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Abstract

:

There is a dearth of adhesive systems capable of forming stable bonds between restorative materials and tooth surfaces. To address the concern, this study determined the effects of using methacrylate-functionalized boron nitride nanosheets (BNNSs) in a polymeric dental adhesive system. The bisphenol A glycidyl dimethacrylate (BisGMA):2 hydroxyethyl methacrylate (HEMA) (60:40) adhesive monomer blend with a photoinitiator was filled with 0 wt% (control), 0.1 wt%, and 1 wt% BNNSs and light cured. Fourier transform infrared spectroscopy was performed to determine the conversion degree of monomer double bonds (DoC). Water absorption and solubility were measured. Flexural strength and Youngs’s modulus were evaluated to determine the mechanical properties of the composite adhesive system. Finally, dentin bond strength degradation and fracture mode were quantified with a microtensile bond test to confirm the bonding ability of the developed adhesive system. Results showed that the incorporation of BNNSs increased DoC (9.8% and 5.4% for 0.1 and 1 wt%, respectively), but it did not affect water sorption (101.9–119.72 (µg/mm3)), solubility (2.62–5.54 (µg/mm3)), Young’s modulus (529.1–1716.1 MPa), or microtensile bond strength (46.66–54.72 MPa). Further studies are needed with varying BNNS loading percentages from 0.1 wt% to 1 wt% in order to more comprehensively determine the effect of BNNSs on dental adhesives.
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1. Introduction


Over the past decade, adhesive dentistry has witnessed a significant advancement in materials’ compositions and their adoption rate. However, in the case of broad polymer-based adhesive systems, the reduction in bond strength, water absorption, interfacial and marginal degradation, and biocompatibility still pose great challenges to the success of these materials [1,2]. The complex nature of the dentin—i.e., its hydrated inorganic (hydroxyapatite) and organic (collagen) parts and its dynamic wet tubular structures—provides a major challenge to the bonding materials [3,4,5]. The hydrophilicity of the monomers used in dental adhesives leads to high water absorption at the interface [6]. The infiltrated water present in the organic matrix of dentin may not be replaced completely by hydrophilic monomers such as HEMA, which even compromises the dentin sealing effect. On the other hand, hydrophobic monomers with di-methacrylate’s such as BisGMA, Urethane di-methacrylate (UDMA), etc., could form a strong polymeric network but are limited by their low solubilities in the water [7,8]. Thus, these materials fail to withstand the dynamic physical, chemical, and mechanical stress caused at the interface [9]. Hence, research has been focused on exploring different strategies with which to improve the properties of dental adhesive materials.



One promising approach to combat these shortcomings is the incorporation of filler materials into the adhesive system to increase bond strength and longevity by decreasing water sorption and hydrolytic degradation rate [10]. These filler materials play a vital role in forming a strong intricate hybrid layer between the tooth surface and the resin monomers [11,12]. However, the filler size and quantity affect the desired outcome [13]. Decrease in primary particle size generally increases adhesive penetration into the tubules. Several studies have shown that reducing the size of filler materials from micron to nanoscale could improve the mechanical properties of the adhesives [14,15]. Apart from size, the composition of the bonding agents might influence the tooth–material interface. For some bonding agents, secreted ions could interact with the dentin layer affecting the bonding strength [7,16]. On the other hand, an increase in filler loading could reverse the benefit of filler addition by increasing the viscosity of the material and decreasing filler infiltration into the demineralized organic dentin matrix. This, in turn, could affect the kinetics of the adhesive monomer’s polymerization and ultimate degree of conversion [17].



