Effects of different curing methods on the color stability of composite resins
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Abstract
Objectives
The aim of this study was to compare the effects of different polymerization strategies and the effectiveness of finishing and polishing procedures of composite resins on color stability.

Materials and Methods
The samples were divided into 4 main groups according to the polymerization strategy, and all groups except the control group received surface treatment. Each group was subsequently divided into 3 subgroups respectively: Kuraray Clearfil Majesty ES-2 Classic, Premium and Universal. Approximately 24 hours after preparation of the samples, they were immersed for 7 days in a coffee solution. A first color measurement was performed after the preparation of the samples, the second measurement was performed after 7 days in the coffee solution. All measurements were carried out using a dental spectrophotometer to assess the CIE L* a* b* color parameters.

Results
There was a statistically significant difference between ΔE values for different procedures (p = 0.003); in particular, the differences were found only between the groups that received surface treatment and the control group. In addition, a statistically significant difference was observed between the values of ΔE for different composites in the different procedure groups.

Conclusions
Spectrophotometric analysis showed that the additional photopolymerization and oxygen inhibition procedures did not yield better results in relation to color stability. In addition, finishing and polishing provided better color stability compared to not performing these procedures.
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INTRODUCTION
Composite resins are nowadays frequently used materials in everyday clinical dental practice. Thanks to the aesthetic, physical and mechanical properties that modern materials provide, they are widely used in the treatment of carious lesions, closing diastemas or camouflaging dental malpositions [1]. However, these materials need to be treated appropriately to avoid chemical degradation problems within the oral cavity, e.g. due to acid diets or extrinsic pigments, which would lead to aesthetic and functional failures of the restorative treatment [2].
It is well known that discolorations can have extrinsic causes and intrinsic causes. The former is represented by coloring substances such as coffee, tea, cola and red wine while intrinsic causes are related to the composition of the resin matrix, catalyst, mode and duration of polymerization, conversion of the monomer matrix, particle size and oxidation of the unconverted monomer [3]. The degradation of composite resins would lead the clinician to an early replacement of the restoration, which would then cause additional costs [3]. To date, despite advances in the properties of composite resins, the problem of discoloration still remains one of the most frequent causes of failure, especially in treatments in the aesthetic area. Several composite resins developed for aesthetic restorations are available on the market; these are classified according to the type, size and quantity of their filler particles, and according to the resin matrix [4].
Over time, many modifications have been applied that have made composites the materials of choice in conservative dentistry. Today, the composites can be of different types depending on the fillers included: microfilled composites, hybrid composites, nanofilled composites and universal composites [5].
Fillers play a main role in the reduction in shrinkage after polymerization and thermal expansion and play a crucial role in lowering water absorption and solubility [6]. These fillers are also important for the physical and the aesthetic properties of the composites, in addition to polishing abilities. Highly aesthetic and polished surfaces of resin composites can be achieved by minimizing the size of the filler. Improved filler qualities allow the material to withstand changes that are frequent in the oral cavity and, hence, help in the ability to withstand chewing while retaining aesthetics [7]. Another essential aspect is the adequate polymerization of composite resins to achieve optimal mechanical and optical properties. Insufficient curing processes and polymerization can lead to a decrease in the physical and mechanical properties of composite resins, which have been reported to be more susceptible to water absorption and dissolution of unreacted monomers, resulting in increased discoloration [89].
Composite resins in the oral cavity are continuously subjected to contact with different staining substances. Numerous studies have shown which substances, in common use, are capable of altering the qualities and in particular the color stability of composite resins [21011121314]. The composition of the restoration, characteristics of the filler, oral hygiene, diet, smoking, finishing and polishing determine the surface roughness of the composite resin [15]. Surface roughness remaining from inappropriate polishing may result in excessive plaque adhesion with consequent irritation of the gingival tissues, as well as increased susceptibility of the restoration to surface pigmentation and progressive discoloration [16]. A surface roughness greater than 0.2 µm is considered a retention area for bacterial plaque, roughness is a variant that plays a key role in the aesthetic success of composite restorations [7].
Today, a wide variety of polishing protocols are available, ranging from multiple-step systems requiring the use of an orderly succession of tools, such as abrasive discs with decreasing grain size, to 1-step systems based on the use of a single medium, such as silicon carbide brushes or diamond powder-impregnated cups and tips [17]. High-quality finishing and polishing are important factors that improve both the aesthetics and longevity of composite restorations, while rough and poorly finished surfaces contribute to staining, plaque build-up, gingival irritation, recurrent caries and discoloration of the restoration over time [171819]. Dental composite resin restorations should be polished to achieve as smooth a finish as possible to increase stain resistance [20].
Therefore, the aim of this study was to compare the effects of different polymerization strategies and the effectiveness of finishing and polishing procedures of composite resins on color stability using 3 different composites. The null hypothesis of the study is that polymerization and the surface treatment techniques guarantee the same results in terms of color stability.

