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Biological Control of Crystal Texture: A Widespread 

Strategy for Adapting Crystal Properties to Function 

Amir Berman, Jonathan Hanson, Leslie Leiserowitz, 
Thomas F. Koetzle, Stephen Weiner, Lia Addadi 

Textures of calcite crystals from a variety of mineralized tissues belonging to organisms 
from four phyla were examined with high-resolution synchrotron x-ray radiation. Significant 
differences in coherence length and angular spread were observed between taxonomic 
groups. Crystals from polycrystalline skeletal ensembles were more perfect than those that 
function as single-crystal elements. Different anisotropic effects on crystal texture were 
observed for sea urchin and mollusk calcite crystals, whereas none was found for the 
foraminifer, Patellina, and the control calcite crystals. These results show that the ma- 
nipulation of crystal texture in different organisms is under biological control and that crystal 
textures in some tissues are adapted to function. A better understanding of this apparently 
widespread biological phenomenon may provide new insights for improving synthetic 
crystal-containing materials. 

Single crystals are widely used by organisms 
to provide stiffness and strength to their 
mineralized skeletal tissues. The crystals 
most commonly used for this purpose are 
composed of the calcium phosphate miner- 
al, carbonate apatite, in the case of verte- 
brate skeletons and teeth, and the calcium 
carbonate minerals, calcite and aragonite, 
in the case of invertebrate exoskeletons. 
Most organisms use one of two different 
strategies for forming their crystals: growth 
occurs in a preformed matrix framework 
composed of macromolecules or in a pre- 
formed membrane-delineated vesicle. In 
the former case, the crystals are usually 
symmetrically shaped, expressing various 
crystal faces, and are often all aligned crys- 
tallographically. This results in a highly 
organized composite material composed of 
crystals embedded in an organic matrix. 
The major components of the matrix are 
usually relatively hydrophobic structural 
proteins or polysaccharides, such as type I 
collagen in vertebrate bones, or chitin as- 
sociated with various proteins in mollusk 
shells and arthropod skeletons (1). 

Skeletal tissues formed by crystal growth 
within vesicles usually result in crystals with 
complex, convoluted shapes and smooth 
and curved surfaces. Perhaps the most fa- 
miliar group of animals that use this strategy 
for forming their mineralized skeletal com- 
ponents are the Echinodermata-the sea 
stars, brittle stars, sea cucumbers, and sea 
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urchins. Many of their skeletons are com- 
posed of large unusually shaped single crys- 
tals of magnesium-bearing calcite, each of 
which is formed in a separate vesicle. The 
spines of sea urchins, some of which are 
tens of centimeters long, are each single 
crystals as determined by x-ray diffraction. 
Curiously, the five continuously growing 
teeth of sea urchins blend properties of both 
crystal-growing strategies. The individual 
crystals also each forms in a vesicle, but the 
final product is a highly organized multi- 
crystalline array of high magnesium-calcite 
crystals in an organic matrix (2). Little is 
known about how calcareous sponges form 
their calcitic spicules. Based on the obser- 
vations of Minchin (3) and Jones (4), the 
process appears to be similar to that used by 
echinoderms. 

Almost all mineralized tissues, irrespec- 
tive of the strategy used, contain a distinc- 
tive assemblage of unusually acidic proteins 
or glycoproteins or both (1). In some tis- 
sues, they are known to be intimately asso- 
ciated with the mineral phase, and many in 
vitro experiments show that they are capa- 
ble of influencing crystal growth. They are 
therefore widely believed to be intimately 
involved in controlling crystal formation. It 
is also either generally believed, or perhaps 
more often implicitly assumed, that crystal 
components of mineralized tissues are basi- 
cally the same as their inorganic counter- 
parts. Here we provide unequivocal evi- 
dence that this is not the case for calcite 
crystals formed by both the matrix and the 
vesicle strategy. We show that a variety of 
organisms do exert control over the internal 
texture of their crystals. We suggest that 
one of the mechanisms used for achieving 
this is the controlled intercalation of some 

of the acidic macromolecules into the crys- 
tal lattice. 

