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Abstract:
This in vitro study was aimed to evaluate the possible changes in wettability of etched glass ceramic surface to silane primers, adhesive resin and resin cement when the surface had been neutralized by special neutralizing agent after etching. Rectangular shaped specimens were cut from the CAD blocks of e-max lithium disilicate glass ceramic, cut specimens were sequentially polished and ultrasonically cleaned. All the specimens were etched for 20 s with 5% hydrofluoric acid and ultrasonically cleaned. Specimens were randomly assigned to one control group (without neutralization) and one treatment group (with neutralization) having 20 specimens each. The specimens of each group were further divided into two subgroups having 10 specimens each and tested to determine the effect of neutralizing agent on wettability of experimental and commercial silanes. Each subgroup specimen was tested for wettability to adhesive resin and commercial resin cement. Data were analyzed using two-way ANOVA. Neutralizing the ceramic surface did not show significant effect on wettability to the silanes and the resin based materials, but the experimental silane showed better wettability than the commercial silane. Adhesive resin had statistically significant lower contact angle (high wettability) values than the commercial resin cement. The results of the current study suggested that neutralizing agent did not have an impact to the wettability of the etched ceramic. However, there were differences in wetting properties of the silane primers, and adhesive resin versus resin composite luting cements. 
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1 Introduction
Advances in ceramic bonding technology have led to the development of novel silane coupling agent primers, resin-based cements, and have resulted in the improved clinical performance of the ceramic restorations [1]. Bonding between ceramic and tooth structure is achieved by careful surface conditioning of the internal surface of ceramic restoration and prepared tooth surface. Surface conditioning (priming) is the crucial step for bonding ceramics [2] to tooth structure because, a long term clinical success of all-ceramic restorations depends on reliable and durable bonding [3, 4]. Surface conditioning of ceramics involves etching with hydrofluoric acid (HF) and application of a silane coupling agent [4-11].
Both procedures, etching and silane application, result in improved wettability of the ceramic surface [12-15]. Furthermore, high adhesion strength, also called bond strength, is the result of the cementing medium. Before cementation of the glass-ceramic restorations, the intaglio surface is conditioned to cleanse the surface from debris and increase surface free energy [16], which results in improved wettability of the surface [5, 11, 17]. Etching not only provides more surface area for resin bonding (for mechanical interlocking) but also changes the surface topography and forms surface hydroxyl groups (-OH) by selectively dissolving the glassy phase [17-19]. In fact, the dissolving behavior and pattern differs between leucite and lithium disilicate containing glass ceramics. The crystalline leucite has faster dissolution than lithium disilicate crystals which will be visible in the etched surface [20]. The surface hydroxyl group bonds with the hydrolysable alkoxy groups of silanes when the surface is treated with an activated silane coupling agent primer [6, 21-23]. Furthermore, before application of silane, the etched surface needs to be rinsed thoroughly with a copious amount of water to remove all debris: residual acid and fluorosilicate precipitates of Na, K, Ca, and Al [4, 24, 25]. This procedure can be effectively performed by subjecting the ceramic restoration to ultrasonic cleansing before cementation [4]. 
However, some amount of acid remnants within deep pores and irregularities are expected. These residual remnants continue the surface degradation of ceramic. In addition, a lower pH value of the surface affects adversely bonding by interfering with the resin cement polymerization [4, 26, 27]. That said, an application of a neutralizing agent has been recommended to neutralize the pH of the ceramic surface and also to arrest any further topographical changes by the acid action [3-5, 25]. However, there is no unambiguous knowledge about the effect of these neutralizing agents on the wettability of ceramic surface to silane coupling agent and adhesive resin cements. Because wettability of the ceramic surface plays a very important role in bonding ceramics to tooth structures, one should take great care to preserve the surface wettability. There are also differences between the conventional 3-methacryloxypropyltrimethoxy silane (MPS) and a blend of 3-methacryloxypropyltrimethoxy silane + bis-1,2-(triethoxysilyl)ethane (BTSE), called a novel silane system, in their adhesion promotion, based on laboratory studies in previous research [28, 29]. Therefore, the two main objectives of this laboratory study were to: 1. determine the possible effect of a neutralizing agent on wettability of ceramic surface to an experimental silane coupling agent blend (an experimental silane primer) and commercially available silane primer, and 2. determine the effect of neutralizing agent on wettability of silane treated ceramic surface to  an adhesive resin  and a resin cement.
