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Abstract

:

Background: Material-dependent parameters have an important impact on the efficiency of light polymerization. The present in vitro study aimed to investigate the influence of the increment thickness and shade of nano- and nanohybrid resin composites on the transmission of curing light. Methods: Three contemporary resin composites were evaluated: Tetric EvoCeram® (TEC); Venus Diamond® (VD); and Filtek Supreme XTE® (FS XTE). Light transmission (LT) was recorded in accordance with the sample thickness (0.5 to 2.7 mm) and the shade. Polymerized samples were irradiated for 10 s each using the high-power LED curing light Celalux 2 (1900 mW/cm2). LT was simultaneously recorded using the MARC Patient Simulator (MARC-PS). Results: LT was strongly influenced by the composite layer thickness. For 0.5 mm-thick samples, a mean power density of 735 mW/cm2 was recorded at the bottom side. For the 2.7 mm samples, a mean power density of 107 mW/cm2 was measured. Only LT was markedly reduced in the case of darker shades. From A1 to A4, LT decreased by 39.3% for FS XTE and 50.8% for TEC. Dentin shades of FS XTE and TEC (A2, A4) showed the lowest LT. Conclusions: The thickness and shade of resin composite increments strongly influences the transmission of curing light. More precise information about these parameters should be included in the manufacture manual.
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1. Introduction


Because of their improved mechanical and aesthetic properties, resin composites are the most frequently used materials in restorative dentistry [1,2].



Nevertheless, clinical application can be error-prone to some extent. In particular, insufficient light polymerization has a strong impact on material properties and clinical survival rates [3,4,5,6]. Today, photopolymerization of resin composites is usually carried out using LED-based light curing units (LCU), which also enable high degrees of conversation [7,8].



If photopolymerization is insufficient, high amounts of short-chained residual monomers can remain within the resin matrix [9,10,11]. This might cause irritation of the dental pulp [12,13], especially in deep cavities where only a thin layer of protective dentin is left [12,14,15].



Inadequately cured resin composite restorations often exhibit reduced mechanical properties, indicated by low fracture strength and low stress resistance [16,17]. Furthermore, adhesive failure [18], increased erosion, and impaired color stability might be further signs of an insufficiently carried out photopolymerization [19,20]. Frequently, the LCU-based curing process is prone to subjective handling errors too [4,21,22]. In this regard, our group recently published data showing that increased distances of the light conductor to the composite surface, as well as sub-optimal irradiation angles, have a strong influence on the amount of polymerization light delivered [23,24,25].



In addition to subjective errors, several material- and processing-dependent factors also play an important role in the polymerization result. These include the incremental strength and shade of the resin composite that professionals are often unaware of in daily practice [26,27,28].



In this context, the respective manufacturer information on light curing parameters regarding the increment thickness and composite shade is still missing. To the best of our knowledge, there are limited data available which focus on these issues.



Therefore, the present in vitro study was aimed to investigate the transmission of light through nano- and nanohybrid composites obtained from different manufacturers, using the MARC Patient Simulator (MARC PS). Alongside the influence of the resin composite layer thickness, the effects of different shades were examined. The subject of the present in vitro study was to quantify the material-dependent properties to further improve the photopolymerization of resin composites in daily clinical practice.




2. Materials and Methods


2.1. Test Samples


In the present in vitro study, the influence of the layer thickness (increment strength) and the shade of different resin composites on the light transmission was investigated. The following materials were analyzed: TetricEvoCeram—TEC (Ivoclar Vivadent, Schaan, Liechtenstein); Venus Diamond—VD (Heraeus Kulzer, Hanau, Germany); and Filtek Supreme XTE—FS XTE (3M ESPE, St. Paul, MN, USA). From each manufacturer, packable resin composites in the universal shades A1, A2, A3, A4, B2, B3, C2, and C3 were used. In addition, opaque dentin (A2, A4, OD, and OL) and flowables (A2 and A4) have also been investigated (Table 1 and Table 2).



At first, cylindrical test specimens of 7.8 mm in diameter and different heights (0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.9, 2.3, and 2.7 mm) were fabricated for all packable resin composites in the universal shades A1, A2, A3, and A4 using silicone molds. In the case of the universal shades B2, B3, C2, and C3, cylindrical test samples of 1.1 mm in height and 7.8 mm in diameter were produced. Identical dimensions (7.8 × 1.1 mm) were also applied to all opaque dentin samples and flowable applications. A summary of all fabricated specimens is shown in Table 2.



After application of the resin composites to the silicone molds, all samples were pre-cured for 40 s each using the LCU Celalux 2® (VOCO GmbH, Cuxhaven, Germany) at maximum power. Subsequently, final polymerization was carried out for 180 s using the Dentacolor XS light curing device (Heraeus Kulzer, Wahrheim, Germany). The function of both curing devices was checked and calibrated in advance. For each composite height and shade, two test specimens were fabricated.