The assumption that biogenic and inor- 
ganic crystals are intrinsically the same has 
persisted, although it has been known for a 
long time that some skeletal elements be- 
have crystallographically as single crystals, 
yet mechanically their behavior is more 
typical of amorphous materials. This behav- 
ior is true of calcitic spicules formed by 
sponges, echinoderm skeletal elements, and 
some unusual foraminiferal shells, all of 
which break with a conchoidal fracture, 
rather than the smooth planar cleavage 
surfaces characteristic of single inorganic 
crystals of calcite (5). The latter are known 
to be particularly brittle because of their 
tendency to readily cleave along the so- 
called "cleavage rhombohedron" planes 
({104} in the hexagonal representation). 
Proposed explanations for the modified me- 
chanical properties of the biogenic materi- 
als ranged from assuming a perfectly aligned 
assemblage of crystals (6) to suggesting that 
the conchoidal fracture is due to a shape- 
dependent reaction to mechanical stress 
(7). The presence of proteins inside crystals 
has been reported, but it was generally 
assumed that protein was trapped or depos- 
ited in the form of continuous sheaths 
between separate crystallites (8). We re- 
cently demonstrated that at least some of 
these proteins in sea urchin (echinoid) 
spines are dispersed inside the crystal lat- 
tice, so as to impart modified fracture prop- 
erties to the single crystals (9). In this 
study, we compare the textures of a series of 
biogenic single calcite crystals of different 
origins. 

The Biogenic Calcite Crystals 
Examined 

Figure 1 shows scanning electron micro- 
graphs of the seven types of biological 
calcite crystals from four different phyla 
that were examined. The range of shapes 
and sizes is enormous. They all fracture 
with conchoidal cleavage, except for the 
prisms of the mollusk shell Atrina (Fig. IF) 
that tend to fracture along the cleavage 
planes of inorganic calcite (10). The mol- 
lusk prisms and the sea urchin tooth ele- 
ments (Fig. IG) both function as ordered 
multicrystalline arrays embedded in an or- 
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ganic matrix. At the other extreme, each 
entire spirillinid foraminifer shell (Fig. 1, D 
and E) is one single crystal (11), as is the 
adult sea urchin spine (Fig. IA). The sea 
urchin larva is supported by two spicules 
(Fig. 1B), each one of which is a single 
crystal (12). The sponges (Fig. 1C) are 
intermediate in that the spicules are single- 
crystal elements that are not regularly orga- 
nized in a matrix, but are usually densely 
packed in the tissue (13). 

Measuring Parameters of 
Crystal Texture 

A six-circle Huber diffractometer, com- 
bined with a germanium (220) crystal ana- 
lyzer on the detector arm, was used to 
collect series of diffraction peak profiles in 
the X and o/20 modes (14). As a resolution 
of a few thousandths of a degree was re- 
quired, it was necessary to use well-colli- 
mated synchrotron x-ray radiation. The 
two scanning modes are related to two 
different parameters of crystal texture: mo- 
saicity, or angular spread between the per- 
fect crystal domains, and coherence length, 
or average dimension of the perfect do- 

main. The angular spread is obtained di- 
rectly from the w profiles, and the coher- 
ence length is calculated from the )/20 
profiles applying the Scherrer formula (see 
legend of Fig. 2). Typically, one whole set 
of measurements included 10 to 15 diffrac- 
tion peak profiles corresponding to planes 
(001) [(006) and (0012)], (hkO) [(110) and 
(030)], and (hkl) [(104), (116), and (018)]. 
Diffraction was thus examined from various 
directions relative to the crystal axes. Some 
crystals, notably the sea urchin tooth ele- 
ment, were too small to allow collection of 
an entire data set. The experimental proce- 
dure and treatment of data are described in 
Figs. 2 and 3. The specifications and quality 
parameters of the data collected for each 
crystal are given in Table 1. 

Comparisons of Crystal Texture 

The crystal textures of the biogenic ele- 
ments are compared in Fig. 2, where they 
are expressed in terms of angular spread 
(ordinate) and the reciprocal of the coher- 
ence length (abscissa), averaged for each 
skeletal element over a series of reflections. 
Synthetic calcite crystals are also represent- 

ed for reference. Each taxonomic group 
occupies a defined area of the graph. Thus 
measurements of the mollusk Atrina prisms 
are clustered together, as are the sponge 
spicules and the sea urchin Paracentrotus 
adult and larval spines. The two forami- 
nifera are distinct one from the other and 
from the other skeletal elements. The ma- 
jor exception to this trend is the Paracen- 
trotus tooth element. 

