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ABSTRACT
The main objective of this study was to develop a method to prepare polydimethylsiloxane (PDMS) / calcium phosphates composites by using the biomimetic technique. This process involved the precipitation of calcium phosphate particles within the PDMS matrix during the composite fabrication. The chemical composition of the filler phase was studied by means of X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDS). Scattering electron microscopy (SEM) micrographs showed tiny particles (200 nm) of calcium phosphate evenly distributed and dispersed on the composite surface. The influence of the filler phase on the composite static contact angle and roughness was investigated Results from the static contact angle assays indicated a reduction in the PDMS hydrofobicity and an improvement in the roughness (Ra), once compared to the unfilled PDMS.   
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INTRODUCTION 

Silicone rubber (SR) has been widely used in clinic as implant for a long time. It is well known that SR is of good biocompatibility and physiological inertness. Its well workable property promises a great convenience in clinical applications. However, SR is not able to link organically with tissues owing to its inertness. In some cases inflammation and foreign-body reaction occur after the implantation.(1) In recent years, a number of studies have focused on improving the mechanical, physicochemical and biological properties of polymers such as SR. The resulting SR/HAp composite can be viewed as representing a new class of nanostructured biomaterial. The composite has the potential to exhibit excellent physical and biological properties, with the SR providing the desired fine mechanical properties and HAp acting synergistically to promote bioactivity. (2)
A new development in biomaterials is the biomimetic synthesis of calcium phosphate in polymer matrices to produce composites that can initiate osteogenesis when implanted in bony sites.(3) This method for introducing reinforcing particles has a number of advantages over the conventional approach in which separately-prepared filler particles are blended, with difficulty, into the uncross-linked elastomer before its vulcanization.(4,5) The main objective of this study was to develop a method to prepare polydimethylsiloxane(PDMS)/calcium phosphates composites by using the biomimetic technique.

MATERIALS AND METHODS

In order to produce the PDMS/calcium phosphates composite, 10 - 30 %(v/v) of Ca(OH)2 (95% Synth) was incorporated to PDMS matrix (NE-140, Wenda Co.) in a open two-roll mixer. After mixing, H3PO4 was added to obtain a Ca/P ratio of 1/1, the system was once again mixed. 0.8 %(wt/wt) of the cross-linking agent, dicumile peroxide (98% Aldrich) was added to the system. The pH values of an aqueous solution containing 0.5 g of the composites were registered. Then, the composite were placed in metallic molds and pressed in order to obtain 3 mm thick samples and was cross-linked at 185 °C for 35 min.         

      
The phase composition of the obtained composite was characterized by X-ray diffraction (XRD) (Phillips X'Pert MPD, Kα = 1.5418 Å) and its surface and fracture morphology was studied by scanning electron microscopy (SEM) (JEOL JSM 5800) coupled with an energy disperse spectroscopy (EDS) equipment. In order to evaluate the filler influence on the PDMS surface energy, static contact angles were measured using water as liquid. The reported angles consist of an average of 7 independent measurements, which were performed at room temperature using the sessile drop method. The values ​​of surface free energy were obtained by Neumann’s method. (8) The contact angle measurements were made using the ImageJ software. The surface roughness (Ra) of the composite was assessed using a surface roughness measurer (Mitutoyo SJ-400) following the ASTM D2240 standard, the reported values consist of 5 independent measures maid at room temperature.    

RESULTS AND DISCUSSION 

DRX difractograms of the PDMS/20%(v/v)Ca(OH)2 composite, corresponding to the elaboration process, are shown in Figure 1. Difractogram Figure 1(a) is related to the elastomeric matrix filled with Ca(OH)2 (JCPDS 01-076-0570) before the cross-linking; Figure 1(b) corresponds to the addition of H3PO4, which led to the precipitation of dibasic calcium phosphate dihydrate (DCPD) (JCPDS 02-0085) with some residual Ca(OH)2, this reaction could be express as follows;
Ca(OH)2(sol) + H3PO4(aq) ( CaHPO4.2H2O(sol) (DCPD) + Ca(OH)2’(sol)                           (A) 
As shown in difractogram Figure 1(c), after the composite cross-linking at 185 °C, DCPD dehydrated leading to the precipitation of dibasic calcium phosphate anhydrous (DCPA) with some residual Ca(OH)2, such reaction could be represented as follows;      
CaHPO4.2H2O(sol) (DCPD) + Ca(OH)2’(sol)  ( CaHPO4(sol) (DCPA) + Ca(OH)2’(sol) + 2H2O(gas)     (B)                                                                      
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Figure 1. XDR difractograms obtained during the elaboration process of the PDMS/20%(v/v)Ca(OH)2 composite. (a) incorporation of Ca(OH)2 to the elastomeric matrix, (b) addition of H3PO4 and precipitation of dibasic calcium phosphate dihydrate (DCPD) with remaining Ca(OH)2, (c) composite after cross-linking, showing dibasic calcium phosphate anhydrous (DCPA) with remaining Ca(OH)2.     