2 Materials and methods
2.1 Experimental silane primer and experimental resin preparation
An experimental silane primer, consisting of 2.0 vol-% of 3-methacryloxypropyltrimethoxysilane (MPS) and 2.0 vol-% bis-1,2-(triethoxysilyl)ethane (BTSE) in 3 mL abs ethanol, was mixed with 3 mL of 95:5% water-ethanol at pH 4.1, corresponding to a final 1.0 vol% MPS + 1.0 vol% BTSE. This was prepared as described by Matinlinna et al. [28, 30]. The chemical formulae and the constituents of the experimental primers are shown in Figure 1 and Table 1, respectively. An experimental unfilled resin consisting of 70.6 wt-% urethane dimethacrylate (UEDMA),  27.4 wt-% hydroxypropyl methacrylate (HPMA) and 2 wt-% initiator system camphorquinone (CQ) + N,N-cyanoethylmethylaniline (CEMA) was prepared as described by Zhang et al. [31]. The chemical formulae and the constituents of the experimental resin are shown in Figure 2 and Table 2, and composition of resin cement is shown in Table 3.
2.2 Specimen preparation
A total of 40 rectangular shaped planar specimens measuring 15 mm ± 0.25 mm × 11 mm ± 0.25 mm × 2 mm ± 0.25 mm were cut from lithium disilicate ceramic blocks (IPS e.max CADTM, Ivoclar Vivadent, Schaan, Liechtenstein) using a low-speed diamond wheel saw (L650, Model 650, Ladd research industries, Williston, Vermont, USA). Sectioned specimens were polished using abrasive papers under running water, sequentially from 600 grit to 1200 grit FEPA (Federation of European Producers of Abrasives) using Labpol 8-12 (Extec, Enfiled, CT, USA) and ultrasonically cleaned with distilled water for 10 min using Qantex 140 (L and R, Kearny, NJ, USA). All the specimens were fired in a ceramic furnace, allowed to cool down, and acid etched for 20 s with 5% hydrofluoric acid (IPS Ceramic etching gelTM, Ivoclar Vivadent, Schaan, Liechtenstein). The etching procedure was carried out   in a fume hood in a ventilated laboratory with all safety measures to avoid any hazards. The excess acid was removed and the sample surface was thoroughly rinsed with water for 30 s. Finally, specimens were dried at room temperature. 
2.3 Specimen groups and study design
The specimens were randomly assigned to one control group and one treatment group, each comprising 20 samples. The control group received no treatment (non-neutralized), while the treatment group specimens (neutralized) were placed in a solution containing a neutralizing agent (IPS Ceramic Neutralizing Powder™, Ivoclar Vivadent, Schaan, Liechtenstein) mixed with distilled water in 1:1 ratio for 1 min, rinsed with distilled water for 30 s, and specimens were allowed to dry.  The samples of each group were further divided randomly into two subgroups each having 10 samples, and tested to determine the effect of neutralizing agent on wettability of experimental and commercial silane primers.
Furthermore, the effect of neutralizing agent on wettability of commercial and experimental silane treated samples to experimental unfilled resin (adhesive resin) and commercial resin cement was tested and compared as described below (Figure 3).
The experimental subgroup a: wettability of the non-neutralized ceramic surface treated with a commercial silane primer (Monobond PlusTM, Ivoclar-Vivadent, Schaan, Liechtenstein) was compared with the wettability of neutralized ceramic surface treated with commercial silane  to experimental resin cement. 
