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Abstract

:

This study aimed to compare the color stability of monolithic zirconia (MLZ) after immersion in various staining liquids. Fifty MLZ samples (n = 50) were color infiltrated by brushing/painting the samples pre-sintering. All zirconia samples were then brushed inside a toothbrushing simulator machine to create abrasion. Ten samples each were immersed in artificial saliva (gp-1), coffee (gp-2), protein shake (gp-3), chlorhexidine mouthwash (gp-4), and a soft drink (gp-5). Besides chlorhexidine mouthwash (immersion time: 14 days), the samples were immersed in the liquids for 28 days. A spectrophotometer was utilized to observe the color differences (∆E) at the baseline vs. 28 days post-immersion. The means and standard deviations were compared using analysis of variance (ANOVA) and a multiple comparisons test. A p-value < 0.05 was considered significant. The greatest ∆E (4.57) was observed after immersion in the coffee, followed by a soft drink (∆E: 4.03). Chlorhexidine mouthwash immersion of MLZ samples also significantly changed their color stability (∆E: 3.60). The inter-group comparisons revealed statistically significant differences (p < 0.05) when ∆E values of gp-1 (artificial saliva) were compared with all other groups. Significant differences (p < 0.05) were also seen when ∆E values of gp-2 (coffee) were compared with gp-3 (protein shake) and gp-4 (chlorhexidine). All other inter-group comparisons revealed non-significant results (p > 0.05). The results of the present study demonstrate that coffee immersion of MLZ samples causes more significant discoloration (increased ∆E values) than other liquids. Further in vitro and clinical studies are warranted to corroborate the present study’s findings.
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1. Introduction


Zirconia (an oxide of zirconium) is used in dentistry for numerous clinical applications due to its admirable aesthetics, biocompatibility, and mechanical properties [1]. Zirconia has been used to develop crowns, bridges, posts, and implants due to its high biocompatibility, increased toughness, and improved fracture resistance [2]. Among all its clinical applications, the use of zirconia in implant dentistry stands out [3]. Like titanium, zirconia is a material that does not inhibit osteoblasts, and hence, promotes the osseointegration of dental implants [4]. One disadvantage associated with zirconia in the past was its lack of translucency; to rectify this, veneering with porcelain was introduced [5]. However, failure of conventional zirconia restorations was reported due to debonding and adhesion failure between these materials resulting in the chipping of veneering ceramic [6,7]. This problem was resolved by introducing monolithic zirconias (MLZs) as they have high flexural strength, cause minimal wear of antagonists (if properly polished), and are more in line with minimally invasive dentistry (MID) as they require more conservative tissue preparation that helps avoid chipping [8].



Conventionally, MLZs were not used for anterior restorations due to their low translucency [9]. The literature has reported that the translucency of MLZs can be increased by adding colors to facilitate their usage in the anterior region of the mouth [10]. In this technique, staining solutions are smeared on the milled restoration using a brush, which helps the color to infiltrate the ceramic in this permeable, pre-sintered stage [11]. However, this addition of color can significantly reduce its strength [12], which affects its clinical success. Plus, under in vivo conditions, exposure to various colored consumable drinks can further deteriorate the color stability [13]. In an in vitro environment, the discoloration produced by different drinks in vivo can be reproduced by immersing the material in a consumable drink, which is considered a good test to evaluate its potential to discolor by measuring the staining levels [14].



Color stability is of utmost importance among various optical properties of dental restoration [15]. In an earlier in vitro study, the color stability of different zirconia types was studied after exposure to chlorhexidine, coffee, and green tea [16]. The study’s results demonstrated that MLZ samples significantly discolored after coffee immersion [16]. Another previous study also revealed that coffee produced more noticeable color changes in zirconia samples after immersion than all the other beverages [17]. These former studies have verified that while zirconia has commendable mechanical properties and aesthetics, its color stability can still be compromised due to the exposure to various beverages. Hence, it is necessary to test this material further with different testing conditions and multiple beverages to provide a more robust challenge to test its color stability.