In general, Fig. 2 shows that a higher 
mosaicity corresponds to a lower coherence 
length range, indicating that the two pa- 
rameters of crystal perfection are not inde- 
pendent. There are, however, large devia- 
tions from linearity. The foraminifer Spiril- 
lina, for example, has a relatively large 
average coherence length, but an extremely 
broad angular spread, especially when com- 
pared to the sponge spicules that have 
similar values of coherence length. Thus 
the textural parameters cannot be trivially 
related to dislocations, that is, to a more 
perfect or less perfect mechanism of crystal 
growth. 

The different skeletal elements have dif- 
ferent magnesium contents, which may also 
affect crystal texture. Magnesium is usually 

Fig. 1. Scanning electron micrographs of: (A) Newly formed sea urchin spine (Paracentrotus lividus, 
eastern Mediterranean). The spine axis is parallel to the crystallographic c axis of calcite. (B) One 
of the two crystal spicules that constitute the larval skeleton of P. lividus. (C) Spicule from a 
calcareous sponge (species unknown, Eilat, Gulf of Aqaba). The c axis of calcite is perpendicular 
to the plane of the spicule. (D and E) Shells of the foraminifera Spirillina (sp.) and Patellina 
corrugata, respectively, belonging to the Spirillinidae. Each entire shell diffracts as a single crystal. 
A view of the base of the conical-shaped Patellina is shown. The c axis of calcite is perpendicular 
and parallel to the basal planes of the shells, respectively. (F) Fracture surface of the prismatic layer 
of the mollusk, Atrina serrata (North Carolina), showing the assemblage of aligned prisms. The 
prism long axis corresponds to the crystallographic c axis of calcite. (G) Fractured surface of the 
forming portion of the tooth of the sea urchin, P. /ividus (eastern Mediterranean), showing the 
complex multicrystalline structure. In this study, a single elongated element from the control portion 
was studied (arrow). The c axis of calcite is parallel to the length of the element. 
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considered to be homogeneously distributed 
inside the crystal lattice of calcite in the 
form of a solid solution, hence modifying 
the crystal lattice constants (15). It is ex- 
pected, however, to introduce some stress 
in the lattice that would influence the X 
spread and possibly also the coherence 
length of the crystal. There is also evi- 
dence, from morphological studies, that 
magnesium is introduced into synthetic cal- 
cite crystals preferentially through certain 
crystal planes (16). This effect could con- 
ceivably lead to higher concentrations of 
magnesium in distinct sectors within the 
crystal (I 7), but is unlikely to occur in 
those biologically formed crystals in which 
accretion occurs by continuous deposition 
of concentric circular layers, such as in the 
echinoderms and calcisponges. The magne- 
sium contents, evaluated from the variation 
in calcite cell dimensions on a per mole 
basis, are 17% and 12% for the sponge 
spicules, 13% for Spirillina, 12% for Patel- 
lina, 7.5% for the Paracentrotus adult and 
larval spicules, 5.5% for the Paracentrotus 
tooth element, and is almost undetectable 
in the Atrina prisms. Neither of the two 
parameters, angular spread or coherence 
length, can be correlated with magnesium 
content. Thus magnesium is not the only 
contributing factor to the different values of 
texture. 

We also note that the degree of mosa- 
icity of the crystals cannot be related to 
crystal size or shape. The Atrina prisms are 
much larger than the Paracentrotus larval 
spicule and are in the same size range as the 
Paracentrotus adult spine (Table 1). Note 
too that the Paracentrotus larval spicule has 
a continuity of shape and is much less 
convoluted than the adult spine. Despite 
this, the spicule and spine have almost 
exactly the same range of mosaicity. 

We conclude that the texture of each 
crystal type is an intrinsic property of the 
mineral lattice that varies from one taxo- 
nomic group to another. It cannot be only 
related to crystal size, shape, or the amount 
of magnesium. The possibility examined, 
here is that it may be related to the presence 
of occluded biological macromolecules. 

