Mineralomics
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Minerals are an integral component of living organisms. Over sixty different biominer-
als! have been identified in animals, endowing tissues with a range of functions, in particular,
support (e.g. skeleton), defence (e.g. turtle shell), and feeding (e.g. teeth).

Biominerals, however, are not restricted to hard tissues; they are also commonly found
in soft tissues. For example, otoconia (calcium carbonate crystals) are an essential part of the
otolithic membrane, which is located in the vestibular system of the inner ear of vertebrates?
and plays a critical role in the brain’s interpretation of balance. The skin of several animals,
including fish, amphibians, non-avian reptiles, avian reptiles, and mammals,? also contains min-
erals in the form of scales or osteoderms, while a mineralised structure named the sclerotic ring
is found in the eyes of several groups of vertebrates.*

Mineralisation of soft tissues in mammals has predominantly been attributed to patho-
logical processes. Mineral formation has been reported in the context of many diseases, includ-
ing the majority of cardiovascular diseases, all cancer types,>® Alzheimer’s disease,’ schizo-
phrenia,® age-related macular degenerative disease,” and infectious diseases, such as

tuberculosis!? and HIV!! (examples can be seen in Fig. 1).


https://en.wikipedia.org/wiki/Vestibular_system
https://en.wikipedia.org/wiki/Inner_ear
https://en.wikipedia.org/wiki/Brain
https://en.wikipedia.org/wiki/List_of_types_of_equilibrium

Figure 1: a Density-dependent colour scanning electron micrograph (DDC-SEM) of breast tissue, showing cal-
cium deposits, where purple represents inorganic material. Scale bar = 1 pm. b DDC-SEM of an aortic valve,
showing spherical particles of calcium phosphate, where orange represents inorganic material and green organic
material. Scale bar = 10 um. ¢ DDC-SEM of placenta tissue, showing calcium deposits, where red represents
inorganic material and turquoise organic material. Scale bar = 10 pm. d DDC-SEM of a kidney stone, where
purple/pink represents inorganic material'2. Scale bar = 2 pm.

Traditionally, the biominerals present in hard tissues has mainly been characterised by
biophysical techniques. The nature, origins, mechanism of formation and function of minerals
have been investigated by electron microscopy,”!? diffraction techniques (X-ray and electron
diffractometry),'* and spectroscopic methods.>!> However, in-depth physicochemical charac-
terisation studies of biominerals in soft tissues remain elusive thus far.

Moreover, research on the pathophysiological processes leading to the formation of
minerals in soft tissues has mainly focussed on biochemical mechanisms, motivated by the idea
that biochemistry can explain physicochemical mechanisms of mineralisation. These minerals
have been thought of as a disease by-product disease and biologically inert, therefore their sig-
nificance has long been underestimated and underappreciated.

However, minerals are known to affect cellular signalling; for example, implantation of

biomaterials made of calcium phosphate minerals in soft tissues drives bone formation through
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recruitment and/or transdifferentiation of local or circulating cells, which subsequently adopt a
mineralising phenotype.'® Moreover, it has further been established that substrate stiffness plays
a crucial role in cellular behaviour!” Therefore the presence of minerals in soft tissues, such as
the brain (one of the softest tissues in the body), certainly alters its mechanical properties, which
in turn affect cellular signalling and behaviour. Pathological minerals can also dissolve in the
organic extracellular matrix, altering the properties and surface of the matrix, which has a sub-
stantial impact on cell behaviour.!® Besides, in the case of calcium phosphate minerals, the
increase in calcium and phosphate concentration around a dissolving mineral affects surround-
ing cells. '8 Finally, calcium phosphate nanoparticles have been proven to be able to enter cells
and are commonly used to carry DNA fragments and transfect cells.!

Given the vital role, minerals can have in cell and tissue biologys; it is fundamental to be
able to understand their origins and formation mechanisms. Moreover, the presence of a specific
mineral can provide valuable information about (patho)biological mechanisms, and reveal the
processes that control and guide mineral formation towards a specific mineral phase. From a
physicochemical perspective, individual minerals are created under strict conditions, at which
the concentration of ions, temperature, pH, and pressure cause the formation of one mineral
phase. However, in a biological system, proteins can alter mineralisation processes to favour
the production of one mineral over another.?’ These complex mineralisation processes involve
the interplay between cellular, extracellular and mineral components. By determining the com-
position of a mineral in a pathological mineralisation site, information can be gained on the
characteristics of the biological microenvironment, including cells and proteins. For example,
urinary track stones?! elemental composition can be correlated to some of the most abundant
ions present in cells or microenvironment in the organism.

Mineral crystallographic characteristics can also indicate the specific biochemical path-
way responsible for their formation. A highly crystalline mineral is formed in a highly-con-
trolled system, in which proteins take a central role in the mineralisation mechanism (as is
commonly the case for shells and other minerals present in molluscs??). For example, in the
case of molluscs shell and pearls, protein sheets control the nucleation of calcite crystals in
specific positions and orientations, which then undergo a sudden transition to form the final
structure.?