2.2. Light Transmission Measurement


For recording the light transmission as a function of the composite shade and increment thickness, all polymerized test specimens were centered above the anterior sensor of the MARC PS (MARC Patient Simulator, Blue Light Analytics, Halifax, NS, Canada) using a customized plastic bar. This application ensured secure positioning and fixation of the Celalux 2 LCU at a right angle in close contact with the fabricated composite specimens.



The MARC PS is a dummy head equipped with a light sensor, 3.9 mm in diameter, located in the second quadrant between the upper two incisors at the facial side. The sensor is connected to a spectrometer (USB4000, Ocean Optics, Dunedin, FL, USA) via a fiber-optic cord. The MARC PS enables the recording of the average and maximum power (mW/cm2), the light fluence (J/cm2), and wavelength delivered by an LCU, and was originally developed for teaching, training, and calibrating purposes.



Measurements were performed for 10 s each at maximum power of the LCU (1000 mW/cm2). Prior to any tests, the performance of the LCU and light sensor of the MARC PS were checked and calibrated. After every 10 runs, the light constancy and sensor function were evaluated. Here, an average power density of 1900 ± 66 mW/cm2 was recorded. All measurements were repeated five times.




2.3. Statistical Analysis


The statistical analysis was performed using SPSS version 22.0 (IBM, Armonk, NY, USA). For significance testing, variance analysis was carried out based on a linearly mixed model corrected by Bonferroni correction. The significance level was p < 0.05.





3. Results


The present in vitro study investigated the transmission of light through three contemporary resin composites of different sample thicknesses (0.5 to 2.7 mm) and shades using the MARC PS.



It was found that with increasing layer thickness, the recorded power densities at the bottom side of the composite specimens decreased distinctively among the tested universal shades (A1–A4). The difference between the shades became significant at layer thicknesses ≥1.5 mm (Figure 1, Figure 2 and Figure 3).



At a layer thickness of 0.5 mm, a mean transmission of 735 mW/cm2 was analyzed at the bottom side of the sample. In detail, for FS XTE, TEC, and VD, values of 735, 790, and 692 mW/cm2 were recorded. Transmission of light through the 0.5 mm-thick samples already caused a decrease in the original LCU power by a mean of 61.3%.



At a layer thickness of 1.5 mm, the mean transmission value decreased to 466 mW/cm2 (FS XTE: 489 mW/cm2; TEC: 512 mW/cm2; VD: 396 mW/cm2).



For the 2.7 mm-thick samples, the power density at the bottom side did not exceed an average of 81 mW/cm2 (FS XTE: 47 mW/cm2; TEC: 84 mW/cm2; VD: 113 mW/cm2). This correlates with only 4.3% of the light energy originally emitted by the LCU (1900 mW/mm2).



It was also found that for FS XTE in shade A4, the manufacturer-recommended light fluence (8 J/cm2) was obtained for layers less than 0.9 mm in thickness only. For TEC in shade A4, the recommended fluence (10 J/cm2) was recorded for layers up to a thickness of 0.7 mm. In the case of the brighter shades, the present investigation revealed that the suggested energy density at the cavity floor was attained only up to layer thicknesses of 0.7 mm when a curing time of 20 s was applied. For VD in shade A4, the recommended value (22 J/cm2) was not reached, even for the smallest layer applied (0.5 mm).



Alongside the layer thickness, the influence of the composite shade on the light transmission was evaluated. In general, darker shades showed distinctly lower transmission values (A1—bright; A4—dark) (Figure 1, Figure 2 and Figure 3).



For TEC and FS XTE, at a constant layer thickness of 1.5 mm, a significant drop in the power density from the brightest (A1) to the darkest shade (A4) was observed. In detail, TEC transmission decreased by 50.8%, while for FS XTE, 39.3% was recorded (Figure 1 and Figure 2). On the contrary, VD showed similar light transmission values for all A-shades (Figure 3).



It was ascertained that among the universal shades B and C, and in the case of the chosen packable dentin and flowable applications, the brightest materials also showed the highest light transmission values (Figure 4, Figure 5 and Figure 6).



In the case of A2, B2, and C2, a significant decrease in light transmission from A2 to C2 was observed for packable resin composites of TEC and FS XTE only.



For FS XTE and TEC, light transmission through opaque dentin (A2, A4) at a constant layer thickness of 1.1 mm was found to be significantly decreased compared to the universal shades (A1–A4) available from the same manufacturer (Figure 4, Figure 5 and Figure 6).



Among the flowable resin composites, the brighter shades (A2) showed significantly higher light transmission compared to shade A4. An average difference in light transmission between A2 and A4 of 110 mW/cm2 was recorded (Figure 4, Figure 5 and Figure 6).




4. Discussion


The present in vitro study investigated the transmission of light at wavelengths between 430 and 490 nm through contemporary resin composites. The transmitted amount of light was recorded as a function of the increment thickness and composite shade. For measurements, the MARC Patient Simulator (MARC PS) was used.



As shown by the results, an increase in sample thickness from 0.5 to 2.7 mm resulted in a significant drop in transmitted light by an average of 89%. It was found that the reduction was greatest for FS XTE (93.5%) and lowest for VD (83.6%).



