Coating of metals using SBF
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SBF (simulated or synthetic body fluid) solutions are able [1, 2] to induce carbonated, nonstoichiometric and apatitic (i.e., the actual Ca/P molar ratio of the deposited phases being close to that of calcium hydroxyapatite, Ca10(PO4)6(OH)2) calcium phosphate formation on a wide variety of different materials, including metals like titanium (commercially pure or Ti6Al4V) and tantalum, immersed in them. SBF solutions try to mimic the ion concentrations of human blood plasma without using any organic constituents and proteins, etc. SBF solutions have a Ca/P molar ratio of 2.50. SBF solutions do have a physiological pH both at room temperature and 37(C. SBF solutions (Kokubo-SBF [1] and Tas-SBF [2]) currently in use can be conceived as the updated and enriched (in terms of Ca2+ and HPO42- concentrations) versions of Hanks’ Balanced Salt Solution [3] (HBSS) and Earle’s Balanced Salt Solution [4] (EBSS), respectively. HBSS and EBSS solutions do have Ca/P molar ratios of 1.62 and 1.80, respectively. While the Kokubo-SBF is far away (at 4.2 mM) from simulating the carbonate ion concentration of human plasma (i.e., 27 mM), Tas-SBF exactly matches the HCO3- concentration of blood plasma.
The as-deposited calcium phosphate layers formed on titanium or tantalum surfaces present a unique nanotexture of high surface area and surface reactivity consisting of the interlocked formation and growth of nanosize apatitic calcium phosphate needles or platelets. The carbonated, nonstoichiometric and apatitic nature of such high surface area deposits entitles them to be named as bonelike and biomimetic. These bonelike coatings applied on metallic implants and medical devices do increase their in vivo biocompatibility, as well as enhancing the bonding ability of the natural, bony tissues to these otherwise bioinert, metallic substances. Pretreatment of the metallic surfaces is of extreme importance in coating them with apatitic calcium phosphates. The surface wettability and hydrophilicity, nanoscale porosity, roughness, topography and chemistry all govern the adhesive characteristics of the deposited layers. 
The research activities of our group in this specific field currently focus around the following issues: (1) enhancing the rate of biomimetic coating processes [5], (2) determination of cytotoxicity and biocompatibility of such coatings by in vitro cell culture tests, and (3) coating of 3D macroporous metallic foams, which can be named as trabecular metals.
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Coating of ceramics using SBF
Ceramics which do not contain soluble alkali (Na+, K+) and/or alkaline earth (Ca2+) ions or functionalized OH groups in their crystal lattices (or on external surfaces) show a significant degree of reluctance to form apatitic calcium phosphates (CaP) on them upon immersion into SBF solutions. For instance, it is extremely difficult, if not impossible, to coat Al2O3 or ZrO2 ceramics with the SBF-soaking technique [1]. On the other hand, if there is a chemically integrated nanolayer of aluminum hydroxide on the surface of a sintered Al2O3 ceramic, then it becomes possible to deposit calcium phosphate spherulites or globules on its surface via supersaturated SBF solutions [1]. However, sintered CaSiO3 or CaTiO3 ceramics can easily be coated with calcium phosphates by using the SBF technique [2, 3]. Gypsum, CaSO4(2H2O, presents an negating case in this context, and the SBF-soaking does not cause CaP formation on its surfaces. CaHPO4-doped gypsum samples were recently shown to be bioactive in SBF solutions [4]. Calcium aluminates are also shown to form apatitic CaP on their surfaces by the biomimetic method [5]. CaZrO3 or Ca-stabilized cubic zirconia ceramics were recently found to be active in SBF solutions, and these hard-fired ceramics also have the in situ apatite-inducing ability [6]. Calcium phosphates (Ca2P2O7, Ca3(PO4)2, CaHPO4, CaHPO4(2H2O and Ca10(PO4)6(OH)2) are known to be coated with carbonated apatitic CaP when soaked in SBF [7].

The above-mentioned structural ceramics of high mechanical strength and fracture toughness (such as Al2O3 and stabilized zirconias) represent interesting research opportunities in the sense that they are already in successful clinical use especially in the hip revision surgeries (i.e., bioinert femur heads made out of Al2O3 or ZrO2), and the coating of their surfaces with carbonated, bonelike, apatitic CaP layers will simply improve their in vivo osteoconductive behavior, i.e., bone deposition and growth in apposition to the implant surface. 

