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Abstract

Nano sized calcium deficient apatite (CDA) micelles were synthesized through microwave assisted wet precipitation technique. Cetyltrimethylammonium bromide (CTAB) was employed as surface template to furnish the CDA particles with tailored size and shape.  As-precipitated CDA was heat treated to observe the effect of heat treatment temperature on the interatomic rearrangement of entities within the apatite lattice. This transformation is responsible for conversion of CDA to β-tricalcium phosphate (β-TCP) at specific temperature. The phase purity, particles size, morphology and transformation kinetics were analyzed using X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA). In-vitro studies were performed on β-TCP with three cell lines: osteoblasts, HeLa, and SF 767. The results showed that nano-sized particles were successfully synthesized in short time. The cells had appreciable proliferation/attachment on the surface of these nano particles. It is concluded that the microwave irradiated synthesized β-TCP has good capacity in terms of biocompatibility and has the potential to be used in hard tissue regeneration applications.
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1- Introduction
Calcium phosphate (CP) family is known for hard tissue (enamel, dentin and bone) replacement and regeneration due to its similarity to the biological apatite [1-2]. Hydroxyapatite [HA, Ca10(PO4)6(OH)2], tri-calcium phosphate [TCP, Ca3(PO4)2] and tetra calcium phosphate [TTCP, Ca4P2O9] are well known calcium phosphates [3]. Over the last few decades, CPs have been used for bone regeneration, dental restorations, maxillofacial implants and scaffolds for tissue engineering are examples of biomedical applications [4-5]. The difference in biological performance of different calcium phosphates is attributed to the difference in their stoichiometry. Hydroxyapatite (HA) with calcium to phosphate (Ca/P) molar ratio 1.67 is calcium enriched apatite that shows stability in physiological fluids. However, bone mineral is essentially calcium deficient apatite (CDA) with Ca/P molar ratio 1.5 which is stoichiometrically identical to TCP and structurally to HA [6]. CDA generally has higher surface area as compared to HA hence it facilitates improved bioactivity for the formation of apatite layer on its surface [7].
Several techniques are in practice for the synthesis of calcium phosphate apatites such as wet precipitation [8], solid state synthesis [9], sol-gel synthesis [10] and hydrothermal techniques [11]. However these techniques have certain limitations e.g. wet precipitation requires prolonged reaction times while hydrothermal and sol-gel require expensive chemicals. Microwave assisted synthesis approach (both solid and wet) has been recently used for the preparation of wide range of materials (composites, polymers and ceramics) [12]. The technique furnishes the product in much shorter time with high purity. Synthesis of nano-structured CP by microwave assisted wet precipitation has been reported in literature [13-14]. However previous studies [13, 15] related to microwave assisted synthesis suggested a longer exposure time which is a waste of useful energy. 
Synthesis of surface-modified nano-structured ceramics using different surfactants has also been reported. Sodium sulfide (Na2S) has been used for the synthesis of nano-structured wires/rods of silver [16]. Similarly pyridine and Cetyltrimethylammonium bromide (CTAB) has been used for tailoring the structure of ZnO and Bi2S3respectively [17-18]. Various surfactants such as mixed poly(oxyethylene)nonyl phenol ether (NP5) , poly(oxyethylene)nonyl phenol ether (NP9) [19] and micro-emulsion environments facilitated by W/O (water in oil) [20] have been used for synthesis of apatites. CTAB, anionic surfactant with anti-bacterial properties, has been found to stimulate the nano structure of different materials [18, 21]. This is due to the fact that CTAB has been known to produce stable atomic clusters with tailorable microstructures depending upon the experimental parameters [21].
Satisfactory cytotoxicity and biocompatibility of synthetic HA and TCP has been frequently reported in literature [22-24]. The biocompatibility and their tissue response depend on the certain factors i.e. chemical composition, surface texture, shape, and size. It is difficult to analyze the in-vivo response of biomaterials because numerous cells are involved during this process therefore; in-vitro methods are useful in evaluating cell interactions with biomaterials. Therefore the aim of this study was to optimize the condition of synthesizing CDA in shortest possible time while using surfactants and to elucidate the interaction of these apatites with various types of cells. 
2-Materials and Methods