In this regard, several studies focused on the development of nanofillers-based dental adhesives with improved properties [18,19,20,21,22]. Amongst different nanomaterials, two-dimensional nanosheets, especially graphene, an allotrope of carbon arranged in a single atomic hexagonal layer, has been of interest due to its high strength and modulus (0.5 TPa) [9,23,24,25,26]. However, graphene is not used in dentistry because it is dark-colored and expensive to manufacture. Meanwhile, boron nitride nanosheets (BNNSs), an analog to graphene known as “white graphene”, have shown promise in dentistry because hexagonal boron nitride (h-BN) is colorless in comparison to graphene. Similar to graphene, BNNSs can self-assemble into colloidal liquid crystals that have high strength, modulus, fracture toughness, and wear-resistance [27,28,29,30,31,32]. It is also chemically stable, biocompatible, and has low density [33,34,35,36]. Its lamellar structure may also reduce composite viscosity and, in turn, allow for an increase in filler loading [37]. It was reported that the loading of 0.3 wt% BNNSs increased the elastic modulus of polymethyl methacrylate films by ~11% [38]. In another study, 0.15 wt% loading of chemically comparable boron nitride nanotubes (BNNTs) into dental resins affected the contact angle, microhardness, and hydrolytic degradation strength. However, higher loadings of BNNTs might not be possible because they significantly increase resin blend viscosity [1,39,40].



Well-exfoliated BNNSs may potentially retain the benefits of BNNTs and be used at higher loadings without increasing the viscosity. However, shortcomings of current exfoliation methods, such as low yields and the production of damaged BNNS structures, limit their application in dentistry. In the current work, we hypothesized that the use of undamaged, exfoliated BNNSs could protect the filler–resin interface from hydrolytic degradation and decrease viscosity, allowing this degradation-resistant adhesive to infiltrate the collagen network more efficiently, thus increasing restoration longevity. Here, a modified method was used to exfoliate BNNSs without inducing any damage. These BNNSs were loaded into an adhesive monomer blend at different filler loadings (0, 0.1, and 1 wt%), and the adhesive degree of monomer-to-polymer conversion (Fourier transform infrared spectroscopy (FTIR)), water sorption, mechanical properties, and microtensile bond strength were determined.




2. Materials and Methods


2.1. Materials


Bisphenol A glycidyl dimethacrylate (BisGMA), 2 hydroxyethyl methacrylate (HEMA), Camphoroquinone (CQ), Ethyl-4(dimethylamino) benzoate (EDMAB), and Diphenyliodonium hexafluorophosphate (DPIHP), 2-isocyanatoethyl methacrylate, and 2-butanone were procured from Sigma Aldrich, Inc. St. Louis, MO, US. Sodium hydroxide (NaOH) and methacryloxypropyl (trimethoxy) silane were procured from Fischer Scientific and Gelest Inc., Waltham, MA, USA, respectively.




2.2. Methods


2.2.1. Exfoliation and Functionalization of BNNSs


All reagents were used as received without further purification. The h-BN (50 g/L) was heated under refluxing conditions in a 5M aqueous solution of NaOH for at least 24 h (Figure 1). The solids were recovered using low-speed centrifugation (<4000× g, Avanti J-15R, Beckman Coulter, Chaska, MN) and washed sequentially with DI water and 2-butanone (Sigma Aldrich, St Louis, MO, USA). Wetted solids were dispersed in fresh 2-butanone (50 g/L) using rotor–stator (Fisherbrand 850, Fisher Scientific, Waltham, MA, USA) homogenization at 7000 rpm for 30 min. Following the homogenization, a large excess of methacryloxypropyl (trimethoxy) silane was immediately added to the 2-butanone suspension to drive condensation with the borated BNNS edges without a catalyst. The vessel was sealed, and the suspension was sonicated in an ultrasonic (Branson model IC1216) bath for at least 2 h. The solids were then centrifuged, removing both methanol and excess silane, and then resuspended in 2-butanone. Later, isocyanatoethyl methacrylate (Sigma Aldrich, St Louis, MO, USA) was added in excess to the suspension, sealed, and continued with sonication, substantially improving the suspension stability in 2-butanone. The resulting solids were settled by centrifugation at 4000× g, the reaction mixture was decanted, and the solids were resuspended (100 g/L) in 2-butanone prior to solvent/monomer exchange procedures. In general, the BNNS material was never allowed to dry. However, a small portion of the treated solids were tested by thermogravic analysis (Netzsch STA449), showing a mass gain of 3% versus the starting material.




