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            Abstract
          
        

        
          This study assessed the antifungal effect of modified denture acrylic resin containing Au, Pt and Ag nanoparticles (NPs) respectively and evaluated their physical aspects to produce a antimicrobial nanocomposite material. Each colloidal NPs suspension was preliminary combined to the denture powder in different doses (0, 10, 50, 100 and 200 ppm) then mixed with monomer. The antifungal (C. albicans) effect was assessed using a fluorescence activated cell sorting, thermal analysis and color stability test were conducted to characterize those nanocomposites. As compared to control (0 ppm), the significant reductions of viable cell adherence on the nanocomposite were shown at the dose of 200 ppm in all NPs and 100 ppm in AgNPs. Addition of NPs to PMMA resulted in successful co-polymerization phase with stable thermal property, however, lack of color stability should be improved. 
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      INTRODUCTION
      PMMA (Polymethyl methacrylate) - based resins are widely used as dental materials  especially in denture base. However, denture seated in the oral cavity inevitably leads to changes in environmental conditions, compromising the mechanical cleansing effect of salivary flow and encouraging formation of biofilms on both prosthetics and adjacent mucosa (Yildirim et al., 2005). Chronic denture stomatitis is a representative pathogenic condition of the denture-bearing mucosa and one of its major etiologic factors is the yeasts, usually Candida albicans (C. albicans) on the fitting surface of the denture (Vanden Abbeele et al., 2008). Fungal adherence to inert polymer such as PMMA is regarded to be an essential prerequisite for colonization (Klotz et al., 1985), roughness and voids of denture surface could accelerate initial adhesion as well. Despite the use of antifungal drugs to treat denture stomatitis, infection is often persistent or resistant  (Chandra et al., 2001). Recently, induction of antimicrobial action in dental materials has been a huge concern and denture acrylic that can strongly resist microbial adhesion is highly requested (Saito et al., 1997), but it has not been available in market yet. 

      Nanoparticles (NPs), under 100 nm in size, have been studied widely due to their unique physico-chemical characteristics with higher catalytic and antimicrobial activity compared to bulk metal (Park et al., 2011). Particularly, noble nano-sized metals such as gold nano-particles (AuNPs), platinum nanoparticles (PtNPs) and silver nanoparticles (AgNPs) have elicited lots of interest for biomedical applications because of their ease of synthesis, surface functionalization and toxic effects to bacteria and fungi (Chwalibog et al., 2010). The biocidal actions of these NPs were reported as they interact directly with various microbes (Panácek et al., 2009; Sawosz et al., 2010) and they are exploring as an alternative antimicrobial agent (Sondi & Salopek-Sondi, 2004; Lima et al., 2013). 

      Nanocomposites (NC) are defined as the materials whose major component is a polymer and the minor one must have a single dimension below 100 nm. NC have become an active field of study because of large property changes with very small addition of nanofiller less than 5.0 weight % (Motaung et al., 2012). Polymeric materials such as PMMA denture acrylic offers superior macroscopic properties and is readily processible, it could be an excellent candidate for the formulation of NC based on the inclusion of NPs. Metal-PMMA NC, a typical example of using metal NPs as additives in polymer matrix, was reported to improve the mechanical properties of polymers or antibacterial activity (Sodagar et al., 2012; Boomi et al., 2013). Studies for dental polymers containing NPs have focused on Ag exclusively (Ahn et al., 2009; Wady et al., 2012; Monteiro et al., 2012), though warning for Ag, a concentration-dependent toxicity, necrosis or apoptosis has been demonstrated (Braydich-Stolle et al., 2005), challenging the experiment for another noble metal NPs such as Au or Pt may be needed. 

      The biocidal activity of Au, Pt and Ag NPs against various bacteria or fungi were known, but few information of efficacy after their incorporation to denture polymer has been reported yet, moreover, NPs could act as impurities which change the physical properties in polymers (Davies & Rawlings, 1999) along with varied chemical interaction between the C=O groups or color stability related with metal particles. 

      The present study comparatively evaluated the antifungal activity of nanocomposite, a modified denture acrylic impregnated by NPs of Au, Pt and Ag in vitro, then simultaneously assessed the thermal analysis and color stability for mechanical characters meeting those specified for denture bases in clinical situation.