In this regard, it is generally suggested that under clinical conditions, composite increments should not exceed a thickness of 2 to 3 mm in order to ensure sufficient curing results [28,29]. The impact of the increment thickness on the degree of conversation is still a matter of debate [30,31,32,33].



As shown by the results of the present investigation, only 4.3% of the originally applied light fluence was recorded on the bottom side of the 2.7 mm-thick samples. Furthermore, it was found that the manufacturer’s recommended power densities were obtained for layers that did not exceed 0.9 mm in thickness only. In this context, it is generally ascertained that an increase in material volume is always accompanied by significant absorption and scattering of light, which results in reduced transmission values and therefore diminished conversation rates [34,35].



The present study further investigated the influence of the composite shade on the transmitted amount of light. Overall, eight different universal shades (packable resin composite) and two different shades of packable dentin and flowable applications were evaluated (Table 2).



As shown by the results, light transmittance was lower for darker shades. In detail, between the shades A1 and A4, a drop of 39.3% for FS XTE and 50.8% for TEC was recorded. A reduction in transmission was also obtained for the B- and C-type shades. For FS XTE and also TEC, differences between B2 and B3, as well as C2 and C3, were found to be significant. In the case of VD, there was no significant difference in light transmission between the shades A1 and A4. This might be due to the use of larger filler particles that, in general, cause less scattering of light. In this regard, the applied color pigments might only have a minor impact on the transmission of light.



But in general, the composite shade has a strong impact on the transmission of light [36]. Further, it was proven that under identical curing conditions, composites of darker shades are afflicted by lower conversation rates compared to brighter materials [25,37,38].



In the present study, it was also proven that for identical shades and sample thicknesses, light transmission differed among the single manufacturers. In detail, VD, almost throughout, showed the highest transmission values. Despite of identical product names, resin composites from different sources may nevertheless vary in transmission too. In order to ensure sufficient curing results, an adoption of the recommended curing times is therefore required [39]. The transmission of light through resin composite is influenced by several factors, such as the filler type, filler-to-resin ratio, and the organic matrix. Each component, further, has its own specific refractive index [40,41,42]. This might be some of the reasons that explain the diversity of transmission values observed among the tested materials in the present investigation.



As already known, small filler particles, which are usually incorporated in micro- and hybrid-type resin composites, cause extensive scattering of light and thus diminished transmission values [26,43]. In the present study, the most favorable transmission of light was observed for samples manufactured from VD. This is probably due to the content of bigger filler particles that can reach values of up to 20 µm in size.



The examined nano- and nanohybrid-type resin composites also significantly differed among their organic matrices. While FS XTE and TEC contain conventional monomers such as BisGMA, BisEMA, UDMA, and TEGDMA, VD is composed of a tricyclodecan–urethan matrix instead (Table 1). Differences in the refractive indices between inorganic filler particles and the organic matrix might also be a reason for the lower light transmission of FS XTE and TEC [44,45,46].



The results of the study also demonstrate that packable opaque dentin applications are afflicted by lower light transmittance too. In particular, FS XTE and TEC showed significantly reduced values by 150 mW/cm2 and 174 mW/cm2 when compared to the brighter universal shades of identical thickness. Other authors, too, noted that photopolymerization is more efficient among universal shades as compared to opaque materials [47,48]. It can be assumed that the general recommended maximum of 2 mm in layer thickness needs to be adjusted in accordance with the applied shade and type of resin composite. In particular, it was realized that the opacity has a strong impact on the curing depth [48,49].



In the case of the flowable resin composites that were examined in the present study, transmissions values similar to, or somewhat lower than, those of the packable applications were obtained. Flowable resin composites differ from packable types mainly in terms of their filler particles content [50]. Since there are only slightly differences, packable and flowable resin composites show similar physical properties, which presumably also applies to their close light transmission values [51].



The required light energy for complete polymerization depends on the type of material applied. Therefore, curing parameters and power settings need to be adopted [22]. The results of the present study suggest that data sheets should be individualized in accordance with the respective shade and increment thickness.



So far, a fluence of 8 J/cm2 is recommended by the manufacturer for FS XTE and 10 J/cm2 for TEC, independently of the shade employed. In the case of VD, the manufacturer recommends 11 J/cm2 for the brighter shades (A1–A3) and 22 J/cm2 for A4.



However, the LCU that was used in the present investigation delivered a maximum power density of 1900 mW/cm2 and was thus well above the manufacturer’s specifications (1000 mW/cm2). Operation for 20 s caused a light fluence of 38 J/cm2 directly at the sensor surface. However, the results of the present study have shown that light curing for 20 s was efficient in delivering the required amount of energy to the cavity floor, but only for thin layers and brighter shades. In detail, it was found that for FS XTE in shade A4, the required light fluence (8 J/cm2) was achieved only for layers less than 0.9 mm in thickness. For TEC in shade A4, the recommended fluence (10 J/cm2) was obtained for layers up to 0.7 mm only. As already mentioned above, for VD, the suggested light fluence is 11 J/cm2 for brighter shades (A1–A3) and 22 J/cm2 for the shade A4.



