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Abstract

:

Calcium phosphate apatites offer outstanding biological adaptability that can be attributed to their specific physico-chemical and structural properties. The aim of this review is to summarize and discuss the specific characteristics of calcium phosphate apatite biominerals in vertebrate hard tissues (bone, dentine and enamel). Firstly, the structural, elemental and chemical compositions of apatite biominerals will be summarized, followed by the presentation of the actual conception of the fine structure of synthetic and biological apatites, which is essentially based on the existence of a hydrated layer at the surface of the nanocrystals. The conditions of the formation of these biominerals and the hypothesis of the existence of apatite precursors will be discussed. Then, we will examine the evolution of apatite biominerals, especially during bone and enamel aging and also focus on the adaptability of apatite biominerals to the biological function of their related hard tissues. Finally, the diagenetic evolution of apatite fossils will be analyzed.
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1. Introduction


The existence of calcium phosphate biominerals has been reported in living creatures from unicellular organisms to vertebrates [1]. Most of these calcium phosphate biominerals exist as amorphous phase in primitive organisms. However, in evolved organisms and especially in vertebrates, they exist mainly as apatite structures, although a variety of other crystallized calcium phosphate phases (whitlockite, brushite, and octacalcium phosphate) may form in uncontrolled pathologic calcifications [2,3]. Compared to other crystalline biominerals such as calcium carbonates, calcium phosphate apatites exhibit undeniably larger biological adaptability. Such adaptability is notable in specific physico-chemical and structural properties, rendering them useful for a large variety of biological uses such as in the protection of internal organs (shells, scales, and flat bones), internal skeleton (bones), sensors (bones of internal ears, rostrum of whales, otolithes in some species [4] or tympanic bullae [5]) and in the organs of attack and defense (antlers and tusks). In addition, other functional roles have been attributed to apatite biominerals like homeostasis or the inactivation of toxic elements. Several reviews have been published on this subject with different approaches focusing on crystal structures, and calcium phosphate precursors [6], the role of OH-channels [7], the role of unstable amorphous precursors [8], the role of polyphosphates [9], general view including the organic matrices [10], apatite biominerals and biomimetic processing and materials [11], and mineralogical oriented reviews [12]. This review aims to present and discuss the specific characteristics of biomineral apatites and illustrate how these characteristics and the resulting mineral properties have been employed in the adaptation for specific biological functions, in the case of vertebrate hard tissues (bone, dentine and enamel). To start, the structure and composition of biomineral apatites will be reviewed, followed by a description of their biological formation, evolution and maturation particularities and finally their influence on the properties of tissues and their biological behavior will be summarized.




2. Structure and Chemical Formulas


The first structural identifications of calcium phosphate biominerals in vertebrates using X-ray diffraction were obtained by de Jong [13], who established that they corresponded to an apatite structure. Excellent reviews on the apatite structure have been published and interested readers may report to these for more in-depth information [14,15]. Since then, stoichiometric hydroxyapatite (HA):


Ca10·(PO4)6·(OH)2



(1)




has been generally used as a model for bone mineral and tooth enamel. However, unlike pure stoichiometric HA which crystallizes in the monoclinic P21/b space group, biological apatites are generally indexed in the hexagonal P63/m space group [15]. The main difference between the HA model and biological apatites is the presence of significant amounts of carbonate ions in all mineralized biological tissues, including pathological apatite biominerals. Early studies on synthetic carbonated apatites established that carbonate ions could in fact be part of the apatite structure [16,17]. Detailed studies indicated that carbonate ions could be located in the two anionic sites of the apatite structure: in the PO43− sites (type B carbonated apatite) and the OH− sites (type A carbonated apatite). Another important characteristic of biological apatites is their non-stoichiometry, often referred to as calcium deficiency, although it appears more complex. Even if it has been the subject of much controversy, the use of non-stoichiometric carbonated apatite as a model for the biological calcification of vertebrate hard tissues is accepted nowadays, with some alterations taking into account the multiplicity of carbonate sites in apatites related to coupled substitutions and interactions [15,17,18,19,20].



Another specificity of biological apatites, which was more recently established, is the presence of hydrogen phosphate (HPO42−) ions in PO43− sites [21,22,23]. These two types of bivalent ions substituting for PO43− (type B CO32− and HPO42−) have been shown to correspond to the formation of calcium deficient apatites, the chemical formulas of which have been the subject of several works, essentially based on the composition of model minerals proposed by mineralogists or synthetic analogues. A general chemical formula proposed by Winand for HPO42−-containing apatites was [24]:


Ca10−x·(PO4)6−x·(HPO4)x·(OH)2−x with 0 ≤ x ≤ 2



(2)




and a similar one by Labarthe et al. for carbonate-containing apatites [16]:


Ca10−x·(PO4)6−x·(CO3)x·(OH)2−x with 0 ≤ x ≤ 2



(3)







These formulas exhibit similar behavior for the bivalent ion substitution of trivalent phosphates and the necessary maintenance of the structural neutral electrical charge, i.e., the loss of a negative charge due to these substitutions is compensated by the creation of a cationic vacancy and an anionic vacancy in monovalent sites. These chemical formulas are consistent with the limit composition observed (x = 2) and the decrease of the OH− content when the amount of carbonate and/or HPO42− in the apatite increases [25]. Other chemical formulas have been proposed to take into account the existence of other charge compensation mechanisms related to the condition of formation of these non-stoichiometric apatites, such as an excess of calcium (u), usual in carbonate apatites obtained in alkaline media [16] or an intracrystalline hydrolysis of phosphate groups (y). One of the most general one proposed by Rey et al. [26] is however of little relevance for biological apatites:


Ca10−x+u·(PO4)6−x−y·(HPO42− or CO32−)x+y·(OH)2−x+2u+y with 0 ≤ x ≤ 2 and 0 ≤ 2u + y ≤ x



(4)







Biological apatites are best approximated by the simple combination of the two previous chemical formulas (2) and (3), taking into account the possible existence of type A carbonates:


Ca10−x·(PO4)6−x·(HPO4 or CO3)x·(OH or 1/2 CO3)2−x with 0 ≤ x ≤ 2



(5)







Many ionic substitutions are possible in apatites, involving for example, trivalent cations (e.g., rare earth elements, actinides) or monovalent cations (especially Na+) or other bivalent cations for Ca2+ or tetravalent or bivalent ions replacing PO43− in addition to trivalent ones, and bivalent or monovalent ions replacing OH−. Several charge compensation mechanisms have been proposed. The composition of biological apatites will be developed in Section 4.