    

    

  
    
      MATERIALS AND METHODS
      
        1. Preparation of nanoparticles
        NPs of Au, Pt and Ag were synthesized by chemical reduction method as follows (Figure 1). Each NPs was prepared by mixing the following two solutions in a homomixer (Homomixer Mark II, Tokushu Kika Kogyo Co., Japan). Solution 1 (250 mL) were  respectively prepared by dissolving 6.0 g of PVP (Polyvinyl Pyrrolidon) in a aqueous solution of hydrogen tetrachloroaurate (III) (1908 ppm) for AuNPs, chloroplatinic acid hydrate (1908 ppm) for PtNPs and silver nitrate (1908 ppm) for AgNPs . Solution 2 was prepared by dissolving sodium borohydride (0.02 g) in an aqueous solution (250 mL) of PVP (12.5 g). Then, solution 1 and 2 were rapidly mixed by homomixer and the mixture was homogenized at the same speed (3500 rpm) according to the formulation for 5 minutes. All chemical reagents were used without further purification and electron transmission micrograph (TEM; Hitachi H 7100, Tokyo, Japan) of each NPs showed spherically shaped particles under 10 nm in a size (Figure 2). 

        

        
          
          

          Figure 1. 
				
          

          
            Schematic diagram for preparation of noble metal (Au, Pt, Ag) nanoparticles and fabrication of nanocomposite sample.
          
          

          

        

        

        
          
          

          Figure 2. 
				
          

          
            TEM micrograph of AuNPs, PtNPs and AgNPs prepared in this study. Three NPs are shown as spherically shaped particles measuring under 10 nm in diameter (X 1000k).
          
          

          

        

      

      
        2. Fabrication of specimens; metal-nanocomposite   (Au-NC, Pt-NC, Ag-NC)
        A heat cured denture base acrylic resin (Vertex®, Vertex-Dental B.V., Netherlands) was used and the amounts of NPs loading to PMMA was controlled under 2.0 weight (wt) % maximally to secure the mechanical aspects. Colloidal AuNPs, PtNPs and AgNPs were preliminary combined with the pristine denture powder respectively at the concentrations of 10, 50, 100 and 200 ppm (0.1 ~ 2.0 wt %). Specimen without NPs incorporated (0 ppm) was used as control. Dehydrations of each combined powders were conducted through drying for 120 hours at room temperature and desiccated in an oven at 37 oC for 48 hours. NPs - combined Powders were mixed with resin monomer at designated P/L ratio (2.3 g : 0.95 g by weight %) and the dough-staged mixture was packed into a custom-made brass moulds with disk hole (20. 0 mm x 2.0 mm) then covered by two glass frames with 10 Kg static pressure. All of mixtures were cured following the manufacturer's instructions and trimmed. 260 specimens were fabricated and distributed to each groups (n = 20). They were immersed in sterilized distilled water for 30 days to leach excess residual monomer then cleaned ultrasonically in distilled water with ultrasonic device (Branson 2200; Branson, Danbury, CT, USA).

      

      
        3.Antifungal assay by fluorescence activated cell sorting (FACS) 
        C. albicans strain (KCTC 7965) was obtained as a stock culture and antifungal effect was evaluated through FACS with bacterial viability and counting kit (Molecular Probes, Oregon. USA). Prior to C. albicans contamination, NC samples (n = 10) were sterilized with ethylene oxide gas for 24 hours to ensure their initial sterility. To mimic the oral cavity, specimens were coated with synthetic saliva (Taliva, Hanlim Co., South Korea) for 1 hour before incubation with fungi. Fungal seed suspensions (1.0 volume %) to 1.5 mL medium were inoculated on specimens located in 12-well culture plate (Costa, Corning Co., New York, USA), then cultured for 24 hours at 37℃ incubator. Samples were centrifuged at 10,000 g for 3 minutes to pellet the cells followed by washing and sonication with PBS (Phosphate Buffered Saline). Cells were resuspended in 500 µL of PBS which contain 0.1 µL of 3.34 mM SYTO 9 nucleic acid stain (for live and dead fungal staining) and 0.1 µL of 30 mM propidium iodide (PI, for dead fungal-specific staining) and they were incubated for 15 minutes at room temperature protected from light. For the final step, added 1µL of the microsphere suspension to the stained cell sample as a reference standard for sample volume then mixed well and analyzed by flow cytometry analysis (Accuri Flow Cytometer, BD Biosciences, San Jose, USA). Live and dead fungal cells were calculated from either the fluorescence versus side scatter cytogram or the green fluorescence versus red fluorescence cytogram. To confirm the differentiation between live and dead fungi, fluorescent stained images were analyzed under fluorescent microscope (Olympus BX 51, Tokyo, Japan). 