The research activities of our group in this specific field currently focus around the following issues: (1) developing alternative but clinically-safe ways of increasing the mechanical properties of implantable (for hard tissue regeneration purposes) materials, (2) developing novel, macro- and microporous (with interconnected porosity) osteoconductive material synthesis procedures based on the above-mentioned ceramics. 
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Coating of polymers using SBF
Biomimetic coating of organic polymers with carbonated apatitic calcium phosphate (CaP) is an attractive method for developing novel materials for medical device applications, as it allows CaP to show its unique biological properties such as its ability for bone bonding and protein adsorption. The SBF-coating is a benign process for fabricating such CaP-polymer hybrids, where bonelike CaP is deposited on a polymer surface in solutions mimicking physiological conditions. A CaP-polymer hybrid is expected as a novel material for medical applications, because it will show high biological affinity and high flexibility. Commercial exploitation of this approach has already manifested itself in the marketing of collagen-apatite hybrid scaffolds [1].

It can be hypothesized that providing a high surface density of anionic functional groups would enhance nucleation and growth of bonelike, apatitic CaP mineral following exposure to SBF solutions. Polymer surface functionalization could, for instance, be achieved via hydrolysis of 85:15 poly(lactide-co-glycolide) (PLG-PLGA) films [2]. This treatment would lead to an increase in surface carboxylic acid and hydroxyl groups, resulting in a substantial increase in polymer surface energy, which warrants enhanced mineralization upon soaking in SBF solutions. The deliberate incorporation of Ca2+ ions into the polymeric films would further enhance the CaP formation kinetics. Just to name a few, polyamide [3], sericin (i.e., silk fiber protein) [4], Vicryl-R sutures [5], blends of corn starch and cellulose [6], PTFE (i.e., Teflon) [7], nylon [8], methacrylate and styrene [9], ethylene-vinyl alcohol [10], PET [11], and polyvinyl alcohol (PVA) [12] polymers were successfully coated with bonelike apatitic CaP by using the SBF-coating technique.

The research activities of our group in this specific field currently focus on: (1) improving the functionalization of the surfaces of organic polymers and hydrogels based on polyvinyl alcohol and/or polysaccharides, (2) developing robust processes for coating of such polymeric surfaces with nanotextured, carbonated, apatitic CaP layers for craniofacial applications. 
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Calcium phosphate cements
Self-setting calcium phosphate cements for orthopedic and dental restorative applications have first been developed in the early seventies by Driskell et al. [1]. Today, there are a number of clinically successful and commercialized examples of such cements, which are used in filling the dental cavities or skeletal defects caused by trauma, injuries, accidents or even war casualties [2-5]. These cements comprise two components (a powder and a setting solution), which will be mixed in the operation room to form a paste. This paste can either be applied by the fingertips of the surgeon to the defect area or may be introduced from a syringe-needle combination. These pastes have the ability of setting (by reaching a compressive strength from 2 to 60 MPa) within 10 to 15 minutes even in contact with the patient’s blood found at the defect site. The end product of such set cements does have the ability of mimicking the chemistry and composition of the natural bone mineral. The most attractive feature of these cements is that they use clinically safe materials in their powder components, and the cement setting reactions proceeding at the ambient temperature (or 37(C, in vivo) yield a calcium phosphate phase very similar to the bone mineral itself [6].

The powder components of the majority of such self-setting cements contain one or more calcium phosphate phases carefully blended together. (-TCP [(-Ca3(PO4)2] or TTCP [Ca4(PO4)2O] are two of the most important cement powders. These two have the ability of going through a rapid hydrolysis process, when in contact with water, and thus they transform into hydroxyapatite. Hydrolysis reactions give rise to the formation of a web of intermingling nanoneedles or nanoplatelets of hydroxyapatite, and this microstructure is responsible from the strength to the set cement. (-TCP and TTCP are high-temperature phases, and they can only be obtained after quenching from above 1200( to 1450(C, respectively.

