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Control of Aragonite or Calcite Polymorphism by 
Mollusk Shell Macromolecules 

Giuseppe Falini,* Shira Al beck, Steve Weiner, Lia Addadi? 

Many mineralizing organisms selectively form either calcite or aragonite, two polymorphs 
of calcium carbonate with very similar crystalline structures. Understanding how these 
organisms achieve this control has represented a major challenge in the field of biomin- 
eralization. Macromol~cules extracted from the aragonitic shell layers of some mollusks 
induced aragonite formation in vitro when preadsorbed on a substrate of P-chitin and silk 
fibroin. Macromolecules from calcitic shell layers induced mainly calcite formation under 
the same conditions. The results suggest that these macromolecules are responsible for 
the precipitation of either aragonite or calcite in vivo. 

M a n y  organisms are able to exert remark- 
able control over the minerals thev form. 
Numerous mineralized tissues contain crys- 
tals all having a preferred orientation and a 
mineral composition and morphology dif- 
ferent from precipitates that form abiologi- 
cally under the same environmental condi- 
tions (1,  2).  A striking example of biologi- 
cal control is the ability of many organisms 
to determine which polymorph of CaCO, 
will precipitate at a given location (3). In 
mineralized tissues a mixture of CaCO, 
polymorphs is almost never found at the 
same site. There are, however, numerous 
examples of species that precipitate one 
polymorph type at one location and a sec- 
ond tvDe at an adiacent location (1 ). , L . . 

The most common biologically formed 
CaCO, polymorphs are calcite and arago- 
nite. Vaterite, a less stable polymorph, is 
not commonly formed by organisms (1 ,  4). 
Calcite is thermodynamically more stable 
than aragonite at ambient temperatures and 
Dressures 15). Calcite and aragonite have , , " 
very similar crystal structures (6). The cal- 
cium ions are located almost in the same 
lattice positions in (001) layers, alternating 
with lavers of carbonat-e ions. The maior 
differenLes between the two polymorphs Ac- 
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cur in the organization and orientation of 
the carbonate molecules. The presence of 
other doubly charged ions in CaC0,  solu- 
tions, in particular Mg2+ as well as a variety 
of small organic molecules, favors the for- 
mation of aragonite (7). It has thus been 
widely believed that the regulation of ara- 
gonite-calcite polymorphism in organisms 
depends on the concentration of ions, pri- 
marily magnesium, in the precipitating so- 
lution 18). ~, 

A commonly used strategy in biomin- 
eralization is the elaboration of an  extra- 
cellular organic matrix (4) .  The  crystals 
are induced to form within the matrix 
voids. This is the strategy used by mollusks 
to form their shells (9) .  In the matrix 
sheets of nacre, the core is composed of a 
layer of P-chitin that is sandwiched be- 
tween two layers of glycine- and alanine- 
rich proteins (10). The  latter proteins 
have x-ray and electron diffraction pat- 
terns remarkably similar to that of silk 
fibroin and are predominantly in the P 
sheet conformation (1 1 ). The  surfaces of 
the matrix are coated with hydrophilic, 
aspartic acid-rich macromolecules, some 
of them in contact with the mineral phase 
(12). These hydrophilic macromolecules 
specifically interact from solution with 
growing calcite crystals in vitro, suggesting 
that thev are involved in the crvstal for- 
mation process at the molecular level 
(13). Hare proposed that the organic ma- 

trix proteins may be responsible for the 
polymorph type deposited in mollusk 
shells (14). Experiments testing the ability 
of organic framework matrices from arago- 
nitic and calcitic mollusk shell layers to 
induce nucleation of the original phase in 
a saturated solution met with some suc- 
cess, although calcite formed predomi- 
nantly, rather than aragonite, irrespective 
of the origin of the matrix components 
(15). Furthermore, this experimental ap- 
proach does not guarantee the total ah- 
sence of undissolved crystal nuclei in the 
matrix, which could be responsible for 
seeding the original phase. 

We  developed an experimental strategy 
to determine whether comoonents of the 
matrix, especially the hydrophilic macro- 
molecules, have a primary role in the con- 
trol of polymorphism and whether the en- 
tire matrix assemblv is reauired. We reas- 
sembled in vitro a substrate for nucleation 
composed of the major mollusk shell organ- 
ic matrix components: p-chitin, silk fi- 
broin, and aspartate-rich soluble macromol- 
ecules extracted from individual mollusk 
shell layers (1 0) .  The p-chitin and silk were 
purified from the pen of the squid Loligo and 
the cocoons of the silkworm Bombyx rnori, 
respectively (16, 17), where neither are 
associated with any mineral phase. This 
approach precluded the possibility that our 
results were influenced by any residual un- 
dissolved mineral phase. 