      

      
        4. Thermal analysis
        To evaluate the physical property of denture acrylic influenced by incorporating NPs, thermogravimetric (TG) and differential scanning calorimetry (DSC) were carried out simultaneously using a TG-DTA 92 (Setaram, France) instrument with heating rate of 10°C min-1 from 30 to 600 °C under nitrogen atmosphere. Disc Samples were fabricated as described previously, NC samples with the highest NPs dose (200 ppm) and pristine denture acrylic sample (control; 0 ppm) were tested (n=5).

      

      
        5. Color measurement
        Color was measured on the surface of disc sample (20. 0 mm x 2.0 mm) at the time of 120 hours from the onset of curing process (n = 5) and measured as follows; they were made in 3 randomly selected areas by using colorimeter (Color-readerⓇ, Minolta CR-10, Japan) in reflectance mode against the white background of an opacity card. The color is expressed as L*, a* and b*, where L* denotes the lightness, a* denotes the red/green value and b* denotes the yellow/ blue value for measurement. The mean of 3 readings was recorded and the value of each specimen was calculated with the CIE LAB scale recommended by Commission Internationale de l'Eclairage (Polyzois et al,, 1997). Means were calculated for each evaluation and the total color change (ΔE*) of each NC was then calculated using the followed relationship:

        
          
        

      

      
        6. Statistical analysis 
        Data were analyzed by a one-way ANOVA with Tukey's HSD multiple comparison tests at the significance level of 0.01.

      

    

    

  
    
      RESULTS
      
        Antifungal effect of NC at 24 hour-incubation
        Effects were determined according to the viable cell counting from biofilms in retrieved suspensions then calculated as the percentage of the control (Table 1 & Figure 3). Most of attached fungal cells were viable while dead cells were detected less than 10 % from total attached cells (Table 1) presented by fluorescent signal specific to live and dead cells staining. When compared to control, all of NC groups with 200 ppm NPs loaded significantly reduced viable fungal adhesion by the rate of -61.0 ± 6.7 % in Ag-NC, -58.6 ± 8.7 % in Pt-NC and -56.6 ± 8.3 % in Au-NC respectively (p < 0.01) but there were no statistical differences among them (p > 0.01). Within 100 ppm NPs loaded group, Ag-NC solely exhibited significant anti-adherent effect by -45.4 ± 6.6 % as compared to control, but there were no statistical differences with Au-NC and Pt-NC (p > 0.01).

        

        
          Table 1. 
				
          

          
            Adherence of viable and dead fungal cell on the each NC group according to the different doses of NPs loading through FACS analysis
          
          

        

        
          
            	
Group (ppm)
            	Fungal counting [dead cell]
mean (sd)
            	Anti-adherent rate (%)
mean (sd)
          

          
            	Control
            	(0)
            	241 (48) [18 (6)]
            	Reference line
          

          
            	Au-NC
            	10
            	255 (55)a [16 (6)]
            	+5.8 (25.6)
          

          
            	50
            	198 (47)a [13 (5)]
            	-17.8(22.1)
          

          
            	100
            	167 (42)b,A [11 (6)]
            	-31.7 (19.3)
          

          
            	
              200
            
            	
              105 (25)c,B [4 (3)]
            
            	
              -56.6 (8.3)
            
          

          
            	Pt-NC
            	10
            	248 (49)a [16 (7)]
            	+2.9 (20.3)
          

          
            	50
            	246 (54)a [17 (6)]
            	+1.9 (20.5)
          

          
            	100
            	169 (27)b,A [9 (6)]
            	-17.9 (6.8)
          

          
            	
              200
            
            	
              99 (21)c,B [4 (4)]
            
            	
              -58.6 (8.7)
            
          

          
            	Ag-NC
            	10
            	252 (24)a [13 (8)]
            	+4.4 (9.6)
          

          
            	50
            	218 (62)a [10 (9)]
            	-10 (26.9)
          

          
            	
              100
            
            	
              132 (24)b,A [4 (6)]
            
            	
              -45.4 (6.6)
            
          

          
            	
              200
            
            	
              94 (16)c,B [3 (3)]
            
            	
              -61.0 (6.7)
            
          

        

        
          
            Bold letters mean statistically significance value to that of control (p < 0.01).
            The different lowercase letter means a significant difference within the groups and the different capital letter means a significant difference among the groups (p < 0.01).

          

        

        

        

        
          
          

          Figure 3. 
				
          

          
            Anti-adhesion effect (%) of NC against C. albicans. As compared with control (0 ppm), All NC groups above 200 ppm dose and AgNC 100 ppm loaded significantly reduced fungal adhesion (p<0.01). *means statistical difference from control (p < 0,01).
          
