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Biomineral mesostructure
Pupa U.P.A. Gilbert* 

Biominerals formed by animals are most frequently calcium carbonate or phosphate 
polycrystalline materials with complex hierarchical structures. This article will focus on the 
10-nm–10-µm scale, termed “mesoscale,” at which the “mesostructure” differs greatly across 
biominerals, is relevant to their mechanical properties, and reveals formation mechanisms in 
sea urchin teeth, mollusk shell prisms and nacre, human enamel, and coral skeletons. This 
article will conclude by focusing on important unanswered questions to inspire future research.

Introduction
Biominerals are  crystalline1–16 or  amorphous17–19 minerals 
formed by living organisms. They are the hardest parts of 
every organism and have diverse functions, including skel-
etal support, magnetic and gravitational field sensing, accel-
erometry, light focusing, flotation, and ballast. Unexpected 
and exciting new structures, properties, and formation mecha-
nisms are frequently discovered in natural biominerals, such 
as the recent dual scale, single-crystalline calcite in a sea star 
revealed by Li et al.20 and the latest installments of the ongo-
ing debate on the fiendishly complicated structure of pteropod 
shells.21–28 Biominerals also provide extremely useful ideas 
for bioinspired synthetic materials.29–41

Aragonite and calcite (both polymorphs of  CaCO3) are the 
final, stable crystalline phases in many marine biominerals. A 
major discovery was made by the Addadi–Weiner group, when 
they showed that calcite in sea urchin embryonic  spicules42 
and adult  spines43 does not form ion-by-ion, but through an 
amorphous precursor phase. Since then, multiple amorphous 
precursor phases have been identified in a variety of biominer-
als;44–63 thus, formation via transient amorphous precursors is 
well established.

All crystalline biominerals thus far explored appear to 
form by particle attachment,64 where the attaching particles 
are amorphous and subsequently crystallize. Surprisingly, the 

attaching particles are made of the same amorphous precur-
sors in phylogenetically very diverse animals.65 Attachment 
of amorphous particles is not only shared by modern forming 
biominerals, but dates back to the earliest known animals in 
the Ediacaran, 550 million years ago.66

Digging deeper into convergent biomineralization, an 
integrated model for  CaCO3 biomineralization was produced, 
including all current knowledge of  CaCO3 formation in dif-
ferent marine organisms, including seashells, other shells 
from foraminiferans, coccolithophorids, and brachiopods, sea 
urchin spines and spicules, and coral skeletons.65

Mesostructure = size, shape, spatial 
arrangement, and orientation of crystallites
Despite its complex morphology shown in Figure 1, each sea 
urchin spine is a single crystal of calcite. The single crystallin-
ity of the sea urchin spine, however, is the exception, because 
crystalline biominerals most frequently are a composite of 
organics and minerals interspersed, where the organics may 
be organized in layers (e.g., sponge spicules [also in Figure 1] 
or nacre [Figure 2]), or more complex morphologies and the 
mineral is polycrystalline with many crystallites filling space 
(e.g., in nacre, coral skeletons, or tooth enamel). Crystallites 
range in size between 10 nm and 10 µm,67 and their shapes, 
spatial arrangements, and crystal orientations are diverse and 
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Figure 1.  Scanning electron microscope image of a sea urchin spine and sponge spicules. The sea urchin spine (left two panels) diffracts like a 
single crystal of calcite, despite its intricate morphology very far from a calcite rhombohedron. Adapted from Reference 80. The sponge spicule 
(right 5 panels) is made of amorphous silica, but it is layered, which confers its resistance to fracture. Adapted from Reference 19.

a b c
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Figure 2.  Nacre, or mother-of-pearl, is the iridescent inner lining of many mollusk shells. Here, only nacre from bivalves is shown in modern and 
fossil shells, from 0- to 200-million-years old. The ultrastructure is reasonably well preserved, but holes are more frequent in older shells (black 
pixels indicate no aragonite). Part of the Jurassic shell is recrystallized as calcite, and this is wildly misoriented compared to pristine nacre, as 
shown by the purple tablets instead of the usual turquoise colors of nacre visible in all other panels. In all of these polarization-dependent imaging 
contrast maps, color represents the orientation of the crystalline c-axis of aragonite or calcite crystalline, including hue and brightness indicating 
in-plane and off-plane orientations. The two letters on top right of each panel indicate the genus and species. Data from Reference 142.
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characteristic of each biomineral. It is useful, therefore, to use 
a collective term for all of these characteristics: mesoscale 
(10 nm–10 µm) structure, or simply “mesostructure.”