3. Non-Apatitic Environments and the Hydrated Layer


More recently, these models, which are based on well-crystallized apatites, were re-examined due to the discovery, using mostly spectroscopic techniques (Fourier transform infrared (FTIR), Raman and solid-state nuclear magnetic resonance (NMR) spectroscopies), of the existence of specific spectral lines in the spectra of biological nanocrystalline apatites which do not appear for well-crystallized apatites and which have been designated as “non-apatitic environments” of the mineral ions [22,23,27,28]. These “non-apatitic” phosphate and carbonate environments have been shown to appear more clearly in the ν4 PO4 and ν2 CO3 domains of FTIR spectra. Synthetic models of nanocrystalline apatites mimicking the main characteristics of biological apatites have been prepared and studied [29,30,31]. These “non-apatitic” phosphate and carbonate environments have been shown, using ion exchange experiments, to share the same surface domain corresponding to a structured hydrated layer on apatite nanocrystals [32]. The structure of the hydrated layer seems very sensitive to its ion content and state of hydration: a loss of the original fine structural details revealed by spectroscopic techniques, in wet state, is observed on drying or when specific ions like magnesium are present, leading to line broadening and amorphization [33,34]. Several rapid and reversible ion exchange reactions have been reported [35,36,37,38] and it has been shown that the adsorption of several ionized organic molecules corresponded to ion exchanges with mineral ions of the hydrated layer [39,40,41]. Consequently, the global chemical formulas of apatites reported in the previous paragraph, which do not take into account the existence of hydrated surface domains, should be re-examined. A definitive formula still seems out of reach due to uncertainties regarding the composition of the hydrated layer and the apatite core.



Based on complementary investigations, using spectroscopic techniques and analytical chemistry, several features of biological apatites and their synthetic analogues have been identified:

	(1)

	
Apatite nanocrystals contain non-apatitic anionic and cationic chemical environments,




	(2)

	
These environments strongly interact with hydrated domains,




	(3)

	
Immature samples (freshly precipitated nanocrystalline apatites) show FTIR fine-band substructure changes upon drying without leading to long-range order modifications,




	(4)

	
In the early stages of formation, this fine substructure shows striking similarities to the FTIR spectroscopic signature of octacalcium phosphate (OCP), which is constituted by alternating “apatitic” and “hydrated” layers [33,42].









These features allowed for the proposition of a model in which apatite nanocrystals are covered with a rather labile but structured hydrated surface layer, containing relatively mobile ions (mainly bivalent anions and cations: Ca2+, HPO42−, CO32−) in “non-apatitic” environments [43]. However, the exact structure and composition of this hydrated layer is still under investigation. A schematic representation of this hydrated surface layer model of apatite nanocrystals in aqueous medium is given in Figure 1.



As for any other kind of nanomaterial, nanocrystalline apatites, whether biological or synthetic, exhibit a high surface to volume ratio leading to consider experimental results (spectra, physico-chemical or biological properties) as a combination of bulk and surface contributions. The latter is of particular importance, since numerous functions of the bone mineral involve processes or phenomena at the interface between bone apatite nanocrystals and their surroundings. However the role of the apatite core seems determining in the manifestation of some properties. Studies of synthetic analogues of biological nanocrystalline apatites reveal that they exhibit strong reactivity related to this structure, especially a specific ageing process, frequently called maturation in reference to bone. The driving force of this process is the relative instability of the hydrated layer compared to that of apatite domains. Thus, the apatite domains develop slowly at the expense of the hydrated layer. Two main routes of progression have been recognized, depending on the composition of the solution (Figure 2) [30].



When the solution contains carbonate ions, the initial precipitates at time zero contain only a few carbonate ions, mainly in the hydrated layer, and a large amount of HPO42− ions. On ageing, the amount of carbonate ions increases in the hydrated layer, as the amount of labile HPO42− decreases, leaving the Ca/(P + C) atomic ratio almost unchanged. This change in the hydrated layer is accompanied by an increase of carbonate ions in the growing apatite domains, in both type A and type B sites, at an apparent constant ratio during ageing at physiological pH.



When the solution does not contain carbonate ions a different maturation process is observed. Although the hydrated layer converts progressively into apatite on ageing, the Ca/P ratio increases and higher amounts of OH− ions are incorporated in the growing apatite domains, whereas the total amount of HPO42− decreases. This evolution corresponds to a formation of hydroxyapatites closer to stoichiometry.



In both cases, the growing apatite domains show a different composition to that of the hydrated layer and their growth is associated with a release of protons and/or carbonate [44].




4. Composition of the Main Mineralized Tissues


Biomineral apatites always exist in association with organic matrices, and even if the elemental composition of whole hard tissues can be determined it is often difficult to know the precise composition of each component, especially regarding trace elements. The mean elemental composition of the three main human hard tissues (bone, dentine, enamel) is given in Table 1. Conventionally, three types of elements are distinguished by biologists: main, minor and trace. These elements can be part of very different molecular or crystalline structures [45,46,47,48,49].



4.1. Main Elements


Nitrogen is considered to belong mainly to proteins and is often considered to represent the organic matrix, although non-protein organic molecules may also constitute a fraction of the organic matrix. Calcium is essentially located in the apatite structure and is considered to represent the mineral content.



Different mineral-organic associations result in tissues with very different characteristics: tooth enamel with a high content of mineral is the hardest tissue of vertebrates, with good resistance to compression and wear, but it is also rather brittle. Dentine, found underneath the thin enamel layer in teeth, appears much less mineralized than enamel and due to its collagen matrix offers both high compressive and tensile strengths. Bone seems generally less mineralized than dentine, although it is quite similar in composition, with excellent compressive and tensile strengths and a high adaptability to mechanical stress. The mineralization ratio in bone can vary considerably. In some intramuscular fish bones like those found in herrings, for example, mineralization is very low and progresses very slowly within the bone organ, in relation to the growth of the animal [54]. This is also the case for turkey tendons, which transform into bone very slowly and offer, like herring intramuscular bone, a possibility to follow a mineralization process in slow motion. Rather strong variations of mineralization ratios are also found in humans depending on the age and type of bone (trabecular or cortical bone). In infants, for example, bones are much less mineralized than in adults. The mineralization ratio of the tissue should not be confused with the bone mass. In elderly people, the global mass of the skeleton decreases and partly the mineralization ratio of the bone tissue [55]. More recently, a strong adaptation of bone tissue to mechanical stresses has been highlighted during space travels, which can have a strong influence on the bone mass [56]. Hypermineralized bones have been described such as in the rostrum of some whales (up to 85%–90% mineral), where the collagen matrix is progressively lysed and replaced by apatite [57].



Carbon can be found in the organic matrices and also in apatite minerals in the carbonate anions. Oxygen and hydrogen can be found in the organic components and in minerals as components of carbonates, phosphates, hydrogen-phosphate and hydroxide ions, as well as water molecules associated to the organic matrices and minerals. One of the main characteristics of all apatite biominerals is the presence of significant amounts of carbonate species and several authors have suggested banning the term hydroxyapatite in reference to carbonate-apatites, in the case of dentine and bone. The carbonate ions in biological apatites have been located in the apatite structure in both trivalent anionic sites and monovalent sites [17,58,59]. A third location of carbonate ions in the hydrated surface layer of biological nanocrystals has also been identified [58]. These carbonate species present different spectroscopic characteristics in Raman, FTIR or solid-state NMR spectroscopies [27,58,60,61].



