-Tween (TBS with
0.05% Tween 20). The membranes were then incubated in primary
antibody at 1:500 to 1:1000 dilution in 3% BSA in TBS-Tween. After
three rinses in TBS-Tween, the membranes were incubated in sec-
ondary antibody, alkaline phosphatase-conjugated goat anti-
mouse IgG (Promega, obtained from Fisher, Pittsburgh, PA), which
was diluted 1:7500 in TBS-Tween. The secondary antibodies were
the same antibodies used for immunoultrastructural localization.
After three rinses in TBS-Tween, the membranes were incubated
in alkaline phosphatase substrate, nitrotetrazolium blue and 5-
bromo-4-chloro-3-indolyl phosphate. The color development was
stopped by rinsing the membranes with distilled water and allow-
ing them to air dry. It is safe to indicate that the intensity of the
color allows semiquatitative estimation of the concentration of
the same proteoglycan present in the sample treated with the
same antibody. That is, the different intensity of the color in sam-
ples treated with different antibodies does not correlate with the
relative concentration of the proteoglycans present.



Fig. 1. Schematic illustration of barnacle’s shell wall showing parietes (P) and radii
(R), longitudinal section of a radius and transversal section of a pariete showing
canals (C), outer and inner lamina (OL and IL), and sheath (S).
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Control samples for the various antibodies were prepared by
previously described procedures. Cartilage proteoglycans from
bovine nasal septum and from Day 8 chick limb bud chondrocyte
cultures were isolated by CsCl density gradient centrifugation of
guanidine hydrochloride extracts (Lennon et al., 1991). The former
were isolated by two sequential gradients, one associative and the
second dissociative (Al-Dl); the latter were isolated by a direct dis-
sociative gradient followed by further purification by Sepharose
CL-2B molecular sieve chromatography in 4 M guanidine
hydrochloride. These proteoglycans were used as positive controls
for antibodies to C-6-S, DS and KS. Proteoglycans from rat chon-
drosarcoma, isolated similar to those from bovine nasal septum
(aAl-Dl), were used as the negative control for the KS antibodies,
since these proteoglycans lack KS (Caterson et al., 1983). All of
these proteoglycans were used at amounts based on the dry weight
of lyophilized proteoglycan and were treated with CSase AC II prior
to dot-blotting in order to better expose the KS and core protein
epitopes. Omission of primary antibody from the dot-blots resulted
in the generation of virtually no reactivity for all of the antibodies
tested.

Organic matrix fractions (insoluble fraction, soluble fraction,
deproteinized soluble fraction, proteoglycan enriched fraction)
obtained were assayed for their crystallization modification abili-
ties. To determine the effect of these fractions on CaCO3 crystals
formation, the gas diffusion method was used (Dominguez-Vera
et al., 2000; Jiménez-Lopez et al., 2003). Crystallization experi-
ments were done using a chamber consisting of 85 mm plastic
Petri dish having a 10 mm central hole in its bottom glued to a
plastic cylindrical vessel. Inside the chamber, polystyrene micro-
bridges (Hampton Res, Aliso Viejo, CA) were filled with 35 ll of
200 mM calcium chloride solution in 200 mM TRIS buffer pH 9.
The cylindrical vessel contained 25 mM ammonium carbonate.
Control samples contained only calcium chloride solution, while
to the experimental ones, 64 lg/ml of the different fractions solu-
tion in 200 mM calcium chloride solution in 200 mM TRIS buffer
pH 9 was added.

All experiments were carried out inside the petri dish at 20 �C
for variable periods of time (6–20 h). Precipitation of calcium car-
bonate results from the diffusion of carbon dioxide vapor into the
buffered CaCl2 solution. Under these conditions, without any addi-
tive, only calcite crystals are formed (Neira et al., 2004). Crystals
were observed in a Tesla BS 343A scanning electron microscope.
3. Results