2.2.2. Adhesive Formulation


The adhesive monomer blend of 60:40 BisGMA: HEMA was filled with 0 wt% (control), 0.1 wt%, or 1 wt% methacrylate-functionalized BNNSs. A well-established three-component photoinitiator system was used: 0.5 wt% of camphoroquinone (CQ), 0.5 wt% ethyl-4(dimethylamino) benzoate (EDMAB), and 1 wt% diphenyliodonium hexafluorophosphate (DPIHP) [41].




2.2.3. Monomer-to-Polymer Degree of Conversion (FTIR)


The conversion degree of monomer double bonds (DoC) of composites was determined using Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700 FT-IR Fourier Transform Infrared Spectrometer). The DoC was determined using the aliphatic C=C peak at 1638 cm−1 with aromatic C–C peak at 1608 cm−1 as internal reference peak before and after curing [17,39,42,43]. The following formula (1) was used to calculate DoC:


  D o C    ( % )  =  {  1 −  (     (      1638   c  m  − 1       1608   c  m  − 1      )    p e a k   a b s o r b a n c e   a f t e r   c u r i n g    (    1638   c  m  − 1     1608   c  m  − 1      )  p e a k   a b s o r b a n c e   b e f o r e   c u r i n g    )   }  ∗ 100 .  



(1)








2.2.4. Water Sorption and Solubility


Disc-shaped specimens (Diameter: 15 ± 0.5 mm; Thickness: 0.9 ± 0.2 mm) were fabricated for each adhesive formulation. Disc-shaped specimens (diameter: 15 ± 0.5 mm; thickness: 0.9 ± 0.2 mm) were fabricated for each adhesive formulation. The adhesive formula was poured into a washer positioned on top of a clear plastic slide. Another plastic slide was placed on top of the washer then taken off to ensure adhesive maintained consistency with the washer’s depth. Each side was cured for 20 s with a Valo Cordless LED curing light (Ultradent Products, Inc., South Jordan, UT, USA). Initially, the light was positioned over the specimen’s center then repositioned about every 2 s in a circular pattern around the perimeter at 8 specific spots to follow ISO 4049. The washer was then flipped, the plastic slide removed, and the curing procedure repeated. The specimens were polished on a rotation polishing wheel with 400 then 800 grit abrasive paper. Once specimens were visibly and tactically smooth and the periphery abraded, specimens were post-processed at 23 +/− 2 °C and immersed in distilled water to prewash for 7 days. Subsequently, the specimens were dried in high vacuum temperature and then stored in a vacuum oven in the presence of dried silica at 37 °C. The dried specimens were weighed every 24 h until a constant mass had been reached (m1). Then, the dried specimens were soaked in distilled water. The samples were removed from the water at a fixed time point and the excess water was blotted against tissue paper. The samples were then weighed (m2) and incubated again in the water. This process was performed for the baseline measurement (7 days) and 12 months. Chloramine-T (0.5%) was replaced weekly to avoid contamination (ISO/DTS 11405 Test Type 3) [44]. For solubility, the samples were then dried as before until constant weight had been reached (m3). Water sorption was calculated using the following equation [17,45,46,47]:


Water sorption = ((m2 − m3)/V).



(2)







Water solubility was calculated using the following formula:


Water Solubility = ((m1 − m3)/V),



(3)




where V is the initial volume of the respective samples.




