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Abstract

:

Biological apatite in enamel, dentin, cementum, and bone is highly individualized hydroxyapatite with high tissue dependency. Often, standard and average textbook values for biological apatite do not apply to actual subjects, and the reported results of analyses differ among investigators. In particular, the term biological apatite is often confusingly and incorrectly used to describe carbonate apatite. The purpose of this review is to prevent further confusion. We believe that apatite should be well understood across disciplines and the terminology clearly defined. According to a definition by the International Mineralogical Association’s Commission on New Minerals Nomenclature and Classification, biological apatite formed by living organisms is a type of hydroxyapatite. More specifically, it is carbonated hydroxyapatite, which is quite different from frequently misnamed carbonate apatite. We hope that this definition will be widely adopted to remove confusion around the naming of apatite in many research and applied fields.
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1. Introduction


In the fields of anatomy, histology, physiology, biochemistry, and many oral histology textbooks, the inorganic component of tooth enamel, dentin, and bone is described as apatite. However, this is not a precise description. Apatite is a group name, and even though some histology and oral histology textbooks describe the inorganic component of enamel and bone as hydroxyapatite, which is slightly more advanced, this is still not precise. Hydroxyapatite, a member of the apatite group, also describes a wide range of isomorphic ion substitution phenomena in apatite that result in a range of compositions within a solid-solution series. For instance, in the OH–F series, hydroxyapatite includes all combinations in the composition range of Ca10(PO4)6(OH)2 to Ca10(PO4)6(OH, F)2.



In some textbooks and papers, as a more precise description, the inorganic component of enamel and bone is described as biological apatite, although this does not accurately characterize inorganic components in individual tissues. Biological apatite in enamel and biological apatite in bone are quite different in terms of inorganic components, crystal size, and crystallinity. Biological apatite is produced by an organism and differs from mineral apatite and synthetic apatite in many ways. In addition, biological apatite is diverse and differs from one tissue to another (tissue dependence), and from a broader perspective, from one animal to another.



Since its discovery, apatite has been called named differently in various parts of the world due to its variable color, transparency, shape, size, and chemical composition. Many writers have stated that the word apatite comes from the Greek, απατα’ειv, which means “to deceive even the mineralogist”; however, even the etymological origin of the word contains some errors. Notwithstanding, there is a history of many different terms being used for apatite in various fields due to its wide range of continuous solid-solution properties.



Apatite has been studied and used in various fields such as biology, anatomy and histology, mineralogy, biomaterials, analytical chemistry, pharmaceuticals, agriculture, and industrial mining. However, the name apatite has become confused from the origin of its etymology and has been used as a different name in the many research and industrial fields in which it is applied; therefore, the use of this term requires attention. Here, to prevent ongoing confusion, we review the historical use of the term apatite and emphasize the need for a correct understanding across disciplines and a clear definition when using the term.




2. Background


2.1. Definition of a Mineral


The definition of mineral differs between disciplines. In the socioeconomic field, it means valuable materials extracted from the earth, such as coal, oil, sand and gravel, iron ore, other mined commodities, and groundwater. In the medical and dental sciences, the term mineral refers to a variety of internal and external compounds or elements found in living organisms. A more restrictive definition is applied by the earth sciences, where mineral refers to a naturally occurring crystalline solid with a definite but not necessarily constant chemical composition [1]. However, this definition is not always agreed upon, even among mineralogists. The most widely used definition is Nickel’s [2]: “A mineral is an element or compound that is usually crystalline and formed as a result of geological processes.” It has often been discussed whether geological processes include fossilization and whether crystalline includes amorphous material. An example of fossilization is silicified wood, which comes from ancient trees that have been replaced by silica, and an example of an amorphous material is amber, which is fossilized ancient resin.



Mineralogy uses hierarchies of classification and systematization terms from species to phylum as biological classification, and the description of each mineral species is the most fundamental. The history of mineralogy includes various proposals for how to describe mineral properties; however, currently, the standards of the Commission on New Minerals, Nomenclature and Classification (CNMNC) of the International Union of Mineralogical Sciences are widely used [3]. Apart from the seven classical items; that is, (i) Mohs hardness, (ii) luster, (iii) color, (iv) streak, (v) density and specific gravity, (vi) cleavage, and (vii) fracture, the crystal chemistry of minerals (i.e., composition and crystallographic properties) is an essential requirement of the standards. This is due to the widespread use of modern X-ray crystallographic methods that allow for the analysis of crystallographic properties with more precision. X-ray diffraction (XRD) can capture compositional changes as changes in crystal lattice parameters.