In that context, the present study aimed at coloring the zirconia samples and testing their color stability after exposure to different staining liquids including coffee, protein shake, chlorhexidine mouthwash, and soft drink (artificial saliva was used as a control). It was hypothesized that the immersion of zirconia samples in various liquids would affect its color stability differently.




2. Materials and Methods


Ethical approval was obtained from the Institutional Review Board (IRB) of the College of Dentistry, Prince Sattam bin Abdulaziz University, Saudi Arabia, and all the protocols were strictly followed.



2.1. Sample Preparation


A total of fifty specimens (n = 50) of white zirconia blanks were fabricated (Cercon® ht high translucent, Dentsply Sinora, Milford, DE, USA) with a Cercon® brain expert (Dentsply Sirona, York, PA, USA) milling system. All the samples were burnished manually with 600 grit SiC abrasive paper for a uniform surface. The zirconia samples were prepared and stained to the target color VITA A2. A minimum of ten samples was considered for each group based on the observations and sample size from a previous study [18].




2.2. Coloring of Zirconia Samples


The specimen coloring was accomplished by color infiltration utilizing a color solution from Zirkonzahn (Color Liquid Prettau Watercolor, A2). The color was applied by brushing/painting the samples pre-sintering. A single application of paint was achieved with three brush strokes. For reference, a VITA A2 shade tab was measured with a spectrophotometer (SR, SpectraScan PR-650, MS-75 lens, Photo Research Inc., Chatsworth, CA, USA). To achieve the target color A2, six applications were made with ∼32 mg/cm2 of the coloring solution. The target color was assessed using a spectrophotometer to match the shade tab A2. After evaluating the color difference (ΔE) values with the shade tab color, the amount of color solution providing the slightest difference to the reference color was adopted as the staining methodology. Post-staining, all the samples were dried in the oven at 130 °C for 20 min. The final sintering process was completed in a Cercon® heat furnace (DeguDent GmbH, Hanau, Germany), following the manufacturer’s instructions. The specimens were entrenched in polymethylmethacrylate (PMMA) resin to guarantee consistent placement for color assessment and stored in normal saline for 24 h.



All zirconia samples were brushed inside a toothbrushing simulator machine (ZM-3, SD Mechatronik, GMBH, Berlin, Germany) to create abrasion. The toothpaste (Colgate®, Total Clean Mint, Colgate Palmolive Arabia Ltd., Riyadh, Saudi Arabia) with a relative dentin abrasivity (RDA) value of 70 was mixed with deionized water (ratio 1:1), then this slurry was applied to each zirconia sample. During the procedure, the container was monitored for any refill of the slurry. Soft conventional toothbrushes (0.6 × 2.2 × 8.7 inches) (Oral-B®, Sensi-Soft Toothbrush, Gillette India Ltd., India) were used to brush the samples. Each sample was exposed to 43,800 cycles, corresponding to approximately three years of brushing by a healthy individual [19].




2.3. Immersion in Staining Liquids


Ten zirconia samples each were immersed in artificial saliva, coffee (Nestlé Middle East Manufacturing LLC, Dubai Nescafe Gold, Ajman, United Arab Emirates), protein shake (Hydrolyzed Whey Protein Shake Isolate, Dymatize Nutrition, Kings Mountain, NC, USA), chlorhexidine mouthwash (Chlorhexidine Gluconate 0.2% Mouthwash, Avalon Pharma, Saudi Arabia), and a soft drink (Coca Cola®, Saudi Arabia). The samples were immersed for 28 days in all these liquids other than chlorhexidine mouthwash, in which they were immersed for 14 days. All the liquids were kept at 37 °C [20]. The artificial saliva was prepared following the recommendations of an earlier study [21]. The coffee was freshly prepared daily using 15 gm of ground beans and 250 mL of hot water using the filter technique to make the coffee clear without any residues. Similarly, the protein shake was also prepared daily using 34 g of protein powder mixed with 180 mL of water. Zirconia samples were immersed in 50 mL of these solutions, which were replenished daily.