In terms of crystal texture, the Atrina 
prisms are the most perfect biogenic skeletal 
elements measured and are most similar to 
the synthetic crystals. Furthermore, the 
Paracentrotus tooth element is more perfect 
than the adult spine or the larval spicule. 
Both prisms and tooth elements function in 
multicrystalline ordered arrays and hence 
do not withstand mechanical stress in iso- 
lation. The sponge spicules occupy an in- 
termediate range in the spectrum, with a 
relatively high coherence length and low 
angular spread, close to that of the polycrys- 
talline materials. In the sponge, the spi- 
cules are packed tightly together and hence 

Fig. 2. Distribution of angular 300 
spread (ordinate) and recip-. 
rocal of the coherence length ' 250 T 
(abscissa) for the measured 200 FSP EPA 
crystals, averaged over all of 
the measured profiles. In the n 150 
box: synthetic crystals of pure 100 SS2 
calcite. The biogenic crystals a Synthetic PLAS PLLS 
are designated as follows a 50 crystals AP1 
AP1 and AP2, Atrina prisms o AP2 P 

SS1, SS2, and SS3, sponge 0 
spicules; PLT, Paracentrotus 
lividus toothelement; PLAS, P. 1/10,000 1/5000 1/3333 1/2500 1/2000 1/1500 1/1250 
lividus adult spicule; PLLS, P. (Coherence lengthY 
lividus larval spicule; FSP, foraminifera Spirillina shell; and FPA, foraminifera Patellina shell. The angular 
spread was derived directly from the full width at half maximum (FWHM) of the peak profiles collected 
in the X mode. The coherence length (L) was calculated from the Scherrer formula, L = X/cosO 

'B2 _ 22 where B is the peak width derived from the integrated intensity of the peak divided by its 
maximum intensity after subtracting the background level counts and 3 = instrumental resolution = 
0.003 degrees. Derivations of FWHM directly from the peak width at half maximum agreed within 10%. 
Bars represent the standard error of the deviation. The diffraction data were collected at the National 
Synchrotron Light Source (Brookhaven National Laboratory) on beam line X7B (14). 
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Fig. 3. Coherence lengths for different diffraction peaks of the same crystal, expressed as a function 
of the dihedral angle between the diffracting plane and the ab plane (001). The Miller indices of the 
reflections are indicated above the abscissa. Coherence lengths were calculated as in Fig. 2. The 
line is the linear regression of the data points. The curves delimit the 90% confidence bands for the 
true mean of y (A and B) Atrina prisms AP2 and AP1, respectively. For AP2 the slope of the 
calculated linear regression is s = 28.98 (A/degree). The correlation coefficient is r = 0.753, and P 
= 0.0005 is the probability that the slope is s = 0, based on the statistical F test. AP1 has the same 
general trend, with s = 21.76, r = 0.48, and P = 0.159. (C) Paracentrotus adult spine (PLAS). The 
slope is s = -7.99, r = 0.566, and P = 0 112. (D) The larval spicule (PLLS) shows the same trend, 
with s= -13.81, r= 0.59, and P= 0.163. (E) Pate/i/nashell (FPA); s= 0.24, r= 0.04, and P= 0.89. 
(F) Pure synthetic calcite crystal 2; s = 0.98, r = 0.004, and P = 0.99. For synthetic crystal 1, we 
obtained s = 9.42. r = 0.1 1, and P = 0.76 (data not shown). 
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Table 1. Technical parameters of measurements. Number of data points was 100 in a given scan 
width except for those indicated by t, where n = 150. AP, Atrina prisms; SS, sponge spicules; PLAS, 
Paracentrotus lividus adult spicule; PLLS, P. lividus larval spicules; PLT, P. lividus tooth element; 
FPA, foraminifer Patellina; FSP, foraminifer Spirillina, and PC, pure calcite. 

Size of crystal Reflections Range of Width of scan 

Crystal (Gm) x (A) collected intensities" (degrees) 

Length Width (no.) (counts) /120 

AP1 700 50 0.7912 15 221,000-1360 0.15 0.15 
AP2 700 50 0.7912 11 58,000-30 0.15 0.15 
SS1 70 10 0.9220 1 1 11,000-115 0.4 0.2 
SS2 70 10 0.9940 14 540-45 0.6t 0.15 
SS3 70 10 0.9940 12 2,400-45 0.4 0.15 
PLAS 800 700 0.945 17 2,150-160 0.3 0.3 
PLLS 120 7 0.9220 7 350-30 0.5 0.25t 
PLT 300 10 0.945 2 1,000-600 0.25 0.25 
FPA 100 10 0.9940 12 310-35 0.9t 0.15 
FSP 200 10 0.9940 16 14,500-660 0.9t 0.15 
PC1 150 150 0.9940 10 18,000-960 0.15 0.15 
PC2 150 150 0.7912 1 6 250,000-220 0.15 0.15 
PC3 150 150 0.945 9 13,000-400 0.12 0.06 

