Biomineralisation Organisms Biominerals
Organisms ranging from the most primitive of phyla to the more sophisticated vertebrates possess some form of scaffolding. For over 550 million years, these otherwise soft bodied masses have been able to harness the power to deposit inorganic minerals found in the environment within an organic framework to form composite materials. These natural composites come in a vast array of structures and shapes but more importantly, possess unique properties. The last few decades have seen scientists from a number of disciplines attempt to mimic the process of biomineralisation and, while there have been many close attempts, there has been very limited success in replicating in vitro something nature has honed and mastered for many years. [2, 3]

What is biomineralisation?

Put simply, it is the process by which organisms produce biominerals. Biominerals are defined as a subset of the mineral kingdom that arise from the activity and metabolic processes of a life form. They consist of minerals, macromolecules and water, the vast majority containing only one mineral type. If two or more minerals exist in the same structure, it is usually in different regions, such as the outer and inner layers of mollusc shells. There are known to be over 60 biominerals formed by members of all five kingdoms such as iron hydroxides, calcium carbonates and calcium phosphates.[3] Yet only a small proportion are constituents of endo and exoskeletons. The most common include the two polymorphs of calcium carbonate:
· Calcite

· Aragonite

· Amorphous silica
This is due to fact that they are more thermodynamically stable within biological environments due to their low solubility and high lattice energies. The less common minerals are:[4]
· Vaterite

· Amorphous calcium carbonate and phosphate

· Crystalline carbonated apatite i.e. hydroxyapatite (HAP) (exclusive to vertebrates)
A number of features pertain specifically to biominerals:
· They are often hierarchically organised on a scale from Ångstroms to millimetres.[3]

· Are essentially composite materials - intimately associated with organic macromolecules

· Display remarkable and unique morphological structures

· Are all produced at ambient temperatures and pressures leading to biomaterials with unusual mechanical properties which are advantageous to the organism. Scientists need extremes of temperature and pressure and many chemicals to produce synthetic yet dissimilar copies [3]

· Those found in teeth, bones and shells are synthesised by precise cell-mediated mechanisms.

· They exhibit superior mechanical properties due to complex architecture[5]
The aspect of biomaterials which defines them as being unique from synthetic materials is the use of macromolecules. At all hierarchal levels, they form a composite with the mineral phase. An organic frame is formed which is lightweight and tough as well as requiring less metabolic energy to be created. This frame is filled with inorganic mineral which is hard and stiff yet brittle. Thus an inorganic-organic hybrid material is formed possessing advantageous features of both.

Removal of the organic matrix from a biomineral has a significant effect on its mechanical properties. For example, the strength of bone in tension falls by 95% (130 to 6 MPa) while the strength in compression falls by 73% (150 to 40 MPa).[1]

The functions of biomineral tissues include:
· Protection : e.g. as exoskeletons and protection of organs in vertebrates

· Locomotion

· Cutting and grinding: in teeth

· Optical, magnetic and gravity sensing: crystals of calcite (otoliths) inside the human ear function as gravity sensors.

· storage
An ancient concept

While non mineralised and synthetic tissues degrade over a matter of months, mineralised tissues such as endo- and exoskeletons are preserved as fossils. It is thought that this fossil record began ~ 550 million years ago with the advent of the Cambrian era when mineralised exoskeletons first evolved. The fact that members of many different phyla began forming mineralised exoskeletons infers that there probably were external ecological pressures to do so such as protection from predators. Furthermore, it can be said that since all the higher organisms use similar families of proteins in the control of biomineralisation, many other mechanisms exist common to the different taxonomic groups. It has not been determined however whether this suggests that all organisms had a common ancestor or whether these mechanisms where arrived at independently.[6]

Fig. 1 trilobites were one of the first mineralisers

A number of points may be ascertained about the first skeletal mineralisers:
· Not all used the same material: while a third used calcium phosphate, the majority used calcium carbonate as the mineral. The rest opted for other polymorphs of calcium carbonate, predominantly calcite. Some organisms deposited opal (amorphous silica) while one group of bacteria deposited magnetite.

