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1. Introduction: 
      Hydroxyapatite Ca10(PO4)6OH2 (HAP) is the most versatile material used for implantation purposes owing to their similarity with natural bone mineral and its ability to bond to bone. These materials are characterized by a certain solubility, which provokes the surrounding bone or tissue to form direct bonding to the implant (Nithyanantham et al. 2002 and Pramtarova et al. 2005). 

      The solubility leads to gradual degradation and resorption by the surrounding tissue which stimulates the bone to grow on the material and through its pores, and in some cases it is believed to cause total transformation of the material into living bone (Liliane et al. 2003). This bonding is able to transfer shear and tensile stress along the interface that could be an advantage in anchoring the implants and reducing the stress peaks in the bone. The main restriction of these materials lie in their low strengths so that they can be used as bulk materials only for low loaded devices (Prashant et al. 2005). 

      The biological response to HAP has been characterized by clinical and laboratory studies, HAP granules are used as fillers in large bone defects after resection of bone tumors (Thamaraiselvi et al. 2006). HAP is also known to have a simulating effect on bone formation, which is known as osseoinduction. It enhances the osteointegration, and there are indications that chemical bonding may occur between HAP and bone. These attractive features of HAP are offset by the lack of strength necessary for load bearing applications (Robert and Richard 2006). 
      Therefore to combine the bioactivity of HAP and the strength of the materials used in orthopaedic implants, it can be applied as coatings. Among the various modifications, the coating technologies have emerged as a viable process and have opened up a new possibility for implant and prosthetic devices (Guy et al. 2005).
      Ceramic coated metal implants for prosthetic applications provide the necessary porosity for bone in growth; while the underlying metal substrate bears the load and the full eight bearing capacity is ensured soon after surgery. Thus, bioceramics play twin (dual) role both in preventing the release of metal ions (rendering it more corrosion resistant) and in making the metal surface bioactive (Brandusa et al. 2006). 

      The dominant requirements connected with the development of HAP coatings on metallic implants are – preparation of stiochiometric powder material with required chemical and phase composition established by their chemical identity (Ca/P ratio 1.66) and by close crystallographical affinity with bone tissue and their deposition as coatings without the presence of non-stiochiometric phases of the powder (Robert et al. 2006).

      The objective of the present study is to provide simple preparation method of pure hydroxyapatite powder free of other Ca-P phases by controlling the exactly Ca/P ratio suitable to be used in biomedical applications. 

2. Material and Methods:
2.1 Synthesis of hydroxyapatite (HAP):
      Hydroxyapatite is generally synthesised by wet chemical method, which involves the addition of phosphate reagent to a solution of calcium ions in one of two main systems (System – I: Ca (OH) 2 – H3PO4 (As given in previous study) and System – II: Ca (NO3)2 – (NH4)2HPO4/Na2HPO4, which has been currently administrated below. 

      A solution of analytical reagent grade calcium nitrate (1M) was adjusted to pH 11 with concentrated NH3 in 45 ml of degassed distilled water and diluted to 90 ml. a solution of diammonium hydrogen phosphate, 0.6 M in 75 ml distilled water was brought to pH 11 with 37.5 ml of aqueous NH3 and diluted to 160 ml. The Ca(NO3)2.4H2O solution was vigorously stirred at room temperature and the phosphate solution was added drop wise for 2 hours to produce a milky white semi gelatinous precipitate which was then stirred for 20-30 hours.

      The changes in the pH of the reaction system during HAP synthesis were maintained with aqueous NH3 at pH 11 using the pH meter. It was left for ageing for 24 hours, followed by stirring for 30 minutes, then filtered, washed thoroughly with double distilled water and dried in an air oven at 110 oC for 3 hours. Sintering of the precipitate was carried out in a muffle furnace. The samples were initially kept at a temperature of 240 oC for 1 hour to remove the traces of ammonium nitrate that could be present and then raised to 900 oC for the same time and were cooled in the furnace after sintering. 

      Disodium hydrogen phosphate (0.6 M) solution was used in place of diammonium hydrogen phosphate under identical conditions and the precipitates were sintered at 340oC for 1 hour in a muffle furnace to remove traces of sodium nitrate that could be present.