*The range of intensities refers to the peak maximum values for the different reflections tn = 150. 

probably alter the mechanical properties of 
the tissue en masse (13). All of these 
observations strongly suggest that crystal 
texture is not only under biological control, 
but is somehow related to function. 

The ability of extracted biological mac- 
romolecules from sea urchin skeletons to be 
selectively occluded within calcite crystals 
on planes parallel to the c axis and to 
influence crystal texture has been demon- 
strated in vitro (9, 14). Presumably the 
changes observed in crystal texture in this 
study are related to the same phenomenon. 
If we assume that protein intercalation is 
directly related to the decrease in coher- 
ence length, the protein is intercalated in 
the sea urchin spine at intervals of 1500 to 
2000 A. In the mollusk shell element, on 
the other hand, the intracrystalline protein 
appears to be occluded at the boundaries of 
large domains (4000 to 5000 A), similar in 
size to synthetic calcite (10). In vitro ex- 
periments in which proteins from Atrina 
prisms were used, resulted in non-specific 
interactions with growing calcite crystals, 
although these proteins were also occluded 
inside the crystals. Further experiments of 
this type with purified occluded proteins in 
the presence and in the absence of magne- 
sium need to be performed to assess more 
precisely the role of the different proteins in 
controlling crystal texture. 

Anisotropy in Crystal Texture 

Our interpretation of the mechanism of 
crystal reinforcement is based largely on the 
postulated effect on fracture of selective 
occlusion of protein along specific crystal 
planes parallel to the c axis but oblique to 
the cleavage plane (9). If this mechanism 
indeed operates in vivo, the proteins should 
induce relatively more textural disorder 

along planes parallel to the c axis as com- 
pared to planes oblique to the c axis. This 
disorder should be reflected at the level of 
crystal texture by preferential broadening of 
the diffraction peaks derived from the 
planes where adsorption took place, assum- 
ing that the occluded protein selectively or 
preferentially affects only the set of crystal 
planes where it was adsorbed. Here we 
report evidence demonstrating such an an- 
isotropic effect. 

In Fig. 3 we show the relations between 
the coherence length and the deviation of the 
diffracting plane from the ab plane for the two 
Atrina prisms, the Paracentrotus adult spine 
and larval spicule, the foraminifer Patellina, 
and one synthetic calcite crystal. 

The control synthetic calcite crystals, as 
well as the foraminifer shell, show no dis- 
cernible trend (Fig. 3, E and F; see legend 
for statistical analyses) (18). The Paracen- 
trotus adult spine and larval spicule both 
show a small but significant decrease in 
coherence length along crystal planes par- 
allel to the c axis (Fig. 3, C and D). This 
result implies that proteins are preferential- 
ly occluded on planes parallel to the c axis, 
and is consistent with the earlier morpho- 
logical in vitro observations (9). The Atrina 
prisms show an opposite even more signifi- 
cant trend; the coherence length is prefer- 
entially decreased for planes perpendicular 
to the c axis (Fig. 3, A and B). Following 
our hypothesis, this would correspond to 
preferential occlusion of proteins on the ab 
plane. This result is in agreement with the 
presence in the prisms of well-developed 
growth lines in the same direction, as re- 
vealed by preferential etching. If this is 
correct, this observation may provide an 
important insight into the physical basis of 
such growth lines and an explanation for 
the manner in which they form. 

This study shows that control over the 
textural properties of biologically formed 
crystals is a widespread phenomenon and 
that different organisms use different strat- 
egies for achieving this effect. It will be of 
much interest to decipher these strategies, 
learn more about the structural parameters 
that control various macromolecule-crystal 
interactions, and in so doing, possibly open 
the way to applying this new knowledge to 
manipulating crystal textures for the pur- 
poses of improving synthetic materials. 
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