The morphology, size and shape of a mineral can give important clues about the micro-
environment. A constricting environment would force the mineral into shapes, such as the case
of bone mineral where the inorganic material is deposited in the spaces between collagen fi-

bres.?®> Additionally, a deviation from a mineral’s natural habit suggests internal modifications
y gg
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or constriction by the biological matrix. Synthetic crystalline hydroxyapatite, for instance, is
usually observed as a rhombohedral habit.?* In ocular and other mineralising diseases, it has
however been reported as a spherical particle;”!® hinting on a vesicle being a possible nucleation
site.

The architecture of a mineral at the nanoscale and the characterisation of proteins and
cell organelles interacting with it can also reveal insights on the progression of a disease, as e.g.
in age-related macular degeneration.” For example, an analysis of the minerals observed in the
retina unveiled the presence of previously unknown, distinct calcified structures, and has al-
lowed to identify that hydroxyapatite is associated to more advanced disease stages while has
also allowed for the identification of a mineral called whitlockite.’

In analogy to other ‘omics’ strategies, a mineralomics approach will focus on the col-
lection of all information that is available on a biological system, including physicochemical
information about minerals in the tissue, is considered fundamental to understand tissue pro-
cesses. Most of the currently available ‘omics’ approaches focus exclusively on organic mole-
cules and structures. It is expected that in analogy to other ‘omics’ approaches are now com-
monly applied for a variety of molecules, including lipids, proteins or metabolites, which
enabled important discoveries of structure-function relationships, mineralomics can provide
similarly important new insights. More importantly, mineralomics can will be integrated into
multi-omics approaches, enabling a comprehensive analysis of samples and all their constitu-
ents.

In contrast to ‘omics’ approaches for organic molecules, mineralomics does not require
the development of new methods but envisages a different workflow and research strategy (Fig.
2), in which the study of minerals in tissues and cells is integrated into biological and medical
research. In addition to biochemical methods, minerals are identified and characterised to es-

tablish connections between mineral and the biological components of the system.



Mineralomics Research Strategy

CARDIAC DISEASES

Figure 2: The Mineralomics research strategy for the analysis of tissues and the development of treatments and
prevention methods for diseases associated with mineral formation in soft tissues. a Disease presenting mineral
formation in affected soft tissue, for example, breast cancer and cardiac diseases. b Mineral formation is a conse-
quence of the interaction of different chemical and biological players, such as pH, ionic concentration and com-
position, microenvironment responsible for the morphology of the mineral formed, cells present and/or responsible
for mineral formation, and time length during which the mineral is formed. ¢ Physico-chemical characterisation of
minerals present in tissues, providing important indications of the microenvironment, cells and mechanism respon-
sible for mineral formation. d, e In vitro chemical and biological studies to confirm the origins, mechanism of
formation and prevention methods for the formation of minerals in soft tissues. f Translation of the information
gained from biophysicochemical research into the development, diagnosis, prevention and treatment methods of

diseases in a.

An excellent example of the mineralomics research approach can be seen in the study
of cardiovascular calcification. The cardiovascular system is one of the most common sites of
pathological mineralisation, and therefore, mineralomics can be applied to reveal the underlying

mechanisms of cardiovascular diseases. The paradigm for cardiovascular mineralisation has



long been that the mineral stems from pathological bone formation in cardiovascular tissue.?
However, using a mineralomics approach and applying advanced electron microscopy and ele-
mental analysis,'* we could show that cardiovascular mineralisation can be distinct from bone
formation. The mineralised regions in cardiovascular tissue are mainly composed of micro min-
erals in the form of spherical particles (Fig. 3) — a morphology not found in bone. Similarly, a
mineralomics approach has been applied to understand extracellular-vesicle-derived microcal-
cification in atherosclerotic plaques, in a study where the minerals produced by an in vitro min-
eralisation model were compared to the minerals found in carotid arteries.?® These studies again
suggest that the mechanism of mineral formation in vascular tissue is different from mecha-

nisms of bone formation and that other cells than bone cells may be responsible for mineralisa-

tion.

Figure 3: Density-dependent colour scanning electron micrograph of an aortic valve, showing spherical particles
of calcium phosphate.?’ Scale bar = 2 pm.

By the same approach, it has also been demonstrated that vascular minerals are formed
from calcium phosphate and considerable amounts of magnesium;!? by contrast, bone and teeth
mineral is formed from calcium and phosphorus. The presence of different elements in vascular
minerals again supports that these minerals do not follow the same mechanism of formation as

bone and teeth. Moreover, the same results suggest that cells that contain a high concentration



of magnesium might also play a role in vascular mineralisation. Finally, the mineral character-
isation also revealed that vascular mineral particles are formed from minerals that diffract as
highly crystalline single crystals, suggesting an initially slow mechanism of formation or pos-
sibly controlled by proteins, as in the case of biominerals with complex morphologies that dif-
fract as single crystals formed by molluscs.

Taking all into account would like to stress again that mineralomics would enable the
study of pathological minerals, which have long been underestimated in their power to predict
and provide valuable information about diseases and its mechanisms. Physico-chemical char-
acterisation methods, are readily available, simple to apply and often more cost-effective than
biochemical methods. By applying these physicochemical characterisation methods and by con-
sidering the biological and medical context, mineralomics can provide a holistic understanding
of the characteristics and role of minerals in the human body, and particularly in diseases. Min-
eralomics has the potential to provide critical insights into human (patho)biology and to con-

tribute considerably to medicine, especially when integrated into a multi-omics research.
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