· Environmental conditions such as sea water did not affect their choice of mineral

· The microstructures of the mineralised tissues seen in the fossils produced by the organisms of the Cambrian era still hold true and are very similar to the structures used by their living counterparts today. For example some of the earliest known mollusc shells were composed of prism like structures; a structural motif which is common to the phylum today.[2, 6]
General Principals

Although a considerable amount is known about the structures of minerals in different organisms, little is known about the precise mechanisms that occur to bring about controlledmineralisation (except, perhaps the formation of iron oxide in magnetotactic bacteria)

Biomineralisation can be broadly divided into two main groups: biologically induced, and biologically controlled. The table looks at aspects of both.[1]
	Biologically induced
biomineralisation
	Biologically controlled biomineralisation

	Involves adventitious precipitation of minerals due to interactions that occur between the metabolic processes within an organism and its environment .

E.g. calcium carbonate precipitation from saturated calcium bicarbonate solutions in some green algae due to removal of carbon dioxide during photosynthesis.

Characteristics include:
· Biominerals are not under cellular control

· Size, shape, structure, composition and organisation of mineral particles are poorly defined and heterogeneous

· Many mineral products are associated with the cell wall since it acts as a general surface for precipitation
e.g. irregularly shaped nano-particles produced by GS-15 bacterium [1]
	Is a highly regulated process where the deposition of minerals is controlled. It is responsible for functional materials such as bones teeth and shells.

Characteristics include:
· Uniform particle sizes

· Well defined structure and composition

· High levels of spatial organisation

· Complex morphology

· Preferential crystallographic orientation

· Higher order assembly into hierarchical structures.[1]


Biomineralisation may further be described as:
· Cell mediated - involves mineralisation taking place within membrane bound vesicles or cellular syncitia

· Matrix mediated - where mineralisation occurs within an extracellular macromolecular framework composed of principally proteins and or polysaccharides
This study will focus predominantly on matrix mediated biomineralisation since it is involved in the formation of bone, teeth and shells.

Matrix mediated mineralisation

Involves the use of a macromolecular organic framework or template to provide a niche for inorganic crystals to nucleate and grow. Specialised cells seal off a space and into this an insoluble matrix containing proteins and polysaccharides such as collagen or chitin is secreted. The mineral phase is then deposited into the matrix.

There are a number of requirements that must be met to enable mineralisation
· Spatial delineation: the site is sealed off from the environment to enable control over the size and shape of the mineral phase.

· Diffusion limited ion flow: the site is sealed off through the use of a boundary. This serves to allow only certain ions to flow in, resulting in a difference in the composition of the medium both inside and outside the compartment.

· Chemical regulation: in order for mineralisation to take place, a supersaturated solution is required to initiate nucleation. This is enabled by the pumping of ions such as Ca2+ into the space.

· Organic surface: for crystal nucleation to take place, the surface must possess molecules that interact with the ions causing them to precipitate. [1]
The organic matrix is synthesised under genetic control before or during the biomineralisation process. It has a number of functions:
· Mechanical design - physical properties such as strength and toughness are modified to meet the demands of biological activity.

· Mineral passivation - the surface enables minerals to stabilise from dissolution

· Mineral nucleation - controls the location and organisation of nucleation sites as well as the crystallographic orientation of the inorganic phase.

· Spatial delineation and organisation - involve partitioning microenvironments with semi permeable frameworks to enable controlled growth[1]
The “two-component model” describes the organic phase as comprising of (1) a framework consisting of hydrophobic framework macromolecules (to prevent it re-dissolving in the surrounding aqueous environment). To this are attached (2) hydrophilic functionalmacromolecules which act as active nucleating surfaces to attract hydrated species such as ions.[1]

The mineral phase (in bones and teeth) is predominately calcium phosphate in the form of hydroxyapatite Ca10(PO4)6(OH)2 .It not compositionally as pure (non-stoichiometric) as synthetic hydroxyapatite owing to the presence of carbonate ions replacing phosphate ions in a number of places. It is also relatively calcium deficient.