The experimental subgroup b: wettability of the non-neutralized ceramic surface treated with a commercial silane primer was compared with the wettability of neutralized ceramic surface treated with commercial silane to commercial resin cement (GC G-CEMTM, GC Europe N.V, Leuven, Belgium).
The experimental subgroup c: wettability of the non-neutralized ceramic surface treated with an experimental silane primer was compared with the wettability of neutralized ceramic surface treated with experimental silane to the adhesive resin.
The experimental subgroup d: wettability of the non-neutralized ceramic surface treated with an experimental silane primer was compared with the wettability of neutralized ceramic surface treated with experimental silane to the adhesive resin. 
2.4 Wettability testing 
Wettability was determined by the contact angle (CA) measurement using the sessile drop technique (Oneattension, Biolin Scientific, Espoo, Finland). In the analysis, the sample was kept parallel to the floor on the adjustable sample holder, a 2 µL drop of respective silane coupling agent or resin was dispensed onto the sample surface and the measurements were taken using an optical tensiometer connected to a computer. One reading was taken per sample from each group and subgroups. The dynamic CA was measured by using an inbuilt software from the time of initial contact of the test liquid till the droplet attains zero or stable contact angle. The images were captured using a built-in digital camera.
2.5 Statistical analysis
The analysis of variance (ANOVA) was used to compare the mean CA values of silanes and resin cements. A p-value of less than 0.05 was considered as statistically significant. Statistical analysis was performed using Statistical Package for Social Sciences (SPSS) 22.0 (SPSS, Chocago, IL, USA) software.
3 Results
	The mean and standard deviation for the CA values of experimental and commercial silane primers in non-neutralized and neutralized samples are presented in Table 4. There was no statistically significant difference in the CA values between the two experimental groups suggesting that the neutralizing agent has no significant effect on the wettability of the silane coupling agents.  Furthermore, the experimental silane primers showed slightly lower mean CA values of 4.531±0.0003, when compared to the commercial silane primer (4.861±0.0003). However, the difference was statistically not significant. 
The results showing effect of neutralizing agent on wettability of experimental and commercial resin cements in both experimental and commercial silane treated specimens are presented in table 5. There was no statistically significant difference in CA values of the adhesive resin and commercial resin cements between non-neutralized and neutralized silane treated specimens.  The results suggest that the neutralizing agent has no significant effect on wettability of adhesive resin cements.
Table 6 presents the CA values of commercial and experimental resin on silane treated specimens. The experimental resin showed statistically significant lower CA values on both commercial and experimental silane treated specimens which means that, the experimental resin had better wettability than commercial resin in both commercial and experimental silane treated specimens.
4 Discussion
Bonding between dental ceramic and natural tooth is mainly achieved by luting resin composites, and the bonding mechanism may be enhanced by surface modifications and surface treatment procedures [32, 33]. Surface free energy of the ceramic and surface tension of the silanes play a vital role in bonding mechanism (interlocking) [10, 34]. When the ceramic surface has high surface free energy, it is clean and it tends to attract the applied silane primer. Given this, prior to an application of silane, the ceramic surface is etched with HF to selectively dissolve glassy phase and forms surface hydroxyl groups [10, 16].  
Desirable surface for lithium disilicate ceramics can be achieved by etching the surface for 20 s with hydrofluoric acid, followed by which the surface is rinsed thoroughly to remove remaining acid [10]. Previous studies have reported formation of fluorosilicate crystals as a results of etching ceramic with hydrofluoric acid, therefore ultrasonic cleaning was recommended to remove the precipitates which may interfere with bonding mechanism [4, 24, 26, 27]. However, some acid remnants present in deep porosities lowers the pH, therefore, application of neutralizing agent was recommended to neutralize the ceramic surface [3].  
The coupling agents when diluted have very low viscosity. In the present study, the wettability experiment was carried out to determine both surface tension and CA of the silanes. Surface tension is the energy or work required to increase the surface area of a liquid. It depends on the intermolecular forces between liquid molecules, this play an important role in wettability. The silanes used in the current study showed low surface tension ranging from 24.1±3.0 mN/m (the experimental silane primer) to 26.1±3.0 mN/m (the commercial silane primer), this coupled with the low viscosity of the silanes and high surface free energy of surface treated ceramic substrate, resulted in lower CA values (Figure 4). Apart from having low surface tension, the novel experimental silane system has proved to be highly reactive in nature and hence significantly able to enhance adhesion onto silica-based (etchable) ceramic substrate [14, 29]. 
