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Abstract



Calcium hydroxyapatite (HAp) is the main inorganic component of natural bones. In this review, the crystal structure and fabrication methods of HAp were first introduced; then the synthesis and applications of metal-ion-doped HAp nanoparticles were mainly reviewed. HAp was usually synthesized through solid state reaction and wet chemical precipitation, of which the properties depended on the fabrication method. Due to its crystal structure, HAp can tolerate ion-exchange with a high amount of other ions without significantly affecting its lattice structure. Hence ion-exchange reaction of HAp has been used to remove heavy metal ions such as Pb2+ or Cd2+ in waste water or soils, and immobilize radioactive waste. The adsorption capacity depended on the crystallinity and specific surface area of HAp. Meanwhile other metal ions besides Ca can be introduced into HAp through ion exchange or co precipitation method to form metal ion doped HAp. Due to the presence of these metal ions, the properties of HAp were either enhanced or new properties were introduced. The electrical conductivity and catalysis effect of HAp were increased due to ion substitution; the metal ion doped HAp demonstrated potential for better performance in tissue engineering, can be paramagnetic or used as fluorescence probes. The applications of HAp were thus broadened.
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Introduction





Calcium hydroxyapatite, Ca10(PO4)6(OH)2, is usually referred as hydroxyapatite (HAp). The carbonated HAp doped with other ions is the major inorganic component of hard tissues, such as bones and teeth. Because of its osteoconductivity and biocompatibility., HAp is widely used for low-load bearing applications or as a coating material for metallic implants.


HAp can tolerate a high ion substitution without changing its lattice structure. Recently, much attention has been paid to the ions substituted HAp in order to modify its properties and also broaden the applications. Fluorine substitution increased the electrical conductivity of porous HAp [1]. Cu2+, Ni2+ and Co2+ substituted HAp had catalytic effect for specific reactions [2,3]. Ag+ substituted HAp showed antibacterial effect [4] and Ti4+ substituted HAp can be used as a photo catalyst [5,6]. Eu3+ and Tb3+ doped HAp have applications as fluorescent probes
[7].


In addition, HAp has been used as a drug carrier in various systems [8-10]. The size of HAp is usually in nanometers range with high surface area when produced using wet chemical method [11]. Both hydrophilic [12] and hydrophobic [9] drugs can be adsorbed onto the HAp surface. However, the drug release profile was hard to control [13]. The drug release profile of HAp particulate system usually had a high initial burst and a short release time range [9]. In order to prolong the drug release time, porous HAp blocks or granules have been used with drugs impregnated into the pores [10,14]. The main disadvantage of these blocks or granules delivery systems was that they were so large and can only be implanted in particular tissues. Thus, composites microparticles, consisting of HAp and polymer overcame these drawbacks [15,16].


Crystal structure and synthesis of HAp



HAp has two kinds of unit cells, hexagonal and monoclinic. Only the stoichiometric HAp possesses monoclinic structure with space group P21/b and lattice parameters a = 9.426(3) Å, b = 18.856(5) Å, c = 6.887(1) Å, ϒ = 119.97(1)° [17]. Most synthetic HAp is hexagonal with space group P63/m and lattice parameters a = 9.424(4) Å, b = 2a, c = 6.879(4) Å and ϒ = 120° [18]. In the hexagonal structure, the regular phosphate tetrahedra compose the matrix of the crystal (Figure 1). There are two nonequivalent sites for calcium, Ca(l) and Ca(ll). For the Ca(l) atoms, each is along the threefold axes and bonded to six oxygen atoms at an essentially equal distance, which form a twisted triangular prism. There is also bonding between these Ca(l) atoms and three O atoms at a longer distance. Thus the Ca(l) atoms are coordinated by nine O atoms located in six different phosphate tetrahedra. The Ca (ll) atoms situated around the hexagonal screw axes, each have an irregular seven fold coordination with six O atoms from five phosphate groups along with the hydroxyl ion [19]. The OH columns are parallel to c axis and the main lines of the columns pass through the centers of Ca triangles which are on the mirror plane at z = ¼ and z=¾. The monoclinic HAp exhibits structural similarity to the hexagonal HAp [17]. The greatest difference between monoclinic and hexagonal HAp is the arrangement of the hydroxyl ions. ln the monoclinic structure, HAp is pure enough that the OH columns are arranged in an ordered manner, where all the OH ions are displaced in the same direction from z =¼. Furthermore, all the OH columns point in the same direction within a plane parallel to a and c axes, but the direction of the displacements alternated between adjacent planes. This ordered arrangement of OH ions in the monoclinic structure changes the mirror planes in P63/m into b glide planes in P21/b and double the b axis parameter.
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Figure 1:  Projection of hexagonal HAp onto the (001) plane. Triangles represent PO4 tetrahedra.