Phosphorus essentially exists in bones as orthophosphate ions associated with the apatite crystals. Two main species have been identified: PO43− and HPO42−. These species exist on trivalent anionic sites and, as in the case of carbonate, a surface location has also been identified. Hydrogen-phosphate ions have been detected using FTIR and solid-state NMR spectroscopies [22,29,62,63,64]. The bivalent anion content, carbonate and hydrogen phosphate, of apatite is associated with a calcium and hydroxide ion deficiency. The amount of bivalent species varies with the tissue.



Average compositions have been derived for biological apatites neglecting the existence of the hydrated layer and its mineral content. These average compositions of mineral in human bone, dentine and enamel are based on the simplified model of calcium deficient apatites [21] presented above, which do not account for the sodium content, the presence of type A carbonate replacing OH− ions and all minor and trace elements except Mg:


Human bone apatite: Ca8.1·Mg0.2·(PO4)4.3·(HPO4)0.5·(CO3)1.2·(OH)0.3



(6)






Human dentine apatite: Ca8.0·Mg0.4·(PO4)4.4·(HPO4)0.7·(CO3)0.9·(OH)0.4



(7)






Human enamel apatite: Ca8.8·Mg0.1·(PO4)4.9·(HPO4)0.6·(CO3)0.5·(OH)0.9



(8)







This presentation highlights the differences in bone and dentine apatite vacancies content compared to enamel: in humans but also in animals, the amount of vacancies in bone apatites is close to the highest amount of vacancies possible in the apatite structure. In enamel, on the contrary, the amount of vacancies is much lower.



One of the most controversial differences between biological apatite compositions is the hydroxide ion content. In tooth enamel the OH− ions can be directly observed by spectroscopic techniques (FTIR, Raman scattering and solid-state NMR) and the denomination of hydroxyapatite is justified for this biomineral. However, OH− lines in bone or dentine, when they are detected, show very weak intensity, and the reported estimation of the hydroxide content varies considerably, depending on the study and on the bone samples used. Taylor et al. [65] report 50% OH− content of stoichiometric hydroxyapatite (Ca10·(PO4)6 (OH)2) in ox bone, Cho and Ackerman found 20% in chicken bone using solid-state NMR [66]. It should be noted that these values appear in large excess considering the average bone composition of chemical formula (6) and others failed to detect any OH− by Raman or FTIR spectroscopies [67,68]. Recent estimations on different kinds of fresh and freeze-dried bones suggest a null or extremely low OH− content (a few percent) [41]. These discrepancies have been attributed to a possible internal hydrolysis process between water molecules trapped in the apatite lattice and PO43− groups:


H2O + PO43− → HPO42− + OH−



(9)




Such reactions have been observed in synthetic apatite nanocrystals heated at moderate temperatures (<200 °C) [69]. At higher temperatures an increase of OH− content in calcined bone is always observed. It can be assigned to the decomposition of carbonate species and the hydration of the resulting oxide ions:


CO32−→ CO2 + O2−

O2− + H2O → 2 OH−



(10)







Concerning the OH− content, Pasteris et al., reported a decrease of OH− Raman line intensities in spectra of ground stoichiometric hydroxyapatite with increased crystals strains and decreased crystal sizes [67]. The apatite crystal size or the level of strain does not however necessarily alter the observation of OH− lines, considering that nanocrystalline apatites with clear measurable OH− lines can be prepared [69].



On ageing, several alterations of the bone composition have been reported as will be discussed. In the very early stages, in embryonic bones, the amount of HPO42− is rather high and the carbonate content is very low, leading to calcium deficient apatites with low Ca/P ratios [32,70]. On ageing however, the Ca/P ratio and the carbonate content increases. In fact, these events are linked: as the counter ion of CO32− ions is calcium, the increase in carbonate leads inevitably to an increase of the related calcium ions and of the Ca/P ratio. However, this does not mean that there is an evolution of bone apatite composition towards stoichiometry as is reported sometimes in publications. The Ca/(P + C) atomic ratio, where C stands for carbonate species, remains remarkably constant at about 1.3–1.4, regardless of the age or the animal species [21,70]. This consistency of the Ca/(P + C) ratio simply reveals that the amount of bivalent species (HPO42− or CO32−) is close to constant in bone and that carbonate ions replace hydrogen-phosphate ones upon ageing. On the contrary, in teeth enamel, the carbonate content remains at a low level and during its formation an increase of the Ca/P and Ca/(P + C) ratios is observed, which is related to the presence of hydroxide ions and type A carbonate [30].




4.2. Minor Elements


Although sulfur may enter in the apatite structure this element, present in most biological tissues, is essentially associated with polysaccharides moieties. Strong variations of potassium levels have been found in bone, which could possibly be related to the release of internal cell fluid and can depend on preparation methods. However, the potassium content of enamel appears higher than that of bone and it is possible that this element may be trapped in the enamel apatite mineral. Variations in the chlorine and sodium content of bone and probably in dentine can be attributed in part to the associated biological tissue fluids and may also be related to the tissue preparation methods employed. However, the sodium/chlorine ratio in these tissues appears much higher than in biological extracellular fluid, suggesting that sodium is being incorporated into the mineral crystals. Sodium incorporation could be related to that of carbonate as hypothesized by different researchers [71]. Solid-state NMR spectroscopy analysis confirms that sodium belongs essentially to the mineral phase [72]. A higher content of chlorine in enamel compared to dentine and bone is observed. The incorporation of chlorine as chloride ions in enamel is supported by the occurrence of Cl–OH hydrogen bonding which can be clearly discerned in FTIR and Raman spectra (shift of the OH− line towards lower wavenumbers: 3500 cm−1 instead of 3570 cm−1 in hydroxyapatite) [73]. The reason for the incorporation of chlorine as a substitute for hydroxide ions in enamel apatite, compared to bone or dentine apatite is most probably related to the relatively low level of bivalent ions in enamel apatite and the higher amount of occupied monovalent ionic sites in accordance with the proposed chemical formulas (6)–(8). The magnesium content of bone decreases with increasing age. Although this element can enter into the calcium phosphate apatites as a substitute for calcium, it has also been reported to attach to the surface of the crystals [74].




4.3. Trace Elements


Numerous trace elements are found in hard tissues that are generally divided as essential elements, (i.e., elements necessary for the living organism) such as As, F, Mn, Cu, Zn, and Sr; toxic elements (Al and Pb); and elements without known biological effects. These categories are, however, not clearly separated and several elements may be essential at low concentrations and become toxic at higher ones. In some cases, Al, As, F, Pb and Sr for example, the trace element concentration is related to diet intake, and some of these elements, Al, As, F and Pb for example, are considered to show additive accumulation. The identification of locations of trace elements in hard tissues is a complex task and methods involving the selective destruction of the organic part (hydrazine or hypochlorite treatments) or the mineral component (acid or Ethylenediaminetetraacetic acid (EDTA) dissolutions) do not prevent parallel or post treatment reactions, which may distort the validity of the collected data. Only in a few reported cases has the clear location of trace elements been partly determined, often using spectroscopic techniques. Silicon has been located in the organic matrix in the vicinity of the mineralization front [75]. On the contrary, fluorine has been located in the apatite mineral as a fluoride ion [76,77]. It is important to note that these data do not mean that traces of silicon or fluoride do not exist in other compounds, in other forms. Except for a few elements, like fluoride ions, trace elements are not believed to exhibit a significant physico-chemical effect on the mineral, although most of them can show a biological effect depending on concentration.