An amorphous phase

Many biomaterials are assembled through the use of a transient amorphous mineral phase which enables them to be moulded very easily into a number of shapes in order to create the final, advantageous shape of a biomineral. This process is known to be highly controlled by the organism. Matrix proteins such as osteopontin are known to play a role in this transition. Calcium phosphate in milk occurs as the amorphous form and it is known that osteopontin binds to it to prevent the transition into HAP. Thus, matrix proteins are able to control the transformation of amorphous calcium phosphate (ACP) into crystalline HAP.[7] ACP transforms slowly at neutral pH through the following phases:

Amorphous CaP
↓
Brushite
↓
Octacalcium phosphate
↓
Tricalium phosphate
↓
Hydroxyapatite

The formation of a sea urchin spine is known to be through the use of an initial amorphous phase of calcium carbonate.[1]

Amorphous CaCO3
↓
Vaterite
↓
Aragonite
↓
Calcite

Having examined the general principals relating to biomineralisation, a number of examples found in nature will be examined (in perhaps an unorthodox order), beginning with the more interesting case of teeth.

Teeth

The basic structure of the tooth comprises three mineralised tissues: enamel, dentin(e) and cementum.

Fig 2 structure of human tooth

The table below briefly examines and compares the characteristics of the tissues.[8]
	
	ENAMEL
	DENTIN
	CEMENTUM

	
	Hardest and most highly mineralised tissue of the body
	Most abundant mineralised tissue of tooth.
	Specialised bony substance covering root of tooth.

	Function
	Protects the softer underlying dentin of the tooth
	Functions as substructure for rigid enamel, enabling tooth to absorb functional loads without fracturing. Supports crown of tooth
	Functions as an area of attachment for periodontal ligaments which anchor tooth to alveolar bone of tooth socket

	Cells involved in secretion of mineral
	ameloblasts
	odontoblasts
	Cementoblasts

	Composition by weight
	95% : HAP

1%: organic material

4% : water
	70% : HAP

20%: organic material

10%: water
	45%: HAP

33%: organic (collagen mainly)

22%: water

	Structure
	Composed of thin rods (enamel prisms) alternating with inter rod enamel. Is surrounded by enamel sheaths (which are less mineralised)
	Contains complex organization of tubules that run between the cementoenamel junction and the pulp. Cell processes pass through tubules and create new dentin and mineralize it
	Is avascular; contains acellular and cellular regions.

	Hardness
	Intermediate between that of carbon steel and iron
	Softer than enamel therefore more prone to decay and cavities.
	Softer than enamel and dentin


Dentin tubules

Fig 3 dentin tubules

For the purposes of this study, only dentin and enamel will be examined in greater detail (predominantly enamel) owing to the considerable differences in their structure and composition despite being formed within close proximity to one another.

Enamel

Mature enamel is a brittle composite ceramic composed of hydroxyapatite crystals. It is almost completely inorganic with mechanical properties sophisticated enough to resist a daily onslaught of a wet-, acidic-, bacteria- laden environment without fracturing. Hydroxyapatite crystallites are organised into bundles called rods or prisms with each rod being composed of many small individual hydroxyapatite crystals.[9]

Enamel is considered to be unique for a number of reasons:
· It is the most highly mineralised tissue in the body

· Once formed it is irreparable and irreplaceable: The key cells involved in enamel formation are lost at tooth eruption

· Mature enamel comprises crystals which are tens of microns long and have a length to width ratio of at least 1000. Larger synthetic dahllite crystals have been grown with a smaller aspect ratio and only under conditions of extreme temperature and pressure.[10]

· the processes of crystal nucleation and growth are controlled in a unique manner

· the organic matrix that is used as a scaffold disappears completely during enamel maturation resulting in a highly oriented structure
Dentin may conversely be described as an anisotropic composite, and the fact that it contains collagen makes it more similar in structure and composition to bone (a number of these similarities will be examined later). The formation of dentin (dentinogenesis) begins prior to the formation of enamel following odontoblast initiation.