 








HAp has quite high tolerance for ion substitution due to its special structure. OH- ions can be replaced by F- and Cl ions; while PO43- ions can also be substituted with CO32- and SiO44- ions. The most interesting is the metal ions taking the positions of calcium in HAp lattice without changing the structure. With the incorporation of metal ions, the properties of HAp can also be modified.



To synthesize HAp, there are two major routes: solid state reaction and wet chemical methods [20]. Solid state reaction is mixing stoichiometric quantity of calcium precursor (such as CaCO3) and phosphorus precursor (CaHPO4·2H2O or Ca2P2O7), followed by preheat treatment and shaping into disks and eventually reacted at ~1000°C [21]. It usually produces stoichiometric and well crystallized HAp. However, a relatively high temperature and long heat treatment is needed and the sinterability of the product is low. For wet chemical methods, the reaction takes place in aqueous media. The crystallinity and Ca/P ratio depend strongly on the preparation conditions. Wet methods include precipitation, hydrothermal technique and hydrolysis of other calcium phosphates. Among these methods, the precipitation method usually gives nanocrystalline HAp and the shape of the nanoparticles can be controlled, either in needles or spheroids [11]. Nanometer-sized HAp has been reported to have better bioactivity than the micrometer-sized HAp [22].



The two most popular ways of precipitating HAp are shown in Eqs 1 and 2. The reactions usually involve adding phosphorous precursor slowly into calcium precursor and/or adjusting the reaction pH using ammonia [20,23,24]. Eq 1 is the reaction between calcium hydroxide and ortho-phosphoric acid [11,25], and Eq 2 is the reaction between calcium nitrate and ammonium dihydrogen phosphate with ammonium hydroxide to maintain the pH value of the reaction solution [20]. During the precipitation process, CO32- groups were easily introduced into HAp lattice. This was probably due to the presence of CaCO3 in the reactants and dissolved CO2 from atmosphere. lf CO32- groups replace OH-, it is referred to as A-type carbonated HAp and if CO32- substitutes PO43-, this is known as B-type carbonated HAp [11]. The different substitutions can be distinguished based on FTlR spectrum [11]. ln order to prevent the presence of CO32- groups in HAp, some researchers have used CaO as the starting material which is the decomposition product of CaCO3 [17,25], while others have applied CO2 free atmosphere (N2 or Ar) during the synthesis process [23,25].




5Ca(OH)2 + 3H3PO4 →Ca5(PO4)3(OH) + 9H2O (1) 




5Ca(NO3)2 +3(NH4)2HPO4 →Ca5(PO4)3(OH) + 3H2O+10NH4NO3 (2)



To synthesis HAp for biomedical applications, Eq 1 was usually used because it is a simple formulation with the advantage of water being its only byproduct. Since CO32- groups are naturally present in bones [26], the presence of CO32- groups in HAp was not expected to affect cell response.

Synthesis of metal ion doped HAp nanoparticles

To synthesize metal ions doped HAp nanoparticles, coprecipitation [5,6] and ion exchange methods [27,28] are usually used. The former is by including metal ions in calcium solution while the latter is by adding metal ion solutions after HAp nanoparticles have been formed. These two methods modify HAp in different manners. The coprecipitation method changes both the surface and bulk concentration of metal ions, while the ion exchange method usually results in higher concentration of metal ions on the surface of HAp nanoparticles than the bulk since ion-exchange is limited to the particles surface [28]. For HAp fabricated following Eq 1, when coprecipitation method was chosen, M(OH)x may also be precipitated as one of the byproducts due to the corresponding low solubility product of the metal hydroxide. This in turn could affect the precipitation of metal ion doped HAp. In addition, the presence of metal ions in the reaction system may affect the crystallization process of HAp and resulted in amorphous calcium phosphate nanoparticles or nanoparticles in unexpected shapes. Hence, ion-exchange method was preferred to synthesize the metal ion doped HAp even though the added metals ions were more concentrated on the surface.