The  Loligo 6-chitin has a complex 
three-dimensional organization (18). The  
fibers are organized in an interlinked ar- 
chitecture forming a dense net of pores 
and channels. Purified soluble silk fibroin 
was allowed to interact with the insoluble 
chitin and was stabilized in the P confor- 
mation by treatment with methanol (1 7) .  
The  ensemble of macromolecules was then 
adsorbed from solution on the p-chitin- 
silk fibroin assemblv. Crvstallization was 
finally induced by i;cub&ion of the sub- 
strate complex in a saturated solution of 
CaCO, (19). The  macromolecules were 
extracted from either calcitic or aragonitic 
layers of four bivalves, a cephalopod, and a 
gastropod (Table 1). Most of our experi- 
ments used the macromolecules from ara- 
gonitic layers, as the formation in vitro of 
the less stable aragonite in the absence of 
other additives presumably implies an ac- 
tive role for these macromolecules in 
CaCO, polymorph determination. 

Crystallization on the partial or com- 
plete assemblies of chitin, silk fibroin, and 
mollusk shell macromolecules resulted in 
the formation of spherulites of CaCO, on 
the surface and inside the chitin scaffold 
(20). The spherulites were isolated and 
characterized by optical and scanning elec- 
tron microscopy, and their mineralogies 
were determined bv Fourier transform infra- 
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red (FTIR) spectroscopy (Fig. 1 and Table 
1). The complete assembly of chitin, silk, 
and soluble macromolecules induced the 
formation of crystals inside the chitin in six 
out of the eight cases investigated. When 
crystallization was induced, the same poly- 
morph with which the macromolecules 
were originally associated always appeared 
as the main mineral phase; namely, when 
the macromolecules were extracted from an 
aragonitic shell layer aragonite formed in 
vitro, and calcite was induced to form bv 
macromolecules from calcitic shell layers. 
In the absence of soluble macromolecules, 
no crystallization occurred inside the sub- 
strate, and only in some experiments a few 
vaterite spherulites formed close to the out- 
er surface. When the substrate was com- 
~ o s e d  of chitin and macromolecules with- 
out silk, vaterite spherulites formed inside 
the substrate if the macromolecules were of 
aragonitic origin, whereas calcite formed if 
they were of calcitic origin. 

Scanning electron microscope investiga- 
tions of the mineral phases produced inside 
the substrate (Fie. 2) showed that the chitin . " ,  
scaffold and the mineral were intimately as- 
sociated. Each single crystalline unit appeared 
to be in contact with the organic matrix. 
Preferential orientation of the crystallites was 
observed locally and occasionally extended 
over wider regions (Fig. 2, A and C). The size, 
shape, and organization of the crystallites were 
dependent on the soluble macromolecules 
used, even when the same polymorph type 
precipitated. The aragonite crystallites did, 
however, tend to have elliptical shapes (Fig. 
2B) with highly variable dimensions (between 
100 and 300 nm), whereas the calcite crystals 
tended to preserve their typical rhombohedra1 
morphology (Fig. 2D) and were much larger 
(-400 nm). 

The results show that the macromole- 
cules from either aragonitic or calcitic 
shell layers are able to specifically induce 
calcite or aragonite to form in vitro, pro- 
vided that they are in the appropriate 
microenvironment. Extraneous ions such 
as magnesium were not required. The 
macromolecules must actively induce nu- 
cleation of the polymorph originally asso- 
ciated with them rather than inhibit the 
inappropriate polymorph because, in the ab- 
sence of soluble macromolecules, no crystals 
were formed inside the substrate. In these in 
vitro experiments, a whole assembly of mac- 
romolecules was used. Perhaps only one or 
several of these are involved in nucleation. 
The reason why no crystals formed in the 
experiments involving Nautilus and Tri- 
damu macromolecules may be that other 
nonnucleating macromolecules in the in 
vitro environment prevented the crystalli- 
zation by inhibition or possibly by just re- 
ducing the concentration of the nucleating 
protein. 

Table 1. Calcium carbonate polymorphs formed inside various substrates containing glycoproteins 
extracted from different mollusk shell layers. The mineral phase shown in parentheses indicates the minor 
component of the polymorphs formed (less than 25%). In some experiments few spherulites of calcite 
(less then 5%) were observed associated with aragonite spherulites. No crystal formation was induced by 
control substrates (P-chitinsilk fibroin or P-chitin), which lacked extracted glycoproteins. 

Glycoprotein source CaCO, polymorphs formed inside 
substrate 

Organism* Shell layer Original p-Chitin-silk fibroin p-Chitin + 
mineral + glycoproteins glycoproteins 

Myfilus californianus Nacre Aragonite Aragonite (vaterite) Vaterite 
Prismatic Calcite Calcite (vaterite) Calcite (vaterite) 

A trina rigida Nacre Aragonite Aragonite (vaterite) Vaterite 
Prismatic Calcite Calcite (vaterite) Calcite (vaterite) 

Nautilus pompilius Nacre and Aragonite Void Void 
prismatic 

Elliptio sp. Nacre Aragonite Aragonite (vaterite) Vaterite 
Strombus tricomis Crossed lamellar Aragonite Aragonite (vaterite) Vaterite (calcite)? 
Tridacna sp. Crossed lamellar Aragonite Void Void 

'Mytilus californianus (Bivalvia) was obtained from Los Angeles, California; Elliptio sp. (Bivalvia) from central New 
Hampshire; Tridacna sp. (Bivalvia) from the Gulf of Suez, Red Sea; A. rigida (Bivalvia) from Venice, Florida; S. tricornis 
(gastropod) from Nuweiba, Gulf of Aqaba, Red Sea; and N. pornpilius (cephalopod) from Palau, Italy. tA few calcite 
single crystals were observed. 