One of the most emblematic trace elements is fluorine, existing in the form of fluoride ions, and mostly found in the apatite biomineral (99% of the F body burden). The fluoride content varies strongly depending on dietary uptake, though in normal bone it constitutes 0.05% to 0.1%. A high fluoride content (above 0.3%) is indicative of fluorosis disease, which results in an increase in bone mineral density and in cancellous bone volume and enhanced bone fragility [78]. During the formation of teeth, fluorosis disturbs the formation of enamel. In teeth enamel, the fluoride content has been shown to vary strongly, with a higher content on the surface than in the inner enamel. Globally, the content of F in enamel is lower than that in dentine or bone (Table 1). In addition, in these tissues, the distribution of fluoride and other bone seeking elements is not homogeneous and the zones which are the best vascularized (cancellous bone, dentinal pulp) show a higher fluoride content [79]. This inhomogeneous distribution of trace elements is also found for other bone seeking elements like lead, aluminum and strontium [80]. Some elements like Sr, Si, and Zn have shown interesting biological properties.





5. Crystal Physical Characteristics


The mineralization process is controlled and occurs within delimited tissue boundaries with some degree of order. Bone exhibits elongated plate-like nanocrystals (about 50 nm long, 25 nm width and 10 nm thick) [10,81]. The length corresponds to the c axis of the hexagonal unit-cell, which is parallel to the axis of the collagen fibers. The crystals form agglomerates of parallel platelet crystals. This common orientation begins at the very early stages and has been observed, for example, in mineralizing turkey tendons [82]. The orientation of bone apatite crystals along the collagen fibers has long been considered as an indication of strong interactions between the two main constituents of the bone composite, however recent data obtained by rotational-echo double resonance (REDOR) solid-state NMR failed to find proof of any significant and stable chemical bonds between collagen and bone apatite [83]. One of the most important organic constituents bound to bone crystals are citrate ions, which constitute an important fraction of the organic matter and have been shown to adsorb strongly onto apatite crystals [84]. The citrate ions are the only organic molecules that exist in quantities high enough in bone to have a chemical influence on the crystals. A recent report suggests that these ions could be responsible for the inter-crystalline bonding of the bone crystals and their arrangements in bundles of parallel crystals [85]. Such arrangements have however also been described in synthetic preparations without citrate ions and are considered to result in interactions between the hydrated layers of the nanocrystals [64]. These data do not necessarily exclude the existence of inter-crystalline citrate bonding, but this role has to be confirmed and precisely defined [86]. Interestingly, another common organic acid, lactic acid, has been shown to be stored at significant amounts as lactate in bone tissues and shells of turtles under hypoxic conditions [87], although this buffering effect of bone involves probably an alteration of the mineral, its effect is not yet clarified.



The orientation of crystals in the collagen array does not seem related to strong chemical interactions. A templating effect has been suggested, based on the fact that apatite crystal formation occurs preferably when the fibers are organized in their regular “quarter stagger array”. Disruption of the collagen organization due to diseases (osteogenesis imperfecta for example) [88] is often associated with mineralization impairment. The growth of apatite crystals, towards the free available space left vacant by collagen fibers arrangement, appears as a natural process to consider. Several reports mention that the plate-like crystals of bone appear bent or even folded either in native form in calcifying vesicles, for example [89], in bones [90] or when extracted from the organic matrix of calcifying cartilage [91]. These observations could possibly be related to preparation artifacts altering the very thin bone crystals. Recently McNally et al. [91], analyzing dark field images, concluded that these mineral structures are most probably polycrystalline associations rather than bent single crystals.



Unlike dentine or bone, enamel is composed of needle-like crystals elongated along the hexagonal c axis of the unit-cell. The crystals appear as irregular hexagons, with different dimensions in different species: 50–60 nm wide and 25–30 nm thick for rats mature enamel [92] and 20–180 nm wide, 10–90 nm thick for humans [93]. The crystal length is difficult to determine with accuracy. The crystals are organized in rods of densely grouped parallel crystals with the needle axis perpendicular to the enamel surface. They are believed to be as long as the enamel thickness. Only very few non-collagenous proteins (enamelins and taftelins) remain in mature enamel (about 1%) [94]. Enamel is an acellular tissue that is subject to abrasion and dissolution on contact with acidic foods or acids generated by oral bacteria.




6. Formation


Apatite calcium phosphates are mainly involved in mineral ions metabolism (Ca, P, but also Mg [81] and possibly Zn [95]) in living organisms through dissolution/precipitation/crystallization processes. The fundamental physico-chemical principles involved in crystal formation from solution are: solution supersaturation, nucleation and crystal growth. In the case of biomineral formation, these steps are not only determined by the local ion concentration in the medium but also by the nature of the interfaces present in the biological environment (mineral-organic matrix and -biological environment). In addition, the mineralization process occurs in partly regulated extracellular space that cannot reach thermodynamic equilibrium due to continuous remodeling and circadian variations of main mineral ions concentrations. In the case of bone mineral formation, the extracellular collagen protein matrix constitutes a supramolecular framework to support, delimit and control apatite formation. The formation of bone mineral crystals has been extensively studied in vivo (in embryos, in bone defects [81], in slow mineralizing systems such as turkey tendons [82] or fish bones [54,96]), or in vitro, in osteoblast cell cultures [97]). In all cases, bone tissue formation begins with the extracellular deposition of a structured collagen matrix that exhibits a specific arrangement of the fibrils resulting in the creation of hole zones between aligned fibrils and interfibrillar space for parallel fibrils [98]. The mineral formation begins in the hole zone of the collagen fibrils and is then progressively extended to the inter- and intrafibrillar space. Vesicular mineralization, reported by several authors, seems to play a very limited role in the bone formation of vertebrates, as discussed in the review of Christoffersen and Landis [99].



The composition of bone extracellular fluid has only been the object of a few studies. Most researchers consider that it is close to blood plasma and some of them use simulated body fluid [100] as a model although it is certainly exaggeratedly oversaturated as this model does not consider mineral ions associations with organic molecules of blood [41]. The evaluation of blood plasma free calcium and phosphate concentrations reported by Eidelman et al. seem more realistic [101] and suggest a concentration of these main ions close to that of the solubility product of octacalcium phosphate. This does not establish however the mineral ions concentrations at the time and place of mineral crystals formation.