Applications of ion exchange reaction of HAp

HAp has been used for the removal of heavy metal ions such as Pb2+ or Cd2+ in waste water or soils [29,30], and immobilization of radioactive waste [31,32]. The adsorption capacity depends on the crystallinity and specific surface area (SSA) of HAp. HAp powder with a low crystallinity and a high SSA showed quantitative removal for a wide range of heavy metal ions (Pb, Zn, Be, U, Bi, V, Al, Cu and Ga), while the calcined powder with a higher crystallinity and lower SSA showed a quantitative removal only for a few elements (Pb, Bi and Ga) [29]. Studies on natural apatites from the fossil nuclear reactor of Oklo found that these compounds supported high doses of external and internal a irradiation with no significant changes in the crystal structure [31].


Ion removal or immobilization by HAp takes place through two mechanisms, as shown in Eqs 3-5 [29]. The first mechanism is the dissolution and precipitation theory (Eqs 3 and 4), where HAp provides phosphates by dissolution which then react with the metal ions to precipitate low soluble metal phosphate according to Eq 4. The second mechanism is the ion exchange theory (Eq 5), where metal ions adsorbed to the surface of HAp particles to replace Ca2+ ions in the lattice.



Ca10(PO4)6(OH)2 + 14H+ → 10Ca2+ + 6H2PO4-+ 2H2O (3) 


10Me2+ + 6H2PO4- + 2H2O → Me10(PO4)6(OH)2 + 14H + (4) 



Ca10 (PO4)6(OH)2 + xMe2+ →Ca10.-xMex(PO4)6(OH)2 +xMe2+ + xCa2+ (5)





Applications of metal ion doped HAp


Metal ion doped HAp have been applied in many fields. HAp and metal ion doped HAp demonstrated certain catalytic properties. The partial oxidation of methane to carbon monoxide and hydrogen has been reported to be catalyzed by HAp at ~600°C. The formation of oxygen radical species on HAp has also been found [3]. Introduction of Cu2+ and Ni2+ions into HAp matrix creates new redox centers and causes a large increase in activity of dehydrogenation of alcohols with little effect on the dehydration function of HAp [2]. HAp has also been reported to decompose compounds such as methyl mercaptane and dimethyl sulfide effectively under UV (254nm) irradiation [5]. To modify the photo catalysis effect of HAp, Ti4+ ions was introduced into HAp by coprecipitation method [5,6,33]. Ti4+ doped HAp absorbed UV light at a wavelength less than 380nm, so that it exhibited a much higher photo catalytic activity in oxidation and decomposition of acetaldehyde under UV irradiation than unmodified HAp [33]. As reported by Hu et al. [5], Ti4+ substituted HAp had photo catalytic effect both under visible light and UV irradiation and the photo catalytic activity of HAp was excited by Ti substitution. Since HAp had much higher affinity with biomaterials than TiO2, Ti4+ modified HAp differed from TiO2 in both adsorption affinity and photo catalytic activity for organisms. Additionally, Ti4+ doped HAp even showed bactericidal effect in the dark [6,33].


To improve the antibacterial property, Ag+, Cu2+ or Zn2+ ions were co-substituted into Ti4+ doped HAp (TiHAp) [34]. TiHAp was first produced using coprecipitation method and Ag+, Cu2+ or Zn2+ ions were introduced by ion exchange method. Ag+, Cu2+ co-substituted TiHAp coated on porous spumous nickel film showed high efficiency in killing E. coli and S. aureus in the dark and under weak UV irradiation. It was found that oxygen radical formed on Ag+, Cu2+ co-substituted TiHAp at ambient temperatures. Antibacterial effect of Ag+, Cu2+ or Zn2+ substituted HAp synthesized using coprecipitation method was also investigated [4]. Kim et al. [4] reported that Ag+ doped HAp showed a high antimicrobial property while Cu2+ and Zn2+ in HAp did not show any antimicrobial property against E. coli. The strong bactericidal effect of Ag+ and non-antibacterial effect of Zn2+ in HAp against E. coli was similarly reported by Hu et al. [34]. While Kim et al. observed that Cu2+ substituted HAp synthesized using coprecipitation method did not show any antimicrobial property against E. coli [4]; Hu et al. [34] noted that Cu2+ co-substituted TiHAp was found to kill E. coli and S. aureus effectively [34]. Another paper on Cu2+ doped HAp produced by ion exchange method, had a high antibacterial activity on E. coli [35], which was similar with Hu's results [34]. The different observations on the antibacterial effect of Cu2+ doped HAp was possibly due to the different ways of introducing Cu2+ ions into HAp, which further resulted in different concentration distribution of Cu2+ ions in HAp nanoparticles. Introduction of Cu2+ ions into HAp by coprecipitation did not show bacterial effect while introduction of Cu2+ ions by ion exchange method demonstrated high antibacterial property. The coprecipitation method changed both the surface and bulk concentration of metal ions; while the ion exchange method usually gives rise to higher concentration of metal ions on the surface of HAp nanoparticles than the bulk since ion-exchange process was limited to the surface [28].