2.2.5. Flexural Strength and Young’s Modulus


Specimens were light-cured in a 2 mm × 2 mm × 10 mm Teflon mold between two glass slides and then light-cured at 1000 mW/cm2 for 20 s using an Ultradent Valo® LED curing lamp. Then, the specimens were stored for 24 h at 37 °C and loaded in a universal testing machine (Zwick/Roell, Zwick GmbH and Co., Ulm, Germany) and tested using the three-point bending mode at 1 mm/min crosshead speed with a span of 8 mm until fracture [5]. The flexural strength and Young’s modulus values were obtained directly from the testXpert II–V3.71 testing software of the Zwick/Roell machine.




2.2.6. Morphological Analysis


To study surface morphology, we examined the outer surfaces of samples along with the fractured surfaces from flexural strength samples. The samples were vacuum dried overnight, and sputter coated with gold (K550 Emitech Sputter Coater) for 90 s at 10 mA. The samples were visualized with help of Hitachi S-400 SEM under vacuum of 3 KV and 10 µA.




2.2.7. Microtensile Bond Strength (µTBS) and Failure Pattern Analysis


Thirty sound, human third molars, less than 6 months from their extraction date, were mounted in dental stone by their notched roots. Middle dentin was exposed on the occlusal surface using a 55-carbide bur under copious air–water spray using an electric handpiece at 200,000 rpm in a custom-made cutting device (CNC Specimen Former: University of Iowa). A uniform substrate for dentin bonding was created. Randomly, teeth were assigned to the three experimental groups: 0 wt% (control); 0.1 wt%; 1 wt% BNNSs (n = 10). A commercial self-etch primer (Clearfil SE, Kuraray, Tokyo, Japan) was applied according to manufacturer’s instructions followed by the application of the experimental adhesive and light-cured by 20 s (Valo Grand, Ultradent, South Jordan, UT, USA). Build-ups of ~4 mm were made with a commercial composite resin (Filtek One Bulk Fill, 3M). Three 2 mm × 2 mm resin–dentin sticks were acquired from each tooth using an Isomet 1000 sectioning machine (Buehler, Lake Bluff, IL, USA). Each resin–dentin stick was further trimmed using the CNC machine into a dumbbell with a cross-sectional area of 0.5 mm2, gauge length of 1 mm, and radius of curvature of 0.6 mm. Specimens were stored in aqueous storage media containing 0.5% Chloramine-T at 37 °C for 24 h (baseline) and 6 and 12 months. The aqueous storage media containing 0.5% Chloramine-T was replaced weekly to avoid contamination (ISO/DTS 11405 Test Type 3). Dumbbells were tested at room temperature using a non-gluing passive gripping device (Dircks Device, University of Iowa, Iowa City, IA, USA) at a crosshead speed of 1 mm/min on a calibrated Zwick Materials Testing Machine (Zwick Gmbh and Co., Ulm, Germany). Each specimen was observed under a light microscope (Stemi 2000-C, Carl Zeiss, Oberkochen, Germany) with a magnification of 50×, and the failure mode was classified either as cohesive in dentin- or resin-based composite, adhesive, or mixed [17,48,49].




2.2.8. Statistical Analysis


Statistical analysis was carried out using one-way ANOVA for the DoC, flexural strength, Young’s modulus, water sorption, and solubility studies. Repeated measures two-way ANOVA was used for µTBS study. A p-value of 0.05 or less was taken as significant. All the data were expressed as mean ± standard deviation.






