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ABSTRACT 

The skeletons of corals are made of calcium carbonate by biomineralization process, in the form of aragonite or calcite. 
To understand the characteristics of coral skeletons, especially mineralogy, crystal phases, organization and structure in 
individual species, X-ray powder diffraction techniques have gained increased interest in recent years as useful 
non-destructive tools. This review provides an overview on the recent progress in this field and briefly introduces the 
related experimental approach. The application of X-ray diffraction (XRD) to elucidating the structural and mechanical 
properties of mineral crystals in corals is reviewed in terms of characterization of CaCO3 crystal orientation. In addition, 
we discuss how this technique has increased our understanding of the function of the organic matrix proteins of calci- 
fied coral skeletons during mineral formation. Such information is helpful in deducing the mechanical and structural 
model of corals with respect to biomineralization system of skeletons. 
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1. Introduction 

One of the most important events in animal evolution has 
been the development of a hard skeleton within many 
independent stocks. In the subsequent diversification of 
these lines, skeletons have been adapted to fulfill a wide 
variety of functions, based on tissue support, protection, 
and locomotion. Skeletons or parts thereof may be vari- 
ously classified into more or less distinct categories on 
the basis of position with respect to soft parts (exoskele- 
ton versus endoskeleton), composition (organic versus 
inorganic, agglutinated versus precipitated, etc.), and per- 
manence. Although the mechanism by which the skele- 
ton forms is unclear, the coral probably removes calcium 
directly from sea water and combines it with inorganic 
carbon, consisting of carbon dioxide from respiration and 
bicarbonate from sea water [1]. It is reported that coral 
skeletons are composed of calcium carbonate (aragonite 
or calcite) in an organic matrix [1-8]. The organic matrix 
is formed prior to mineralization, and it has been sug-
gested that some components of the matrix protein may 
serve as a template for mineral deposition [9,10].  

Recent reports have focused on the characterization of 
proteins in the soluble matrix of soft coral sclerites (en- 
doskeletons) [1,3-6,11-14] and stony corals [2]. The con- 
trol of the morphology and the chemical composition of 
calcitic bio-crystals in some precious corals have been 
reported [15]. Compared to the information available on 
molluscans, stony corals, calcareous algae, and other skele- 
tal formation [2,16-19], very little is known regarding 
skeletal characterization of soft corals. In order to char-
acteristics of both skeletons from scleractinian (axial ske- 
letons) and soft coral (endoskeletons), especially miner- 
alogy, crystal phases, organization and structure in indi- 
vidual species need to be investigated by XRD. Surpris- 
ingly, this techniques has gained increased interest in re- 
cent years as useful non-destructive tools for investigat-
ing the structural characterization of calcifying animals [1, 
3,9,12,14]. Thus, this technique could be one of the pro- 
mising tools to understand skeletal components and stru- 
ctural details in corals. This review provides an overview 
on the recent progress in this field and briefly introduces 
the related experimental approach. The application of X- 
ray diffraction to elucidating the structural and mechanic- 
cal properties of mineral crystals in coral is reviewed in 
terms of characterization of CaCO3 crystal orientation. *Corresponding author. 
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2. Application of X-Ray Diffraction 

X-ray diffraction (XRD) is an effective method for de- 
termination of the phase composition of unknown crys- 
talline and amorphous materials. The scattering of X-rays 
by crystal atoms, produce a diffraction pattern that yields 
information about the structure of the crystal. This data is 
represented in a collection of single-phase X-ray powder 
diffraction patterns for the three most intense D values in 
the form of tables of interplanar spacings (D), relative 
intensities (I/Io), and mineral name. The techniques of 
X-ray diffraction analysis are used to study, for example, 
metals, alloys, minerals, inorganic and organic compounds, 
polymers, amorphous materials, liquids, gases, and the 
molecules of proteins and nucleic acids [1,20-26]. 