Biological HAp crystals contain lots of other ions, such as K+, Mg2+, Na+, CO32- and F-, to name a few [36]. As the carbonate content in enamel may be related with the susceptibility to dental caries [37], Na+ and CO32- co-substituted HAp was fabricated and the structure was refined using Rietveld refinement [37]. La3+ and Al3+ doped HAp were also studied [27,38] because of the inhibitory effect of La3+ and Al3+ on the demineralization of dental enamel.


Bone minerals are mainly carbonated HAp with other elements such as F, Mg, Mn, Zn, Si and Sr [36]. Even these elements are in small amount, they are fundamental to bone metabolism. Zn is an essential element for human health and also important for bone metabolism [37]. The slow release of Zn ions from implants was also reported to facilitate the formation of bone around implants and thus accelerate the healing of bone fracture and bone defects [38]. Since Mn2+ ions increased the ligand binding affinity of integrin and activate cell adhesion [26], Mn2+ doped HAp was synthesized and investigated [26,39]. It was found that the growth of osteo blast cells on Ti coated with Mn2+ doped HAp was enhanced as compared to uncoated Ti [26]. As compared to pure HAp, more osteoblast cells grew on Mn2+ doped HAp [40].


Rare earth metal ions doped HAp have the potential to be used as luminescence and laser material. As reported by Chane- Ching et al. [41], Eu3+ and Tb3+ doped HAp nano rods displayed green and red emission peaks under excitation in the visible spectrum. These nano rods with surface bonded amino ethyl phosphate groups were individualized and stable in aqueous dispersion at neutral pH without aggregation or precipitation. These results allowed the application of Eu3+ and Tb3+ doped HAp as fluorescence probes in biological fields.


Magnetic property of HAp can be modified by introducing other metal ions. Co2+ doped HAp [3] and Gd3+ doped HAp [42] produced by ion exchange method was paramagnetic. For Fe2+ doped HAp, different results were obtained. Nakahira et al. [43] reported that Fe2+ doped HAp synthesized using ion exchange method was paramagnetic, while Wu et al. [44] produced Fe2+ doped HAp using coprecipitation method and found it was super paramagnetic. In the case of Fe3+ substituted HAp, it was found to be paramagnetic [45].


Conclusion

HAp has two kinds of lattice structures, hexagonal and monoclinic. The greatest difference between these two structures is the arrangement of the hydroxyl ions. Only the stoichiometric HAp possesses monoclinic unit cells. HAp has quite high tolerance for ion substitution, where OH-, PO43- and Ca2+ ions can be substituted without changing the structure. When using wet chemical methods to synthesize HAp, the crystallinity and Ca/P ratio depends strongly on the preparation conditions. In order to fabricate metal ion doped HAp, coprecipitation and ion exchange methods are usually used, which modified HAp in different manners. Compared with the coprecipitation method, ion-exchange is more limited to the particles surface. HAp has been used for the removal of heavy metal ions and immobilization of radioactive waste. For such applications, the adsorption capacity of HAp powder with a low crystallinity and a high SSA was significantly higher than the calcined powder. HAp was also reported to catalyze the decomposition of compounds such as methane, of which the catalytic effect was increased after introduction of Cu2+ and Ni2+ ions. For the applications in biomedical fields, Ag+ and Cu2+ doped HAp showed antibacterial property; La3+ and Al3+ ions were introduced into HAp because of the inhibitory effect on the demineralization of dental enamel; Zn2+ and Mn2+ doped HAp demonstrated the potential for better performance for tissue engineering applications. Furthermore, Eu3+ and Tb3+ doped HAp can be used as fluorescence probes and magnetic properties of HAp can be modified by introducing Fe3+ and Gd3+ ions. However, limited by the low saturation magnetization values, these nanoparticles were not suitable for applications such as MRI contrast agent. By introducing other metal ions than calcium, the applications of HAp were significantly broadened.
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