According to the classical theory of crystallization, nucleation represents an activation barrier to the spontaneous precipitation of a solid phase from a supersaturated solution, which is essentially related to the creation of interfacial energy. Crystallization at surfaces (heterogeneous nucleation and crystal growth) may be induced at supersaturations lower than those required for spontaneous precipitation ranging in the domain of metastability. In the presence of a foreign body or surface, the overall free energy change associated with the formation of a critical nucleus under heterogeneous conditions can be less than the corresponding free energy change associated with homogeneous nucleation. Another parameter to consider is the presence of adsorbed molecules that may change the interfacial energy in solution and stabilize smaller nuclei compared to solutions without adsorbate (Figure 3) [102,103]. The stabilization of smaller nuclei favors their formation. Furthermore, the rapid growth of these nuclei is prevented due to the adsorbed molecules at their surface. As a result, fast multiplication of nuclei is observed until most of the molecules are adsorbed, at this stage, the nuclei continue to grow without inhibition and a burst of crystal growth can be eventually observed, with crystal growth rates several orders of magnitude larger than in the case of adsorbate-free nucleation (Figure 3A) [102,103]. Such a process of nuclei multiplication can theoretically occur with any adsorbing molecules, lowering the interfacial energy (Figure 3B). The advantage, regarding an organic matrix mineralization, is to facilitate the control of crystal size through the multiplication of nuclei and multisite growth and the preservation of mineral ion diffusion capabilities in the matrix toward the inner growth sites by delaying a crystal growth obstruction of the diffusion paths. These very classical effects can be related to the non-classical crystallization concept involving transient phase(s) proposed by several authors (amorphous intermediates, dense liquid calcium phosphate clusters, and polymer-induced liquid-precursor phase) (Figure 4) [104,105,106,107,108] and to the action of some ionic additives such as magnesium.



Other than the classical crystallization theory, as illustrated by pathway (a) in Figure 4, several authors [104,105,106,107,108] have also proposed that biomimetic mineralization could take place following a non-classical theory of crystallization, proceeding via an intermediate self-assembly, pathways (b) and (c), prior to crystal fusion or transformation to a metastable or amorphous precursor phase/particle, (d) pathway. These non-classical crystallization routes could especially apply to systems far from thermodynamic equilibrium for which crystal morphology and size cannot be predicted considering classical thermodynamics.



From a kinetic and thermodynamic point of view, if we consider the non-classical crystallization process following the (d) pathway compared to the classical pathway (a) in Figure 4, several authors propose a precursor multistep pathway ((B) pathway in Figure 5) involving a sequence of formed phases rather than a single step pathway (pathway A in Figure 5) for various biomineralizations such as bone mineral formation [104,105,106,107]. This concept is based on Oswald’s step rule, which empirically predicts that when a solution is supersaturated with respect to more than one phase, the first phase formed is the least stable/most soluble/least dense phase due to the lower energy barrier compared to pathway A. The metastable phase formed could then be successively transformed into a more thermodynamically stable phase down to the ultimate step, leading to a more stable phase (HA in the case of calcium phosphate-based biomineralizations). However, as already discussed in the previous sections of this review, we should bear in mind that biological apatites are far from the stoichiometric HA in terms of composition, defects, solubility and thus thermodynamic properties [109]. Consequently, the position of synthetic and biological non-stoichiometric apatites in a free enthalpy variation diagram (Figure 5) would not be that of HA, but would probably be between that of HA and OCP and probably closer to that of OCP [110]. In addition there are uncertainties of the supersaturation ratio at the time and place of mineral formation.



Based on all of these considerations, several authors suggest that the amorphous precursor pathway could be widespread in the formation of biominerals [106,107,111,112]. The possible presence of transient amorphous mineral phases in mineralized vertebrate tissues has been a subject of debate over recent decades, and it still remains an open question. Furthermore, the introduction of an additional precursor step has been suggested by several authors, first in the case of the calcium carbonate system, which involves the formation of a polymer-induced liquid-precursor (PILP) phase before the amorphous phase formation step in the presence of anionic polymer (Figure 5) [104,107]. Such a phenomenon seems very similar to the adsorption effect schematized in Figure 3B. This PILP phase is considered to be a highly hydrated phase, which is more labile than the amorphous phase and could be formed of stabilized nuclei with subcritical radii. The mechanism proposed by Gower for collagen mineralization during bone formation involves a PILP phase [107], i.e., liquid-like amorphous precursor droplets that are drawn into the gap zones of the collagen fibrils through capillary forces. Then, once these drops have infiltrated the gap zones and interfibrillar space of collagen, the PILP phase is transformed into the amorphous (solid) phase (ACP), which in turn crystallizes into apatite nanocrystals.



Veis and Dorvee [105] further examine the mechanism of bone and dentin mineralization through a two-step mechanism involving: (i) the formation of a dense liquid cluster (a dense liquid phase of first-layer water-bound hydrated calcium and phosphate ions); followed by (ii) the formation of a crystal nucleus inside this dense liquid cluster. They also highlight the role of polyelectrolytes/protein interfaces, which have similar dense, liquid, first-layer, water-bound surfaces that can interact with the dense, liquid calcium phosphate nucleation clusters and control crystallization within the bone and dentin collagen fibril matrix most probably in accordance with the mechanism proposed in Figure 3.



Enamel crystals form in direct contact with ameloblast cells in a row-type arrangement, forming aligned bundles of apatite crystals, which are often referred as prisms of apatite. A small deviation of crystal orientation across each prism can be observed in densely packed enamel apatite prisms. Small disorientation angles have also been identified between enamel and dentin crystals excluding epitactic relationships [113]. Several studies report that the ribbon-like shaped structures formed at the earliest stage of enamel formation include a non-crystalline mineral (ACP) and/or octacalcium phosphate (OCP) crystals, both potent precursors of enamel apatite [114,115]. Several authors have identified an amorphous calcium phosphate phase which transforms with time into the final apatitic crystalline mineral during enamel formation in murine incisor teeth [113,115,116]. Beniash et al. [116] hypothesize that this transformation can be triggered by proteolytic degradation of the enamel matrix proteins and suggest that the shape and organization of the mineral particles is determined very early, implying direct control of mineral shape and organization by the matrix proteins. Bodier-Houllé et al. [113] have also identified the presence of amorphous calcium phosphate at the interface of enamel and dentin (dentino-enamel junction).




7. Maturation and Evolution


Mineral structures are often considered stable and unreactive entities. This is not the case for biomineral apatites, especially nanocrystalline ones, which with their hydrated surface layer, appear highly reactive. This reactivity is illustrated by the maturation and evolution of bone mineral after it has been formed, and that of enamel crystals during teeth formation.



7.1. Bone


The maturation and evolution of bone mineral is dependent on physico-chemical and biological events. The physico-chemical transformations are related to the structure of the bone mineral apatite and exhibits similar characteristics to that of synthetic biomimetic apatites as described in Section 3. On ageing, the following events have been reported [22,23,27,32,117,118]:

	
a decrease in the labile environments;



	
an increase in CO32− and a decrease in HPO42− with a constant Ca/(P + C) ratio; and



	
the development of the apatite domains and an increase in their dimensions and crystallinity.