As we mentioned above, X-ray powder diffraction 
analysis could one of the most powerful tools in order to 
identify the crystal structure and mineral phases in the 
bio-mineralized protein induced coral skeletons. Crystal- 
lization plays a key role in the bio-calcification process 
and ultimately in the growth of coral skeletons [1,27]. 
Skeletal architecture and microstructure of the calcifying 
corals were characterized using XRD [27]. Very recently, 
our group [3,28] identified the polymorphs of calcium  

carbonate in the soft coral endoskeletons using X-ray 
diffractional analysis. This XRD technique was used to 
verify mineral phase in calcified endoskeletons before 
protein isolation. The XRD pattern of endoskeletons is 
shown in Figure 1 [28]. The diffraction intensity is the 
calcite (104) 2θ = 29.8˚ and the next to strongest are the 
calcites at {113}, {116} {018} {202}, {110}, {012} 
{1010} and {215}, respectively. The X-ray diffractional 
analysis revealed that the crystalline form of calcium 
carbonate in the sclerites was calcitic polycrystals. The 
diffraction angle, 2θ = 29.8˚ in the calcite (104) indicates 
Mg-calcite because the diffraction angle for pure calcite 
is 2θ = 29.3˚ [29]. Beside the identification of mineral 
and crystals phases, XRD also potential to identify chitin, 
collagen and strontianite in the coral skeletons [24,25]. 
Chitin has been identified in the axial skeleton of several 
species of antipatharian corals by X-ray fiber diffraction 
patterns. There are reflections in the fiber pattern of the 
intact skeleton of a lattice, presumably due to protein, 
with a periodicity of approx 40Å. Hydrolysis of the intact 
skeleton in dilute alkali yields an insoluble white residue 
representing less than 10% of the total skeletal mass, 
which gives an X-ray diffraction pattern characteristic of 
the ß-chitin polymorph [24]. An XRD study of sclera- 

 

 

 

Figure 1. X-ray diffractional analysis of endoskeletons (sclerites). The 2θ scan identifies the crystalline form of calcium car-
bonate in the sclerites as calcitic polycrystals. XRD patterns of soft coral's endoskeletons (Top). CaCO3 (calcite) standard 
(Bottom) [28]. 
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actinian coral skeletons indicated that, although some 
strontium substitutes for calcium in the aragonite struc- 
ture, at concentrations of about 7500 parts per million, as 
much as 40 percent of the strontium resides in stronti- 
anite (SrCO3) [25]. 

From the last few years [2,11,12,30], acidic proteins 
were purified from the organic matrices of corals. In the 
present review, the crystallization of corals in the pres- 
ence of these proteins was discussed in terms of XRD 
analysis. One widely used approach for studying the func- 
tions of these acidic proteins is to examine their effect on 
crystal growth, in vitro. Combinations of matrix compo- 
nents have been used to detect a collaborative effect [31], 
and the ability of demineralized matrix to induce crystal 
nucleation has been examined [1]. The objective was to 
understand the principles that govern these interactions 
and to gain insight into the mechanisms by which these 
matrix constituents regulate crystal growth in vivo. 

The major polymorphisms involved in CaCO3 crystal- 
lization of marine organisms were identified and subse- 
quently, the functions of specific organic matrix proteins 
in the bio-calcification process were determined [1,3,10, 
14,28,32-37]. Here we showed the polymorphism of 
crystals in the endoskeletons of a soft coral in presence 
of matrix proteins by XRD. However, prior to isolate 
organic matrix proteins from the endoskeletons, there 
were shown the structural shape and the location of them 
in the soft coral colony (Figure 2) [3]. Figure 2(B) 
shows their location in the tentacle. Well-developed spurs 
are observed on the surface of these endoskeletons (ar- 
rows in Figure 2(C)). 

How do calcite crystals form in soft corals? Very re- 
cently [1], our group have been explored this interesting 
phenomenon using the promising tool of XRD. A high 
magnesium/calcium ratio in seawater strongly favors ara- 
gonite over calcite precipitation [38,39]. The means by 