In the present study, the CA value of the silane primers was measured from the time of initial contact till it attained zero value. Because of their low viscosity, the droplet attained the zero CA value before the set time of 8 s.   To standardize the experimental values, the CA values at the end of 3 s were considered for the statistical analysis. A noteworthy finding of this study was that surface neutralization didn’t show any significant effect on wettability of ceramic to silane primers. Results of this study also compared the mean values of the experimental and commercial silane primers (control silane). They showed lower mean CA values for the experimental silane primer than the commercial silane primer. This may be because of low surface tension of the experimental silane primer (24.1±3.0 mN/m) than the control silane (26.1±3.0 mN/m).
The ultimate bond strength of the ceramic prosthesis depends on several factors such as the surface conditioning, the pH of the surface, coupling agent applied, resin monomer and fillers in the composite, resin composites also increase the fracture resistance and prevent microleakage by sealing the margins of the prosthesis [35, 36]. Resin cements of low viscosity are preferred for luting ceramic restorations, the low viscosity resin cements are expected to flow and penetrate the micropores, therefore, viscosity of the resin composite also plays an important role in the ultimate bond strength. In the current study, the experimental unfilled resin showed statistically significant lower mean CA values (i.e., better wettability) than the commercial resin composite, with both the experimental and commercial silane primer. The results of the study also showed that there was no statistically significant effect of neutralizing agent on wettability of resin cements on both experimental and commercial silane treated ceramic specimens. The reason for lower CA values in the experimental resin is because of low filler content which makes it less viscous [37]. The experimental resin used is a UEDMA-based resin, some previous laboratory studies have shown superior mechanical properties and improved adhesion when using it [31]. Furthermore, both adhesive resin and commercial resin cement showed lower CA values with the experimental silane primer, however, this finding was statistically not significant.  Although the effect of neutralizing agent on the surface wettability was not found, the benefit of using neutralizing agent could be in ensuring the proper free radical polymerization of the autopolymerizing, dual-polymerizing and light polymerizing adhesive and cements which in many cases contain basic activator systems. Also, hydrolytic stability of the silane promoted polysiloxane interface between the ceramic and resin material could potentially be improved by neutralizing the ceramic surface after acid etching.
In the present study the novel silane system blend showed better wettability on ceramic, and the subsequently applied experimental resin also demonstrated better wettability on experimental silane. This said, the findings of this study might contribute to durable adhesion. 
5 Conclusions  
Within the limitations of the current laboratory study, the following conclusions were drawn:
(a) Application of a neutralizing agent doesn’t affect the wettability of etched ceramic surface to both commercial and experimental silane primers. The experimental silane primer showed better wettability than the commercial silane, in both control and neutralized ceramic samples.
(b) Application of a neutralizing agent doesn’t affect the wettability of silane treated ceramic surface to both adhesive resin and commercial resin cements. The experimental resin showed better wettability than the commercial resin composite on both experimental and commercial silane primers.
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Figure Captions
Fig. 1. Chemical formulae: the experimental silane: (a) 3-methacryloxypropyltrimethoxysilane (MPS) and (b) bis-1,2-(triethoxysilyl)ethane (BTSE), (c) commercial silane.
Fig. 2. Chemical formulae of the adhesive resin: I. Urethane dimethacrylate, II. Hydroxypropyl methacrylate, III. Camphorquinone and IV. N, N-cyanoethyl methylaniline.
Fig. 3. The chart showing the comparison of wettability of resin cements between non-neutralized and neutralized samples. 
Fig. 4. CA values: a: Experimental silane; b: Commercial silane; c: Experimental adhesive resin; d: Commercial resin composite.
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