2.4. Color Measurements


The color measurements were performed via a spectrophotometer (Hunterlab, Reston, VA, USA). These measurements were taken at the baseline (before immersion experiments) and 28 days post-immersion. Before taking color measurements at each time point, the samples were cleaned with water and a soft-bristled toothbrush (Oral B®, Procter and Gamble Co., Cincinnati, OH, USA). These measurements were performed using the CIELAB formula [18]. Three color measurements were taken at each time point, then mean values were calculated for L (lightness of the color), a* (chromaticity of red-green), and b* (chromaticity of yellow-blue). The formula used for the measurement of color difference (∆E*) was as follows:


∆E*ab = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2



(1)








2.5. Conversion of ∆E Values to National Bureau of Standards (NBS) Units


The ∆E values were converted to NBS units by utilizing the following formula:


NBS units = ΔE* × 0.92



(2)







The NBS units, color change remarks, and clinical interpretation are shown below (Table 1).




2.6. Statistical Analysis


The results were analyzed using statistical software (SPSS, version 22; SPSS Inc., Chicago, IL, USA). The means and standard deviations were compared using analysis of variance (ANOVA) and a multiple comparisons test. A p-value < 0.05 was considered significant.





3. Results


The ∆E values for zirconia samples are presented in Table 2 and Figure 1. The greatest ∆E was observed for coffee (4.57), followed by a soft drink (4.03). The lowest ∆E was observed for the samples immersed in saliva (1.80). The mean and standard deviation (SD) of ∆L, ∆a, and ∆b values among the study groups are shown in Figure 2.



Concerning statistical analysis, the inter-group comparisons revealed statistically significant differences when ∆E values of gp-1 (artificial saliva) were compared with all other groups (Table 3). Significant differences were also seen when ∆E values of gp-2 (coffee) were compared with gp-3 (protein shake) and gp-4 (chlorhexidine). All other inter-group comparisons revealed non-significant results (p > 0.05) (Table 3).




4. Discussion


This study’s findings facilitated the acceptance of the hypothesis as our results revealed that the ∆E of MLZ samples was affected after immersion in different liquids. Traditionally, a visual color guide has been used to assess color changes in dental materials, but the accuracy of this method is questionable and dependent on the observer’s perception of different colors [22]. A spectrophotometer is a device utilized in dentistry to analyze a material’s color and changes in the color. This device is beneficial for the color assessment of various dental restorations and their shade verification [23]. To utilize the benefits of a spectrophotometer for detecting color changes, the technique was applied in this study to analyze the ∆E of MLZ samples post-immersion in different staining liquids. To analyze the color differences, we used the CIELAB formula. Although CIEDE 2000 has been introduced, we preferred to stick with the CIELAB formula as numerous previous studies in the literature also used it [16,24].



Previously established standards in this field have indicated that an ∆E of between 1 and 3.3 units signifies an important but clinically acceptable difference; however, ∆E > 3.3 is considered unacceptable and perceivable even by an inexperienced observer [24,25]. In this study, the greatest ∆E was observed when the samples were immersed in the coffee (∆E > 3.3). Former studies have shown that coffee can induce color changes in natural teeth, adhesive resin cement, and dental ceramics [26,27,28]. In an earlier study, the immersion of zirconia ceramics in coffee resulted in significant changes in their ∆E values [24]. Another study revealed zirconia samples immersed in coffee expressed increased color differences as opposed to those immersed in other beverages [17]. The current study’s findings corroborate with the results of these previous studies as increased ∆E values were observed post-immersion in the coffee for MLZ samples. Coffee is a popular drink globally, even though it is known to cause teeth staining and discoloration of materials [29]. Coffee comprises tannin and chlorogenic acids, which are thought to be responsible for its discoloration potential [17]. The marked color changes seen in MLZ samples after immersion in the coffee could be attributed to these two ingredients. It should also be noted that coffee has an acidic pH, which can augment its discoloration potential [17]. However, in this study, the pH of liquids used for immersion experiments was not analyzed.