          

          

        

      

      
        Thermal stability
        Despite the adding of NPs, three NC exhibited similar thermograms to that of control at the experimental temperature range (Figure 4). TG curve of each NC sample showed closely overlapped to pristine PMMA with a sharp weight reduction observed from 350°C to 400°C (Figure 4a). The endothermic peaks at about 384.7°C in control referred to dissociation of polymeric materials. As compared to control, DSC curves for each NC also expressed similar aspects at heating range from 30°C to 600°C and DSC peaks of three NC indicated that the melting point have no significant variations (Figure 4b). 

        

        
          
          

          Figure 4. 
				
          

          
            A comparative TG/DSC curves of control and NC groups loading 200 ppm of NPs under nitrogen at 10°C /min. TG curves of NC samples showed closely similar aspect to that of control (Fig. 4a) with a sharp weight reduction observed from 350°C to 400°C. DSC curves of each NC samples (Fig. 4b) expressed similar thermogram from 30°C to 600°C with the endothermic peak around 384.7°C along with control.
          
          

          

        

      

      
        Color stability
        The mean values of observed color differences after the addition of each NPs are shown in Table 2, when compared with control (0 ppm), the values of ΔE* were detected from 6.04 ~ 22.56 in Au-NC, 2,17 ~ 16.43 in Pt-NC and 5.48 ~ 27.18 in Ag-NC. The more dose of NPs incorporated, the significantly greater ΔE* were expressed (p < 0.01), except Au-NC between 100 and 200 ppm combined (p > 0.01). The highest color change occurred at Ag-NC containing 200 ppm combined  (ΔE* = 27.18 ± 2.05) and the lowest color change was observed in Pt-NC containing 10 ppm (ΔE* = 2.17 ± 0.12). Pt-NC showed statistically lesser ΔE* than Au-NC and Ag-NC in every doses of NPs  from the baseline of control (p < 0.01). 

        

        
          Table 2. 
				
          

          
            The colour differences (ΔE*) of nanocomposite specimens with control (0 ppm) at the time of 120 hours elapsed from the onset of curing process
          
          

        

        
          
            	Dose (ppm)
            	
Au-NC
            	ΔE* (SD)
Pt-NC
            	
Ag-NC
          

          
            	10
            	6.04 (0.41)a
            	2.17 (0.12)*,b
            	5.48 (0.36)a
          

          
            	50
            	15.13 (0.52)c
            	8.19 (0.31)d
            	15.22 (0.69)c
          

          
            	100
            	20.52 (0.92)e
            	11.03 (0.58)f
            	19.81 (1.03)e
          

          
            	200
            	22.56 (1.45)e
            	16.43 (0.82)g
            	27.18 (2.05)h
          

        

        
          
            * : Clinical acceptable value under the criterion of ΔE* (2.69).
            Different superscript letters denote statistical differences for the comparison of each NC and doses of each NPs combined (p < 0.01).

          

        

        

      

    

    

  
    
      DISCUSSION
      In this study, each NPs solution was synthesized by chemical reduction method which is one of the most employed and inexpensive methods to synthesize nano-sized metal. PVP was used as stabilizer to control particles growth and prevent their aggregation (Gorup et al. 2011; Monteiro et al. 2012). Although no golden standard for the assessment on antimicrobial denture materials has been established so far, FACS in this study has advantage over standard CFU (colony forming unit) or zone of inhibition growth which offer no informations about the presence of viable cells (Rodriguez & Thornton, 2008). Complemented microscopic evaluation of stained samples can detect both viable and killed cells, thus it can be used for susceptibility testing of biofilms as for determining the effectiveness of antimicrobial compounds used in oral cavity. 