MATERIALS AND METHODS
Materials composition
Three composites were tested:
	• Clearfil Majesty ES-2 Universal (Kuraray Co. Ltd., Tokyo, Japan)

	• Clearfil Majesty ES-2 Classic (Kuraray Co. Ltd.)

	• Clearfil Majesty ES-2 Premium Dentin (Kuraray Co. Ltd.)



The total amount of filler is approximately 78 wt%, including inorganic filler of 40 vol%. The particle size of inorganic fillers ranges from 0.37 to 1.5 µm.

Sample preparation
Cylindrical plexiglass molds with dimensions of 8 × 2 mm were used to test the composites. A total of 120 samples were produced. The composite was placed inside the molds using a stainless-steel instrument (Didier Dietschi CompoSculp; Hu-Friedy, Milano, Italy).
After the material was placed in the mold, a polyester strip was pressed onto the surface with a glass plate to obtain a flat surface.
The samples were divided into the following groups:
	• Control group (Group C): A single light-cure was performed, and the composite resins were light-cured for 20 seconds.

	• Single application of curing light + Polishing (Group 1): A single 20-second light curing and subsequent polishing was performed.

	• Application of curing light + Polishing + Additional application of curing light (Group 2): After the first 20 seconds of photoactivation and subsequent polishing maneuvers, an additional 20 seconds of photo polishing was carried out.

	• Glycerin + Single application of curing light + Polishing (Group 3): Before light-curing the samples for 20 seconds, the surface was sprinkled with glycerin (Liquid Strip - Glycerin Gel; Ivoclar Vivadent, Amherst, NY, USA) followed by polishing.



Photoactivation was carried out for 20 seconds with an LED lamp (VALO, Ultradent Italia Srl, Corsico, Italy) with a light intensity of 1,000 mW/cm2, perpendicularly and directly on top of the samples.
With the exception of the control group, the other groups were treated with polishing procedures, performed with the aid of an extra-fine diamond bur for 10 seconds to avoid the formation of micro-cracks followed by the use of a silicone rubber polisher and a polishing brush (Occlubrash Golden; Kerr Dental Italia, Scafati, Italy) for 10 seconds [13]. After the procedures, the specimens were washed with 70% alcohol with gauze to remove the glycerin (Group 3) and post-polishing compounds. The polishing and light curing procedures were carried out on the same side of the specimens. The same operator carried out the specimen preparation, finishing, and polishing procedures. The same clean protocol was used for the control group.
The sample was divided into 3 sub-groups for each group: Kuraray Majesty Classic, Kuraray Premium Dentin, and Kuraray Universal. Specifically, 2 types of nanohybrid composites (Kuraray ES-2 Classic and Kuraray ES-2 Premium) and a Universal composite were used. The division into groups and subgroups is shown in Table 1.
Table 1 Division of the sample into groups and sub-groups (n = 120)

[image: ]	Composites groups	Procedures groups*
	Group C	Group 1	Group 2	Group 3
	Kuraray Universal	n = 10	n = 10	n = 10	n = 10
	Kuraray Classic	n = 10	n = 10	n = 10	n = 10
	Kuraray Premium	n = 10	n = 10	n = 10	n = 10

*The samples were divided into the following groups: Group C, A single light-cure was performed, and the composite resins were light-cured for 20 seconds; Group 1, 20 seconds Photopolymerization + Polishing; Group 2, 20 seconds Photopolymerization + Polishing + 20 seconds Photopolymerization; and Group 3, Glycerin + 20 seconds Photopolymerization + Polishing.



Immersion in a pigment drink for color stability
Approximately 24 hours after the preparation of the samples, they were immersed for 7 days in a coffee solution (Caffè Motta Spa, Salerno, Italy) at a constant temperature of 37°C, the concentration used was 150 mg of caffeine in 100 mL of solution. The solution was changed daily. After the 7 days in the solution, the samples were rinsed for 2 minutes with distilled water and then dried.