2.2. Apatite Group in the Classic Standard Mineralogy Textbook, Dana’s System of Mineralogy


The first edition of Dana’s System of Mineralogy, which became a worldwide standard for mineralogy, has been revised and expanded numerous times. However, since the third edition, it was reorganized into a classification based on chemical composition. Since then, it has been revised so frequently that it is difficult to find another book in the entire history of scientific literature that rivals it because no other book has maintained such a complete bibliographic reference for more than half a century [4]. The publication still boasts the most reliable and comprehensive collection of mineral data. In the eighth edition, more than 3700 minerals are described by page 1872 [5]. According to the crystallographic database of the International Mineralogical Association (IMA), RRUFF™, which collects recently published data, there were 5011 mineral species as of June 2015 [6]. The CNMNC presents a mineral classification table based on chemical composition and crystal structure called the Nickel–Strunz mineral classification. Apatite is recorded as belonging to Nickel–Strunz Class 08: phosphates, arsenates, vanadates, and it is described as 08 BN 05 apatite-(CaOH), apatite-(CaCl), and apatite-(CaF) [7]. In Dana [5], published in 1997, apatite is described as being in the phosphate mineral group, a large group that includes many mineral species, and the silicate group, which makes up most of the earth’s crust. Dana also describes the various forms of apatite found worldwide and their alternative names.




2.3. Apatite Group and Solid-Solution Series


Solid solutions include intrusion solid solutions and substitutional solid solutions. The former occurs when other atoms or vacancies enter the space between atomic lattices and are known in metals and semiconductors. Apatite is part of a substitutional solid solution, in which atoms of approximately the same size replace the original atoms making up the crystal lattice. The general composition of apatite is expressed as A(5XO4)3Zq, and various elements can be substituted for A, X, and Z. White and Zhili [8] reported on the crystal structures of [A(1)2][A(2)3](BO4)3X apatite and collated and reviewed the related compounds [A(1)2][A(2)3](BO5)3X and [A(1)2][A(2)3](BO3)3X. They presented crystallographic data for as many as 84 species belonging to the apatite series. Pasero et al. [9] proposed a single unified view for the “nomenclature of the apatite supergroup minerals,” which was approved by the CNMNC. Hughes and Rakovar [10] published a paper, titled “Chemically Diverse: Apatite and Apatite Supergroup Minerals,” that presented the diversity of the variations in the chemical composition of apatite. Pan and Fleet [11] investigated minerals included in the apatite group and synthetic apatite and summarized their elemental substitutions (Figure 1), including 53 elements, about half the 109 elements in the periodic table, that can be substituted in the apatite crystal structure.



As mentioned, apatite constitutes a wide range of isomorphic ionic substitution series and continuous solid-solution series. The nomenclature of minerals in the solid-solution series has been discussed by Pasero et al. [9] and Hughes and Rakovar [10], but the CNMNC approved Nickel’s [2] nomenclature for mineralogy, including the following explanation for the solid-solution series of apatite: “For the purpose of nomenclature, a complete solid-solution series without structural order of the ions defining the end members are arbitrarily divided at 50 mol%, and the two portions are given different names, with each name applying to the compositional range from the end member to the 50% mark. For the sake of brevity, this will be called the “50% rule”. By analogy, the 50% rule applied to members of the ternary solid-solution series implies that mineral names should be given only the three end members; each name should apply to the compositional range from the end member to the nearest right bisectors of the sides of the composition triangle [as shown in Figure 2 in the current study]. For example, in the apatite series, Ca5(PO4)3(F, OH, and Cl), the apices of the compositional triangle can be represented by F, OH, and Cl, respectively, making A = Fluorapatite, B = Hydroxylapatite, and C = Chlorapatite.” It is essential to note that in the solid-solution series, the name of the end component is used to represent the region. Hydroxyapatite, which is also the name of the end component, is used even if half the amount of F or Cl is contained in the OH position.




2.4. Crystal Structure of Apatite


In 1930, Mehmel [12] and Náray-Szabó [13] independently published the results of a crystal structure analysis of fluorapatite. This provided a way forward amidst the boiling debate on isomorphic ion substitution and the solid-solution series of apatite. These studies also represent the beginning of subsequent crystallographic studies of apatite. Since then, many crystallographic studies have been undertaken on apatite series structures [14,15,16]. The precise crystal structure of hydroxyapatite was analyzed by Kay et al. [17], and their diagram of the atomic arrangement of hydroxyapatite became the basis for subsequent studies (Figure 3).