3. Results and Discussion


3.1. Degree of Conversion


Several studies have shown that the DoC is inversely proportional to filler loading [17,50]. Here, we have determined the degree of conversion using FTIR (Figure 2). On the contrary, we observed an increase in DoC with the addition of methacrylate-functionalized BNNSs (Figure 3) at low loading. The control (0 wt% BNNSs) had a DoC of about 62.02 ± 0.10%, whereas 0.1 wt% BNNSs had 68.11 ± 0.93% (p < 0.05). However, with further increase in the filler concentration, there was a decrease in the DoC, with 1 wt% BNNSs having a DoC of about 65.41 ± 0.15%. However, this was still significantly higher in comparison to the control (p < 0.05). As we hypothesized, methacrylate functionalization could improve the dispersion of the BNNSs in the polymer blend. Secondly, it can improve the chemical inertness of pristine BNNSs where there could be a favorable interaction of functionalized BNNSs with monomers. These could be the plausible reasons for increased DoC in case of 0.1 wt% BNNSs. As the concentration of fillers increases, the agglomeration of filler particles affects the penetration depth of the light and the scattering of light [48]. The same was observed in the current study, where the addition of BNNSs above 0.1 wt% BNNSs had a negative effect on DoC. However, the effect was not detrimental in comparison to control (0 wt% BNNSs). In a similar study, Degrazia et al. (2017) showed that with an increase in the addition of boron nitride nanotubes, the DoC increased until 0.1% (87.97 ± 1.65% for control and 91.74 ± 0.43% for 0.1% sample), but the addition of 0.15% of the nanotubes decreased the DoC (89.54 ± 1.29%) [1]. Similarly, in another study, AlRefeai et al. (2021) showed that the calcium-fluoride-nanofiller-added sample had a higher DoC (61.54 ± 4.07) in comparison to the control (56.8 ± 5.5) [51]. The study clearly showed that addition of BNNS fillers has increased the DoC significantly, which is highly desirable for any adhesive system.




3.2. Water Sorption and Solubility


Water sorption and solubility are among the critical factors that affect the longevity of an adhesive system since higher water or solvent absorption weakens the matrix through swelling. This could also further lead to solubilization, degradation, and/or further buildup of mechanical stresses. The mechanical stresses could induce microcracks at the interface and cause the failure of the system [6,52,53]. Here, BNNSs were added as fillers to the current adhesive, hypothesizing that their intrinsic hydrophobicity could decrease water sorption and solubility, thereby increasing the longevity of the system/composite.



The water sorption results showed that the addition of BNNSs did not significantly affect water sorption at baseline or after 12 months (p > 0.05). Belli et al. (2014) observed a similar trend, noting that the addition of glass fillers did not significantly affect water sorption. We also did not observe any measurable solubility at 24 h. Hence, only the 12-month solubility data have been reported in the current study (Table 1). The solubility data showed that the addition of BNNSs did not significantly affect water solubility. A similar non-significant effect was observed by Belli et al. (2014) using glass-filler-reinforced methacrylic polymer adhesive systems [17]. At such low-filler loadings (≤1 wt%), any effect by the BNNSs may have been too small to be observable.




3.3. Flexural Strength


Flexural strength and Young’s modulus are important mechanical properties in evaluating the performance of dental resins and adhesives [5,42,54,55,56]. Mechanical testing results showed that control adhesives had similar flexural strength (90.3 ± 10.6 MPa) to the 0.1 wt% BNNSs (85.6 ± 5.9 MPa) (Figure 4A). Both these groups had significantly higher flexural strengths than the 1 wt% BNNSs group (71.5 ± 9.7 MPa; p < 0.05). However, there were no significant differences in moduli among the groups (p > 0.05; Figure 4B). Shojai et al. (2010) showed that the addition of hydroxyapatite nanofillers of 5% resulted in a significant reduction in both flexural strength and Young’s modulus (p < 0.05). The author reported that the agglomeration of nanofillers at higher loading percentage (≥5%) and the resultant incomplete curing could be the reasons for the significant drop in the strength [5]. Similarly, with the loading of BNNSs at more than 0.1 wt%, there could have been agglomeration of BNNSs resulting in reduced strength, even though the DoC was higher than that of the controls. The lack of a significant decrease in Young’s modulus could be due to the high aspect ratio of the nanosheets increasing modulus in the direction of the flexural stress.