The immersion of MLZ samples in the soft drink also brought marked color changes post-immersion (∆E > 3.3). The discoloring potential of soft drinks is well-known as they contain artificial colorants and citric acid that facilitate discoloration of teeth and restorations [30]. Moreover, the acidic pH of these soft drinks causes demineralization of teeth and discolors dental restorations [30]. The increased ∆E after the samples were immersed in the soft drink could be attributed to these two reasons.



In the present study, the immersion of MLZ samples in protein shake also discolored the specimens (∆E > 3.3). There is a scarcity of similar studies in the literature that have tested the discoloration impact of protein shakes on zirconia samples. The findings of the present study, therefore, report unique results. The young population commonly uses protein shakes to fulfill their protein requirements and stay healthy. Regrettably, protein shakes may contain significant quantities of heavy metals, including lead, arsenic, mercury, and cadmium [31]. These ingredients are not always mentioned on the packaging of the protein powder; therefore, the consumer remains unaware of their presence and potentially harmful effects. It is anticipated that the presence of these heavy metals in the protein shake might have played an essential role in the discoloration of MLZ samples in this study, although more conclusive evidence is required.



Chlorhexidine immersion of the MLZ samples also discolored these specimens (∆E < 3.3). Chlorhexidine mouthwash is used in dentistry to restrict bacterial growth and decrease the incidence of periodontal diseases and dental caries [32]. Yet, its extended use has been shown to cause discoloration of natural teeth and dental restorations [16]. Chlorhexidine mouthwash is usually recommended to patients for a period of 7–14 days [20,33]. Although it can be recommended for more than 14–28 days [34], a large increase in extrinsic tooth staining in participants using chlorhexidine mouth rinse for 28–42 days (4–6 weeks) has been reported previously [35]. Therefore, it was decided in our study to immerse the samples in CHX mouthwash for 14 days instead of 28 days. According to a former study, zirconia-based samples are prone to discoloration after they are exposed to chlorhexidine gluconate [32]. Another study revealed that chlorhexidine could affect the color stability of nanoceramic CAD/CAM restorative material within clinically acceptable limits [36]. The findings of the present study agree with these earlier studies as immersion of MLZ samples in chlorhexidine brought changes in their color stability, but the ∆E was <3.3 (clinically acceptable level). The precise mechanism via which chlorhexidine induces discoloration in teeth remains unknown. Nevertheless, it is speculated that the chlorhexidine molecule breaks inside the oral cavity and forms parachloranilin, which results in the denaturation of proteins and formation of metal sulfides that cause discoloration of teeth and restorations [37,38]. This could be the reason for the discoloration of MLZ samples in the current study.



The results of the present study should be cautiously interpreted. The present study utilized a color difference formula for color stability assessment; however, a visual judgment method is more frequently used in clinical dentistry. In other words, a significant difference in ∆E values may not cross the clinically perceptible threshold where it comes to be noticed by the observer [39]. Therefore, along with numerical assessment using the ∆E values, the clinical perceptibility threshold and acceptability threshold must also be observed for color stability assessment to conduct a holistic investigation in future studies. Another limitation of the current study was its in vitro design. It should be noted that restorations could act differently inside the oral cavity due to the presence of saliva. Plus, under clinical conditions, as the restorations are bonded to the tooth, they are exposed to the staining liquids unequally (more on one side than the other). In our experiments, they were immersed completely in the liquids; hence, our study could have presented inflated discoloration values. Additionally, oral hygiene maintenance habits (toothbrushing, use of mouthwash) could also affect the color stability of restorations in vivo. Furthermore, only a single type of MLZ was used in this study and combined with a color solution from a particular manufacturer. To improve on that, additional combinations should be explored in future studies. It should also be noted that in the present study, only one type of each staining liquid was used for the immersion experiments. It is anticipated that using other types/brands of the same beverages will affect the color stability of zirconia differently. Additionally, the present report evaluated color stability, but in the future, other variables should be evaluated such as flexural strength and hardness [40,41,42,43]. Hence, further investigations are warranted to validate the current study’s findings.