3. Biological Apatite


3.1. Initial Research on Biological Apatite


Minerals produced by living organisms are called biominerals, and Lowenstam and Weiner [18] summarized their research on them in their paper “On Biomineralization”, based on a careful review of published papers. They proposed two main categories for biomineralization based on its formative mode: (i) biologically induced mineralization (BIM) and (ii) biologically controlled mineralization (BCM). BIM, a nonobjective formation, is a byproduct of biological activity, such as calcareous or siliceous stromatolites and dental calculi. BCM is the purposeful formation of physiological phenomena by organisms, such as shells, bones, and teeth. Most biological apatite is BCM, but as an exception, some guano-derived phosphate minerals collected in the southern islands, for example, Torishima in Japan, were formed by the reaction of bird droppings with limestone.




3.2. Distribution of Biological Apatite


Lowenstam and Weiner [18], reviewing the distribution of biological apatite, noted that it occurred not only in the phylum Chordata, but also in the Annelida, Micrococci, and Omnibacteria phyla. The classification here is based on the original work. In 1931, Hendricks et al. [19] introduced the pioneering work of DeJong and Roseberry, Hastings, and Morse, who reported that bone was carbonate apatite, Ca10CO3(PO4)6∙H2O according to the results of their X-ray experiments. They used the Debye–Shearer method, a basic XRD method, after immersing the bone samples in naphtha or exposing them to steam for 225 h to remove any organic matter that could have altered the original crystals. Incidentally, Shearer, who invented the Debye–Shearer method, collected XRD images of tooth enamel and dentin in 1936 and discussed the orientation characteristics of the enamel crystals [20]. The many studies related to biological apatite have been summarized in several reviews and monographs, including Driessens [21], LeGeros [22], Elliott [14], Sakae et al. [23], and Sakae et al. [24].




3.3. Indeterminate Composition of Biological Apatite and Differences among Animal Species, Tissues, and Body Sites


The chemical components of enamel, dentin, and bone are difficult to analyze because they are unique to hard tissues. In addition, there are wide variations and individual differences inherent in biological species, and the analyzed values published to date have never been standardized. The morphology of calcium phosphate and its crystal phases in organisms, including bones, have been debated for a long time. Of the significant number of reported analyses, the characteristic features are that it is nonstoichiometric, the Ca to P ratio (Ca:P) is not constant, and carbonate ions are present in relatively large amounts [24,25,26,27].



The existence of calcium carbonate separate from calcium phosphate (apatite) has been claimed for a long time. In 1940, Eisenberger et al. [28] chemically examined the composition of bone and concluded that bone is not carbonate + apatite, thereby rejecting previously published reports. There is still a debate on the two-component or multicomponent theory, and the one-component theory, in which carbonate ions are contained in apatite. The mainstream opinion was that the carbonate ions could not enter into the crystal structure of hydroxyapatite because their charge and molecular size were too different from OH ions. However, LeGeros [29] proved for the first time that carbonate ions could be substituted into the crystal structure of hydroxyapatite.



The typical values of carbonic acid in enamel, dentin, and bone are shown in Table 1. It is interesting to note the amount of carbonic acid contained in the products; for example, 3.5 wt% in enamel and 6.0 wt% in bone. The distribution and bias of the specific gravity and carbonic acid in enamel are shown in Figure 4.



While conventional XRD cannot detect differences between individual bone samples, a recent development, which can analyze microregions <100 µm, has advanced the study of bone apatite microregions. In addition to the micro XRD analysis of bone by Suwa et al. [32] and various analyses of bone by Nakada et al. [33], it is becoming possible to detect differences in even smaller areas, such as hard tissue, using synchrotron radiation [34,35,36,37,38]. The range of hardness (H) and Young’s modulus (E) observed over an individual tooth was far greater than previously reported. The mechanical properties of the enamel differed from the lingual to the buccal side of the molar, and correlated with the chemical compositions [39]. Talal et al. [40] summarized the compositions of enamel, dentin, and bone published in the literature and other sources, as shown in Table 2. Unfortunately, there are no descriptions in the referenced literature, and most bioapatite researchers would not accept such a compositional configuration. Vallet-Regí [41] described bioapatite, which makes up bone, as “calcium phosphate nanocrystals in bone, formed … in the spaces left between the collagen fibers that exhibit the particular feature of being monodispersed and nanometer-sized platelets of carbonate-hydroxyl-apatite. There is no other mineral phase present, and the crystallographic axis c of these crystals is arranged in parallel to the collagen fibers and the largest dimension of the platelet.”