Measuring color stability
A first color measurement was performed after the preparation of the samples, the measurement was carried out with the aid of a dental spectrophotometer (SpectroShade Micro, MHT S.P.A., Milan, Italy) (Figure 1), the second measurement was performed after 7 days in the coffee solution and after washing and drying the samples. The spectrophotometer was used to measure the CIE L* a* b* color parameters. The initial color of each sample was measured before immersion in the solutions. In the CIE L* a* b* color space, the brightness is indicated by L*, red-green by a*, and blue-yellow by b*) [21]. The device was calibrated before measurement, and the measurements were made 3 times for each sample. The mean values were considered the final value. Color difference (ΔE) was calculated using the following formula:
[image: Figure 1]
Figure 1 Procedure for using spectrophotometer on composite samples. A sample before (A) and during (B) the spectrophotometer measurement, the spectrophotometer was used to measure the CIE L* a* b* color parameters.

ΔE = {(Δa)2 + (Δb)2 + (ΔL)2}1/2 (1)
where:
	• ΔE is a parameter used to evaluate the discoloration; therefore, it follows that the higher its value, the greater the degree of difference between the final and initial color of the sample examined.

	• Δa is the difference between the red-green shades of the sample after and before coffee immersion.

	• Δb is the difference between the blue-yellow shades of the sample after and before coffee immersion.

	• ΔL is the difference between the brightness of the sample after and before coffee immersion.




Statistical analysis
A standard statistical software (Jamovi software, version 2.3.26; www.jamovi.org) was used to evaluate the data and the p value was set at 0.05. The means and standard deviations of each group were calculated. A Shapiro-Wilk test was used to assess if the sample was normally distributed. A 2-way analysis of variance (ANOVA) test was performed to compare groups and a post-hoc analysis (Tukey test) was used to perform dual comparisons between groups (p < 0.05).


RESULTS
A total of 120 samples were divided according to different groups (30 samples for each procedure) and into different sub-groups (10 samples for each composite), as shown in Table 1. Based on the Shapiro-Wilk test, ΔE was normally distributed in the general sample and in the different groups and sub-groups. The mean and standard deviations of ΔE were 5.5 ± 2.6; the statistical parameters for the groups and sub-groups are shown in Table 2. Based on the division of the groups, the lowest value of discoloration was observed in the subgroup “20 seconds Photopolymerization + Polishing” (ΔE: 4.3 ± 2.5) while the highest ΔE value was found in the control group (ΔE: 8.0 ± 2.8). By sub-groups division, the highest discoloration value was found in the Kuraray Universal composite (ΔE: 7.5 ± 2.5), while the lowest ΔE value was measured in the Kuraray Classic composite (ΔE: 3.3 ± 1.0).
Table 2 ΔE according to different procedure groups, and composite sub-groups

[image: ]	Groups	ΔE
	Composites groups	
		Kuraray Universal	7.5 ± 2.5
		Kuraray Classic	3.3 ± 1.0
		Kuraray Premium	5.6 ± 2.3
	Procedures groups*
	
		Group C	8.0 ± 2.8
		Group 1	4.3 ± 2.5
		Group 2	4.8 ± 1.7
		Group 3	4.8 ± 1.9

Values are presented as mean ± standard deviation.
*The samples were divided into the following groups: Group C, A single light-cure was performed, and the composite resins were light-cured for 20 seconds; Group 1, 20 seconds Photopolymerization + Polishing; Group 2, 20 seconds Photopolymerization + Polishing + 20 seconds Photopolymerization; and Group 3, Glycerin + 20 seconds Photopolymerization + Polishing.


As a result of the ANOVA test, a statistically significant difference was found between ΔE values for different composites in the several procedure groups, as shown in Table 3. In particular, the p value of the comparison of ΔE values between the 3 different composite sub-groups in Group C was < 0.001, the same for Groups 2 and 3; while for Group 1, the p value of the comparison between the composite sub-groups was 0.011.
Table 3 ΔE according to different groups and sub-groups

[image: ]	Procedures*	Composite	ΔE	p value
	Group C	Kuraray Universal	10.4 ± 1.5	< 0.001
	Kuraray Classic	9.0 ± 0.6
	Kuraray Premium	4.4 ± 0.8
	Group 1	Kuraray Universal	6.5 ± 2.7	0.011
	Kuraray Classic	4.2 ± 1.4
	Kuraray Premium	2.2 ± 0.8
	Group 2	Kuraray Universal	6.2 ± 1.3	< 0.001
	Kuraray Classic	5.3 ± 1.0
	Kuraray Premium	3.0 ± 0.5
	Group 3	Kuraray Universal	7.0 ± 1.8	< 0.001
	Kuraray Classic	3.7 ± 0.8
	Kuraray Premium	3.7 ± 0.5