Amelogenesis

It is known that amelogenesis (the process of enamel formation) is under genetic control since:
· It occurs inevitably in every tooth, generation after generation

· Factors such as enamel size, shape, shade and even caries susceptibility pass on from parent to progeny

· A large number of enamel malformations ranging from localised defects to total enamel agenesis are attributed to genetic mutations.
The mechanisms underlying enamel formation must therefore be encoded by a number of genes. While these genes do not code for the mineral itself, they encode for a number of highly specialised proteins which are directly involved in the control of enamel biomineralisation. It can be said that these proteins are specific to the extent that mutations in their result in only enamel malformations leaving the rest of the body unaffected.[11]

The key players (the proteins and the cells which form them) in this process include:

Ameloblast: The key cell involved in enamel deposition. Each ameloblast is characteristically 4μm in diameter with a length of 40μm and possesses a secretory end in the shape of a six sided pyramid (Tomes' process). The vector of movement of the Tomes' process is responsible for the orientation of the organic matrix.

Functions of the ameloblasts include the secretion of enamel proteins prior to just before the onset of dentin biomineralisation up until the end of the secretory stage. These are secreted at the mineralisation front where they form aggregates in order to control the increase in crystallite length. [9]

Enamel proteins: Function as nucleators and modulators of hydroxyapatite crystal formation. There are three main classes: see separate page [1, 9, 12-14]

Nanospheres

Amelogenin self assembles by protein-protein interactions to form nanosphere structures: the main structural components of the secretory stage. They interact with specific surfaces on the growing hydroxyapatite crystallites and limit crystal growth in kinetically favourable directions. [14]

The highly packed and tightly associated nanospheres interact with the crystallites and bridge them together. This prevents the crystallites from otherwise prematurely fusing to one another ( as a result of electrostatic interactions due to the fact that they are extremely thin and have a large surface area).

Fig 4.: nanosphere assemblage

A study showed that the inhibitory effect of amelogenin was lower than other acidic macromolecules such as phosvitin. Thus it may be said that its function may rather be to form a protective envelope rather than specifically inhibit crystal growth.[12]

Enamelysin: An enamel protease responsible for processing the secreted enamel proteins and for subsequent degradation of the ECM.[13]

The two processes of enamel and dentin formation begin along a line which will eventually become the dento-enamel junction (DEJ). The main extracellular stages in enamel formation include:
· Delineation of space by secretory ameloblasts and the DEJ

· Self-assembly of amelogenin proteins to form the supramolecular structural framework
Crystal nuclei from the enamel side elongate to form long thin ribbons which extend the length of the extracellular space; from DEJ in the centre to the membranes of the ameloblasts at the edge (the mineralisation front).
· Transportation of calcium and phosphate ions by the ameloblasts resulting in a supersaturated solution.

· Nucleation of apatite crystallites:

· Elongated growth of crystallites:

· reduced secretion of enamel matrix proteins in order to arrest crystal elongation

· Maturation step: rapid growth and thickening of the crystallites take place with progressive degradation and eventual removal of the enamel ECM components.[13]
Fig 5: Forming Tooth

The figure illustrates the extracellular space created. This enables it to be shielded from external influences through the presence of a double sheet of cells which prevent the influx of ions into the chamber. The development of this isolated compartment within the tooth organ is vital to ensure that there is some control over the mineralisation of enamel.

It is the secretory and absorptive properties of the cells which line this space that determine its composition.

Both odontoblasts and ameloblasts secrete proteins for an extracellular matrix; predentin and pre-enamel. As this happens, they retreat back while the matrix mineralises. [14]

Fig 6: odontoblast orientation

Dentin, dentinogenesis and its purpose as a model

Dentinogenesis results in the production of a tissue compositionally very similar to bone. Indeed, dentinogenesis over osteogenesis is often considered to be a good model to study the mechanisms involved in biomineralisation. This is due to the fact that firstly the morphology of the various components of dentin i.e. predentin, dentin and cells are discrete and easily identifiable. Furthermore, dentin does not remodel and is also not involved in calcium metabolism.[15]

Dentinogenesis is described below:
· Odontoblasts begin the secretion of an ECM (pre-dentin) composed of mainly type I collagen.

· The molecules of collagen form cables which extend out towards the ameloblast.

· Other non-collagenous proteins that are also secreted include dentin sialophosphoprotein or DSPP. The highly charged non-collagenous proteins are thought to attach to collagen and form crystal nucleation centres.