3.1. Gross anatomical nomenclature

Barnacle shell gross anatomy has been reported elsewhere
(Bourget, 1977). However, for better comprehension it is briefly
recapitulated here. Shell is composed of twelve calcitic plates, six
parietes and six radii, forming together a truncated cone virtually
opened at the top, and linked at the bottom through an interdigi-
tated junction with the calcareous basal disk which is firmly
cemented to the rock (Fig. 1). The six parietes are arranged in a ros-
tral paries or rostrum, two lateral and two carino lateral parietes,
and one carino paries or carina. The upper part of the inner side
of the plates showed a calcified thickening, the sheath, to which
the opercular membrane is attached. This operculum is attached
to the sheath by a soft membrane, and closes the orifice separating
the outside from the crustacea soft tissues. Plates are not com-
pletely solid but show porosity due to the occurrence of longitudi-
nal tubes or canals in the parietes (from the base to the apex) and
transversal ones, running parallel to the base, in the radii. These
canals are not in the center of the plates but displaced to the
peripherie thus delimiting a thinner solid outer lamina and a
thicker inner one. The longitudinal canals are open at the junction
of the parietes to the basal disk but closed to the top of the shell.
The basal edge of the parietes, at the site of the interdigitated junc-
tion with the basal disk, looks serrate by the disposition of
numerous denticle structures which are separated from each other
by the longitudinal canal opening. Along the plates, canals are sep-
arated from each other by calcified partitions called septa. The
inner side of the plates is smooth, while the outer surface shows
numerous undulated ridges running parallel to the base. The
ridges superimpose to each other and are formed in relation to
each molt.
3.2. Microstructural features

In polished transversal sections of the parietes, it is possible to
recognize under the light microscope the presence of numerous
parallel light thicker and dark thinner bands within the calcified
inner lamina of the shell (Fig. 2a and b). The dark bands are con-
nected to each other by perpendicular even thinner lamellae. The
same features are observed around the canals in the form of con-
centric circular bands. When the same sections are observed under
the epifluorescent microscope, the dark bands, viewed under light
microcopy, showed autofluorescence (Fig. 2c and d). Although the
most internal part of the septa, surrounding the canals, is formed
by concentric rings of light and dark bands, the rest of the calcified
septa showed a fractal arborescent or tree-like features consisting
of a central stalk with numerous perpendicular primary ramifica-
tions which once again branches to secondary ones (Fig. 2a).
While the top of these tree-like structures faces de inner lamina
of the shell, the central stalk forms the center of the septa and pro-
jects radially to the outer lamina. In a longitudinal view of the
shell, the tree-like structures are projections of the denticles
observed in the bottom of the parietes, while the dark lines are
in fact the walls of concentric truncated cones forming the inner
lamina of the shell or the walls of concentric cylinders forming
the canals.



Fig. 2. Light microscopy of polished transversal sections of a paries showing numerous parallel light thicker and dark thinner bands within the calcified outer (a) and inner (b)
lamina of the shell. 400�. Same sections observed under the epifluorescent microscope showing autofluorescence of the dark bands forming rings around canals and sheets
layering the inner lamina (c) and (d). The calcified septa showed a fractal arborescent or tree-like features consisting of a central stalk with numerous perpendicular primary
ramifications which once again branches to secondary ones, and are not autofluorescent (a) and (c). 400�. Schematic illustration of barnaclés paries is in the center of the
figure.
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3.3. Ultrastructural and chemical features

When the parietes are observed by scanning electron micro-
scopy after sequential decalcification, it was shown that the
decalcification-sensitive material was removed from the region
corresponding to the light bands observed under the light micro-
scope (Fig. 3a–c) located between two protruding narrow bands
which in turn, correspond to the dark thinner bands observed
under light microcopy. When decalcified samples were observed
by transmission electron microcopy, the dark (light microscopy)
protruding (SEM) bands are formed by two dozen of parallel peri-
odic lamellae (Fig. 3d) and mainly correspond to the deproteinized
insoluble fraction (DIF). The main component of the DIF is chitin
(Fig. 4). A closer look to the FTIR spectrum showed the amide I
band splitted into two components at about 1660 and 1630 cm�1