The p value column is related to comparisons made between different composites subjected to the same procedure. Values are presented as mean ± standard deviation.
*The samples were divided into the following groups: Group C, A single light-cure was performed, and the composite resins were light-cured for 20 seconds; Group 1, 20 seconds Photopolymerization + Polishing; Group 2, 20 seconds Photopolymerization + Polishing + 20 seconds Photopolymerization; and Group 3, Glycerin + 20 seconds Photopolymerization + Polishing.


Depending on the division into groups and sub-groups, the highest discoloration value was found in the control group of Kuraray Universal (ΔE: 10.4 ± 1.5), while the lowest value of discoloration was seen in the Group 1 of Kuraray Premium (ΔE: 2.2 ± 0.8).
According to the ANOVA test, there was a statistically significant difference between ΔE values within the several groups divided according to the procedures (p = 0.003); Notably, with the post-hoc analysis, a statistically significant difference was found between Groups 1, 2, 3 and C (p = 0.004, p = 0.006 and p = 0.008, respectively), as shown in Table 4 and Figure 2.
Table 4 Comparison between the different procedures and the control group as a result of post-hoc analysis with Tukey test

[image: ]	Comparison between groups*	p value
	Group 1	Group C	0.004
	Group 1	Group 2	0.909
	Group 1	Group 3	0.933
	Group 2	Group C	0.006
	Group 2	Group 3	1.000
	Group 3	Group C	0.008

*The samples were divided into the following groups: Group C, A single light-cure was performed, and the composite resins were light-cured for 20 seconds; Group 1, 20 seconds Photopolymerization + Polishing; Group 2, 20 seconds Photopolymerization + Polishing + 20 seconds Photopolymerization; and Group 3, Glycerin + 20 seconds Photopolymerization + Polishing.


[image: Figure 2]
Figure 2 Comparison between the distribution of ΔE values in different procedure groups (Group 1: 20 seconds Photopolymerization + Polishing; Group 2: 20 seconds Photopolymerization + Polishing + 20 seconds Photopolymerization; Group 3: Glycerin + 20 seconds Photopolymerization + Polishing) and control group (Group C).CI, confidence interval.


