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Introduction: The aim of this study was to evaluate the effects of radiation and tooth bleaching on the physical and morphological properties of enamel and dentin on permanent teeth.

Materials and Methods: Eighty fresh, non-carious third molars were used in this study. Before cutting the crown in half, the teeth samples were randomly allocated to treatment and control groups by using a lottery method. The first group (n = 20) underwent standard radiation protocol (2 Gy/fraction/day, 5 days/week) with bleaching treatment afterward using 16% carbamide peroxide gel, the second group (n = 20) underwent standard radiation protocol with afterward bleaching treatment using 38% hydrogen peroxide, the third group (n = 20) underwent a short, one strong, experimental dose of 70 Gy with afterward bleaching treatment using 16% carbamide peroxide gel, and the fourth group (n = 20) underwent one strong, experimental dose of 70 Gy with afterward bleaching treatment using 38% hydrogen peroxide gel. Groups 5–8 (n = 20) served as control as they underwent only bleaching treatment. Vickers microhardness and surface roughness were performed before (initial) and after irradiation and before bleaching or after only bleaching. The effects of irradiation and bleaching on microhardness (or roughness) of enamel and dentin were analyzed in the repeated-measures ANOVA model.

Results: Enamel microhardness after experimental single 70-Gy irradiation or after standard radiation protocol and bleaching with 16 or 38% gel was not statistically significant from microhardness in the control group (p > 0.05). There was a statistically significantly greater reduction in the average microhardness of enamel and dentin during bleaching with 38% gel compared to 16% for both radiation protocols (p < 0.001). After experimental 70-Gy irradiation and bleaching, a 16% statistically significant increase in surface roughness was found for enamel (p = 0.006) and dentin (p = 0.018), while this was not recorded for 38% gel. There was a statistically significantly greater increase in the average roughness of enamel and dentin during bleaching with 38% gel compared to 16% (p < 0.001) for both radiation protocols.

Conclusions: Directly induced radiation leads to potential damage of hard dental tissues, which can be further damaged by additional bleaching. If teeth whitening is necessary after irradiation, it is suggested to use lower concentrations of whitening gels.
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INTRODUCTION

Head and neck cancers are malignant diseases that involve soft and hard tissues of the head and neck, including the oral cavity (1). Compared to other malignancies, the incidence of these cancers has been increasing in the last decade, and cancers of the tongue, salivary glands, and hypopharynx constitute a significant share (2, 3). In addition to chemotherapy, radiotherapy is used to treat head and neck cancer, and the consequences of these procedures are pain, inflammation of the skin and mucous membranes in the area of radiation, reduced salivation, which later leads to poor oral hygiene, caries, periodontal disease, and reduced quality of life (4, 5). Saliva has a number of protective functions, so hyposalivation leads to a higher incidence of caries due to the inability to maintain a favorable pH, increased acidity in the composition of plaque, and failure to maintain the natural microflora in the mouth. Also, radiation can lead to direct damage to hard tooth structures, and this is considered to be one of the reasons for the faster development of caries in irradiated persons (6). Lack of saliva and increased accumulation of plaque, in addition to caries, also encourages the development of periodontal disease, which leads to premature extraction and loss of teeth. Thus for these patients, it is very important to practice good oral hygiene (7). Radiation-induced tooth decay begins to occur in the first year after radiotherapy and becomes more severe over time (6). Minimal tooth damage occurs below 30 Gy radiation, while two to three times increased risk of tooth damage and caries development occurs between doses of 30 and 60 Gy, which is probably associated with reduced salivation, and 10 times increased risk of tooth and salivary damage occurs when the dose is >60 Gy (8). Doses >60 Gy reported changes in hard dental tissues including decreased microhardness, change in elastic modulus, and tensile strength, as well as an increased possibility of enamel fracture (9–11). So, it can be concluded that the direct effect of radiation on hard dental structures amplifies with increasing total radiation dose.