corresponding to a chitin (Fig. 4 insert), as has been described
for a-chitin of other biological sources (Brunner et al., 2009;
Focher et al., 1992; Jang et al., 2004; Kumirska et al., 2010;
Pearson et al., 1960). Lamellae showed immunogold positive reac-
tion against anti-keratan sulfate antibody (Fig. 5a), while reticular
matrix between bands showed positive reaction to anti-dermatan
sulfate and chondroitin-6-sulfate (Fig. 5b and c). All the antibodies
used here showed a positive reaction for the SF and PGEF material
(Fig. 6). However, reaction was especially intense for DS and KS in
the PGEF compared with the SF material, while reaction to C-6-S
was similar in both fractions. It is important to remember that
quantitative comparisons should only be done between reactivities
of different samples to the same antibody because of the difference
in the sensitivity of each antibody against its own antigen.
3.4. In vitro crystallization features

When crystallization assays were carried out in the absence of
any organic additive, regular calcite crystals showing the {104}
faces were obtained (Fig. 7a–c). When IF from formic acid decalci-
fication was added to the calcium solution, the crystals formed on
the bottom of the microbridges do not showed any significant mor-
phological modification compared with the control crystals
(Fig. 7d). However, the crystals formed on the insoluble chitin fib-
rillar material appeared as aggregations of calcite crystals where
the corners of the rhombohedral crystals became rough and started
to develop curved faces together with rounded vaterite crystals
(Fig. 7e). Interestingly, when the same insoluble fraction was used
but deproteinized, crystals associated to the chitin fibers maintain
their rhombohedral {104} faces (Fig 7f). On the other hand, when
SF was added to the crystallization system, a time-depending mod-
ification of the crystals morphology and polymorphism occurrence
was observed. The addition of SF for 6 h, formed predominately
vaterite crystals (Fig. 7g), while a combination of vaterite and
rounded faces calcite is formed at 8 h and, only less curved face cal-
cites are found at 20 h of incubation (Fig. 7h and i). Results of incu-
bation with IF obtained after Dowex decalcification are quite
different from those of formic acid decalcification fractions. In fact,
IF Dowex fraction produced heavy curved face calcite crystals and
big vaterite aggregations (Fig. 8a and b), while non modified calcite
crystals are formed on the chitin fibers obtained after deproteiniza-
tion of Dowex IF (Fig. 8c). When proteoglycan enriched fractions
were used, piles of modified calcite crystals grow with their c-
axis aligned (Fig 8d–f).



Fig. 3. SEM of partially decalcified shell showing elongated crystals associated to granular organic material between chitin sheets (a) 15 s decalcification, 330�; (b) 30 s
decalcification, 670�; (c) 50 s decalcification, 670�. (d) TEM of a decalcified shell on the mineralization front showing mantle cells (right) and laminated sheets of chitin and a
granular material between them. 4.400�.

Fig. 4. Fourier transform infrared spectrum of deproteinized insoluble fraction (DIF) showing a-chitin spectrum (insert).
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4. Discussion

The most abundant biogenic mineral is calcium carbonate,
which exist in different polymorphs: calcite, aragonite, vaterite,
and amorphous CaCO3, listed in order of decreasing thermody-
namic stability under normal conditions.

As it has been described in other biomineralized structures such
as egg- and mollusk-shells (Arias et al., 1993; Mann, 2001; Nys
et al., 1999), the organic components in the barnacle shell only rep-
resent a small fraction of the total mass. While the inorganic phase
in all these models is calcium carbonate, the distribution and com-
position of the intra- and intercrystalline macromolecules varies
considerably, suggesting that they play a decisive role in the nucle-
ation, growth, morphology, texture and polymorphic selection of
the inorganic crystalline phase.



Fig. 5. TEM immunogold reaction of a decalcified shell. Lamellae showed immunogold positive reaction against anti-keratan sulfate antibody (a) 50.000�, while reticular
matrix between bands showed positive reaction to anti-dermatan sulfate (b) 30.000� and anti-chondroitin-6-sulfate (c) 80.000.