DISCUSSION
The aim of this study was to evaluate the color stability of composite resins immersed in a pigmenting substance such as coffee by comparing different composite curing approaches. Several factors can influence the discoloration process of composite resin materials by these substances, including incomplete polymerization, water absorption, food and drink staining, oral hygiene, tobacco smoking and surface roughness [2223242526].
The color stability of materials can be measured objectively with instrumental methods such as the spectrophotometer [27]. To assess the color change, the CIE L* a* b* coordinate system was often used [28]. Several studies have reported that this system has advantages such as accuracy, repeatability, sensitivity and objectivity [2930]. In the current study, all light curing techniques used in the different samples showed a color change after immersion in coffee. The color change (ΔE) was greater in the non-polished group (control group), mainly due to the rougher surface that contributed to the stain formation as reported in previous studies in the literature [22031323334].
Finishing and polishing in restorative dentistry refers to the following steps: coarse contouring of the restoration to achieve the desired anatomy, reduction and smoothing of surface roughness and scratches created by the finishing instruments during the process of coarse reduction and initial polishing and finally a process that aims to produce a highly smooth surface that is able to reflect light, similar to enamel and is referred to as final polishing [35]. Various surface finishing and polishing treatments can affect stain resistance by altering the surface roughness of resins. In our study, the samples were finished using an extra-fine diamond burn for 10 seconds to avoid the formation of micro-cracks followed by the use of a silicone polisher and a polishing brush for 10 seconds [36]. All polishing groups showed less discoloration than the control group, in agreement with the results of the studies by Gönülol and Yilmaz [19], Barakah and Taher [20], and Gonulol and Patel et al. [33]. Discoloration of restorations could be removed by re-polishing, depending on the material and severity of the discoloration [35]. Re-polishing is a minimally invasive operative procedure that can remove extrinsic discoloration on restoration surfaces [2837]. Ugurlu’s study [38] showed that although there was a clear improvement in discoloration after re-polishing, the nanohybrid and microhybrid composite resins used in the study still showed a significant ΔE after the procedure; this is because internal discoloration may not be completely removed by re-polishing.
Regarding the materials, the composites used in the present study were Kuraray Clearfil Majesty ES-2 Classic, a composite resin that contains a proprietary nano-filled filler and a high refractive matrix. It exhibits a light-diffusion property very similar to the natural tooth structure, this type of material is characterized by an intermediate translucency and a moderate opacity, which also makes it eligible for restorations in the aesthetic area. Another composite used was Kuraray Clearfil Majesty ES-2 Premium Dentin, a nano-filled material with a level of opacity that guarantees a certain degree of coverage, making it suitable for a technique involving layering of different masses in the aesthetic area. The third composite used was Kuraray Clearfil Majesty ES-2 Universal. This type of composite presented as ‘universal’ can be used without additional shades. Most of them follow the trend towards simplification with fewer shades and translucency as a result of some kind of chameleon effect [39]. These composite resins represent a simplified type of material with a regular viscosity consistency for which the layering technique is not necessary, due to the refractive and reflective properties that make the restorations diffuse light in a similar way to the tooth structure [394041].
The polymerization process of composite resins plays an important role in color alterations and their optical properties. Residual unconverted methacrylate groups could cause increased water absorption of the resin matrix and color alterations. The degree of conversion depends on factors such as the composition of the resin material, type of photoinitiator, type and power density of the light-curing unit, inclination of the light rays with respect to the surface, intensity, and curing time [42]. The resin material contains the photo activator camphorquinone, which is activated at wavelengths of 420 to 470 nm. When these conditions are not met, polymerization is inhibited at various levels, leading to defects in the physical and chemical properties of the material [4344]. According to the study by Hervás-García et al. [5] for optimal polymerization of composite resins, the thickness should be 1–2 mm, at room temperature, with a minimum distance of less than 1 mm and at an angle of 90° to the surface of the material. Previous studies report that the minimum light intensity required for adequate polymerization of 2 mm composite resin was approximately 400 mW/cm2 with an exposure time of 40 seconds [4345]. In our study, photoactivation was performed for 20 seconds with LED light with a light intensity of 1,000 mW/cm2 perpendicularly and directly on top of the samples. In Group 3, an additional photo-activation was performed after the samples had been finished and polished, and in Group 4, a photo-activation was performed after the samples had been coated with glycerin. In our study, additive polymerization showed a statistically significant ΔE compared to the control group but showed no statistically significant differences compared to the other groups. On the contrary, Unsal and Karaman [44] showed how applying additive polymerization/additional light cure could improve the physical-mechanical properties of the materials while also reporting less color variation of the resins over time. In particular, by applying the additional polymerization, a statistically significant ΔE was reported in all tested samples compared to the group in which the procedure had not been applied, thus showing less discoloration in the samples treated with additional polymerization [44].
Furthermore, during the light-curing of composite resins, contact with oxygen produces a surface layer of uncured resin. Oxygen inhibits the polymerization reaction because its reactivity with free radicals is greater than that of the composite resin monomers, resulting in the formation of a polymer chain more prone to discoloration and wear [4647]. Several authors have reported how oxygen inhibition, via substances such as glycerin gel, improves the degree of surface conversion of composite resins. In this study, it was decided to use glycerine before polymerization to prevent the formation of the oxidative inhibition layer [48].
The study by Borges et al. [49] showed that the use of glycerin alone did not improve the color stability of composite resins, but when combined with finishing and polishing techniques, it could significantly decrease the color variation of composite resins.
In our study, the use of glycerin showed a statistically significant difference compared to the control group but comparable to the other groups in which glycerin was not applied.
Further studies, in particular clinical studies with medium- and long-term follow-up, are needed to assess whether these polymerization techniques are able to achieve a real advantage compared with the other ones.
It should be noted that the present study has some limitations related to the design of the experimental study. There are extremely heterogeneous aspects between the various methodologies concerning: the effect of different curing times, different types of light sources, the degree of conversion of the composite resins or the heterogeneity of the different polishing protocols available, the lack of other tests, e.g. roughness or degree of conversion. In future studies, it will be necessary to include these aspects to verify and confirm the results of this study.

CONCLUSION
The different composite curing approaches investigated showed no statistically significant differences in color stability. On the other hand, the surface treatment of composite resins through finishing and polishing procedures provided better results in relation to color stability. Considering these findings, it could be concluded that finishing and polishing should be performed after restorative procedures to maintain the aesthetic properties by ensuring greater color stability and discoloration of composite resins regardless of light curing techniques.
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