which organisms can precisely control their skeletal 
mineralogy despite what would be favored by ocean 
chemistry, however, remained elusive. Using several 
different approaches, we recently established that the 
ECMP-67 protein extracted from soft coral sclerites con- 
trols the formation of calcite crystals in vitro even when 
aragonite is favored by the chemistry of the solution from 
which the crystals are precipitated [1]. In this review, 
however, we discussed the interesting, as yet uncharac- 
terized phenomenon of how calcite crystals form in soft 
corals, and the XRD was discussed as the most potential 
technique to explore this finding. To further study the 
role of ECMP-67 in mineral formation, in vitro crystalli- 
zation experiments were conducted with both calcitic and 
aragonitic solutions [1]. In this report, the influence of 
Mg2+ on CaCO3 polymorphism was studied. In the ab- 
sence of both Mg2+ and protein, typical rhombohedral 
calcite crystals were generated. In the presence Mg2+ but 
without any protein, large needle-like aragonite crystals 
were formed. It is interesting that when the solution was 
supplemented with ECMP-67, all of the crystals formed 
were calcite instead of aragonite (Figures 3(D)-(G)). 
Figures 3(D)-(G) show the SEM images of CaCO3 crys- 
tals grown in the presence of ECMP-67 at concentrations 
of 0.7 and 1.4 µg/ml. At a concentration of 0.7 µg/ml, a 
number of needle-like aragonite crystals remained (Fig- 
ures 3(A), arrow, and (B)), and some rhombohedral and 
round calcite crystals formed (Figures 3(A), arrowhead, 
and (C)). Both crystallization mineral phases were con- 
firmed by XRD (Figure 3(H)). When ECMP-67 was pre- 
sent at a higher concentration (1.4 µg/ml), the calcite 
crystals (Figures 3(D)-(G)) formed different shapes, and 
no aragonite was observed. Although crystal growth was 
inhibited at high protein concentrations, all of the remain- 
ing aragonites formed by Mg2+ (50 mM) were trans- 
formed into calcites (Figure 3(D), enlarged view indi-  

 

 

Figure 2. Observation of endoskeletons (sclerites). (A) Computer-drawn tentacle that shows the sclerites inside; (B) SEM of 
the location of sclerites inside the tentacle. The inset shows the top view of a young colony; (C) SEM of a mature sclerite with 
well-developed “spurs” (arrows) [3]; (D) Sclerites isolated from the soft coral, Lobophytum crassum. 
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Fiure 3. SEM images of crystals grown in vitro and identification of their polymorphisms by XRD. (A-C) crystals grown in 
the presence of protein (0.7 µg/ml) and Mg2+ (50 mM); (D-G) crystals grown in the presence of protein (1.4 µg/ml) and Mg2+ 
(50 mM); (H, I) verification of the crystal polymorphisms formed in these experiments by XRD. The 2θ scan diffraction angle 
identifies the calcite and aragonite minerals shown in SEM panels A and D [1]. 

 
cated by arrows in (E), (F) and (G)). The transition of 
minerals from aragonites to calcites was confirmed by 
XRD, which showed that all phases of the crystals were 
calcites and that no aragonites were present (Figure 3(I)). 
These results demonstrate the regulation of crystal growth 
by protein in a CaCO3 system in alcyonarian corals, spe- 
cifically the inhibition of crystal growth. This study con- 
curred with the similar works recently conducted by Ta- 
keuchi and coworkers [32,37]. 

As we observed, soft corals have special characters 
because the organic matrices themselves are highly as- 
partic acid-rich proteins [11,28]. In addition, previous 
studies on molluscan shells indicate that acidic amino 
acid residues may actually inhibit crystal nucleation [40]. 
The present review reveals that organic matrices frac- 
tions of some marine organisms were enriched in aspartic 
acid proteins [12,32,34]; the especially high aspartic acid 
content of insoluble organic matrix proteins may regulate 
the crystal growth and morphology [4,13,37], or could 
play a key role in crystal nucleation induction [41-44]. 

3. Concluding Remarks 

The information from the basic structural unit of coral 

skeleton, i.e. mineral-crystal phases in which the organic 
matrix proteins are primarily responsible for the control 
of CaCO3 polymorphisms would provide a better under- 
standing of the bulk composition and fragility of the tis-  
sue in the crystallization process. In this regard, X-ray 
diffraction has proved to be an effective technique to 
examine the structural and mechanical characteristic of 
coral mineral and provide reliable experimental data. 
This technique is highly potential in understanding the 
function of the acidic proteins in the matrices of calcified 
coral skeletons during biomineralization. This knowledge 
provides a way to expedite the coral formation and bio-
calcification processes. Furthermore, the idea about min-
eral crystals and their organization helps understand the 
structural integrity in coral and the overall skeletal char- 
acteristics. There is still a lot to be achieved; however, 
recent progress in this field has provided new hopes for 
future diffraction studies to be used as an effective non- 
destructive technique and reveal new aspects in the for- 
mation of CaCO3 in coral skeletons. 
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