Fig. 6. Dot-blot analysis of material extracted from barnacle shell. SF: shell soluble
fraction; PGEF: proteoglycan enriched fraction. DS: dermatan sulfate; KS: keratan
sulfate; C-6-S: chondroitin-6-sulfate. Cartilage proteoglycans from bovine nasal
septum and from Day 8 chick limb bud chondrocyte cultures were used as positive
controls (C+) for antibodies to C-6-S, DS and KS, while proteoglycans from rat
chondrosarcoma were used as the negative control for the KS antibodies and
omission of primary antibody from the dot-blots for C-6-S, DS (C�).
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Here we show that the barnacle shell is organized as a series of
mineralized layers, separated by concentric lamellae of organic
matrix. The main component of these lamellae is chitin, but in
order to obtain an infrared spectrum equivalent to that of standard
chitin, it was necessary to treat the lamellae organic matter with
NaOH, indicating that chitin is closely associated to proteins. This
association is not unique of barnacle shell but occurs also in other
crustacean calcified structures (Glazer and Sagi, 2012; Glazer et al.,
2010; Ishii et al., 1998; Thormann et al., 2012), and in fact the
industrial isolation of chitin, from different sources, requires a
deproteination process, often consisting in treatment with NaOH
(Khor, 2001). Although such treatments resulted in the partial
deacetylation of chitin, forming chitosan, what is evidenced by
infrared spectroscopy as an increase of the absorbance in the
region of 1.655 cm�1 associated to the presence of CO groups
(Monteiro and Airoldi, 1999), the treatment conditions used here,
did not affected significantly the structure of the chitin obtained,
but substantially removed the associated-proteins. Although these
chitin-associated proteins have not been characterized yet, it is
expected that they contain tryptophan and tyrosine residues,
which could be responsible for the considerable autofluorescence
observed prior to the deproteination process.

When the insoluble fraction containing chitin was treated with
a proteoglycan-extracting solution, a keratan- and dermatan
sulfated-rich fraction was obtained. There are few reports on the
occurrence of proteoglycans in calcium carbonate-based biominer-
als or in the shell-forming cells (Dauphin, 2003; Marxen et al.,
1998; Marxen and Becker, 2000; Pereira-Mouriès et al., 2002;
Poncet et al., 2000). Here we demonstrated the occurrence and pre-
cise localization of defined proteoglycans in the barnacle shell. The
glycosaminoglycan content of these proteoglycans appeared to
share the functionality with those occurred in the avian eggshell
(Arias and Fernandez, 2001; Fernandez et al., 2001). In fact,
although we cannot discard the simultaneous occurrence of unde-
fined proteins in the barnaclés shell, we do show the occurrence
and precise localization of particular proteoglycans. The same pro-
teoglycans have been observed in the avian eggshell where a ker-
atan sulfate-rich proteoglycan (mammalian) has a role in the
nucleation of the first calcite crystals, and a dermatan sulfate-
rich proteoglycan (ovoglycan) regulates the growth and orienta-
tion of the later forming calcite crystals (Arias and Fernandez,
2001; Fernandez et al., 2001).

We have previously showed that the external part of the shell
has a massive microstructure consisting of randomly oriented crys-
tals. Toward the interior, the shell became organized in mineral
layers separated by thin organic sheets. Each of these mineral lay-
ers has a massive microstructure constituted by highly oriented
calcite microcrystals with their c-axes aligned [(001) fiber texture]
perpendicular to the organic sheets and the shell surface
(Rodríguez-Navarro et al., 2006). Here we provide additional evi-
dence supporting the fact that the organic matrix is responsible
for the organization of the shell mineral and exerts strong influ-
ence on the polymorphism, size and orientation of shell-forming
crystals.