      According to the results of FACS analysis as shown in Table 1, the antifungal character of each NC was identified as not fungicidal activity but as the significant anti-adherent effect of viable cell to that of control and there was no comparative predominance in antifungal activity among the NC group of 200 ppm dose. In 100 ppm dose group, though Ag-NC solely exhibited significant anti-adhesion effect to that of control, there were no statistical differences with Au-NC and Pt-NC. The antimicrobial mechanism of biomaterials such as NC in present study has not been fully elucidated yet. Some authors suggested nano-silver composites that release Ag in the oxidised form to medium showed strong antibacterial activity (Kassaee et al.. 2008; Kong & Jang, 2008) and composites containing NPs could act as reservoirs of metal ions to release (Hetrick & Schoenfisch, 2006). However, ion eluted could be extremely restricted due to the structure of the hydrophobic polymer network whose water uptake may not be sufficient for ion release from NPs embedded in the PMMA bulk (Nam et al., 2012; Monteiro et al., 2012). In addition, Vertex® in present study contains a cross-linking agent, ethylene glycol dimethacryl, probably ionic elution could be strongly trapped into the crosslinked polymer structure. Other reported that the biocidal effect of polymers containing nano-silver was probably due to the direct contact between the microbes and NPs (Ahn et al., 2009). However, based on FACS results, the anti-adherent effect of NC could be assumed as the “non-contact” interaction between NPs and fungi caused by an altered physicochemical interactions or a modified polarity of NC surface. Electrostatic interaction is known one of the factors that could influence the adherence of Candida to polymers (Park et al., 2003; Puri et al., 2008). Some authors suggested bacterial adhesion could be reduced on the negatively charged PMMA/ AA (acrylic acid), while increased on the positively charged PMMA/DMAEMA (dimethylamino ethyl methacrylate) (Kiremitci-Gumustederelioglou & Pesmen, 1996) or hindered if the surface chemistry of polymer is changed or modified with silver (Woodyard et al., 1996; Silver, 2003). Thus, present study implies NPs could promote pristine PMMA to be negatively charged against the negatively charged fungal cell wall which induce the dominant repulsive force (anti-adherent effect) rather than attractive force (sterilizing effect) (Campoccia et al., 2013). Regarding the toxicity to oral epithelial tissues, antimicrobial composites would rather be characterized by anti-adherent effect whose primary scope is the prevention not treatment that might cause undesirable interactions with host tissues. However, further investigations should be still required because the present study has the limitation since only one strain of C. albicans and one heat-polymerized denture base were used. To clarify the fungi-nanocomposite interaction including other unknown factors such as material hydrophobicity, surface free energy and contact angle that may also influence the adhesion need to be investigated. 

      Thermal analysis is general term used to describe and monitor the change of material proper during the heating process and it has a significant implication as far as polymer fabrication processes are concerned (Davy et al., 1997). In this analysis, additions of NPs did not affect the glass transition phase of the pristine polymers, TG thermograms for three NC groups were closely in accordance with control even at the highest dose, 200 ppm (Figure 4a). DSC was employed to measure the heat effects of phase transitions of NC and generally used in the research of the polymerization or setting reactions of dental resins. DSC provides a fast method for determining the glass transition temperature which is critical in understanding the upper use of the temperature and processing environs (Aouachria & Bensemra, 2006). As compared to control, NC samples exhibited a similar pattern of degradation with the endothermic peak at 384.7°C (Figure 4b), suggesting each Au, Pt and Ag nanoparticle is uniformly immobilized into PMMA resin. 

      Color stability is an important clinical behaviour for denture base resin since it may provide critical information on the serviceability of this materials. Despite several studies determinated the efficacy of various antimicrobial composites (Ahn et al., 2009; Wady et al., 2012; Monteiro et al., 2012), there have not been any informations in the literature regarding the color stability of polymer influenced by NPs. Generally, if ΔE* is less than 1.0, chromatic value is deemed to be very slight and clinically acceptable range is at between 1.0 and 2.0 (Johnston & Kao, 1989). However, if values were significantly greater than 2.69 which has been considered the perceptibility threshold (Chang et al., 2009), it is no longer within the limits of clinical acceptability. In this experiment, ΔE* of all NC samples found to be clinically unacceptable values except 10 ppm PtNPs incorporated (ΔE* = 2.17) after 120 hours of their curing. Pt-NC revealed significantly lesser color change as compared to Au-NC and Ag-NC and that could be an advantage on selection of noble NPs as nano-ingredient. Amongst the factors, the oxidative reaction of NPs may contribute to the discoloration of NC and although addition of NPs has antimicrobial advantage, it should be concern for its affects on the cosmetics of PMMA resin. Further studies about the different blending methods or dispersion of NPs in the monomer would be considered to solve the color problem of NC. 

    

    

  
    
      Conclusion
      Within the limitations of this study, three noble metal nanoparticles (Au, Pt and Ag) were stably immobilized in PMMA denture acrylic respectively. These nanocomposites could be relevant in preventing fungal colonization on denture polymer surface. Addition of those nanoparticles to PMMA resulted in successful polymerization and stable physical properties through thermal analysis. However, the characteristic such as color change remains to be evaluated before recommended in the clinical use. 

    

    

  
    
      Notes
      
        ** 본 연구는 2012년도 계명대학교 비사연구비를 지원받아 연구되었음
        ** The present research has been conducted by the Bisa Research Grant of Keimyung University in 2012
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