However, in the case of the brighter shades, the present investigation revealed that the suggested energy density at the cavity floor was attained only up to layer thicknesses of 0.7 mm when a curing time of 20 s was applied. For VD in shade A4, the recommended value was not reached, even for the smallest layer applied (0.5 mm).



Curing time has a significant impact on the material properties, such as degree of conversation, knoop hardness, and elastic modulus. As recently observed, exposure in the range between 24 and 48 J/cm2 is more efficient compared to the delivery of 12 or 16 J/cm2 [52]. In this regard, it was suggested that the survival of dental restorations within the oral cavity can be extended due to the use of longer photopolymerization durations [22]. But photocuring also has a significant thermal aspect. It was shown that alongside higher degrees of conversation, longer exposure times were also afflicted by increased temperature values. The highest temperature ranges (up to 50 °C) were observed when high-intensity laser devices were used for curing [53].



It is also well known that irradiation time needs to be adapted in accordance with the increment thickness. To prevent the cytotoxic effects that can arise from unpolymerized monomers, irradiation time needs to be expanded in the case of thicker increments. In this regard, it was shown that from photopolymerized 2 mm-thick resin composite increments, fewer monomers, such as TEGDMA, Bis-GMA, and UDMA, were released compared to thicker layers that were identically cured [54].



By considering the results of the present investigation, it is suggested to expend the curing time (>20 s) in accordance with the composite shade and layer thickness. The problem of inadequate manufacturer recommendations is also discussed by other authors [55,56]. Altogether, the results of the present in vitro study indicate that it is important to analyze curing parameters in detail in order to ensure more sufficient photopolymerization.




5. Conclusions


Light transmission through nano- and nanohybrid composites is significantly influenced by increment thickness and material shade.



In particular, the thickness of the resin composite increments has a strong impact on the curing results since light transmission distinctly decreases with increasing layer thickness.



In order to ensure sufficient light polymerization, especially for bigger increments and/or darker shades, expanded curing times should be recommended by the manufacturer. In adjusting the curing time, it is suggested to take the layer thickness, composite shade, and manufacturer into account.







Author Contributions


Conceptualization, M.H. and M.W.; methodology, M.H. and M.W.; software, M.W. validation, M.H., M.W., S.K., M.R. and J.B.; formal analysis, M.W. and S.K.; investigation, M.H., M.W., S.K. and J.B.; resources, J.B., C.-L.H., M.R. and U.S.-S.; data curation, M.W.; writing—original draft preparation, S.K.; writing—review and editing, S.K., M.H. and B.W.S.; visualization, M.W. and S.K.; supervision, B.W.S.; project administration, B.W.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data can be obtained from the corresponding author on request.




Acknowledgments


We acknowledge the entire stuff of the institute for medical statistics.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Montag, R.; Dietz, W.; Nietzsche, S.; Lang, T.; Weich, K.; Sigusch, B.W.; Gaengler, P. Clinical and Micromorphologic 29-year Results of Posterior Composite Restorations. J. Dent. Res. 2018, 97, 1431–1437. [Google Scholar] [CrossRef]

	



Yanishen, I.V.; Tkachenko, I.M.; Skrypnikov, P.M.; Hasiuk, P.A. Wear Resistance of Dental Materials Which Are Used for Anterior Teeth Restorations. Wiad. Lek. 2020, 73, 1677–1680. [Google Scholar] [CrossRef]

	



Al-Senan, D.; Ageel, F.; Aldosari, A.; Maktabi, H. Knowledge and Attitude of Dental Clinicians towards Light-Curing Units: A Cross-Sectional Study. Int. J. Dent. 2021, 2021, 5578274. [Google Scholar] [CrossRef] [PubMed]

	



Kojic, D.D.; El-Mowafy, O.; Price, R.; El-Badrawy, W. The Ability of Dental Practitioners to Light-Cure Simulated Restorations. Oper. Dent. 2021, 46, 160–172. [Google Scholar] [CrossRef] [PubMed]

	



Maximov, J.; Dikova, T.; Duncheva, G.; Georgiev, G. Influence of Factors in the Photopolymerization Process on Dental Composites Microhardness. Materials 2022, 15, 6459. [Google Scholar] [CrossRef]

	



Barszczewska-Rybarek, I.; Chladek, G. Studies on the Curing Efficiency and Mechanical Properties of Bis-GMA and TEGDMA Nanocomposites Containing Silver Nanoparticles. Int. J. Mol. Sci. 2018, 19, 3937. [Google Scholar] [CrossRef]

	



Jandt, K.D.; Sigusch, B.W. Future perspectives of resin-based dental materials. Dent. Mater. 2009, 25, 1001–1006. [Google Scholar] [CrossRef]

	