According to the guidelines for patients suffering from head and neck cancer, they should be informed about possible oral complications and the need for prophylactic and therapeutic procedures. Dental examinations are, therefore, recommended to be performed more frequently, while oral hygiene must be carried out seriously and thoroughly, and daily topical application of high fluoride concentrations during and after radiotherapy is recommended. Fluoridation can be carried out using splints, pastes with high fluorine concentrations of 5,000 ppm, or fluorine solutions (12, 13). Periodontitis must also be addressed promptly, and frequent visits to the dentist are, therefore, recommended (14).

Teeth whitening is considered to be the simplest and easiest procedure to change tooth color. To date, studies on the effects of products based on hydrogen peroxide and carbamide peroxide on the structure of the tooth are still not final. While some authors describe that it does not lead to any harmful effects, others argue that the use of such products may be associated with many side effects, which include surface changes of enamel and dentin such as reduced surface microhardness, reduced calcium and phosphate levels with the loss of organic components from the treated tooth, gingival irritation, modifications in surface morphology, and tooth hypersensitivity, which are usually greater when using higher concentrations of bleaching gels without some remineralizing effects of saliva or other post-treatment agents, which can neutralize such effect (15–18). Changes in the surface integrity of the enamel crystals with a higher susceptibility to demineralization can also occur after bleaching (19), which can be prevented by the use of remineralizing agents (20, 21). Bleaching agents also affect the chemical structure of hard dental tissues. The main reaction of the bleaching process is oxidation. Decreases in microhardness or changes in chemical structure are primarily the result of oxidation processes in enamel and dentin, whereby organic matter and inorganic matter are involved (18, 22). Surface changes after bleaching can be assessed by microhardness tests, scanning electron microscopy (SEM), and measuring surface roughness (15, 16).

It is important to study the effect of radiation on hard dental tissues and to develop effective strategies to prevent radiation caries, dry mouth syndrome, and possible later discoloration and to maintain better overall oral health. Dry mouth increases the risk of dental staining and discoloration as a result of enamel erosion and increased levels of plaque and food debris on the teeth. The problem of xerostomia after irradiation includes moderate to a severe loss of tooth structure, erosive pitting lesions, and also the use of chlorhexidine to prevent the formation of early caries and periodontal disease, which can also lead to severe tooth discoloration (23–25), so the need for bleaching after irradiation treatment is sometimes required. There is also an increase in the number of young people with head and neck cancer who want to still have healthy and white teeth even after the radiotherapy and to maintain a quality life.

The aim of this study was to evaluate the combined effect of different irradiation protocols with later bleaching treatments on the mechanical and morphological properties of enamel and dentin on permanent teeth. The null hypothesis of this study is that (I) there is no statistically significant difference between the non-irradiated teeth and the teeth exposed to radiation and afterward bleaching in terms of microhardness and surface roughness and that (II) there is no statistically significant difference between the different bleaching systems in terms of microhardness and surface roughness.



MATERIALS AND METHODS


Sample Preparation

The teeth samples were prepared by one examiner who was trained and calibrated. Eighty fresh, non-carious third molars were extracted from non-irradiated individuals and were cleaned and stored in 1% chloramine solution at room temperature immediately after extraction. The use of extracted human teeth has been approved by the Ethics Committee of the School of Dental Medicine, University of Zagreb, and University Hospital Center Zagreb, Croatia. The roots of the teeth were cut from the crown part using a diamond saw (Isomet, Buehler Dusseldorf, Germany) about 2 mm below the enamel–cement joint. The crowns of the teeth were stored in deionized water at 4 degrees. The pulp chamber was cleaned of the remaining pulp tissue. The tooth crown was embedded in an acrylic resin (AcryFix Kit; Struers, Ballerup, Denmark) and then cut in half, and the round side parts were also cut to get a flat surface using the same Isomet saw. Before cutting the crown in half, the teeth samples were randomly allocated to treatment and control groups by using a lottery method (Figure 1).


[image: Figure 1]
FIGURE 1. Preparation of teeth samples, irradiation and bleaching procedures, and different measurement protocols.