Figure 2 shows SEM fracture micrographs of the PDMS/20%(v/v)Ca(OH)2 composite before the cross-linking, whilst Figure 3 shows SEM fracture micrographs of the PDMS/20%(v/v)Ca(OH)2 cross-linked composite after the addition of H3PO4. In both cases, EDS chemical analysis spectra are also shown. In the case of the cross-linked composite, values of the Ca/P ratio are indicated in Figure 3(d).              
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Figure 2. (a) SEM fracture surface micrograph of PDMS filled with 20 %(v/v) Ca(OH)2, (b) punctual analysis spectra and surface analysis spectra of PDMS, corresponding to the (c) Ca and (d) Si elements. 
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Figure 3. (a) SEM fracture surface micrograph of the PDMS/20%(v/v)Ca(OH)2 composite, after the incorporation of H3PO4, (b) punctual analysis spectra and surface analysis spectra of the composite, corresponding to the (c) Ca, (d) P and (e) Si elements. 

Figure 2(a) shows that the dispersion and distribution state of Ca(OH)2 particles was homogeneous in the elastomeric matrix; at the same time as Figure 3(a) shows that the dispersion and distribution state of the precipitated DCPA particles was as well homogeneous. Figure 3(d) shows Ca/P ratio values of the calcium phosphate phase, this values were slightly greater that the Ca/P ratio corresponding to pure DCPA    (Ca/P = 1,0). As observed in difractogram Figure 1(c), there is certain amount of residual Ca(OH)2 along with the precipitated DCPA. Such difference between the Ca/P ratio values could be due to the remaining Ca(OH)2 presented in the particles surface, leading to a increase in the Ca/P ratio, in that particular position. In order to promote the complete transformation of Ca(OH)2 into DCPA, during the composite elaboration process, 0.94 mol/g of a aqueous NaOH (5 M) solution was added to composite, this with the purpose of solubilizing the remaining Ca(OH)2 to allow its transformation into DCPA. 

Figure 4 shows the difractograms of the composites treated with the NaOH solution, Table 1 presents the pH values of those composites. It was possible to indentify the phase DCPA, peaks corresponding to Ca(OH)2 were not detected, due to its complete solubilization and transformation into DCPA. 
In difractogram Figure 4(e), corresponding to the PDMS/30%(v/v)Ca(OH)2 composite, the main peaks related to hydroxyapatite (JCPDS 9-0432) were detected. According to Table 1, only this sample reached the necessary pH value to precipitate this phase. Meanwhile, all the pH values were in the recommended range for implantable materials. (6)
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Figure 4. XDR difractograms of the PDMS/Ca(OH)2 composites treated with a NaOH solution, obtained with (a) 10 %, (b) 15 %, (c) 20 %, (d) 25 % and (e) 30 %(v/v) of Ca(OH)2.   

Table 1. pH values of the composites treated with the NaOH solution. 
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PDMS/10 %(v/v) Ca(OH)2
PDMS/15 %(v/v) Ca(OH)2
PDMS/20 %(v/v) Ca(OH)2
PDMS/25 %(v/v) Ca(OH)2
PDMS/30 % (v/v) Ca(OH),

6,94 £ 0,03
7,49 £ 0,05
7,88 £ 0,26
7,79 £ 0,04
8,04 £0,03





Figure 5 shows static contact angle values of the composite. Based on this results it is possible to elucidate that the filler incorporation led to lower contact angle values in the composites, once compared to pure silicone. Pure silicone presented a static contact angle of 115,71º ± 0,90, whilst the PDMS/30%(v/v)Ca(OH)2 composite showed a static contact angle of 100,60º ± 2,30, which represents a 15,02 % ± 0,16 reduction.            
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Figure 5. Static contact angle values of the PDMS/Ca(OH)2 composites.    

The calculated surface energy values from the static contact angle measurements are presented in Figure 6. As result from those measurements, only the composites PDMS/25-30%(v/v)Ca(OH)2 were influenced by the fillers introduction. The addition of such Ca(OH)2 volume fractions led to lower surface energy values in the composite, once compare to pure silicone. 
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Figure 6. Surface energy values of the PDMS/Ca(OH)2 composites.         
CONCLUSIONS  

A new method was developed to elaborate PDMS/calcium phosphates composites by using the biomimetic technique. This method produced well dispersed and distributed DCPD nanometric particles within the PDMS matrix. The residual Ca(OH)2 has transformed into DCPD by the addition of a suitable volume of NaOH solution during the composite processing. This process led to composites with pH values within the recommended range for implantable materials. The introduction of the fillers led to lower values of cross-linking energy to the PDMS and to lower values of static contact angle, and subsequently to higher values of surface energy. Higher values of surface roughness also were achieved.       
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