3.4. Morphological Analysis


The effect of the addition of BNNSs on the morphology of the adhesive system was evaluated with SEM. The SEM micrographs of the outer surface revealed that the roughness of the adhesive surface increased with the addition of filler and the increasing loading percentage. However, it did not show significant variation between the control and 0.1 wt% BNNSs samples; nonetheless, the 1 wt% BNNSs sample clearly showed higher roughness (Figure 5). The SEM micrographs of the fractured surface clearly showed that the surface of the control group was smooth, where sample 0.1 wt% BNNSs had a slightly rough surface (Figure 6). The addition of 1 wt% BNNSs has altered the surfaces of adhesives, which could be observed in their roughness. Additionally, as expected, the 0.1 wt% BNNSs addition showed a uniform distribution of BNNSs, as evident from the even surface morphology. On the contrary, the 1 wt% BNNSs addition caused non-uniform distribution and agglomeration of BNNSs, which resulted in an uneven surface with higher roughness. Sadat-Shojai et al. (2009) observed a significant increase in roughness with the addition of hydroxyapatite nanorods into a dental polymeric adhesive system [5]. The fractured surface was observed to be smooth for the control and 0.1 wt% BNNSs group, whereas it was rougher with the increase in filler content, as observed in the 1 wt% BNNSs sample. This could be caused by the cracks which developed at the agglomerated particle surface. A similar observation was reported by Belli et al. (2014) while reinforcing adhesives with different loading percentages of glass fillers [17].




3.5. Microtensile Bond Strength and Failure Pattern Analysis


The ultimate performance of an adhesive system is defined by its ability to form a strong and durable bond between the tooth surface and the resins [43]. The current study was conducted at three different time points to assess the durability of the bond: 24 h; 6 months; and 12 months (Figure 7). The baseline study at 24 h showed that bond strengths of control (0 wt% BNNSs) = 50.43 ± 13.86 MPa; 0.1 wt% BNNSs = 51.21 ± 15.23 MPa; and 1 wt% BNNSs = 50.32 ± 10.49 MPa. The bond strengths at 6-month time were 52.39 ± 13.36 MPa, 54.72 ± 10.1 MPa, and 46.66 ± 13.69 MPa, respectively. The bond strengths at 12 months of incubation were 50.22 ± 7.73 MPa, 53.18 ± 8.93 MPa, and 50.54 ± 9.24 MPa, respectively.



It was reported by I.R. Reynolds that the minimum bond strength of orthodontic adhesives is 6–8 MPa [57,58]. Brantley et al. (2001) reported the existence of an orthodontic adhesive system with shear bond strength varying at a greater range of about 8–30 MPa [59]. The current sample values are comparable or higher than those of the above-mentioned values. There were no differences in bond strength among the groups and among the time points (p > 0.05). It has been reported in several studies that the addition of fillers into polymers increase the mechanical properties of adhesives, which, in turn, enhance the bond strength. However, over a certain loading percentage, there could be a reduction in the microtensile bond strength. Menezes et al. (2016) showed that the addition of montmorillonite clay into a polymer adhesive system improved the thermal and mechanical properties up to a loading percentage of 0.2 wt%. However, at greater than 0.2 wt%, the filler did not disperse well, and bond strength did not increase [60]. It is possible that the BNNS loading was too low to provide a significant effect.



The failure mode analysis showed that the 0.1 wt% BNNSs group had the lowest adhesive failure percentage at all time points (24 h, 6 months, and 12 months), and the 1 wt% BNNSs group had a higher adhesive failure percentage (Table 2). The percentage of adhesive failure decreased in the 6-month study in comparison to baseline (24 h) data. The same had increased by 12 months of incubation. Others have reported that adhesives with fillers had more adhesive failures than cohesive or mixed [51,61,62]. However, Torres-Rosas et al. (2020) reported that the addition of copper nanoparticles improved the mechanical properties of the adhesive and decreased the percentage of adhesive failure. The study claimed that the addition of nanofillers improved the bond strength of the adhesive [19]. Similarly, in this study, the addition of BNNSs up to 0.1 wt% had a slight incremental effect on the bond strength, though the data were insignificant (p > 0.05).