The first group (n = 20) underwent the standard radiation protocol (2 Gy/fraction/day, 5 days/week) with afterward bleaching treatment using 16% carbamide peroxide gel, the second group (n = 20) underwent the standard radiation protocol (2 Gy/fraction/day, 5 days/week) with afterward bleaching treatment using 38% hydrogen peroxide, the third group (n = 20) underwent a short, one strong, experimental dose of 70 Gy with afterward bleaching treatment using 16% carbamide peroxide gel, and the fourth group (n = 20) underwent one strong, experimental dose of 70 Gy with afterward bleaching treatment using 38% hydrogen peroxide gel. The other four groups served as control as they underwent only bleaching treatment, without irradiation first, so the fifth group (n = 20) was bleached using 16% carbamide peroxide gel, and the sixth group (n = 20) was bleached using 38% hydrogen peroxide gel and was used for control and comparison to groups 1 and 2. The seventh group (n = 20) was bleached using 16% carbamide peroxide gel, and the eighth group (n = 20) was bleached using 38% hydrogen peroxide gel and was used for control and comparison to groups 3 and 4 (Figure 2). Teeth were stored in deionized water at 37°C (Cultura Incubator, Ivoclar Vivadent, Schaan, Liechtenstein) in between the measurements.
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FIGURE 2. Flowchart of the groups used in the study.


To measure the surface microhardness and roughness, tooth halves that were embedded in an acrylic resin with the vestibular or oral surfaces facing upward and free of acrylate resin, and parallel to the table surface, were used. Samples of the labial or oral surface were polished using water-cooled disks (Water Proof Silicon Carbide Paper, 4000 grit; Buehler, Dusseldorf, Germany) and 1.0-, 0.3-, and 0.05-μm powder particle sizes for polishing (Buehler, Dusseldorf, Germany). The entire process on the polishing machine (Minitech 250, Presi, France) was carried out by a single operator. All specimens were rinsed ultrasonically with deionized water for 5 min.



Irradiation Procedure

To simulate oral cancer radiotherapy, teeth sections in groups 1 and 2 were exposed to 2-Gy fractions, 5 days a week for 7 weeks for a total of 35 fractions equal to 70 Gy (a common dose for oral cancer). During the weekend, the samples were not irradiated (26). Prepared samples in groups 3 and 4 were irradiated with one single experimental dose of 70 Gy during only one irradiation fraction. Irradiation was performed at the Department of Oncology, University Hospital Center Zagreb, with a linear accelerator Siemens Primus (Siemens Healthineers AG, Erlangen, Germany) radiotherapy unit. A 6 MV radiation beam was used with SSD (source to surface distance) of 100-cm setup for sample irradiation. Two centimeters of buildup material was placed above and below samples to ensure sufficient buildup and scatter conditions. The groups 5–8 were kept in deionized water without irradiation exposure. Between the radiation cycles, the fragments were stored in deionized water in an incubator at 37°C, which was renewed daily.



Bleaching Procedure

In groups 1, 3, 5, and 7, 16% I-Smile carbamide peroxide gel (Siauliai, Lithuania) was applied on the enamel and dentin surface and was in contact for 1 h; then, the gel was removed and another day new gel was applied for again 1 h, and this procedure was repeated for 7 days in total. In groups 2,4, 6, and 8, enamel and dentin were bleached with 38% hydrogen peroxide gel BMS White (Pisa, Italy) for 15 min, and then, the old gel was removed and the new gel was again applied for another 15 min and the procedure was repeated for one more session of 15 min (45 min in total). In both procedures, using 16% CP or 38% HP, bleaching gel was applied directly from the syringe in a 2-mm-thick layer. The materials used are described in Table 1. During the bleaching treatment, the specimen was on a cotton pellet soaked with deionized water. After the bleaching procedure, the bleaching gel was removed with a Heidemann spatula and cotton pellet, and the surface was cleaned with deionized water, dried with compressed air and cotton tissues, and another layer of bleaching gel was put on the surface. When the specimens were not being bleached, they were placed in deionized water at 37 degrees in an incubator.