The most important event to consider in regards to the biological alterations is the remodeling process that renews bone tissues at different rates, depending on the bone type, age and mechanical sollicitations. This biological process produces mature bone with its characteristic osteonal structure and high mechanical strength. This sustained bone formation involves the fresh precipitation of nanocrystalline apatite with a well-developed hydrated layer and a high ability to exchange with the bone extracellular fluid, and by extension with blood, allowing for the maintenance and control of homeostasis. Several processes are involved in homeostasis: hormonal regulation implicating bone mineral dissolution and re-formation, and also fast equilibration with bone mineral crystals believed to involve calcium binding molecules [119]. However, physico-chemical data regarding nanocrystalline apatite suggest a possible control by direct equilibration with the hydrated layer of nanocrystalline apatites related to their specific solubilization mechanism [120] depending on the extend of dissolution and the age of mineral crystals. Considering the high levels of calcium and phosphate in body fluids only crystals with a well-developed hydrated layer can be involved in the homeostasis. Strongly packed old bone crystals would be excluded from this fast equilibration due to the reduced water content and packing limiting diffusion to and out of their crystals surface. It has been shown that when nanocrystals have come close to each other in synthetic biomimetic apatite preparations, surface ion exchanges are significantly limited [121]. Thus, remodeling, considered to occur mainly for preserving mechanical properties of the bone tissues, could also be a necessity for homeostasis function.



The mineralization of new osteons is believed to occur in two stages [122,123,124]: a fast primary mineralization leading to about 75% of the total mineral load achievable in bone tissue, followed by a slow secondary mineralization process lasting for several months and even years, leading to mineralization completion. A possible explanation for this mineralization process is that the crystals involved in the primary mineralization, with their hydrated surface layer and lower mineral density, occupy most of the space within the matrix. Several mineral ions stabilize the hydrated layer and/or slow down the development of the apatite domains (mostly Mg2+, CO32− and P2O74−). With ageing and the growth of the more stable apatite domains with higher density, the initial crystal volume decreases and the inter-crystalline space globally increases, leaving space for new mineral deposition. This could results in a partial reconstruction of the hydrated layer, offering new crystal growth possibilities. The secondary mineralization would then be determined by the growth of the apatite domains associated with the shrinkage of the mineral complex. Although this process leads to bone tissue with increased mineral content and mechanical strength [125], it progressively decreases the pool of exchangeable ions useful for homeostasis. Thus bone remodeling can be seen as a quest for equilibrium between the two main functions of the bone tissues, mechanical strength and homeostasis of essential elements.



An important aspect of remodeling is the partial re-use of mineral ions. Although it is linked with bone turn-over, each element has its own turn-over rate depending on its recycling ability in newly formed bone mineral. This recycling rate is often considered to be related to the effect of the element on apatite solubility. Thus, fluoride ions, which attach very easily to apatite and decrease its solubility, even at low concentrations [126], are very difficult to eliminate when they have entered bone mineral apatite and they have a very long half-life in bones evaluated to about 20 years [78]. As the effect of fluoride ions on apatite solubility has been shown to depend on its concentration [126], the clearance delay of fluoride should also depend on its concentration. As well as affecting apatite solubility, fluoride also has a biological effect on bone cells and remodeling [78]. Another aspect of fluoride incorporation is its effect on the hydrated layer. It has been shown that fluoride favors the development of apatite domains at the expense of the hydrated layer [127] and thus influences the probable biological function of the hydrated layer in calcium homeostasis [128]. This can lead, for moderate fluoride intoxications, to hypocalcaemia [129]. Other ions such as Pb2+ are also retained in bone for long periods, which is possibly related to their effect on apatite solubility [130]. On the contrary, ions like Sr2+, which have been found to increase the solubility of Ca-Sr hydroxyapatites [131], can be easily removed from bone mineral within a few weeks after interruption of intake [132]. The possible location of Sr2+ within the hydrated layer has been hypothesized but has not been proven.



From a general point of view, mineral ions can be incorporated preferentially in the apatite domains or in the hydrated layer, although in most cases the partition coefficients are not known and seem to vary with the maturation stage [35]. For example, carbonate or magnesium ions are first incorporated in the hydrated layer during the precipitation of carbonate or Mg containing apatites [35,127]. However, during the maturation process two types of behavior can be distinguished depending on the nature of the mineral ion: carbonate ions are progressively incorporated into the growing apatite domains in type A and B positions whereas magnesium, although it could also belong to the apatite domains, remains preferentially in the hydrated layer and can be easily removed by ion exchange experiments. Strontium, like carbonate, penetrates progressively into the apatite domains from a surface location [35]. The behavior of most mineral ions during maturation is not known, although their preferential location could help to explain their biological effects. For example, infants are more sensitive to acute lead poisoning than adults and their forming mineralized tissues have been shown to easily incorporate this element; the consideration of the possible role of the non-apatitic hydrated layer in these events could be of interest for the improvement of models describing lead metabolism variations with age [133,134].




7.2. Enamel


During its formation enamel mineral is subject to several changes [18,135,136,137]. As already mentioned, little is known of the composition of the first ribbon-like, very elongated crystals. After this first secretory stage the crystals are analogous to those of embryonic bone or mineralizing cartilage, with a low carbonate and a high HPO42− content and no discernible OH− ions [30]. During its development however, a divergence with bone mineral evolution is clearly observed (Figure 2): although the amount of non-apatitic environments decreases, the Ca/(P + C) ratio begins to increase with increasing OH− ion content. This process is similar to that observed for synthetic biomimetic apatites in carbonate poor solutions (Figure 2). In fact, the amount of bicarbonate ions in enamel fluid is very low (about 10 mM) [18] compared to that of bone fluid and blood (27 mM) [45]. It has been shown that the ribbon-like crystals first deposited grow in width and thickness by alternate accretion and maturation of mineral deposits modulated by ameloblast activity, alternating characteristic ruffle-ended and smooth-ended morphologies. These steps are accompanied by pH fluctuations between slightly acidic (6.1–6.8) and physiological (7.2–7.4) values [135]. The low pH values have been associated with mineral deposition and could be related to the development of a hydrated layer on the surface of existing crystals (appearing amorphous on de-hydration). The maturation period also seems associated to changes in the mineral, especially a loss of labile surface carbonate [18]. This evolution can be compared to that of biomimetic apatite precipitates in solutions with a physico-chemical maturation which is driven by the growth of apatite domains at the expense of the hydrated layer. This phenomenon leads to a loss of protons due to the compositional differences between the apatite domains (mainly PO43− ions) and the hydrated layer (mainly HPO42− ions) and can be related to the loss of labile carbonates. Thus, the rest period in enamel crystal growth corresponds to the development of apatite domains and a considerable decrease of the hydrated surface layer due to the removal of one of its stabilizing ions, carbonate. Other changes which may facilitate the apatite growth during the formation of enamel have also been postulated, such as the removal of adsorbed Mg2+ ions related to calcium transport during the maturation stage, and the effect of fluoride ions favoring the development of apatite domains [18].



A last developmental stage of enamel occurs after eruption. This post-eruptive maturation corresponds to the completion of mineral formation from saliva leading to a denser, harder enamel surface [138]. A change in the surface enamel composition is observed with decreasing Ca/P ratio, which can be attributed to a decrease in the surface carbonate content and an increase in the fluoride ion content, which in-turn improves the crystallinity of the apatite. These changes also improve the surface resistance of enamel to caries. The slightly acidic media of the mouth favors the release of carbonate ions, and the natural physico-chemical maturation in solutions poor in carbonate ions leads to an evolution of the apatite deposits towards stoichiometry. A physico-chemical factor rarely mentioned in the literature is the dominant orientation of the crystals in enamel, with the hexagonal unit-cell c axis perpendicular to the surface [15]. The c axis direction, in needle-like apatite crystals, corresponds to the fastest growing (and dissolution) direction. This orientation could favor a dissolution-remineralization processes and eventually, after successive cycles, the improvement of surface enamel crystal acid resistance. However, regarding their composition and possibly structure, the resulting crystals appear as heterogeneous entities, as evidenced by the well-established preferential dissolution of the central core of enamel crystals [139] with high HPO42− and low OH− content.