The research activities of our group in this specific field currently focus around the following issues: (1) developing new self-setting calcium phosphate cement recipes which would only use a single component cement powder, (2) developing novel setting solutions that will even be able to convert inexpensive calcium-containing powders into orthopedic cements mimicking the bone mineral, (3) development of in vitro cell culture and dissolution test procedures for the resultant orthopedic cements.
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Calcium oxyapatite ceramics of high strength and thermal stability

Although there has been a significant amount of research effort [1-3] towards the densification of Ca-hydroxyapatite [HA: Ca10(PO4)6(OH)2] in recent years, the fracture toughness of even the fully sintered HA remained below 1 MPa(m1/2, while its flexural strength averaging between 30 to 40 MPa [4]. These values are significantly inferior to those of human cortical bones, 2-12 MPa(m1/2 and 50-150 MPa, respectively. Such inferior mechanical properties of synthetic HA basically prevented it from finding much wider use as in, for instance, dental root implants. Ca-oxyapatite [OA: Ca10(PO4)6O] is long regarded as a transient phase to be observed only during the dehydration and/or decomposition of HA during its heating either in vacuum or in an air or CO2 atmosphere [5-7]. 

OH groups in the crystal structure of HA are forming their chemical links with the neighboring PO4 tetrahedra and Ca2+ ion triangles only by weak hydrogen bonding. In the absence of such weak hydrogen bonding, for instance, in fluorapatite (FA) or chlorapatite (CA) the mechanical properties are significantly enhanced with respect to HA [8]. Ca-oxyapatite, with the elimination of those hydrogen bonds, is therefore expected to have higher strength and hardness values in direct comparison to HA. Fluor- and chlorapatites have higher thermal stability in comparison to hydroxyapatite, and do not readily decompose upon heating [8].

The on-going research interest in our group on the synthesis of OA already resulted in a completed MSc thesis [9]. In this first study, the samples of OA were prepared by heating stoichiometric mixtures of Ca-acetate and ammonium phosphate in an oxygen atmosphere up to 1500(C. Resultant samples did not possess any OH groups (as confirmed by FTIR spectra). Single-phase OA was found to have a monoclinic unit cell. OA samples were then resistant to decomposition even upon consecutive heating in an air atmosphere at 1500(C. Dense OA pellets registered a compressive strength almost three times higher than those of sintered HA pellets. Hardness of OA was found to be around 5 GPa. Microwave-assisted densification of OA is expected to increase its fracture toughness beyond that of conventionally-heated pellets. OA is a new candidate for dental root implants.
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Synthesis and processing of stabilized nano-zirconia
Yttria and ceria tetragonally stabilized zirconia ceramics are at the top of a list of a handful of structural ceramics which have extremely high fracture toughness values (greater than 13 MPa(m1/2) [1].  There are a variety of ways to produce nanosize yttria or ceria tetragonally stabilized zirconia powders (Y-TZP or Ce-TZP) including, but not limited to polymerization/sol-gel, coprecipitation and hydrothermal synthesis.

Synthesis by polymerization or sol–gel methods typically uses a procedure similar to that of Pechini [2]. In the Pechini process, a complexing agent, such as citric acid chelates cationic precursors. This suspension is then reacted with ethylene glycol to form organic ester monomers, which polymerize with the addition of heat to form a sol of homogeneously distributed metal ions in an organic matrix. This sol is further heated to produce a resin, which is further heated to remove organic residuals producing the desired stoichiometric oxide powder. Coprecipitation involves the precipitation of individual amorphous metal hydroxides from solutions of metal salts in a solvent. Precipitation is typically achieved by changing the suspension pH or by the addition of heat to evaporate the solvent that leads to a supersaturated environment that facilitates precipitation. The metal hydroxides are then calcined to form the desired stoichiometric metal oxide [3]. Hydrothermal synthesis is precipitation with the addition of heat in excess of the boiling point of the solvent in a pressure vessel [4-6].

The research interest and expertise accrued in our group (which ranges from developing strong materials suitable for use in ceramic armors and automotive industry to the development of synthetic biomedical materials with load-bearing ability similar to human cortical bones) on the synthesis and processing of Ce-TZP and Y-TZP ceramics has a rather long history [7]. 

The focus we recently placed on Ce-TZP and Y-TZP ceramics in our group entails the synthesis and full characterization of nanosize powders of Ce- and Y-TZP, followed by sintering of those powders (either by conventional heating practices or by microwave-assisted heating) and study their densification kinetics as a function of mechanical property values (i.e., fracture toughness, tensile strength, hardness, and compressive strength) attained.
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