Table 1. Summarized bleaching products (data given by the manufacturer) including ingredients, application, active bleaching agent, and percentage concentration of hydrogen or carbamide peroxide.
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pH Measurements

For pH measurements, a pH meter (Pinnacle 555 pH/ion meter, Corning, Tewksbury, United States) was used. The pH meter was initially calibrated. The bleaching gels were placed in 30-ml graduated plastic cups. The pH electrode was immersed inside the gel to allow a uniform contact with the electrode tip. The bleaching gels were in contact with the pH electrode for 20 min at room temperature (24°C). The electrode was thoroughly washed between samples. The measured pH of I-Smile was 6.75, while the pH of BMS White was 5.7.



Surface Microhardness Analysis

The microhardness of enamel and dentin was measured in groups 1–4 before (initial measurement) and at the end of irradiation and afterward bleaching treatment and in groups 5–8 before (initial measurement) and at the end of bleaching treatment. Measurements were carried out using the Vickers microhardness test (ESI Prüftechnik GmbH, Germany) with a force of 100 g for 10 s (27, 28). A diamond pyramid applied to the sample surface was used for measurement. Vickers measurements (HV) were performed at three different points on both enamel and dentin: surface, middle, and deep parts (at 50-μm intervals). The average of all three Vickers hardness values obtained from enamel and dentin was recorded as the total value of enamel and dentin hardness (29, 30).



Surface Roughness Analysis

Surface roughness (Ra μm) of enamel and dentin was measured in groups 1–4 before (initial measurement) and at the end of irradiation and afterward bleaching treatment and in groups 5–8 before (initial measurement) and at the end of bleaching treatment using Mitutoyo Surftest SJ-210 Series 178-Portable Surface Roughness Tester (Houston, United States) calibrated at a 0.25-mm cutoff and 0.2 mm/s speed. Three measurements were performed, and the mean value for each sample was calculated (29, 31, 32).



Statistical Analysis

The effects of irradiation and bleaching on microhardness (or roughness) of enamel and dentin were analyzed in the repeated-measures ANOVA model, which included two factors: type of irradiation and type of bleaching gel. The unit of analysis was the change score from baseline microhardness (or roughness) measurements after irradiation and after additional bleaching treatment. Normality of residuals was satisfactory, with indicators of asymmetry and kurtosis within the acceptable limits. Heterogeneity in variance was detected between different bleaching treatments and was accommodated by adding the separate error variance parameters for different bleaching treatments into the ANOVA model. Bonferroni–Holm multiplicity adjustment was used for planned pairwise comparisons between different treatments. The results were analyzed at a significance level of 0.05. The analysis was performed in the SAS System software package (SAS Institute Inc., North Carolina, United States).




RESULTS

The distributions of the measured values of microhardness (Figures 3, 4) and roughness (Figures 5, 6) after different treatments are graphically shown in Box-plot diagrams.
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FIGURE 3. Box-plots of changes in enamel Vickers microhardness after bleaching across different treatment groups.
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FIGURE 4. Box plots of changes in dentin Vickers microhardness after bleaching across different treatment groups.
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FIGURE 5. Box-plots of changes in enamel roughness after bleaching across different treatment groups.
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FIGURE 6. Box-plots of changes in dentin roughness after bleaching across different treatment groups.



Vickers Microhardness Measurements

After irradiation, a statistically significant reduction of microhardness of both enamel and dentin was observed for both irradiation methods (p < 0.001). Table 2 shows the summary of microhardness (HV) measurements. There is no significant difference between microhardness reduction for 2 Gy/fraction/day, 5 days/week irradiation method, and 70-Gy irradiation method (p = 0.856 for enamel and p =0.889 for dentin). After different bleaching treatments, an additional reduction in microhardness was observed for enamel and dentin (p < 0.001 for all combinations of irradiation and bleaching gels).