Pflaum, T.; Kranz, S.; Montag, R.; Güntsch, A.; Völpel, A.; Mills, R.; Jandt, K.; Sigusch, B. Clinical long-term success of contemporary nano-filled resin composites in class I and II restorations cured by LED or halogen light. Clin. Oral Investig. 2018, 22, 1651–1662. [Google Scholar] [CrossRef] [PubMed]

	



Lovell, L.G.; Newman, S.M.; Donaldson, M.M.; Bowman, C.N. The effect of light intensity on double bond conversion and flexural strength of a model, unfilled dental resin. Dent. Mater. 2003, 19, 458–465. [Google Scholar] [CrossRef]

	



Maktabi, H.; Balhaddad, A.A.; Alkhubaizi, Q.; Strassler, H.; Melo, M.A.S. Factors influencing success of radiant exposure in light-curing posterior dental composite in the clinical setting. Am. J. Dent. 2018, 31, 320–328. [Google Scholar]

	



Moldovan, M.; Balazsi, R.; Soanca, A.; Roman, A.; Sarosi, C.; Prodan, D.; Vlassa, M.; Cojocaru, I.; Saceleanu, V.; Cristescu, I. Evaluation of the Degree of Conversion, Residual Monomers and Mechanical Properties of Some Light-Cured Dental Resin Composites. Materials 2019, 12, 2109. [Google Scholar] [CrossRef] [PubMed]

	



Durner, J.; Obermaier, J.; Draenert, M.; Ilie, N. Correlation of the degree of conversion with the amount of elutable substances in nano-hybrid dental composites. Dent. Mater. 2012, 28, 1146–1153. [Google Scholar] [CrossRef] [PubMed]

	



Tichy, A.; Simkova, M.; Vrbova, R.; Roubickova, A.; Duskova, M.; Bradna, P. Bisphenol A Release from Dental Composites and Resin-Modified Glass Ionomers under Two Polymerization Conditions. Polymers 2021, 14, 46. [Google Scholar] [CrossRef] [PubMed]

	



Reichl, F.X.; Esters, M.; Simon, S.; Seiss, M.; Kehe, K.; Kleinsasser, N.; Folwaczny, M.; Glas, J.; Hickel, R. Cell death effects of resin-based dental material compounds and mercurials in human gingival fibroblasts. Arch. Toxicol. 2006, 80, 370–377. [Google Scholar] [CrossRef] [PubMed]

	



Sigusch, B.W.; Völpel, A.; Braun, I.; Uhl, A.; Jandt, K.D. Influence of different light curing units on the cytotoxicity of various dental composites. Dent. Mater. 2007, 23, 1342–1348. [Google Scholar] [CrossRef] [PubMed]

	



Bhamra, G.S.; Fleming, G.J. Influence of halogen irradiance on short- and long-term wear resistance of resin-based composite materials. Dent. Mater. 2009, 25, 214–220. [Google Scholar] [CrossRef] [PubMed]

	



Calheiros, F.C.; Daronch, M.; Rueggeberg, F.A.; Braga, R.R. Degree of conversion and mechanical properties of a BisGMA:TEGDMA composite as a function of the applied radiant exposure. J. Biomed. Mater. Res. B Appl. Biomater. 2008, 84, 503–509. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.Y.; Lee, I.B.; Cho, B.H.; Son, H.H.; Um, C.M. Curing effectiveness of a light emitting diode on dentin bonding agents. J. Biomed. Mater. Res. B Appl. Biomater. 2006, 77, 164–170. [Google Scholar] [CrossRef]

	



Brambilla, E.; Gagliani, M.; Ionescu, A.; Fadini, L.; García-Godoy, F. The influence of light-curing time on the bacterial colonization of resin composite surfaces. Dent. Mater. 2009, 25, 1067–1072. [Google Scholar] [CrossRef]

	



Janda, R.; Roulet, J.F.; Latta, M.; Kaminsky, M.; Rüttermann, S. Effect of exponential polymerization on color stability of resin-based filling materials. Dent. Mater. 2007, 23, 696–704. [Google Scholar] [CrossRef]

	



Samaha, S.; Bhatt, S.; Finkelman, M.; Papathanasiou, A.; Perry, R.; Strassler, H.; Kugel, G.; Garcia-Godoy, F.; Price, R. Effect of instruction, light curing unit, and location in the mouth on the energy delivered to simulated restorations. Am. J. Dent. 2017, 30, 343–349. [Google Scholar] [PubMed]

	



Szalewski, L.; Wójcik, D.; Sofińska-Chmiel, W.; Kuśmierz, M.; Różyło-Kalinowska, I. How the Duration and Mode of Photopolymerization Affect the Mechanical Properties of a Dental Composite Resin. Materials 2022, 16, 113. [Google Scholar] [CrossRef] [PubMed]

	



Diab, R.A.; Yap, A.U.; Gonzalez, M.A.G.; Yahya, N.A. Impact of light-curing distance on the effectiveness of cure of bulk-fill resin-based composites. Saudi Dent. J. 2021, 33, 1184–1189. [Google Scholar] [CrossRef] [PubMed]