· Glycosaminoglycans (GAGs) such as decorin and biglycan are hydrophilic and nature and thus act to repel water molecules resulting in the concentration of mineral ions at the nucleation sites.[16]

· Preameloblasts now secrete enamel proteins on top of this predentin matrix. Some proteins infiltrate the barrier of the predentin and are absorbed by odontoblasts.[17]
Many of the components (of organic phase and inorganic phase) described above occur in osteogenesis, thus when considering the formation of bone, its similarities to dentin will be examined:

A Bony affair

Bone is a bio ceramic composite with mechanical properties such as high strength and fracture toughness due to its unique inorganic-organic architecture. It has a number of functions: locomotion, to provide structural support and the protection of internal organs. It is also involved in haematopoiesis as well as mineral ion homeostasis.

There are two broad types of bone and the mechanism of bone formation in both differs substantially.
	Primary bone
	Secondary bone

	Epiphyseal cartilage is the locus for primary bone formation (endochondral ossification) .

It consists of ground substance and very loose, small fibril bundles of collagen ( 10-20nm in diameter) [5]

There are high numbers of matrix vesicles which deliver either crystals or high concentrations of ions to the mineralisation front. Clusters of hydroxyapatite known as calcification nodules form within the proteoglycan matrix.

Extrafibrillar mineralisation occurs since the collagen fibrils are too narrow for the mineral to deposit within them. I.e. it may be said that collagen does not play a significant role in controlling mineralisation.[18]

Mineralisation is rapid, relatively disorganised and results in woven bone microstructure.
	Is when primary woven bone is remodelled to form lamellar or bone which has a more optimal structure for its function. [19]

The collagen fibrils are secreted by mature osteoblasts and are larger than those in primary bone (diameter ~75nm)[4] and self assemble into lamellae that are closely packed.

This is organised into concentric lamellae that constitute the osteons of the Haversian canal system.

The organisation of the crystals is directed by the fibrils of collagen and forms within them via intrafibrillar mineralisation. The crystals are extremely small (few unit cells thick).[18]


Biomineral tectonics: the construction of complex multilayered mineralised structures through the integration of pre-formed building blocks[1]

Bone has a number of contradictory properties. It is rigid yet flexible, lightweight yet able to support greater weights and strong yet not brittle. This is due to the hierarchically structured nature of secondary bone:[20]
· nanoscopic platelets of HAP are oriented and aligned within collagen fibrils

· collagen fibrils are layered parallel within the lamellae

· lamellae are arranged concentrically around blood vessels to form osteons

· Osteons are packed densely into compact bone or consist of a trabecular network to form spongy/cancellous bone.
Fig 7: A: structural hierarchy of bone

The organic phase:

The structure of collagen alone took a number of years to resolve and it is Hodge and Petruska's quarter stagger model that is used today to describe the organisation of the fibrils. [21]The amino acid sequence of collagen is highly repetitive consisting of - (gly- X-Y) n - where X and Y are commonly proline and hydroxyproline residues. This enables three collagen molecules to form a triple helical structure known as tropocollagen. It is the secondary interactions that occur between tropocollagen units that enables self- assembly into fibrillar structures.[22]

These tropocollagen units are the main constituent of the secondary bone matrix and they are arranged in a quarter stagger array. This results in a regular array of 40nm gaps which may be seen when stained by TEM (transmission electron microscopy) and seen as banding. These gaps are where the first crystal nuclei form.

Fig 8: TEM image of collagen fibrils

The following are the hydrophilic (functional) macromolecules of the organic phase which are also common to dentin:[16]
· Acidic glycoproteins: are rich in aspartate or glutamate that occur in repeated sequences along polypeptide chain. They have covalently linked polysaccharide side chains and bind to collagen at gap zones. The high numbers of anionic groups interact strongly with Ca2+ ions thus inducing nucleation. E.g. Osteonectin, Sialoprotein II, Phosphophoryns (dentin.)[15]

· Gla proteins : Rich with γ-carboxyglutamic acid (Gla). E.g. Osteocalcin contains doubly charged dicarboxylate side chains with three separate γ-carboxyglutamic residues which strongly attract calcium ions.