8. Adaptability of Apatite Biominerals to Biological Function


Calcium phosphate biominerals are involved in different tissues with different biological functions. The example of bone and dental enamel illustrate the levels of adaptation of the mineral crystals to their biological function. Dental enamel is an acellular tissue that is subject to high compressive strains, abrasion and dissolution on contact with acidic foods or acids generated by oral bacteria. Bone is a cellular tissue (except in some fishes) with a self-repairing ability when damaged; it is involved in body architecture, protection of internal organs, attachment of muscle and mobility, and homeostasis. From a physico-chemical point of view, a first level of adaptation is the mineral-organic ratio, which is obviously different in bone and enamel (50%–85% mineral in bone and 97%–99% mineral in enamel), but also between other mineralized tissues, and even in bone of different species [125]. Mechanical properties and hardness are strongly related to this parameter but also to other characteristics of the tissues. The biological apatite crystals: composition, dimensions and surface properties can be distinguished as parameters of the biological adaptation to the function.



Apatite composition allowing the existence of different types of ionic lacunas in bone apatites can considerably alter the cohesion of the crystals [20] and their physico-chemical properties, especially their dissolution properties and solubility [120]. Apatites, which are closer to stoichiometry in enamel, are less soluble than bone apatites, which are more lacunar and far from stoichiometry. Less soluble enamel apatites are thus more resistant to acidic attacks from foods or oral bacteria, whereas more soluble bone apatites help facilitate the ion reservoir function of bone through remodeling. In addition to non-stoichiometry, ion substitutions can also specifically act on the solubility; the apatite stability record is thought to be held by shark teeth consisting of fluorapatite, which is among the less soluble apatites.



The crystal size is another variable of biological adaptability. Enamel is comprised of large apatite crystals with low specific surface area for which the dissolution rate is low. On the other hand, bone mineral is comprised of apatite nanometric platelet crystals with high specific surface areas, which favor homeostasis through dissolution phenomena but also directly through rapid surface equilibration reactions [119,128]. As mentioned earlier the orientation of crystals could also play a role in the biological adaptation. If the orientation of enamel crystals could enable improving partial remineralization from saliva, for dentine or bone platelet crystals, the orientation in parallel arrays along collagen fibers favors crystals packing and junction, and some mechanical properties but prevents surface exchanges and reactions and increases stiffness and fragility. An interesting aspect is that the total fusion of crystals is not observed. The limiting phenomenon could be the impossibility to grow an apatite lattice with the residual ions in the hydrated layer (Mg, carbonate and possibly pyrophosphate ions), the presence of adsorbed molecules like citrate ions, amino-acids (especially phosphorylated ones), polypeptides, and more generally any molecules able to bind on the surface of the platelet crystals.



Due to its ion exchange ability, the hydrated surface layer of bone apatite crystals participates in homeostasis. However with ageing, due to the decrease of the labile ion reservoir, which is related to the evolution of the hydrated surface layer and bone apatite crystal maturation [32], its ability to regulate “chemically” the concentration of mineral ions in blood decreases accordingly. This phenomenon parallels the increase of stiffness and fragility mentioned above and determines a cyclical renewal of bone mineral to preserve the ion reservoir and ion exchange properties of freshly formed apatite nanocrystals as well as the original mechanical properties of the bone tissue. This is especially true for well-vascularized epiphysis of long bone and physico-chemical studies in long, weight bearing bones have shown that bone mineral crystals appeared less mature in trabecular bone of the epiphysis than cortical bone of diaphysis, with larger amounts of non-apatitic environments especially in young animals [140].




9. Diagenetic Evolution of Biological Apatite Fossils


Fossils of hard tissues are used for dating purposes, and can also be used to identify life conditions, dietary habits, climate changes, and environmental pollution. It is quite difficult to evaluate the diagenetic alterations of these fossils and their corrections to garner desired information.



Several stages in the evolution of hard tissues after death can be distinguished (Figure 6). After cell death, the first alteration is related to the destruction of the organic matrix by microorganisms and hydrolysis [141,142,143,144,145]. This process is of course important for tissues with a high content of organic components, such as fish scales and bones, and seems rather limited in the case of mature enamel. This degradation can increase the porosity of the tissues, modify its hardness and favor its ulterior degradation. Several driving forces are involved in the evolution of the apatite mineral. Based on our experience on ageing of synthetic analogues in wet conditions, a fast alteration of the hydrated layer in a few months seems likely: the amount of labile ionic environments decrease [146] and can trap surface pollutants in contact with the tissue. However, this phenomenon does not seem to touch the internal apatite core. A second degradation process sees a change in the chemical composition, which is related to the non-stoichiometry of apatites and their relative solubility in media different from body fluids. Numerous elements can enter the apatite lattice at this stage such as fluoride and heavy elements. Considering that apatites offer large ranges of solid solutions, this re-equilibration process, provided it does not involve acidic media, only concerns the surface of apatite crystals in the first stage. Progressively, however, the more stable equilibrated apatite domains will grow through a generally slow dissolution re-precipitation processes driven by the relative thermodynamic stabilities of the apatite fractions, including foreign (non-biological) elements and Ostwald ripening. The crystals grow bigger and their composition can be strongly altered [147]. Although the ions released by dissolution can certainly be locally reused at the precipitation loci, similar to the in vivo remodeling of bone, the system around the fossil is largely open and several foreign elements stabilizing the apatite structure such as fluorine, silicon, heavy metals (Pb, Ba) and rare earth elements play a determining role in this recrystallization, modify the apatite composition and characteristics [113]. The kinetics of these processes depend on the presence of groundwater, dissolved mineral ions, pH and temperature and also on the fossil apatite characteristics (composition, crystal size) and fossil porosity [141,144,147]. Thus small bones and trabecular bone are more strongly altered than cortical, compact bone. Tooth enamel, due the large size of its apatite crystals and its relatively low porosity, is less affected by diagenetic evolution than dentine, although enrichment by foreign elements can be measured even in the case of enamel [142]. Very often isotopic ratios of different elements in fossils are used for paleodietary or paleoclimatology purposes [143,144]. Globally, the mineral ions in largest quantities in the fossil apatite structures (calcium and phosphate and to a lesser extent carbonate) are probably those which are the least affected by foreign contamination, simply because of their mass effect. Thus determinations made using these ions and their isotopes can probably be trusted whereas the use of isotope ratios of elements showing strong diagenetic variations appears uncertain. Other effects that may disturb the diagenetic evolution of fossils also have to be considered, most notably biological degradation involving microorganisms (yeast, fungi, and bacteria) in search of essential elements [141]. Unlike purely physico-chemical diagenetic evolution, driven by thermodynamics, the dissolution–reprecipitation phenomena driven by microorganisms can lead to unstable and reactive precipitates, which can experience a new cycle of diagenetic evolution. These biological alterations would only be limited by the presence of toxic ions for the living organisms involved. Degradation of apatite fossils by other living organisms such as insects or animals has also been observed [141].