	



Konerding, K.L.; Heyder, M.; Kranz, S.; Guellmar, A.; Voelpel, A.; Watts, D.C.; Jandt, K.D.; Sigusch, B.W. Study of energy transfer by different light curing units into a class III restoration as a function of tilt angle and distance, using a MARC Patient Simulator (PS). Dent. Mater. 2016, 32, 676–686. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, H.J.; Oh, Y.J.; Jang, J.H.; Park, J.E.; Hwang, K.S.; Park, Y.D. The effect of polymerization conditions on the amounts of unreacted monomer and bisphenol A in dental composite resins. Dent. Mater. J. 2015, 34, 327–335. [Google Scholar] [CrossRef] [PubMed]

	



Davidson, C.L.; de Gee, A.J. Light-curing units, polymerization, and clinical implications. J. Adhes. Dent. 2000, 2, 167–173. [Google Scholar] [PubMed]

	



Ferracane, J.L.; Aday, P.; Matsumoto, H.; Marker, V.A. Relationship between shade and depth of cure for light-activated dental composite resins. Dent. Mater. 1986, 2, 80–84. [Google Scholar] [CrossRef] [PubMed]

	



Moore, B.K.; Platt, J.A.; Borges, G.; Chu, T.M.; Katsilieri, I. Depth of cure of dental resin composites: ISO 4049 depth and microhardness of types of materials and shades. Oper. Dent. 2008, 33, 408–412. [Google Scholar] [CrossRef] [PubMed]

	



Jain, P.; Pershing, A. Depth of cure and microleakage with high-intensity and ramped resin-based composite curing lights. J. Am. Dent. Assoc. 2003, 134, 1215–1223. [Google Scholar] [CrossRef]

	



de Mendonça, B.C.; Soto-Montero, J.R.; de Castro, E.F.; Kury, M.; Cavalli, V.; Rueggeberg, F.A.; Giannini, M. Effect of extended light activation and increment thickness on physical properties of conventional and bulk-filled resin-based composites. Clin. Oral. Investig. 2022, 26, 3141–3150. [Google Scholar] [CrossRef]

	



dos Santos, G.B.; Alto, R.V.; Filho, H.R.; da Silva, E.M.; Fellows, C.E. Light transmission on dental resin composites. Dent. Mater. 2008, 24, 571–576. [Google Scholar] [CrossRef]

	



MM, A.L.; Haenel, T.; Sullivan, B.; Labrie, D.; Alqahtani, M.Q.; Price, R.B. Effect of a broad-spectrum LED curing light on the Knoop microhardness of four posterior resin based composites at 2, 4 and 6-mm depths. J. Dent. 2016, 45, 14–18. [Google Scholar] [CrossRef]

	



De Angelis, F.; Vadini, M.; Capogreco, M.; D’Arcangelo, C.; D’Amario, M. Effect of Light-Sources and Thicknesses of Composite Onlays on Micro-Hardness of Luting Composites. Materials 2021, 14, 6849. [Google Scholar] [CrossRef]

	



Ceballos, L.; Fuentes, M.V.; Tafalla, H.; Martínez, A.; Flores, J.; Rodríguez, J. Curing effectiveness of resin composites at different exposure times using LED and halogen units. Med. Oral Patol. Oral Cir. Bucal 2009, 14, E51–E56. [Google Scholar] [PubMed]

	



Price, R.B.; Dérand, T.; Loney, R.W.; Andreou, P. Effect of light source and specimen thickness on the surface hardness of resin composite. Am. J. Dent. 2002, 15, 47–53. [Google Scholar] [PubMed]

	



Ilie, N.; Ionescu, A.C.; Huth, K.C.; Moldovan, M. Light Transmission Characteristics and Cytotoxicity within A Dental Composite Color Palette. Materials 2023, 16, 3773. [Google Scholar] [CrossRef]

	



Sigusch, B.W.; Pflaum, T.; Völpel, A.; Gretsch, K.; Hoy, S.; Watts, D.C.; Jandt, K.D. Resin-composite cytotoxicity varies with shade and irradiance. Dent. Mater. 2012, 28, 312–319. [Google Scholar] [CrossRef] [PubMed]

	



Thomé, T.; Steagall, W., Jr.; Tachibana, A.; Braga, S.R.; Turbino, M.L. Influence of the distance of the curing light source and composite shade on hardness of two composites. J. Appl. Oral Sci. 2007, 15, 486–491. [Google Scholar] [CrossRef]

	



Busemann, I.; Lipke, C.; Schattenberg, A.; Willershausen, B.; Ernst, C.P. Shortest exposure time possible with LED curing lights. Am. J. Dent. 2011, 24, 37–44. [Google Scholar]

	



Emami, N.; Sjödahl, M.; Söderholm, K.J. How filler properties, filler fraction, sample thickness and light source affect light attenuation in particulate filled resin composites. Dent. Mater. 2005, 21, 721–730. [Google Scholar] [CrossRef]