· Proteoglycans: consist of central core protein with one or more covalently attached GAG chains such as chondroitin sulphate or keratan sulphate. More common in mineralised cartilage which contains collagen and water.[1]
The mineral phase

The HAP crystallites that form are extremely small and range in size from 30-50nm in length, 15-30nm width and 2-10nm thick.[23] Furthermore, they are described as being poorly crystalline due to the broad X-ray diffraction peaks that arise in comparison to synthetic HAP. This is due to the presence of impurities (carbonate, sodium, magnesium ions) and the fact that it is nonstoichiometric in nature. The small size of the crystals and the non-stochiometry ensures that bone is suitable to be remodelled as and when needed by enabling the solubility needed for resorption of bone by osteoclasts (Synthetic HAP is not easily resorbed due to its solubility under physiological conditions).[24] Due to the presence of carbonate; this form of apatite is often referred to as Dahllite in bone literature.[10] In addition to this the hydroxyapatite in bone is slightly deficient of calcium (Ca: P ratio is less than 1.67 which is value in synthetic hydroxyapatite).[5]

Mineralisation occurs through the use of vesicles containing prefabricated mineral “building blocks” which are formed elsewhere and then brought to the organic matrix and assembled in situ. Matrix vesicles (lipid bilayer vesicles) containing hydroxyapatite crystals are assembled within the extracellular space at some distance from the matrix. As they travel towards it, they progressively become filled with hydroxyapatite. Once at the mineralisation front, the vesicles rupture and the crystals dissolve to form a locally supersaturated solution which encourages the nucleation in the gap zones of collagen.[23]

Figure 9: A: Transmission EM shows early accumulation of needle-like apatite crystals within the sap of MVs in growth plate cartilage matrix. (x 250,000). B) Transmission EM of more MV calcification in lower hypertrophic zone matrix (x 100,000)

Shells of all kinds

The avian shell or eggshell has a number of functions other than forming an embryonic chamber for the developing chick:
· Protection of the embryo from mechanical damage and the microbial environment

· Provision of calcium to meet requirements of developing embryo once yolk stores are depleted.

· Control over the exchange of gases and water between the embryo and the environments [25]
In order to perform these functions, it must be of a porous ceramic material with enough strength to prevent attack from predators while be allowing the chick to hatch from the inside. This is enabled by the fact that the outer zone comprises a tough structure of large crystals ensuring that the energy of external impact is dissipated by the intercrystalline organic matrix (making crack propagation difficult). The converse is true of the inner zone where there are microcrystals of calcite with a spherulitic texture which enables cracks to form easily and the chick to hatch. [26]

The shell is composed of 97% calcium carbonate in the form of calcite (the more stable polymorph at ambient temperature and pressure) with the calcium obtained from the hen's diet (which is stored in the shell gland until needed or stored in the bones) with carbonate being produced during normal metabolic reactions.[25] The remaining consists of an organic matrix composed of fibrillar proteins with disulphide cross links. Collagen types I, V and X occur in the eggshell membranes while proteoglycans and glycoproteins constitute calcified layers. Unlike the formation of teeth and bones, biomineralisation occurs in the absence of cell mediated assembly and uses calcite as the mineral phase.[27]

Shell formation is a relatively lengthy process and can take 18-20hrs. It commences with the formation of two shell membranes within an enclosed environment (distal segment of hen oviduct) within uterine fluid which is supersaturated with calcium and bicarbonate ions. It also contains the precursors of the organic matrix components.[27]

The shell is composed of a number of layers starting from the surface of the albumen:
· Innermost two layers consist of the uncalcified inner and outer shell membranes, each comprising a network of organic fibres.

· the outer layer has a series of mamillary knobs from which the main layer of the shell (palisade layer) forms.

· The palisade layer ends in a thin vertical crystal layer. The crystallites are arranged so that they are perpendicular to the shell surface.