Analytical grade calcium nitrate (Ca(NO3)2.4H2O) (UniChem,Pak) and diammonium hydrogen phosphate ((NH4)2HPO4) (AppliChem, Germany) were used as precursors for the synthesis of CDA. 1M (Ca(NO3)2.4H2O) and 0.6M (NH4)2HPO4) solutions were prepared in water and ethanol respectively with initial Ca/P molar ratio of 1.5. CTAB (5% of theoretical yield of CDA) was added as surfactant to phosphorous precursor and pH of both solutions was maintained at 9 by adding ammonium hydroxide (BDH, UK). [(NH4)2HPO4] solution was added drop wise to [(Ca(NO3)2.4H2O] solution at a dropping rate of 2ml.min-1. The reaction mixture was then stirred for 30min (pH maintained at 9) before refluxing in a domestic microwave oven (Samsung MW101P) at1000W for 3min. After microwave irradiation the resulting reaction mixture was filtered, washed with distilled water and aged in drying oven at 800C for 22hours. The resulting powder was heat treated at 400, 600, 800 and 1000°C for 1h (ramp rate≈100C.min-1) and cooled down to room temperature (ramp rate≈300C.min-1). Resulting products were isolated and characterized by using Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA), and Scanning Electron Microscope (SEM). The biocompatibility of the samples was characterized by cell-culturing.
2.1- Samples Preparation:
Five discs of TCP HT 10000C were pressed into cylindrical discs (5x2mm) by using hydraulic press (650Psi, 10 seconds) stainless steel die (5mm dia). These samples were utilized for dissolution studies after sterilizing by autoclaving.

2.2- Characterization:

2.2.1- Fourier Transform Infrared Spectroscopy (FTIR):
Characteristic functional groups were identified using Fourier Transform Infrared (FTIR, Nicolet 6700, USA) Spectroscopy. Photoacoustic cell was used as detector. Spectra were collected over the region 4000–400cm-1 at resolution of 4cm-1 averaging 256 scans. 

2.2.2- X-ray Diffraction (XRD):

X-ray diffraction (XRD) technique was used to evaluate phase transformation in CDA. Analysis was carried out on diffractometer system PERT-PRO using Goniometer geometry (PW3050/60) at room temperature with Cu K-α radiation. XRD pattern was recorded continuously with 2Ө from 20o to 80owith a step size of 0.02o.

2.2.3- Thermogravimetric Analysis (TGA):

Thermogravimetric analysis (TGA) was performed on QEX-600 using platinum pan as reference material. Analysis was carried out between 20°-1200°C at the rate of 200C.min-1 under inert nitrogen environment.

2.2.4- Scanning Electron Microscopy (SEM):
Powder morphology and particle size was investigated by Scanning Electron Microscope (JEOL JSM6490A, Japan) at a voltage of 20V. Samples were gold coated in a vacuum (thickness≈250Ao) using JFC 1500 Ion sputtering device. Images were taken in the magnification range from 25X to 50X operated at accelerated voltage of 20KV. 
2.2.5- Cell Culturing:


2.2.5.1- Osteoblast cells:

Ethical permission was taken from Institutional ethical committee prior to testing. For the isolation of osteoblast [fetal calvarial cells (FCCs)] 18th day pregnant mice was sacrificed by cervical dislocation. Mouse was dissected and uterus was isolated. The fetus was isolated into petri dish and washed several times with PBS. Head region was separated and brain was extracted. The calvarial region was washed and finally cut it into small pieces to dissociate the cells. Dulbecco's modified eagle medium (DMEM) was added and the cells were re-suspended by passing them through a needle (5cc syringe) several times. When cells were dissociated from each other, cells were spun at 1800 rpm for 5 min in a centrifuge (Eppendorf 5415R-Germany). The pellet was suspended in complete medium and the numbers of cells were counted by hemocytometer (Neubauer, Germany). The cells were added in culture flask and incubated at 37oC with 5% in CO2 in humid environment (Memmert-Germany). 
In this procedure, 3x104 FCCs were added in each well of 12 well plate (NUNC) followed by addition of experimental samples respectively in 1ml complete medium. Cells were allowed to grow for 3 days at 37oC with 5% CO2 in a humidified environment and digital images were taken. Cells were also stained by trypan blue and images of cells were taken by inverted microscope (Olympus IX51-USA). In addition cells were trypsinized and counted the number of control (polystyrene well plate) and experimental samples (β-TCP) treated cells after 3 and 7 days of growth were counted. All the experiments were done in triplicates.
2.2.5.2- HeLa and SF767 Cells:

In this study, 3x104 HeLa cells were added in 12 well plate (NUNC) containing 1ml medium Dulbecco's modified eagle medium (DMEM containing glutamine, 10% fetal bovine serum (FBS), 100 µg/ml penicillin, and 100 µg/ml streptomycin). Five sterilized discs of TCP were added to the well immediately and the wells were labeled accordingly. Similarly 3x104 SF767 cells were added in 12 well plate in 1ml medium and sterile discs were added and labeled. The cells were incubated at 37oC with 5% CO2 in humidified environment for 7 days with medium change after 3 days. After 7 days of incubation, images of cells were taken (bright field microscopy, Olympus IX51-USA). Cells were stained with trypan blue and crystal violet and images were taken respectively. In addition total number of cells was counted on control (polystyrene well plate) and experimental samples (β-TCP) containing wells by hemocytomter. All the experiments were done in triplicates.

3- Results 
3.1- Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of as-precipitated CDA and heat treated samples at 4000C, 6000C, 8000C and 10000C are shown in Fig 1(a-e respectively). In as-precipitated spectrum the broad band in the range 3100-3400cm-1and at 1640cm-1 were corresponded to adsorbed water. Peaks at 1455cm-1 and 1402cm-1 were assigned to adsorbed CO3-2 ions on the surface. In addition, presence of CDA was confirmed by the characteristic phosphate bands at 1100, 1031, 875, 600-550 and 470cm-1. Peaks at 1100 and 1031cm-1 were assigned to triply degenerated (υ3) asymmetric stretching mode of P—O bond. The 875cm−1 band indicated non-degenerated (υl) P–O symmetric stretching mode. Peaks at 602 and 564cm−1 revealed presence of triply degenerated (υ4) bending mode of P—O—P bond. The broader phosphate bands around 1031and 564cm−1 (υ3 and υ4 respectively) indicated amorphous nature of as-synthesized CDA. It was observed that in heat treated samples peaks at 1100 and 1031cm−1 substantially became well defined as temperature increased from 400 to 1000°C. New peak appeared at 960cm-1 in heat treated sample at 6000C which was assigned to the non-degenerated (υl) P–O symmetric stretching mode. Similarly, the peak at 602cm-1 showed an increase in peak height due to increase in crystallinity, however, the neighboring peak at 564cm-1 did not show any change. Increase in temperature beyond 8000C did not show any significant phase transformation, however, there was a slight increase in crystallinity when heat treated at 800-10000C. It clearly showed that transformation of CDA to β-TCP was completed up to 8000C.
3.2- X-ray Diffraction (XRD)
Crystallographic identification of the phases of the synthesized CDA and heat treated samples at 400°C, 600°C 800°C and 1000°C are given in Fig 2. The phases were identified by comparing the experimental XRD patterns to standards compiled by the Joint Committee on Powder Diffraction Standards (ICDD) using card numbers: 46-0905 for CDHA, 09-0169 and 70-2065 for β-TCP [2]. The broad peaks in the XRD pattren of as-synthesized CDA at 26.03 (002) and 32.15 (211) indicated amorphous nature of apatite.The change in the pattren of CDA upto 600°C was not significant, however, peaks at 26.03 (002) and 32.15 (211) were broadened slightly at 600°C as compared to that of 4000C. This was due to burn out of CTAB which eliminated around 500°C [22]. At 800°C, peaks shape changed from broad to narrow. Sharp and well defined peaks at 26.03 (002), 32.15 (211) and 32.48(112) showed the behavior of increase in crystallite size and crystallinity. New peaks appeared at 27.84 (210), 34.40 (220) and 29.77 (300) which indicated transformation of CDA to β-TCP. This result is in complete agreement with FTIR results which also showed change in this range of temperature. No further change in β-TCP structure up to 10000C was observed. No impurities were found in the XRD patterns.
3.3- Thermogravimetric analysis (TGA)
Temperature-weight loss profiles (TGA graphs) of as-precipitated CDA and heat treated samples at 400°C, 600°C 800°C and 1000°C are shown in Fig 3. As-precipitated CDA showed weight loss of almost 30% in this temperature range. Significant weight loss was observed up to 270°C. During the experimental reaction ammonium nitrate (NH4NO3) was obtained as by-product. Removal of NH4NO3 (M.P≈1700C) may partly contribute to the weight loss up to 2000C. Weight loss observed between 200-2800C was due the removal of physical adsorbed water. The gradual weight loss in the temperature range 300-7500C was due to the slow decomposition of the CDA into β-TCP given by following equation:

Ca9HPO4(PO4)5OH   3Ca3(PO4)2+ H2O
In addition, weight loss in this temperature range might be due to the elimination of CTAB at 5000C. The powder heat treated at 4000C showed almost 10% weight loss. This weight loss represented the removal of chemically combined water as well as trace amounts of physically combined water and CTAB. As the powder was heat treated at higher temperature (4000C-6000C) amount of weight loss was reduced to less than 3% (due to the moisture removal). No weight loss was observed in the heat treated powder (8000C and 10000C) up to 12000C which confirmed their thermal stability. 
3.4- Scanning Electron Microscopy (SEM)
SEM micrographs of as precipitated CDA, heat treated CDA at 400°C,600°C,800°C and 1000°C are shown in Fig. 4 respectively. The morphological pattern showed that particle size was in 20-50nm range. The individual particles tended to agglomerate and sinter when temperature was raised to 800°C and degree of agglomeration was further increased at 10000C. The increase in temperature provides the driving force for particulate coalescence. In addition, the particle morphology is spherical which is highly desirable in bioactive dental fillers.
3.5- Cell Culturing
3.5.1- Osteoblast cells (FCCs)

There was no apparent change in morphology of control and TCP treated cells (Black spot in the images are contents of TCP), there was no change in morphology of cells even which were in direct contact with TCP which indicated that material was not toxic for cells. The cell proliferation results on day 7 showed that there was continuous growth of cells on all experimental samples and significant difference was observed (p≤0.05), however, the growth rate was higher for control [75,000 (S.D±4242.65)] as compared to TCP samples [58,000 (S.D±2000)]. After staining the cells with trypan blue, no darkly stained blue cells were observed in control and TCP treated cells. This clearly indicated that there was no death in TCP treated osteoblasts. From the results it appeared that for the initial few days cells adopted to grow in the presence of TCP and later they started proliferation (Fig 5b-c).

3.5.2- HeLa Cells
All samples (control and TCP samples) contained equal number of cells on day 0 (30,000/ well) for each group of cells. The cell proliferation results for HeLa cells after 7 days showed that there was continuous growth of cells in all experimental samples. The growth pattern of cells were statistically significant (p≤0.05), however the cell count was slightly higher for TCP samples [360,000 (S.D±3000) than control samples 345,000 (S.D±7071). Morphological images were taken of these cells for 7 days are shown in Fig 6. Cells were colonized and the findings corresponded to continuous proliferation. When cells were stained with trypan blue after 7 days in culture both experimental and control samples, it was observed that for control group there was not a single cells stained blue whereas, 19 (TCP) cells/ observed area (insignificant) were stained blue which indicated some level of death in cells which were grown in the presence of TCP (Fig 6b-c).
3.5.3- SF-767 Cells
Cell count for both control and TCP samples was the same as for HeLa cells on day 0 (30,000). The cell proliferation results showed that there was continuous growth of cells after 7 days however insignificant difference was observed between control [236,000 (S.D±5657)] and TCP [210,000 (S.D±2000)]. The morphological pattern (Fig 7a) of all these samples was same that showed the colony formation and attributed to continuous proliferation. When cells were stained with trypan blue after 7 days in culture both and TCP samples, it was observed that for control groups, there was not a single cells stained blue  whereas, 5 (TCP) cells/ observed area (insignificant) were stained blue which indicated some level of death in cells which were grown in the presence of β-TCP (Fig 7 b-c). 
4- Discussion