	



Masotti, A.S.; Onófrio, A.B.; Conceição, E.N.; Spohr, A.M. UV-vis spectrophotometric direct transmittance analysis of composite resins. Dent. Mater. 2007, 23, 724–730. [Google Scholar] [CrossRef] [PubMed]

	



Dieckmann, P.; Mohn, D.; Zehnder, M.; Attin, T.; Tauböck, T.T. Light Transmittance and Polymerization of Bulk-Fill Composite Materials Doped with Bioactive Micro-Fillers. Materials 2019, 12, 4087. [Google Scholar] [CrossRef] [PubMed]

	



Ilie, N.; Bucuta, S.; Draenert, M. Bulk-fill resin-based composites: An in vitro assessment of their mechanical performance. Oper. Dent. 2013, 38, 618–625. [Google Scholar] [CrossRef] [PubMed]

	



Fujita, K.; Nishiyama, N.; Nemoto, K.; Okada, T.; Ikemi, T. Effect of base monomer’s refractive index on curing depth and polymerization conversion of photo-cured resin composites. Dent. Mater. J. 2005, 24, 403–408. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.K.; Powers, J.M. Influence of background color on the color changes of resin composites after accelerated aging. Am. J. Dent. 2007, 20, 27–30. [Google Scholar] [PubMed]

	



Ota, M.; Ando, S.; Endo, H.; Ogura, Y.; Miyazaki, M.; Hosoya, Y. Influence of refractive index on optical parameters of experimental resin composites. Acta Odontol. Scand. 2012, 70, 362–367. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, T.; Murata, Y.; Sano, H. Translucency of opaque-shade resin composites. Am. J. Dent. 2004, 17, 127–130. [Google Scholar] [PubMed]

	



Shortall, A.C.; Wilson, H.J.; Harrington, E. Depth of cure of radiation-activated composite restoratives—Influence of shade and opacity. J. Oral Rehabil. 1995, 22, 337–342. [Google Scholar] [CrossRef] [PubMed]

	



Shortall, A.C. How light source and product shade influence cure depth for a contemporary composite. J. Oral Rehabil. 2005, 32, 906–911. [Google Scholar] [CrossRef]

	



Hervás-García, A.; Martínez-Lozano, M.A.; Cabanes-Vila, J.; Barjau-Escribano, A.; Fos-Galve, P. Composite resins. A review of the materials and clinical indications. Med. Oral Patol. Oral Cir. Bucal. 2006, 11, E215–E220. [Google Scholar]

	



Jafarpour, D.; Ferooz, R.; Ferooz, M.; Bagheri, R. Physical and Mechanical Properties of Bulk-Fill, Conventional, and Flowable Resin Composites Stored Dry and Wet. Int. J. Dent. 2022, 2022, 7946239. [Google Scholar] [CrossRef]

	



de Deus, R.A.; Oliveira, L.; Braga, S.; Ribeiro, M.; Price, R.B.; Núñez, A.; Loguercio, A.D.; Soares, C.J. Effect of Radiant Exposure on the Physical and Mechanical Properties of 10 Flowable and High-viscosity Bulk-fill Resin Composites. Oper. Dent. 2024, 49, 136–156. [Google Scholar] [CrossRef]

	



Thanoon, H.; Price, R.B.; Watts, D.C. Thermography and conversion of fast-cure composite photocured with quad-wave and laser curing lights compared to a conventional curing light. Dent. Mater. 2024, 40, 546–556. [Google Scholar] [CrossRef]

	



Cender, E.U.; Guler, C.; Odabasi, D. The effects of polymerization mode and layer thickness on monomer released from bulk fill composite resins. Niger. J. Clin. Pract. 2021, 24, 1442–1449. [Google Scholar] [CrossRef]

	



Naeimi Akbar, H.; Moharamzadeh, K.; Wood, D.J.; Van Noort, R. Relationship between Color and Translucency of Multishaded Dental Composite Resins. Int. J. Dent. 2012, 2012, 708032. [Google Scholar] [CrossRef]

	



Rueggeberg, F.A.; Cole, M.A.; Looney, S.W.; Vickers, A.; Swift, E.J. Comparison of manufacturer-recommended exposure durations with those determined using biaxial flexure strength and scraped composite thickness among a variety of light-curing units. J. Esthet. Restor. Dent. 2009, 21, 43–61. [Google Scholar] [CrossRef]








[image: Materials 17 01554 g001] 





Figure 1. Influence of the layer thickness on the light transmission of Filtek Supreme XTE. Light transmission of the shades A1, A2, A3, and A4 at layer thicknesses of 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.9, 2.3, and 2.7 mm. At layers >1.5 mm, there is significant reduction in light transmission compared to 0.5 mm (p < 0.05). 






Figure 1. Influence of the layer thickness on the light transmission of Filtek Supreme XTE. Light transmission of the shades A1, A2, A3, and A4 at layer thicknesses of 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.9, 2.3, and 2.7 mm. At layers >1.5 mm, there is significant reduction in light transmission compared to 0.5 mm (p < 0.05).