The evolution of mesostructure
Animal biominerals must be hard and stiff to perform their 
function, most frequently related to prey–predator mecha-
nisms: predation weapons include teeth, fangs, and horns; prey 
sheltering armors include shells, carapaces, and exoskeletons.

The shape of these biominerals is finely tuned by evolution 
by natural selection; thus, a biomineral is not just a rock. The 
materials properties are also honed (pun intended) by evolu-
tion. Biominerals are invariably harder, stiffer, stronger, or 
tougher than their components. This is achieved in part by 
hierarchically structuring the biomineral, which means that 
the structure is biologically controlled at multiple scales at 
the same time.68–73

Once a biomineral has been fine-tuned by evolution for a 
specific function, it does not stop changing. It keeps changing 
due to random mutation. This is fundamentally different from 
the way human design occurs: once we are done designing a 
material we stop. In nature, instead, mutation is random, and 
it doesn’t stop, no matter how good the material already is; it 
keeps changing through generations. It evolves. If a mutated 
material happens to be a little harder, or stiffer, or tougher, 
then it provides a competitive advantage to the host organism 
and thus prevails as either a better predator or a more pro-
tected prey. The materials properties, therefore, are the result 
of constant change kept in check by natural selection during 
prey–predator encounters. The ultimate materials properties 
of biominerals, therefore, are a direct result of evolution.74–79

How to visualize mesostructures
The most common and readily available method to visualize 
every aspect of biomineral mesostructure is electron backscat-
ter diffraction (EBSD), which has been used extensively in 
 biomineralization13,77,80–86 and it works perfectly, as long as 
the individual crystallites are big enough, greater than 200 nm. 
X-ray micro- and nano-diffraction work well for biominer-
als,87–98 but it is very hard to understand where, along the 
penetrating x-ray beam, each diffracting crystallite is located. 
X-ray diffraction tomography will solve this problem; there-
fore, it holds great promise, but thus far it has not produced 
any useful results in biominerals. Tensor tomography gave 
splendid results on bone,99–103 and holds great promise for 
enamel, and marine biominerals, but these have not been 
explored yet. Polarization-dependent imaging contrast map-
ping (PIC mapping) has produced extensively in biominerali-
zation,46,104–127 but it is limited to detecting the orientation of 
the crystalline c-axis, it cannot provide the a- and b-axis orien-
tation, and it is only available at selected synchrotrons already 
equipped with a photoemission electron microscope (PEEM) 
and an elliptically polarizing undulator (EPU). Fortunately, 

nearly all synchrotrons in every country have a PEEM and an 
EPU, as these are quite useful for research on magnetic materi-
als. One advantage of PIC mapping is the spatial resolution, 
which is 20 nm,128,129 as opposed to EBSD’s 200 nm. Another 
advantage is that PIC mapping can easily analyze enamel, 
which is inaccessible to EBSD. The third advantage of PIC 
mapping, compared to x-ray diffraction methods, is the surface 
sensitivity: 3 nm at the Ca L-edge (where enamel is meas-
ured) and 5 nm at the O K-edge (where calcite, aragonite, and 
vaterite are measured). Thus, when a 20 nm × 20 nm × 3 nm 
pixel contains the full polarization spectrum, the spectrum is 
reliably from one crystallite, or two at grain boundaries, not 
thousands of crystallites as in micro- or nano-diffraction of a 
bulk biomineral. Thus, PIC mapping results are mathemati-
cally tractable.