Table 2. Summary of baseline, irradiation, and bleaching measurements of enamel and dentin Vickers microhardness (HV) across different treatment groups.
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Enamel Microhardness

Enamel microhardness after experimental single 70-Gy irradiation and bleaching with 16% gel did not statistically significantly differ from the average change in enamel microhardness in the control group (without irradiation) (p = 1.000). The change in the microhardness of the enamel after bleaching with 38% gel was also not affected by the treatment with experimental single 70-Gy irradiation (p = 1.000). In the control group, the reduction in microhardness of enamel after bleaching with 38% gel was statistically significant compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significantly greater reduction in microhardness of enamel during bleaching with 38% gel compared to 16% (p < 0.001).

Enamel microhardness after the standard radiation protocol (2 Gy/fraction/day, 5 days/week) and bleaching with 16% gel did not differ statistically significantly from the average change in enamel microhardness in the control group (p = 1.000). The change in the microhardness of the enamel after bleaching with 38% gel was also not affected by the treatment with the standard radiation protocol (p = 1.000). In the experimental group with the standard radiation protocol, a statistically significant reduction in enamel microhardness was recorded during bleaching with 38% gel compared to 16% (p < 0.001).



Dentin Microhardness

Dentin microhardness after experimental single 70-Gy irradiation and whitening with 38% gel was statistically significantly lower than the dentin microhardness in the control group (without radiation) (p < 0.001). The change in dentin microhardness after bleaching with 16% gel was not affected by treatment with experimental single 70 Gy (p = 0.742). In the control group, without radiation, dentin microhardness after bleaching was significantly reduced when bleaching with 38% gel compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significantly greater reduction in microhardness of dentin during bleaching with 38% gel compared to 16% (p < 0.001).

Dentin microhardness after the standard radiation protocol (2 Gy/fraction/day, 5 days/week) and bleaching with 16% gel did not differ statistically significantly from dentin microhardness in the control group (without radiation) (p = 0.174). Dentin microhardness after bleaching with 38% gel was not affected by the standard radiation treatment (p = 1.000). In the control group, without radiation, dentin microhardness after bleaching was significantly reduced when bleaching with 38% gel compared to 16% (p < 0.001). In the experimental group with standard radiation, there was also a statistically significantly greater reduction in microhardness of dentin during bleaching with 38% gel compared to 16% (p < 0.001).



Roughness Measurements

After the 2 Gy/fraction/day, 5 days/week irradiation method, and 70-Gy irradiation, there was a significant increase in surface roughness of enamel and dentin (p < 0.001). Table 3 shows the summary of roughness (Ra) measurements. There is no significant difference in average surface roughness between 70 Gy irradiation and 2 Gy/fraction/day, 5 days/week (p = 0.842 for enamel and p = 0.899 for dentin). After different bleaching treatments, an additional increase in surface roughness was observed for enamel and dentin (p < 0.05 for all combinations of irradiation and bleaching gels), except on enamel using 16% CP after 2 Gy/fraction/day, 5 days/week irradiation protocol (p = 0.545).


Table 3. Summary of baseline, irradiation, and bleaching measurements of enamel and dentin roughness across different treatment groups.
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Enamel Surface Roughness

Enamel roughness after experimental single 70-Gy irradiation and bleaching with 16% gel was statistically significantly different from the average change in enamel roughness in comparison with the control group (without radiation) (p = 0.006). Enamel roughness after bleaching with 38% gel was not affected by the experimental single 70-Gy treatment (p = 0.938). In the control group, without radiation, a reduction in enamel roughness after bleaching was significantly increased for 38% gel compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significantly greater increase in the average enamel roughness during bleaching with 38% gel compared to 16% (p < 0.001).

Enamel roughness after the standard radiation protocol (2 Gy/fraction/day, 5 days/week) and bleaching with 16% gel did not statistically significantly differ from the average change in enamel roughness in comparison with control group (without radiation) (p = 0.676). The change in enamel roughness after bleaching with 38% gel was also not affected by the standard radiation protocol (p = 0.842). In the control group, without radiation, a reduction in enamel roughness after bleaching was significantly more increased when bleaching with 38% gel compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significantly greater increase in the average enamel roughness during bleaching with 38% gel compared to 16% (p < 0.001).