      Based on the above procedure the effect of various parameters like concentration of the reactants, rate of addition and ageing time influencing the stoichiometry of HAP formation were studied. 

3. Result and Discussion:
3.1 Wet chemical method:
      Hydroxyapatite with varying Ca/P ratio from 0.87 to 2.08 is synthesised by wet chemical method under varying experimental conditions. The physiochemical parameters of HAP derived from calcium hydroxide – phosphoric acid (system I as given in previous study) and calcium nitrate – diammonium hydrogen phosphate (system II) are given in tables 1 and 2 respectively. The number with prefix C indicates the sample identity numbers. The Ca/P molar ratios reported in these tables are obtained after sintering the powders. The major factors that affected the synthesis of HAP are discussed in this study.

Table 1: Influence of the Physicochemical Parameters on the HAP Synthesis Using Ca(OH)2 – H3PO4 System.
	Sample

Identity

no.
	Strength of Solution
	Temperature

(C˚)
	Ageing Time (hr)
	Addition Rate
	Ca/P

molar

	
	Ca(OH)2
	H3PO4
	
	
	Ml/min
	Ratio

	C1
	0.1
	0.3
	25
	24
	0.10
	1.11

	C2
	0.1
	0.3
	50
	24
	0.10
	1.78

	C3
	0.1
	0.3
	60
	24
	0.10
	1.67

	C4
	0.2
	0.3
	60
	24
	0.10
	1.58

	C5
	0.2
	0.3
	60
	30
	0.10
	0.87

	C6
	0.2
	0.3
	60
	24
	0.20
	1.13

	C7
	0.1
	0.6
	60
	24
	0.10
	2.08

	C8
	0.1
	0.3
	70
	24
	0.10
	1.33


Table 2: Influence of the Physicochemical Parameters on the HAP Synthesis Using Ca(NO3)2–(NH4)2HPO4/ Na2 HPO4 System at room temperature.

	Sample

Identity

no.
	Strength of Solution
	Temperature

(oC)
	Ageing Time (hr)
	Addition Rate
	Ca/P

molar

	
	Ca(NO3)2
	(NH4)2H PO4
	
	
	Ml/min
	Ratio

	C9
	1.0
	0.6
	RT(25-30 oC)
	24
	1.10
	1.61

	C10
	1.0
	0.6
	RT
	24
	1.80
	1.48

	C11
	1.0
	0.6
	RT
	24
	1.30
	1.67

	C12
	1.0
	0.6
	RT
	30
	1.30
	1.78

	C13
	2.0
	0.6
	R-T
	24
	1.30
	2.01

	C14
	1.0
	0.6
	RT
	16
	1.30
	1.28

	C15*
	1.0
	0.6
	RT
	20
	1.50
	1.59

	C16*
	1.0
	0.6
	RT
	22
	1.50
	1.668

	C17*
	1.0
	0.6
	RT
	30
	1.50
	1.715

	C18*
	1.0
	0.6
	RT
	24
	2.00
	1.31


*Ca(NO3)2 –Na2 HPO4 System.
3.1.1 Changes in pH:
      Hydroxyapatite is the stable orthophosphate of calcium in neutral and alkaline media. In the customary precipitation reaction the mono hydrogen phosphate ion is formed according to the reaction (Gross & Berndt 2002).

5Ca2+ + 4PO43- + H20                  Ca5(PO4)3(OH) + HPO4-
      The tetra-monohydro triphosphate, which displays a structure similar to apatite, is formed which transforms to (-TCP on calcinations. Hence, the preparation of HAP was carried at a pH such that the PO43- ion concentration is not exceeded by that of HPO4- which was overcome by adding easily volatilized ammonia. During the precipitation process, the pH of the solution decrease gradually from the initial value of 11 to 8 at the end of precipitation process for system II samples. The overall reaction is given below: 

10Ca (NO3)2 +6(NH4)2HPO4+ 8NH4OH           Ca10 (PO4)6(OH)2+ 6H2O +20NH4NO3 

      The solid Ca/P ratio for congruent dissolution increases pH of the aqueous medium, thus affecting the stoichiometry. The general principle is that the chemical potential of a constituent ion increases with its concentration in a nonstoichiometeric compound (Gross and Berendt 2002). The solubility of Ca2+ relative to that of phosphate ion at a given pH should also increase with increasing solid Ca/P ratio, which is consistent with the results in table 1.