According to Oswald step rule, crystallization of CaCO3 occurred
by a time sequence of polymorphs transformation (Ogino et al.,
1987). In fact, different CaCO3 polymorphs (calcite, aragonite and
vaterite) can be formed depending on the conditions of crystalliza-
tion. Calcite is the most thermodynamically stable polymorph, but
vaterite and aragonite can form under specific kinetic conditions
and be precursors of calcite. Other studies related to CaCO3 nucle-
ation and the influence of proteins on CaCO3 formation, have
involved formation of CaCO3 crystals by vapor diffusion with set-
ups similar to that used in the present study (Gómez-Morales
et al., 2010; Hernández-Hernández et al., 2008). In these studies
it was shown that not only the concentration and nature of the
additive influence nucleation and the specific polymorph(s)
formed, but also the way in which the experimental system
becomes supersaturated influences such variables. In fact,
Gómez-Morales et al. (2010) have shown that under the conditions
of their experimental set-up, calcite, aragonite and vaterite precip-
itated in the absence of any additive. However, with the same
chamber we have demonstrated that, using buffered solutions, it
is possible to select only calcite or a mixture of two or three poly-
morphs, depending on the diameter of the central hole (controlled



Fig. 7. (a)–(c) Crystallization assays in the absence of any additive showing regular rhombohedral calcite crystals. (d) Crystallization assays in the presence of insoluble
fraction from formic acid decalcification showing regular calcite the crystals formed on the bottom of the microbridges. (e) Crystals formed on the insoluble chitin fibrillar
material before deproteinized appeared as aggregations of calcite crystals with curved corned and faces. (f). Crystals grown on deproteinized insoluble chitin fibrillar maintain
their rhombohedral {104} faces. (g) Addition of SF for 6 h form predominately vaterite crystals, while a combination of vaterite and calcite is formed at 8 h and, only curved
face calcites are found at 20 h of incubation (h) and (i).
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gas diffusion) or by altering the time of incubation or the incuba-
tion temperature (Neira et al., 2004).

As has been reviewed elsewhere, some additives selectively
allow the development of specific crystal faces, while inhibiting
others (Gower, 2008; Meldrum and Cölfen, 2008; Sommerdijk
and de With, 2008). Ultimately, selective inhibition of calcite
growth can favor the formation of less stable forms, vaterite and
aragonite.

When different fractions obtained from barnacle shell are added
to a system of calcium carbonate growth in vitro, it is possible to
observe their effect on the morphology of the crystals formed.
That is, when shell soluble fractions, containing mainly proteins
and proteoglycans to a lesser extent, were used, is was possible
to observe that, depending of the time of incubation, together with
vaterite crystals, modified calcite crystals showing new (101) faces
are observed. With incubation time, calcite crystals with stable
[104] faces start to appear while vaterite completely disappeared.
A similar effects was found when crystals are grown in the pres-
ence of the barnacle shell insoluble fraction containing chitin and
proteoglycans. However, when deproteinized chitin fraction is
used, rhombohedrical calcite crystals identical to those obtained
in the absence of any additive are produced. The same feature is
observed when crystals are grown in the presence of proteoglycans
enriched fractions where aggregations of rounded calcites are
aligned in piles. Albeck et al. (1996) have shown that while the
polyanionic nature of some sea urchin proteins allow the expres-
sion of crystalline faces other tan [104], the polysaccharide frac-
tion of these glycoproteins would be involved in the appearance
of curvatures in the calcite crystals obtained. However, these
authors did not explore the activity of proteoglycans. Such polyan-
ionic macromolecules have been involved in eggshell and crus-
tacean gastrolith structure and formation (Arias and Fernandez,
2008; Arias et al., 2007; Fernández et al., 2012; Luquet et al., 2013).

Our results indicate that, in the barnacle model, proteoglycans
are good candidates for the modification of the calcite crystal mor-
phology, although the cooperative effect of some additional pro-
teins in the shell could not be excluded. Up to date, the majority
of the studies on the effect of biomacromolecules on biomineral-
ization has been focused on the effect of protein fractions.
However, the associated effect of a considerable number and
chemical structure of ionic polysaccharide chains occurring in gly-
coproteins and proteoglycans could increase the diversity of chem-
ical and physical interaction with the calcium carbonate
amorphous or crystalline phases.



Fig. 8. Crystallization assays in the presence of insoluble fraction from Dowex produced heavy curved face calcite crystals and big vaterite aggregations (a) and (b), while non
modified calcite crystals are formed on the chitin fibers obtained after deproteinization of this fraction (c). Crystallization assays in the presence of proteoglycan enriched
fractions produce piles of aligned modified calcite crystals (d)–(f).
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