Dentin Surface Roughness

Dentin roughness after experimental single 70-Gy irradiation and bleaching with 16% gel was statistically significantly different from the average change in dentin roughness in comparison with the control group (without radiation) (p = 0.018). The change in dentin roughness after whitening with 38% gel was not affected by the treatment with experimental single 70-Gy irradiation (p = 1.000). In the control group, without radiation, an increase in dentin roughness after bleaching was significantly more intense when bleaching with 38% gel compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significant increase in the average roughness of dentin during whitening with 38% gel compared to 16% (p < 0.001).

Dentin roughness after the standard radiation protocol (2 Gy/fraction/day, 5 days/week) and bleaching with 16% gel did not statistically significantly differ from the average change in dentin roughness in comparison with the control group (without radiation) (p = 1.000). The change in dentin roughness after bleaching with 38% gel was also not affected after the standard radiation protocol (p = 1.000). In the control group, without radiation, dentin roughness after bleaching was significantly more increased when bleaching with 38% gel compared to 16% (p < 0.001). In the experimental group with radiation, there was also a statistically significant increase in average dentin roughness during whitening with 38% gel compared to 16% (p < 0.001).




DISCUSSION

Nowadays, high-energy radioactive elements and particle accelerators are used for head and neck radiation procedures. These elements act directly by stimulating the breaking of DNA strands or indirectly by causing the effect of cell necrosis in the production of hydrogen peroxide resulting from the physical effect of free radicals and gamma radiation in the void (33). During radiation to head and neck cancers, healthy surrounding tissues such as bones, mucous membranes, teeth, and salivary glands are unfortunately not well-protected and their damage occurs. Most oncologists suggest treating their patients with radiation called “conventional fractionation.” This treatment consists of a total number of doses of 65–72 Gy of high-energy radiation, which means that it is divided into daily fractions (a series of treatments) of 1.8–2 Gy. These fractions are given over a period of 7 weeks, 5 days per week (34, 35). Radiation in the head and neck area can lead to direct damage of hard tooth structures such as changes in crystal composition, increased enamel solubility, and decreased microhardness, but unfortunately the mechanism of radiation-related caries has not been accurately described (14). In the study by Lu et al., a reduction in microhardness was noted after exposure to 30 Gy, while increasing the dose to 60 Gy, the damage was even greater (36), which is consistent with the reports of other previous studies who find that exposure of 30 Gy resulted in a reduction of microhardness and elastic modulus of enamel near the dentin–enamel junction, but no significant change was found at the sites of middle enamel, middle dentin, and the dentin–enamel junction after exposure of 60 Gy (37, 38). Also, reduced microhardness and elastic modulus at the dentin–enamel junction could decrease the ability of tooth deformation during mastication (39), leading to potential enamel exfoliation several months after radiation (40). Radiation of 60 Gy caused a decrease in microhardness of enamel and dentin, and the elemental analysis observed that there were decreases in all elements compared to the control group (26). Many other studies report potential changes in radiation effects, and while some report an increase (37, 38), some have reported a reduction (10, 41) in the total microhardness of enamel and dentin after radiotherapy of the head and neck. Goncalves et al. (37) observed that enamel microhardness values decreased in superficial depth up to 30 Gy cumulative dose but increased with doses higher than that. In the middle enamel, microhardness did not differ significantly compared with the non-irradiated enamel after cumulative radiation doses of 10, 30, 40, 50, and 60 Gy, while in deeper layers of enamel, there was no change in microhardness. Dentin microhardness decreased after 10, 20, 30, 50, and 60 Gy cumulative radiation doses compared with non-irradiated dentin.

Bleaching agents have an effect on the chemical/physical and morphological structure of enamel and dentin that must be taken into account when this therapy is used. Hydrogen peroxide is an oxidative agent with the ability to produce highly reactive peroxide and superoxide ions. Even though bleaching is a complex process, the main reaction is based on the oxidation process. As a result of oxidation, a change in microhardness and morphological characteristics of hard dental tissue can be observed (42). Bleaching agents in direct contact with enamel and dentin can lead to a reduction in microhardness, loss or damage of organic and inorganic components, increased roughness, and other potential damage, which is usually in correlation with concentration or application time (15–18, 29, 30).