Polymorph control is probably a func- 
tion of the three-dimensional structure of 
the nucleation site, which includes the 
macromolecular conformation and the lo- 
cal microenvironment. Control cannot 
depend on the macromolecular conforma- 
tion alone, because the same macromole- 
cules when adsorbed on polystyrene with 
or without an adsorbed P-silk film induced 

calcite formation and lost the ability to 
form aragonite (1 3, 21 ). Nor can control 
be due only to the chitin superstructure, 
because in the absence of silk, aragonite 
was generally not induced. In contrast, 
calcite, the stable polymorph, was induced 
by calcite-associated macromolecules even 
in the absence of silk. 

Vaterite is formed in the chitin matrix in 

Fig. 1. Optical micrographs and FTlR spectra of CaCO, 
sphe~litesthat grew in the P-chitin-silkfibroin substrate with 
adsorbed glycoproteins extracted from M. californianus cal- 
citic and aragonitic shell layers. (A) Vaterite formed in the 
presence of aragonite-associated glycoproteins. (8) Calcite 
formed in the presence of calcite-associated glycoproteins. 
(C) Aragonite formed in the presence of aragonite-associat- 
ed glycoproteins. The formation of calcite and aragonite oc- a 
curred mainly in the inner part of the substrate, whereas the 
vaterite crystallized close to the surface. The spherulites of 
aragonite and vaterite had a morphology completely different 
from the typical habit of the abiological ones. Only in the $ 
calcite crystals was it possible to observe some distinctive 
crystalline faces and angles. (D) Spectra obtained from 
ground samples (tens of micrograms) in 7-mm KBr pellets. 
We also obtained the spectra of individual spherulites that 
were removed mechanically from the substrate and mounted 
in an infrared transparent diamond pressure cell (High Pres- 
sure Diamond Optics. Tucson, Arizona). The spectra were 
measured with a Midac FTIR (Los Angeles, California) at 

I 500 1000 
4-cm-' resolution. The absorption peaks characteristic of Wavenumbers (cm-I) 
vaterite (spectrum 1) are at 877 cm-' and 744 cm-', of 
calcite (spectrum 2) at 876 cm-' and 713 cm-', and of aragonite (spectrum 3) at 860 cm-' and 713 
cm-' (24). Additional broad peaks in the region of 1000 to 11 00 cm-' and 1650 cm-' are probably due 
to the chitin and protein associated with the spherulites. 
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Fig. 2. Scanning electron micrographs of surfaces of the spherulites of calcite and aragonite grown inside 
the p-chitin-silk fibroin assembly at two different magnifications. The spherulites were mechanically 
extracted from the substrate, air dried, sputter coated with gold, and observed with a JEOL 6400 
scanning electron microscope. (A and 6) Aragonite induced by the soluble glycoproteins extracted from 
the aragonitic layer of the shell of Elliptio sp. (C and D) Calcite induced from the soluble glycoproteins 
extracted from the calcitic shell of M. californianus. Note the presence of chitin lamellae among the layers 
of mineral and the differences in crystal morphologies of the aragonite and calcite, as well as the local 
preferred orientation of the crystallites. 

the presence of aragonite-associated macro- 
molecules when the silk fibroin is absent, 
and it is located close to the surface. where 
the diffusion of ions is easier. The precipi- 
tation of vaterite preferentially occurs in 
highly supersaturated solutions, which are 
far from equilibrium ( 2 2 ) .  Thus, the silk 
fibroin may also influence ion diffusion or 
the accessibility to the chitin surface or 
both. This would be in addition to its hv; 
pothesized function ( 1  0) in determining the 
conformation of the soluble macromole- 
cules on adsorption. 

We show that, at least for mollusk shells, 
one or more shell macromolecules are in- 
volved in specific polymorph determina- 
tion. The exact manner in which this oc- 
curs awaits isolation and characterization of 
these nucleatine macromolecules and. in 
addition, requires an understanding of'the 
roles of the P-chitin and silk fibroin. 

Note added in proof: Zaremba et al. ( 2 3 )  
have independently shown that aragonite 
can be induced to form in vitro on a differ- 
ent substrate obtained from the developing 
gastropod Haliotis rufescens in the presence 
of matrix macromolecules from the adult 
shell. 
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