· The outermost layer (cuticle) on the surface of the egg is organic and has a thin layer of hydroxyapatite crystals on its inner side. [28]
Fig 10: eggshell layer

Mineralisation or calcification of the membrane occurs via precipitation as the egg passes various regions of the oviduct. It is indeed one of the most rapid examples of mineralisation known. The process is summarised in the table:[29]
	Region of oviduct egg travels down
	Description
	Further notes

	Isthmus
	Egg shell membranes formed
	

	Distal red isthmus
	Mamillary knobs (organic aggregates) deposited on surface of outer eggshell membrane at randomly locate sites.
	Heterogeneous nucleation of calcium carbonate occurs at mamillary knobs.

A polycrystalline aggregation forms.

	Uterus
	Calcite crystal growth occurs in the uterine fluid which supersaturated with calcium and bicarbonate ions.
	Egg rotates as linear deposition take place. Mamillary and palisade layers formed

	Uterus (hour and half before oviposition)
	Mineralisation stops

Deposition of cuticle occurs.
	


The nucleation centres are hemispherical in shape and the microcrystals of calcite form a radial arrangement with concentric growth banding. Competition amongst the crystallites for growth space occurs and a columnar structure forms.[1]

Not only are shell membranes are prerequisite for mineralisation, they also provide a barrier to prevent inward mineralisation. It is thought that Type X collagen may be responsible for this inhibition since in vitro calcite formation on membrane fibres occurs if it is removed. [29]

Osteopontin is a component (like bones and dentin) that is common in eggshell membrane fibres at the base of the mamillary knobs and in the palisade layer where it is also thought to inhibit calcite crystal growth.[26]

Eggshell mineralisation, as in the other forms mentioned before is thought to be regulated via the presence of matrix components. This is supported by the observation that at each stage of mineralisation, nucleation, rapid crystal growth and shell formation the composition of the uterine fluid changes i.e. a specific set of macromolecules are expressed each step according to varying gene expression.

Molluscs also form their shells by matrix mediated mineralisation. Most molluscs are typical in using only one type of biomineral to build their shells. As mentioned before, if two biominerals are used, they are usually spatially separated in distinct parts of the shell. A number of sea shells are known to possess both calcite and aragonite structures.

Nacre or Mother-of Pearl is a distinct example of biomineralisation in shells

Spatial delineation occurs via the periostracum (a highly cross linked protein layer) and the epithelial cells of the mantle. The mantle is considered to be directly responsible for the formation for the shell. A matrix is then secreted into this space. [30]

The matrix acts to limit the thickness of the crystals as well as overall causing the structure to have considerable toughness by inhibiting crack propagation while aragonite crystals form the outer layer large crystals of calcite constitute the outer prismatic layer, a “brick wall”[1]

In shell nacre the organic matrix consists of parallel sheets between which plate-like 0.5um polygonal aragonite crystals form. Each individual sheet is composed of a number of framework macromolecules such as antiparallel beta pleated sheet silk fibroin -like proteins e.g. MSI 60 which are rich in alanine and glycine. The functional macromolecules are highly acidic glycoproteins such as nacrein which is high in aspartate, glutamate and serine. These macromolecules are attached to the framework which is hydrophobic in nature and are involved in the nucleation of aragonite.

Fig. 11 structure of shell wall

The calcite crystals are deposited first and then as the shell grows in thickness, the aragonite polymorph is added. The ability to switch between the two polymorphs is under the control of the cells of the outer epithelium. This layer is separated from the inner layer by extrapallial space and fluid. [31]

It is the unique combination of inorganic and organic structure which ultimately results in nacre being 3000 times tougher than pure inorganic aragonite crystals. This is one aspect that has prompted scientists from many disciplines to discover the secrets behind the structure of shell proteins and exactly how they induce mineralisation at ambient temperatures and pressures. Many more bio species are being described by a range of scientists owing to the availability of more sensitive detection methods and higher resolution techniques. Their mechanical, physical and chemical properties have inspired a number of applications such as cleaning up hazardous compounds in water to the design of new structures. The creation of biomimetic organo-materials is valuable in substitution surgery, orthopaedics and dentistry. [32] Indeed research is being conducted following the discovery that shell protein extracts behave like bio active factors and are able to trigger bone repair, recruiting and activating cells required to produce mineralised tissues.

It is inevitable that as the processes of biomineralisation are defined at both the global and molecular levels, many new biominerals valuable to all aspects of life will be described.
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