Studies comparing the effect of irradiation and afterward bleaching are lacking, so these results could not be compared to other findings. This is the first study in which bleaching after the irradiation process was examined together. This gave us the opportunity to compare the responses of enamel and dentin to different bleaching agents after different applications of radiation within the same study protocol. Furthermore, there is no study in the literature examining the combined effect of radiation and bleaching, which makes this study original. Microhardness and surface roughness of hard dental tissues can be changed due to the effects of direct irradiation, but also by bleaching action. In our study, enamel microhardness after experimental single 70-Gy irradiation or after the standard radiation protocol (2 Gy/fraction/day, 5 days/week) and bleaching with 16 or 38% gel was not statistically significant from microhardness in the control group, while dentin microhardness after experimental single 70-Gy irradiation and whitening with 38% gel was statistically significantly lower in comparison with lower radiation dose treatment. After experimental 70-Gy irradiation and bleaching, a 16% statistically significant increase in surface roughness was found for enamel and dentin, while this was not recorded for 38% gel, so the first null hypothesis of this study is that there is no difference between the non-irradiated teeth and the teeth exposed to radiation and afterward bleaching in terms of microhardness and surface roughness was partially accepted. This could perhaps be the result of the more inorganic structure of enamel, which is more resistant to both bleaching and irradiation in comparison with dentin. Gülsüm et al. (39) reported that microhardness of all layers of the enamel of permanent teeth decreased (from surface to deeper layers) with an increase in irradiation dose from 20 to 60 Gy, while other studies indicate a decrease in surface microhardness of dentin (43–45), which is further explained by high water content in dentin (10%), obliteration of dentinal tubules, degeneration of collagen fibers, and greater effect of free radicals released after radiation (46). One detailed study confirmed that after cumulative radiation of 30 and 60 Gy, no morphological alteration in the prismatic enamel structure was observed, but the interprismatic portion became more evident with the increase in the radiation dose. The enamel of non-irradiated teeth still had well-organized prisms surrounded by interprismatic portions, while the prismatic structure of irradiated enamel remained unaltered even after the application of the different radiation doses. A small morphological change was observed in the interprismatic region after the 30-Gy radiation dose. The dentin of non-irradiated teeth presented well-defined dentinal tubules and collagen fibers, but after radiation there was an increase in the morphological alterations after 30- and 60-Gy radiation doses (37). Our finding of the greater effect of higher irradiation dose can be explained by the strong irradiation effect, which can damage the inorganic and organic structure of hard dental tissue and can be seen from the study by Ferraz et al., who determined that low salivary flow, which in this case can be connected to irradiation in the head area, had less capacity for remineralization of bleached enamel compared to normal flow (47).

Several studies estimated the relationship between concentrations of hydrogen peroxide or carbamide peroxide and the decrease in enamel and dentin microhardness (48, 49). The second null hypothesis is that there is no difference between the different bleaching systems in terms of microhardness and that surface roughness was rejected because there was a statistically significantly greater increase in the average roughness of enamel and dentin during bleaching with 38% gel compared to 16% for both radiation protocols. This finding was similar to other studies where bleaching with a higher concentration of bleaching agents led to a significant surface microhardness reduction in comparison with lower concentrations with mild or slight alterations with no loss of superficial structure found on SEM (27, 28). The impact of bleaching agents on the possible reduction in microhardness and change in surface roughness also depends on the pH of the agent and on the overall quality of hard dental tissues. Bleaching agents with higher acidity can produce more alterations of the enamel structure and reduce enamel microhardness (50, 51). Both bleaching gels had pH below neutral (pH = 7.0): pH of I-Smile was 6.75, while pH of BMS White was 5.7, but both were above critical demineralization level for enamel, which is in the range of 4.5–5.5. In our study, 38% HP caused a greater reduction in microhardness and surface roughness compared to 16% CP, which is probably the result of a greater concentration of bleaching agent, rather than lowering pH. The results of this study are in agreement with the results of Lewinstein et al., since they report a significant reduction in enamel microhardness after treatment with 35% HP (52).