3.1.2 Effect of reaction temperature:
      The precipitation temperature also has a strong influence on the morphology of HAP precipitates. This result can be explained on the basis that, as the precipitation temperature decrease, supersaturation of the solute increases resulting in more apatite nucleation sites and in a reduction of apatite growth rate which results in a much smaller particle size (Nithyanantham et al. 2002). 

      The effect of temperature on system II samples were not studied as volatile ammonia was used to maintain the pH of the system.

3.1.3 Effect of the rate of addition of phosphate solution:
      No contrasting change was observed with the rate of addition with calcium nitrate as starting material, but at higher rates above 2 ml/min the apatites were 
found to be Ca2+ deficient before sintering.

3.1.4 Ripening treatment:
      The HAP precipitate obtained after the addition of phosphate solution was subjected to ripening treatment, which consists of refluxing for 30 minute, followed by stirring and ageing in the mother liquor. In general, stirring of the precipitate was carried out continuously during the addition of the phosphate solution and twice after the addition was complete (i.e) for 1 hour after refluxing and 30 minutes after ageing for system I samples. But in case of system II the precipitate was stirred for 22 – 24 hours without refluxing after complete addition of the phosphate solution and the results obtained were consistent with those of (Nithyanantham et al 2002) to attain the Ca/P molar ratio in stiochiometric HAP.

During ageing of the precipitates at least two changes occur, the smaller particles with greater solubility pass into solution and deposited on larger particles minimizing co-precipitation. 

3.1.5 Influence of sintering temperatures:
      Because HAP has a complex crystal structure (Ca10(PO4)6(OH)2, P63/m), it is sensitive to nonstoichiometry and impurities during synthesis, calcinations, and sintering. As a result, conventionally processed materials lack compositional purity and homogeneity. Their densification has typically required high temperatures, resulting in grain growth or decomposition into undesirable phases with poor mechanical and chemical stability. Sintering at temperatures lower than 900 oC resulted in the presence of traces of amorphous HAP, while temperatures above 900 oC changes in the stiochiometric Ca/P ratio was observed. 

      On varying the sintering time from 1–3 hours at 900 oC, no major changes were observed but more than time deviation in Ca/P ratio were observed. These changes could be due to the onset of dehydroxylation process (Gross and Brendt 2002 and Prashnant et al. 2005). Hence, it is preferable to choose low sintering temperatures and short sintering times so that the formation of secondary phases and dehydroxylation can be avoided.

3.2 characterization of HAP: 

3.2.1 XRD analysis:
      X-ray diffraction studies of the powder samples were carried out only for the samples which were supplemented by their chemical analysis of near stiochiometric HAP. Figure 1 shows the XRD patterns recorded for stiochiometric HAP sample. The peaks were indexed based on the JCPDS file card numbers for the various CaP phases that could exist in HAP (JCPDS file card no. 9-432) (Sorensen 1981).

      The XRD patterns of HAP sintered at 900 oC given in the above figures did not contain any peak other than those of HAP. The Ca/P ratio was measured as 1.6 ± 0.01, which is very close to the Ca/P stiochiometric ratio (1.67) of perfect HAP.

3.2.2 Morphological Studies: 
      The morphology of the HAP powders indicates that it is composed of spheroid and angular agglomerates with wider particle size distributions. The micrograph shows the presence of nearly spherical agglomerates of (3*10-9m) in diameter.

      The formation of a regular crystal structure was observed that could be grouped in crystal colonies of different morphologies. It is also possible to observe the presence of some sintered polyhedrons (pentagon dodecahedrons) stacks in the micrograph (Karlis and Christopher 2002).