10. Conclusions and Perspectives


Diversity and heterogeneity are the two words that may best qualify apatite biominerals. These might not show the original fine morphological details and lace-like patterns of silica and calcium carbonate biomineralizations, but their chemical richness, with large substitution facilities, acceptance of defects, and strong surface reactivity, have led to sophisticated materials with a large adaptability to different essential biological functions in many different animal species living in different environments. Although from an evolutionary perspective the storage of essential elements and detoxifications can be seen as the starting point of apatite biomineralizations, several other functions have emerged necessitating an improvement and a progressive control of all the possibilities given by the chemistry of apatites. The control of chemical composition and non-stoichiometry associated with a surface hydrated layer, allows fast mobilization of mineral ions and a fine tuning of homeostasis adapted to living environments. The control of crystals size, orientation and packing associated with an elaborated architecture participates to improving mechanical performance and lightweight. From the point of view of material science, such elaborated constructions are difficult to imitate although micro-fabrication processes seem to open perspectives. One of the most difficult problems is to manage the reactivity and ageing phenomena, which affect these structures and eventually change their properties. In vivo, the remedy is remodeling which, in some vertebrates, destroys and reconstructs new tissue with some energetic expenses, but allows a preservation of the bone-body fluids equilibria. In some animals, with no remodeling process, the deposition of new mineral is continuous affording at the very least a control of body fluids mineral content. Regarding biomaterials, the fabrication of bone substitutes analogous to the original has long be considered as an ideal. The way seems difficult and costly, in addition, the objective of a bone substitute is to favor bone tissue reconstruction and thus the conception has evolved towards the realization of scaffolds allowing cells recruitments, attachment, proliferation and differentiation and progressively disappearing as the reconstruction the tissue is advancing. The “chemical” imitation of bone tissue in vitro presents an interest as it allows the parameters involved in the mineralization process and mineral evolution and maturation to be assessed and the relations between mechanical properties and the tissue characteristics to be more precisely determined.
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Figure 1. Schematic representation of the surface hydrated layer model for poorly crystalline apatite nanocrystals (Reprinted from Nanocrystalline apatite based biomaterials: synthesis, processing and characterization; Copyright (2009), Eichert D., Drouet C., Sfihi H., Rey C. and Combes C. [43] with permission from Nova Science Publishers Inc.). 
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Figure 2. Maturation pathways of nanocrystalline apatites depending on the composition of the medium (the arrows, after the ions, represent an increase (or decrease) of the species considered during maturation). 
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Figure 3. Example of the effect of adsorbed molecules on crystal growth [102,103]. (A) Effect of bovine serum albumin (BSA) on octacalcium phosphate crystal growth: kinetics results (relative rate of crystal growth of octacalcium phosphate (OCP) in %) and SEM micrographs of OCP crystal growth on collagen in the presence of various concentrations of bovine serum albumin (BSA) using the constant composition crystal growth technique (adapted from [102,103]). At low albumin concentrations, when the solution reaches depletion due to nucleation and adsorption, a burst rate of crystal growth occurs exceeding that observed in the absence of albumin. At high albumin concentrations, however, there is never depletion of free BSA molecules in solution and only the well-known crystal growth inhibitory effect of the molecule on OCP crystals is evidenced. SEM micrographs showed smaller but more numerous OCP crystals in the presence of BSA. (B) Schematization of the effect of nucleation and growth without (a) or with (b) the presence of adsorbing molecules/ions on crystal growth depending on their solution concentration. Adsorbing species may have positive effect on crystal nucleation by stabilizing nuclei with a critical radius smaller than the critical radius in the absence of adsorbing species, due to a decrease of interfacial energy. As a result a multiplication of nuclei is observed in the presence of such adsorbing species. Nuclei grow together slowly and new nuclei form until depletion is reached, a ‘‘burst’’ of growth is then observed when a multitude of nuclei have formed and no crystal growth inhibitory species remains in solution: this leads to small but numerous crystals and provides a relatively homogeneous population of crystals. With larger amounts of adsorbing species, only an inhibiting crystal growth effect dominates. 
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Figure 4. Schematic representation of classical and non-classical theory of crystallization: classical nucleation and crystal growth pathway (a); iso-oriented crystal pathway (b); mesoscale assembly pathway in the presence of polymer or additive (c); and transformation of amorphous precursor particles pathway (d) (from [108]. Copyright 2008 John Wiley & Sons. Reproduced with permission). 
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Figure 5. Gibbs free energy of activation associated with nucleation (n), growth (g) and phase transformation (T) through two main pathways: with (B) and without (A) intermediate phase(s) (adapted from Gower’s review paper for the calcium phosphate system [107]). 
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Figure 6. The various phenomena involved in the diagenetic evolution of biological apatites (adapted from [145]). 
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Table 1. Mean values of elemental composition of dried human main hard tissues (determined from Iyengar and Tandon compilation [46], completed by other works [45,47,48,49,50,51,52,53].
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Elements or Ions

	
Bone

	
Dentine

	
Dental Enamel

	
References






	
Major elements (wt %)

	




	
C (total)

	
16.7

	
11.8

	
1.4

	
bone [41]; dentine and enamel [49]




	
CO32−

	
5.6

	
4.6

	
3.2

	
bone [53]; dentine and enamel [45]




	
N

	
4.9

	
4.0

	
0.32

	
dentine and enamel [49]




	
Ca

	
25.4

	
26.9

	
36.6

	
dentine and enamel [45]




	
P

	
11.6

	
13.2

	
17.7

	
dentine and enamel [45]




	
Minor elements (wt %)

	




	
Cl

	
0.13

	
0.065

	
0.37

	
dentine and enamel [46,47,48,49,51,52]




	
K

	
0.0047

	
0.024

	
0.070

	
dentine and enamel [46,47,51]




	
Mg

	
0.27

	
0.74

	
0.29

	
dentine and enamel [46,47,48,51,52]




	
Na

	
0.53

	
0.76

	
0.77

	
dentine and enamel [47,48,49,51,52]




	
S

	
0.08

	
0.070

	
0.021

	
dentine and enamel [47]




	
Main trace elements (ppm)

	




	
Al

	
29

	
210

	
55

	
dentine and enamel [46,49,51]




	
B

	
22

	
-

	
11

	
enamel [45]




	
F

	
400

	
215

	
50

	
all values from Ishiguro et al. [50]




	
Fe

	
76

	
44

	
34

	
dentine and enamel [46,47,51,52]




	
Pb

	
4.4

	
15

	
17

	
all values computed from [46]




	
Sr

	
70

	
145

	
173

	
dentine and enamel [46,47,48,49,52]




	
Zn

	
205

	
148

	
170

	
dentine and enamel [46,47,48,49,51,52]










© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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