Study conditions can also have an effect on the results of change in microhardness and roughness of hard dental tissues. A dry environment can affect the mechanical properties of dental specimens due to dehydration (53). In this study, the dental samples were stored in deionized water. In contrast, other studies have reported that there was no significant change in the mechanical properties (54) or chemical composition of enamel and dentin after irradiation to sterilize extracted teeth (55). Moreover, there is great variability within the experimental methods used in various studies, including differences in retention time and storage of tooth samples that could affect results (34, 56) as well as differences in how and where a particular measurement was carried out on each tooth (57). Finally, another important source of variability is the difference between teeth of different patients and even within the same patient (58).

The literature also shows that the fractionated doses are used to avoid alterations in the salivary glands and soft tissues and the dose is cumulative (59); thus, our model of using one single dose of 70 Gy is not clinically approved but showed us the potential effect of one high dose on hard dental tissue and cannot be used in vivo. Additionally, previous in vitro studies, without the involvement of cells or soft tissues, did not use fractionated dose either (60). In a clinical situation, this method of using a linear accelerator for radiation therapy presents great advantages, mainly from the use of 360° rotation radiation, which allows the primary target to receive the total amount of radiation necessary for treatment, while the adjacent structures and organs are at a limited risk (61). Despite the advantages of this method, it is quite expensive and still not the method of choice in all countries. Clinically, even with the use of this method and fractioned doses, the teeth are located close to the targeted area and exposure of hard dental tissue still cannot be prevented (61). That is why fractioned doses as commonly indicated in clinical situations were compared with one single dose. Munoz et al. (62) also found that cobalt irradiation unit at different doses (0, 20, 40, and 70 Gy) radiation does also significantly decreased microhardness, so this is still one of the problems concerning irradiation in the head and neck region and should be studied further. Post-treatment with artificial saliva and ACP showed a significant increase in surface microhardness, improved surface roughness, and enhanced remineralization of the hard dental tissues (28, 63). Treatment with other remineralizing agents like ACP-CPP or fluoride solution can increase the microhardness of the bleached enamel afterward (28), so this is something that should be also examined in our future studies dealing with irradiated and bleached hard dental tissues.

This study is based on in vitro research that attempts to differentiate the direct effects of radiation on hard dental tissue. Under the limitations of this in vitro study, it can be concluded that direct irradiation in combination with bleaching induced potential hard tooth tissue damage. Both types of bleaching agents with different concentrations of hydrogen peroxide have a significant influence on the surface microhardness of human enamel and dentin. However, there are some limitations to this research. The mechanical properties of hard dental tissues are influenced not only by the region of the tooth but also by the orientation of enamel crystals and dentin tubules. Teeth in the oral cavity are presumably exposed to lower doses of radiation during clinical treatment than to the experimental setup. Based on this and other studies, we are still far away from the consensus for the best clinical approach, restorative material materials, and strategies for those patients. Therefore, in vivo studies are needed to better investigate the direct effects of radiation on teeth and surrounding soft tissues.



CONCLUSIONS

This study has shown that directly induced radiation leads to potential damage to hard dental tissues, which can be further damaged by an additional bleaching process. According to the findings from our in vitro study, considering also the limitations (no artificial saliva, extracted teeth, etc.) but in accordance with previously mentioned studies, if teeth whitening is necessary, especially after irradiation, it is suggested to use lower concentrations of carbamide peroxide over a longer period of time than to use high concentrations of hydrogen peroxide, which further reduces surface microhardness and leads to increased roughness. The effect of radiation on the potential damage of hard dental tissue is also based on free radicals as in the bleaching process, so this negative effect can be combined. Different findings in the previous studies indicate that there are still no clear data on the subject of radiation and hard dental tissues and combination with different concentrations of bleaching agents in the literature and that similar studies especially using potential remineralization agents and other conditions are needed for the future.
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