3.4. Problem of Carbonate Ions in the Crystal Structure of Biological Apatite


In his book Apatite, McConnell [42] devoted an entire chapter to carbonate apatites to discuss the problem of apatite and carbonate ions. He described this as follows: “Except for some very obscure hypotheses and the related calculations based on analyses of bone, all other evidences for Ca5(PO4)3CO3 are based upon the premise that the volume is greater, and that this expansion will permit incorporation of the large CO3 group within the structure. Some have also supposed that a dimension as large as 9.518 kX comprises evidence [43,44,45] for 2F → CO3. Unfortunately, the proponents of this hypothesis do not supply adequate information on their preparations. For example, the material reported by Elliott [44], a sample of which was carefully examined by LeGeros et al. [45], produced at least five diffraction lines (within 2θ from 28° to 35°) that are not attributable to the apatite structure [42]. Thus, Elliott’s material is a mixture of two or more phases rather than a single apatitic phase.”



Cacciotti [46] described cationic and anionic substitutions in hydroxyapatite based on a careful survey of the literature as follows: “B-type carbonated hydroxyapatites are characterized by the following features: a decrease in a-axial length accompanied by an increase in c-axial length, changes in crystallite size and in the amount of crystallographic microstrains, optical birefringence and mechanical reinforcement of the bone, and incremented solubility.”




3.5. Crystal Structure Analysis of Enamel Apatite


X-ray crystal structure analysis is usually performed using single crystals. However, single crystals are rarely obtained from biological samples. Therefore, precise crystal structure analyses of the crystalline components of bones and teeth cannot be performed. However, the need for crystal structure analysis has increased in various fields where it is not easy to obtain single crystals. The Rietveld method of crystal structure analysis using powder samples, which was previously considered to be theoretical, is now being used in research [47]. In a breakthrough study, Young and Mackie [48] analyzed the crystal structure of human enamel apatite using the Rietveld method applied to powder samples. However, the samples they used were separated by specific gravity (>2.95) and various changes are observed in enamel, not only human enamel, including individual and regional differences in its specific gravity [49,50]. Therefore, their data only applied to that sample and should never have been generalized as the standard. Since then, crystal structure analysis of biological apatite by the Rietveld method or neutron diffraction has been performed [51,52], and these precise crystal structure analyses have continued to reveal diverse variations of biological apatite.




3.6. Carbonate Ions in Biological Apatite Are B-Type


In the crystal structure, the substitution of CO2− for the hydroxyl group OH− along the c-axis is called A-type substitution, and substitution for the phosphate group PO3− is called B-type substitution These substitutions can be observed by X-ray crystallography as changes in the length of the a-axis and the c-axis of the unit cell or as changes in the position and intensity of the absorption bands by Fourier transform infrared absorption spectroscopy [45]. Vallet-Regí and Navarrete [41] presented diagrams for A-type and B-type substituted carbonate ions in the apatite crystal structure, and they compared the crystal lattice size and crystallinity of A-type and B-type hydroxyapatite. In 1991, LeGeros [22] reported that biological apatite is B-type carbonated hydroxyapatite and A-type apatite did not exist. In 2008, Frank-Kamenetskaya [53] found that tooth enamel is B-type, but apatite in dentin, phytolith, and dental calculus is A–B mixed type (B > A), and kidney stones may be both A–B mixed and B-type. It is still controversial whether the biological carbonate-containing apatite in bones and teeth is A- or B-type, although it has been recently reported that the substitution of both rather than one occurs in some biological apatites [46,54,55,56,57,58,59]. These papers are examples of how researchers from different fields compare their perspectives on carbonate ions in apatite.




3.7. Bioapatite Is Hydroxyapatite Containing Carbonic Acid


If we follow the nomenclature of the mineralogical solid-solution series, a carbonate must be more than half substituted at the OH− and PO3− position to be called a carbonate apatite. The carbonate apatite described by Ishikawa et al. [60] in 2019 was B-type carbonated hydroxyapatite, as described by Ishikawa et al. [61] in 2010. As mentioned in the previous section, carbonated biological apatite is included in the generic name hydroxyapatite. Therefore, biological apatite should be called carbonated hydroxyapatite. If the apatite in bone is not carbonate-containing hydroxyapatite but carbonate apatite (according to the definition, carbonate ions occupy more than half the phosphoric acid positions), its Ca:P ratio should be much higher than 3.33, far from the hydroxyapatite Ca:P of 1.67. However, such a value has never been reported and the bone composition derived from the most recent instrumental analysis by Euw et al. [62] in 2019 was Ca7.5(PO4)2.8(HPO4)2.6(CO3)0.6(OH)0.2, which is a Ca:P of 1.39. They noted that this composition was applied only for the sheep bones experimented.