β-TCP is a promising candidate of calcium phosphate group which has capacity to be used in preventive and restorative dentistry [5]. Such clinical applications require certain sophisticated features in dental materials such as guided regeneration of tooth tissue needs a material with superior degradability (higher surface area) to assist the osteogenesis process. In present study, we have successfully extended our microwave assisted approach to synthesize nano-scale TCP using CTAB as surfactant. As-precipitated CDA is essentially amorphous in nature.  Although it has the high surface area, it is not suitable for the final application. Therefore, the purpose of heat treatment (400oC -1000oC) was to study the CDA to β-TCP transformation. As the temperature of heat treatment increases, atoms within a crystal rearrange themselves and crystallinity improves. However, expose surface area is decreased due to closer packing of atoms. Conversion of CDA to β-TCP in the range 600oC -700oC was clearly verified by FTIR, XRD and TGA. Further increase in temperature beyond 800oC resulted in oversize particles (agglomeration) as it seen in the SEM images. Hence it is concluded that transformation to β-TCP is complete at 700oC and there is no need for higher temperature treatment.
Nanoscale β-TCP was synthesized via microwave assisted technique where the spherical morphology was induced using nonionic surfactant CTAB. CTAB is thought as to evolve micelle in the reaction mixture which acts as potential sites for the nucleation of nano structures [21]. Spherical morphology is desired for a number of reasons. Firstly, spherical particles have large surface areas for superior binding properties with other materials. Secondly, they exhibit better mechanical properties due to greater chance of close packing of individual particles. The results of the present study show that the nano structure of β-TCP enables more attachment and proliferation of cells thus becoming more biocompatible. This may be due to the nanostructures could provide denser surface, thus higher surface energy to promote initial attachment and spreading of cells [24]. The nanostructures also have enhanced interfacial adhesion to cells and high surface area per volume for cell growth, which might result in increased cellular adherence and proliferation [25]. As discussed earlier, CTAB can assist the formation of spherical nanoparticles.  However CTAB is known to burnout at 500oC, therefore it does not seem to have any effect on the cell proliferation /attachment because in the present study, the cell experiments were performed on the β-TCP that was heat treated at 1000oC. 
Osteoblasts HeLa, and SF767 are the three cell lines used in cell culturing studies. HeLa and SF767 are extensively studied cell lines in cancer and other clinical research. β-TCP showed promising results with these cell lines with respect to cell proliferation. In addition, no cell deaths were observed which implies that the material is not toxic for cells. Hence it is concluded that β-TCP has the potential to be used in clinical applications where tissue regeneration/replacement is a vital requirement.
5- Conclusion
Spherical nanoparticles of CDA were successfully synthesized via microwave irradiation method in shortest period time. The particles showed their conversion to β-TCP at 700oCCell cytotoxicity analysis confirms this material to be biocompatible.
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Figure Captions:
Fig 1 FTIR spectra of (a)As precipitated, [Calcium deficient Apaptite: (b) HT400°C, (c) HT600°C, (d) HT800°C, and (e) HT1000°C]

Fig 2 XRD pattern of (a) As precipitated, [Calcium deficient hydroxyapatite (b) HT4000C, (c) HT6000C, (d) HT8000C, and (e) HT10000C] 
Fig 3 TGA graphs of (a) As-precipitated (b) 4000C, (c) 6000C, (d) 8000C, and (e) 10000C showing weight loss behavior up to 12000C 

Fig 4 Scanning Electron Micrographs of (a) As-precipitated CDHA, (b) HT400°C, (c) HT600°C, (d) HT800°C, and (e) HT1000°C

Fig 5 (a) Images of FCCs after trypan blue staining (b) Bright field images of FCCs after 7 days of growth of control and biomaterial treated cells (c) Images of FCCs after trypan blue staining after 7 days of culture
Fig 6 (a) Bright field images of HeLa cells taken after 7 days of growth; (b) Images of HeLa cells after Crystal Violet Staining (C.V); (c) Images of cells after trypan blue staining

Fig 7 (a) Bright field images of SF767 cells taken after 7 days of growth (b) Images of SF767 cells after Crystal Violet Staining (C.V); (c) Images of SF767 cells after trypan blue staining
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