5. Conclusions


The present study verified that the immersion of MLZ samples in coffee caused a more significant discoloration (∆E values > 3.3, clinically unacceptable) than any other staining liquid. The soft drink and protein shake immersion also induced significant discoloration in MLZ samples (∆E values > 3.3, clinically unacceptable). The immersion of MLZ samples in chlorhexidine, meanwhile, caused discoloration, but it was within clinically acceptable levels (∆E values < 3.3). Future clinical studies are warranted to corroborate the current study’s findings.
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Figure 1. Mean and SD of ∆E values among the study groups. * Shows significantly different ∆E values compared to saliva; ^ shows significantly different ∆E values compared to coffee (COF). 
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Figure 2. Mean and SD of ∆L, ∆a, and ∆b values among study groups. 
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Table 1. NBS interpretation of color changes.






Table 1. NBS interpretation of color changes.





	NBS Unit
	Color Change Remarks
	Clinical Interpretation





	0.0–0.5
	Trace
	Extremely slight change



	0.5–1.5
	Slight
	Slight change



	1.5–3.0
	Noticeable
	Perceivable



	3.0–6.0
	Appreciable
	Marked change



	6.0–12.0
	Great
	Extremely marked change



	>12.0
	Very great
	Change to another color
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Table 2. ∆E of zirconia samples in different mediums; values are expressed as the mean (SD).
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	Discoloring

Medium
	∆L Values
	∆a Values
	∆b Values
	∆E Values
	NBS Units
	Clinical

Interpretation





	Gp-1: Saliva (SAL)
	−0.83 (0.23)
	0.25 (0.09)
	1.3 (0.26)
	1.80 A (0.81)
	1.65
	Perceivable



	Gp-2: Coffee (COF)
	−3.34 (0.42)
	0.61 (0.12)
	2.57 (0.63)
	4.57 B (0.67)
	4.20
	Marked change



	Gp-3: Protein shake (PSH)
	−2.24 (0.31)
	0.45 (0.11)
	1.54 (0.57)
	3.24 C (0.49)
	2.98
	Perceivable



	Gp-4: Chlorhexidine mouthwash (CHX)
	−2.94 (0.27)
	0.63 (0.11)
	1.86 (0.41)
	3.60 C (0.43)
	3.31
	Marked change



	Gp-5: Soft drink (CC)
	−3.28 (0.25)
	0.85 (0.17)
	2.16 (0.40)
	4.03 B (0.51)
	3.70
	Marked change







Dissimilar superscript letters denote statistically significant differences (p < 0.05).
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Table 3. Statistical comparison of ∆E values among study groups (Tukey’s post hoc test).
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	Study Groups
	ΔE Mean Difference
	p-Value





	SAL vs. COF
	2.70
	0.000 *



	SAL vs. PSH
	1.44
	0.000 *



	SAL vs. HX
	1.80
	0.000 *



	SAL vs. CC
	2.23
	0.000 *



	COF vs. PSH
	1.33
	0.000 *



	COF vs. CHX
	0.97
	0.006 *



	COF vs. CC
	0.54
	0.274



	PSH vs. CHX
	0.36
	0.664



	PSH vs. CC
	0.79
	0.038



	CHX vs. CC
	0.43
	0.500







* Statistically significant difference among compared groups.
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