Mesostructure revealed formation mechanisms
One of the first discoveries based on the mesostructure of 
biominerals was that amorphous nanoparticles first attach 
to one another and then crystallize,46 as opposed to ori-
ented attachment of particles that crystallize first, and then 
attach.64,130–133 Polycrystalline systems formed by ori-
ented attachment, called mesocrystals, were observed 
extensively in synthetic materials, but not conclusively in 
biominerals.67,134–138

In the calcite prisms of mollusk shells, the mesostructure 
demonstrated that the crystal lattice gradually tilts and sud-
denly splits within prisms.115,139,140

In nacre, the mesostructure revealed that tablets grow near-
epitaxially,114,141 that nacre tablet thickness correlates with 
the temperature at which the shell formed,142 and that plastic 
deformation of stacks of co-oriented aragonite tablets coop-
eratively toughen the material.123 Figure 2 shows the meso-
structure of nacre through time.

In enamel, the mesostructure showed that, unexpectedly, 
in whisker-shaped nanocrystals the elongation direction and 
the crystalline c-axis are not aligned, as they always are in 
synthetic calcium phosphate whisker crystals. The mesostruc-
ture of adjacent whisker crystals, parallel in morphology but 
forming small-angle boundaries with one another, toughens 
enamel.121 Figure 3 shows the mesostructure of human enamel 
and the small misorientation of adjacent crystals.

In coral skeletons, the mesostructure enabled the discovery 
that sprinkles, that is, equant, randomly oriented nanocrystals 
are the first to nucleate in spherulites.126 Figure 4 shows the 
spherulitic mesostructure of coral skeletons.119,126 The spher-
ulitic fibers start from sprinkles, which can be either at the 
growth fronts of spherulites or in the centers of calcification, 
as observed in different coral species presented in Figure 5. 
The same mechanism is expected to lead to spherulite forma-
tion in other systems besides coral skeletons known to grow 
spherulitically. These include polymers, organic molecules in 
food or drugs, or geologic minerals.
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Figure 3.  Human enamel has a complex 3D structure, including 50-nm-wide whisker crystals bundled into 5-µm rods that vary in 
orientation according to a decussation pattern. Here, the rods are in the plane of the image on the left and top right of the image, 
and perpendicular to the image plane at the center of the image. Pixel size in this polarization-dependent imaging contrast map is 
matched to the size of the whisker crystals, ~60 nm. Notice the gradients in color, indicating that at grain boundaries between crys-
tals there is only small misorientation within each rod, which toughens enamel. Note: Hs, Homo sapiens. Data from Reference 121.

a b

Figure 4.  Coral skeleton mesostructure shows spherulitic growth, with crystalline acicular fibers radiating from so-called centers of calcification. 
Here too, the two letters on top right of each panel indicate the genus and species, (a) Stylophora pistillata and (b) Porites lutea. In these polariza-
tion-dependent imaging contrast maps, there are few or no sprinkles. Data from Reference 126.
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Important questions thus far unanswered
1. What controls the curvature of shells, and shell morpho-

genesis in general? It is possible that mesostructure at 
different locations in a shell, corresponding to different 
developmental stages, will provide the answer.

2. In forming columnar nacre, how do ions or particles reach 
the growing tablets sites? The pores in the organic sheets 
are too  small143–147 for  particles66 to squeeze through 
them, and there are tens of organic sheets that particles 
would have to go  through148,149 from the depositing cell 
to the tablet growth site.148,149 It must be ions, or a dense 
liquid  precursor62 that pass through the pores. But: can 
ions, easily going through pores of many organic sheets, 
really diffuse thermodynamically uphill from a less to a 
more concentrated solution?

3. Why are mollusk shells and sea urchin spines less sensi-
tive than coral  skeletons65 to anthropogenic-CO2-induced 
ocean acidification? The material is precisely the same 
aragonite or calcite  (CaCO3); thus, their solubility is iden-
tical. Does the mesostructure contribute to the solubility 
of marine biominerals?

4. Can single whisker nanocrystals of human enamel be 
separated and analyzed by TEM to determine if the crys-
talline c-axis is completely uncorrelated with the whisker 
elongation direction? PIC mapping suggests so.121 EBSD 
of enamel does not work at all, presumably because the 
whisker crystals are too small, and TEM thus far did not 
shed light on this key question to understand the single-
crystal behavior in tooth enamel. It is simple to obtain 

samples from dentists who collect third molars from 
young adults every day and are usually happy to donate 
them with minimal paperwork, thus providing an excellent 
source of healthy human enamel. We use enamel every 
day when smiling or eating, thus, revealing the crystal-
lography of its fundamental units will provide us with a 
knowing smile.
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