      The HAP powders indicated as a single phase by XRD investigations had a pore free microstructure. Figure 2 showed the micrograph of HAP powder synthesized by wet chemical method.
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Fig 1: XRD pattern of HAP Prepared by (a) Ca(NO3)-(NH4)2HPO4 and (b) Ca(NO3)2- Na2HPO4  

[image: image2.png]



(a)

[image: image3.png]



(b)

Fig 2: SEM Micrographs of HAP Powder Prepared by (a) Ca(NO3)-(NH4)2HPO4 and (b) Ca(NO3)2- Na2HPO4 

3.2.3 In vitro and in vivo examination:
      To compare the in vivo tests with those obtained under in vitro conditions, the polarization curves were obtained using corrosion technique tests as per (ASTM G30, 1996) methods using a Solatron SI 1287 potentiostat/galvanostat devices) of the reference material type 316L SS under both conditions are presented in figure 5. 
      The cyclic polarization curves obtained using the electrode cell assembly showed good reproducibility under in vivo and in vitro experimental conditions. The pitting potential of in vivo experiment was about +120 mV on the anodic region as compared to the in vitro experiments, and the passivation potential also exhibited a shift of about + 100mV towards noble direction under in vivo condition.

      Many factors can be considered to explain the differences between in vivo and in vitro corrosion resistances. Amino compounds present under in vivo function as inhibitors [Arumugam 1998]. Further, when a foreign material is inserted into a living system, almost instantaneously, specific blood proteins, consisting mainly of fibrinogen, adsorb onto the solid surface. This pattern of initial protein adsorption is encountered on all types of foreign materials inserted into a living system. 
      Then, after continued adsorption of pertinacious components, the surface of the solid becomes covered by a ‘conditioning’ film of proteins. It is only after the build up of the protein film to about 200Å in thickness that other components participate in the adsorption process.
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Fig. 5: Cyclic Polarization Curve of Type 316L SS under In vitro and In vivo Conditions.

4. Conclusions:
      HAP powder obtained in nanostructure form (3*10-9 m) has been identified as potentially useful materials for a number of biomedical applications including scaffolds for tissue engineering and as carrier for non-viral gene delivery.

      From the results of present work we can conclude that the nature of the reagents, pH of solutions, ageing time and sintering temperatures influence the composition of the final product required (non resorbable HAP with exact biological Ca/P ratio 1.67), while traditional HAP and other nonstoichiometry CaP phases are resorbable when implanted in the human body. 
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ملخص


      الطريقة الكيماوية الرطبة استخدمت في تحضير مادة الهيدروكسي ابتايت�(HAP/ Ca10(PO4)6(OH)2) بمواصفات معتمدة بيولوجيا (Ca/P 1.67)، وقد تضمن البحث دراسة وافية حول أهمية الحصول على تلك النسبة. وهذه الطريقة تتضمن نظامين رئيسين للتحضير، النظام الأول يشمل إضافة محلول حامض الفسفوريك إلى محلول هيدروكسيد الكالسيوم، والنظام الثاني يشمل إضافة محلول فوسفات الأمونيوم إلى محلول نترات الكالسيوم. 


      يجب السيطرة بمنتهى الدقة على المتغيرات التي تؤثر على تحضير هذه المادة وهى (الدالة الحامضية، ودرجة حرارة التفاعل، ومراحل عملية الإنضاج، ودرجة حرارة التلبيد ومعدل سرعة نزول قطرة المحلول الحامضى( والتي لها تأثير كبير على شكل وحجم البلورة اللذان يقومان بدور مهم في التركيب الدقيق للمركب الذي يشترط أن يكون خاليا من الأطوار الأخرى المحتملة الحدوث خلال عملية التحضير.


      أثبتت الفحوصات الطورية والصور المجهرية والدراسات المختبرية (in vitro & in vivo) للمركب المحضر فعاليته للاستخدام الطبي والبايولوجي.


Abstract


      Wet chemical method is the preferred process for preparation of Hydroxyapatite (HAP), which refers to the reproducibility of the synthesis of stiochiometric HAP with biological Ca/P ratio of 1.67. The parameters required for the preparation was carried out in two systems, system I consist of addition of H3PO4 to a suspension of Ca(OH)2 and system II consists the addition of (NH4)2HPO4 to Ca(NO3)2.


      The effect of intrinsic factors like pH, reaction temperature, ageing, digestion time and sintering temperature on the synthesis of HAP were studied and the powders were





characterized by (in vitro & in vivo) analytical and spectral techniques. The study is indicating the formation of crystalline HAP with no major decomposition peaks and absence of impurity phases, with close control of the all process parameters.


Key words; Hydroxyapatite (HAP); Bioceramic; Biocompatibility.
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