4. Conclusions


The current study showed that incorporating BNNSs at different loading percentages increased the degree of cure of the adhesive. However, the addition of BNNSs did not influence the water absorption and solubility of the adhesive system. A similar phenomenon was also observed with respect to Young’s modulus. Instead, the addition of high BNNS loading (1 wt%) had a detrimental effect on the flexural strength of the adhesive. Microtensile bond strength and failure mode analysis revealed that adding BNNSs up to 1 wt% did not significantly affect the bond strength or the performance of the adhesive system. However, the current study is limited to in vitro testing, which can provide insight into applying BNNSs as a filler in dental adhesives. Further studies are needed with varying BNNS loading percentages from 0.1 wt% to 1 wt% in order to determine the effect of BNNSs effectively. Additional long-term mechanical tests could be performed to evaluate the system more accurately.
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Figure 1. Schematic representation of reaction mechanism for Exfoliation and functionalization of BNNSs. 
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Figure 2. FTIR analysis of the unpolymerized (UP) and polymerized (P) adhesive samples (representative data). 
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Figure 3. DoC (%) of the adhesives. The data were expressed as mean ± standard deviation. Statistical significance was evaluated for p < 0.05 via one-way ANOVA. * Data were statistically significant (p < 0.05). 






Figure 3. DoC (%) of the adhesives. The data were expressed as mean ± standard deviation. Statistical significance was evaluated for p < 0.05 via one-way ANOVA. * Data were statistically significant (p < 0.05).



[image: Polymers 15 03512 g003]







[image: Polymers 15 03512 g004] 





Figure 4. (A) Flexural strength and (B) Young’s modulus of the adhesive. The data were expressed as mean ± standard deviation. Statistical significance was evaluated for p < 0.05 via one-way ANOVA. * Data were statistically significant (p < 0.05). 
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Figure 5. SEM micrographs of the outer surfaces of the samples. 






Figure 5. SEM micrographs of the outer surfaces of the samples.



[image: Polymers 15 03512 g005]







[image: Polymers 15 03512 g006] 





Figure 6. SEM micrographs of the fractured surfaces of the samples. 
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Figure 7. Microtensile bond strength of the adhesives. The data were expressed as mean ± standard deviation. Statistical significance was evaluated for p < 0.05 by Two-way ANOVA. 
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Table 1. Water sorption and solubility of the adhesive system.
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Samples

	
Water Sorption (µg/mm3)

	
Water Solubility (µg/mm3)




	
7 Days

	
12 Months






	
Control

	
103.4 ± 7.2

	
118.78 ± 6.48

	
5.54 ± 2.01




	
0.1 wt% BNNSs

	
101.9 ± 7.5

	
118.67 ± 7.87

	
2.62 ± 1.88




	
1 wt% BNNSs

	
103.3 ± 2.4

	
119.72 ± 9.63

	
3.48 ± 2.53











 





Table 2. Failure mode analysis of the specimens with different adhesive systems at different time points (24 h, 6 months, and 12 months).
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Time

	
Samples

	
Failure Mode Analysis (%)




	
Adhesive

	
Dentin

	
Composite

	
Mixed






	
24 h

	
Control

	
58.82

	
35.29

	
5.88

	
0




	
0.1 wt% BNNSs

	
35.29

	
58.82

	
0

	
5.88




	
1 wt% BNNSs

	
64.71

	
23.53

	
0

	
11.76




	
6 months

	
Control

	
41.18

	
41.18

	
11.76

	
5.88




	
0.1 wt% BNNSs

	
11.76

	
64.71

	
23.53

	
0




	
1 wt% BNNSs

	
47.06

	
41.18

	
11.76

	
0




	
12 months

	
Control

	
47.06

	
41.18

	
0

	
11.76




	
0.1 wt% BNNSs

	
29.41

	
41.18

	
17.65

	
11.76




	
1 wt% BNNSs

	
58.82

	
23.53

	
0

	
17.65
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