[image: Materials 17 01554 g001]







[image: Materials 17 01554 g002] 





Figure 2. Influence of the layer thickness on the light transmission of Tetric EvoCeram. Light transmission for the shades A1–A4 and sample thicknesses from 0.5 to 2.7 mm. At layers >1.5 mm, there is significant reduction in light transmission compared to 0.5 mm (p < 0.05). 
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Figure 3. Influence of the layer thickness on the light transmission of Venus Diamond. Light transmission of the shades A1, A2, A3, and A4 at layer thicknesses of 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.9, 2.3, and 2.7 mm. At layer thicknesses of 1.5 mm or greater, there is a significant reduction in light transmission compared to 0.5 mm (p < 0.05). There was no significant difference between the shades A1 and A4. 
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Figure 4. Influence of the composite shade on the light transmission of Filtek Supreme XTE. Light transmission of the universal, dentin, and flowable shades at the layer thickness 1.1 mm (universal shades: A1, A2, A3, A4, B2, B3, C2, and C3; dentin shades: A2 and A4; flowables: A2 and A4). There is a significant reduction in light transmission for the dentin colors A2 and A4. Outliers are shown as circles. 
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Figure 5. Influence of the composite shade on the light transmission of Tetric EvoCeram. Light transmission of the universal, dentin, and flowable shades at a layer thickness of 1.1 mm (universal colours: A1, A2, A3, A4, B2, B3, C2, and C3; dentin colours: A2 and A4; flowables: A2 and A4). There is a significant reduction of light transmission for the dentin colors A2 and A4. Outliers are shown as circles. 
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Figure 6. Influence of the composite shade on the light transmission of Venus Diamond. Light transmission of the universal, dentin, and flowable shades at a layer thickness of 1.1 mm (universal shades: A1, A2, A3, A4, B2, B3, C2, and C3; dentin shades OL and OD; flowables: A2 and A4; OL: opaque Light; OD: opaque dark). Outliers are shown as circles. 
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Table 1. Material composition.
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Manufacturer

	
Composite

	
Composition






	
3M ESPE, St. Paul, MN, USA

	
Filtek Supreme XTE

	
Filler: 72.5 wt.% (55.6 vol.%); zirconium oxide/silicon dioxide cluster (0.6–10 µm) consisting of 20 nm silicon and 4–11 nm zirconium particles, non- agglomerized/non-aggregated silicon nanofillers (20 nm), and zirconium nanofillers (4–11 nm)

Matrix: Bis-GMA, BisEMA, UDMA, TEGDMA, PEGDMA




	
Filtek Supreme XTE Flowable

	
Filler: 65 wt.% (46 vol.%); zirconium oxide/silicon dioxide cluster (0.6–10 µm) consisting of 20 nm silicon, 4–11 nm zirconium particles, ytterbium trifluoride (0.1–0.5 µm), non-agglomerized/non-aggregated surface-modified 20 nm silica filler, and 75 nm silica filler

Matrix: Bis-GMA, Bis-EMA, TEGDMA




	
Ivoclar Vivadent, Schaan, Liechtenstein

	
Tetric

EvoCeram

	
Filler: 75–76 wt.% (53–55 vol.%) inorganic fillers; barium glass, ytterbium trifluoride, mixed oxide (particle size of the inorganic fillers 40 nm–3000 nm, mean size 550 nm) and prepolymer (34 wt.%)

Matrix: BisGMA, UDMA, ethoxylated Bis-EMA




	
Tetric

EvoFlow

	
Filler: 57. wt.% (30.7 vol.%) inorganic fillers; barium glass, ytterbium trifluoride, high-dispersion silicon dioxide, mixed oxide (particle size of the inorganic fillers 40 nm–3000 nm, mean size 550 nm), and prepolymer (20.4 wt.-%)

Matrix: Bis-GMA, UDMA, DDDMA




	
Heraeus Kulzer, Hanau, Germany

	
Venus Diamond

	
Filler: 80–82 wt.% (64 vol.%); barium–aluminium fluoride glass, discrete nanoparticles (particle size: 5 nm–20 µm)

Matrix: TCD-DI-HEA, UDMA




	
Venus Diamond Flow

	
Filler: 65 wt.% (41 vol.%); barium–aluminium fluoride silicate glass, ytterbium trifluoride, and silicon dioxide (particle size: 20 nm–5 µm)

Matrix: UDMA, EBADMA











 





Table 2. Summary of the resin composite shades (1.1 mm-thick samples).
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	Composite
	Universal
	Dentin
	Flowable





	Filtek Supreme XTE
	A1; A2; A3; A4

B2; B3

C2; C3
	A2; A4
	A2; A4



	Tetric EvoCeram
	A1; A2; A3; A4

B2; B3

C2; C3
	A2; A4
	A2; A4



	Venus Diamond
	A1; A2; A3; A4

B2; B3

C2; C3
	OL; OD
	A2; A4
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