A more commonly used the typical bone chemical composition value is Ca8.3□1.7 (PO4)4.3 (HPO4 or CO3)1.7 (OH or 1/2 CO3)0.3□1.7, where □ indicates a deficiency, with a Ca:P of 1.93–1.38 (LeGeros et al. [63]). As shown above, the chemical compositions of biological apatite widely vary among the tissues, individual tooth, and individuals.



It is often the case that different names are used in different fields. Researchers involved with apatite, even those outside the field of mineralogy, are always interested in the origin of the name and always introduce the fact that apatite comes from the word deceive. However, as mentioned here, several papers have shown that this origin of the name is wrong. Furthermore, the rules defined in “Mineral Apatite Solid Solution [2]” have rarely been cited.





4. Discussion


The standard and average values of biological apatite described in textbooks do not apply to actual subjects, and reported analytical values differ among researchers. To prevent further confusion, it is necessary to correctly understand the term apatite across disciplinary boundaries and clearly define it when using it. In particular, recently, biological apatite has been confused with carbonate apatite, so it is necessary to recognize that carbonate apatite and carbonated hydroxyapatite produced by biological organisms are quite different. This review presents the nomenclature of the solid apatite solution presented by the mineralogical community that initially discovered and studied apatite. According to this nomenclature, biological apatite is carbonated hydroxyapatite, and carbonate apatite is completely different. We hope that this definition will bring clarity and eliminate confusion.
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Figure 1. Periodic table of the elements. The elements present in apatite supergroup minerals in the range of ppm to several tenths percent of total weight. The relevant elements are shown in yellow. This figure was prepared originally based on the data from Pan and Fleet [11]. 
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Figure 2. Diagrammatic representation of a complete ternary solid-solution series. A, B, and C represent the three compositional fields, each of which merits a mineral name. Considering apatite as an example, if the three vertices (A, B, and C) are the end components fluorapatite, hydroxyapatite, and chlorapatite, respectively, then by the 50% rule, compositions in the region of A, B, and C are called fluorapatite, hydroxyapatite, and chlorapatite, respectively. In other words, in the OH–F system, the components of Ca10(PO4)6(OH)2 to Ca10(PO4)6(OH, F) are called hydroxyapatite. 
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Figure 3. Atomic arrangement of hydroxyapatite after Kay et al. [17]. The figure shows a c-axis projection of the atomic configuration of hexagonal hydroxyapatite projected into the a-b plane. The tetrahedron in the figure is made by PO4, and the black circle represents Ca. The atomic coordinates are based on Kay et al. [17]. The figure was created using Crystal Maker (4.1.4). 
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Figure 4. Composition of specific weight and carbonate in enamel of human molars. Comparison between enamel density and variation in carbonate concentration (%) in the same section of enamel. This figure was prepared originally based on the data of Weatherell et al. (1974) [31]. 
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Table 1. Typical composition of human enamel, dentin, and bone. This table was created based on the values at LeGeros et al. [30].
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	Composition wt%
	Enamel
	Dentin
	Bone





	Calcium, Ca2+
	36.5
	27.5
	24.5



	Phosphorus, as P
	17.7
	13.0
	11.5



	(Ca/P) by weight
	2.06
	2.12
	2.33



	(Ca/P) molar
	1.58
	1.62
	1.80



	Sodium, Na+
	0.30
	0.60
	0.70



	Potassium, K+
	0.08
	0.05
	0.02



	Magnesium, Mg2+
	0.34
	0.81
	0.55



	Carbonate, CO32−
	3.5
	5.
	6.0



	Fluoride, F−
	0.01
	0.02
	0.02



	Chloride, Cl−
	0.30
	0.01
	0.10



	Ignition products (950 °C)
	Apatite + β-TCP
	Apatite + β-TCP
	Apatite + CaO
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Table 2. Relative proportions of enamel and dentin constituents. This table was created based on the values at Talal et al. [40].
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	Constituents
	Enamel %
	Dentin %





	Ca10 (PO4)6 (OH)1.59 (CO)0.15 (Cl)0.1(F)0.01
	70
	-



	Ca9Mg(HPO4) (PO4)6
	10
	47



	Ca8.5 Na1.5(PO4)4.5(CO3)2.5
	20
	20



	Ca9(PO4)4.5(CO3)1.5(OH)1.5
	-
	30



	Ca8(citrate) (PO4)4.5H2O
	-
	3
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