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Abstract

:

The aim of this in vitro study was to evaluate the remineralizing ability of three glass ionomers on demineralized dentin with different thicknesses and time periods. Fifty third molars were obtained and were sectioned into 1-, 2-, and 3-mm thick slices (n = 36 for each thickness). The specimens were demineralized with 18% EDTA for 2 h. From the glass ionomer cements (GICs) under study (Ketac Molar Aplicap, Equia Forte, or Riva Light Cure), 1 mm was placed over each slice, set, and preserved in PBS until observation after 1, 7, 14, and 28 days after placement. For each material, thickness, and time, three samples were prepared. Using Fourier Transform Infrared Spectrometry (FTIR), apatite formation was determined on the side opposite to that on which the material had been placed. By means of Energy Dispersive Spectroscopy (EDX), the changes in the Calcium/Phosphate (Ca/P) ratio were evaluated. These changes were compared between the different materials by means of a two-way ANOVA test, considering time and dentin thickness, for a significance level of p < 0.05. Results: FTIR showed a peak at 1420 cm−1, evidencing the presence of carbonated hydroxyapatite in all the materials after 14 days, which indicates that a remineralization process occurred. Riva Light Cure showed the most homogeneous results at all depths at 28 days. The Ca/P ratio was maximum at 7 days in 2 mm of dentin for Riva Light Cure and Equia Forte HT (3.16 and 3.07; respectively) and for Ketac Molar at 14 days in 1 mm (3.67). All materials induced remineralization. Equia Forte achieved the greatest effect at 2 mm and Ketac Molar at 1 mm, whereas Riva Light Cure showed similar results at all depths. In terms of Ca/P ratio, Equia Forte and Riva Light Cure remineralized best at 2 mm, whereas for Ketac Molar, it was 1 mm. Carbonate apatite formation was higher at 24 h and 7 days for Ketac Molar, whereas it decreased at 14 days for Ketac Molar and peaked in Riva Light Cure and Equia Forte.
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1. Introduction


Dentin is an organic, highly mineralized tissue that, together with the pulp, forms the dentin–pulp complex. It is made up of 70% minerals, with 20% organic content, and the remaining is 10% water [1]. It is formed by a network of collagen fibers on which hydroxyapatite crystals are deposited [2].



Caries is the most common cause of dentin destruction [3]. The existence of a correlation between histopathological findings and the clinical behavior of dentin in caries is elucidated in the research by Fusayama et al., who concluded that the color and hardness of carious dentin does not correspond to its degree of bacterial invasion [4].



The therapeutic approach to the carious lesion, from a minimally invasive perspective, has changed the traditional concept of “non-selective dentin removal”, until hard dentin is reached in the entire cavity, to the concept of “selective dentin removal”. The latter involves the removal of all or part of the soft dentin (depending on the depth of the cavity), leaving the leathery and firm dentin, and treating it appropriately to achieve remineralization [5]. Leathery and firm dentine correspond histologically to partially mineralized dentin, which has been classically called “affected dentin” [6]. In this area, the hydroxyapatite crystals are shorter, and the collagen fibers are not denatured, maintaining their characteristic bands [4].



Remineralization is defined as the net gain of calcified material in tooth structure, which replaces that previously lost through demineralization. The conventional strategy involves the use of solutions containing calcium and phosphate ions in the presence of various concentrations of fluoride. This occurs by the growth of hydroxyapatite crystals in partially demineralized dentin [7]. From a clinical point of view, it is of great importance to know the depth to which the GICs can act in order to be able to assess the thickness of demineralized dentin that can be maintained in the selective removal of caries.



Dentin tissue recovery is complex because it involves the reconstitution of two different phases: on the one hand, organic type I collagen, and on the other hand, inorganic apatite, both linked in a specific spatial relationship. This implies that remineralization alone is insufficient for the total recovery of demineralized dentin, so it is also necessary to restore the structure of the collagen matrix and for both phases to be linked in a specific manner [8].



Glass ionomer (or polyalkenoate) cements (GICs) belong to a group of materials based on an acid–base setting reaction, in which a weak acid reacts with a basic glass powder. They usually contain different proportions of polymeric acids such as polyoalkenoic acid, homopolymers (acrylic acid), and a 2:1 copolymer of polyacrylic acid and maleic acid. Regarding glass, it is essential that it has a basic nature. Its essential component is calcium-fluoro-alumino-silicate powder, but it can also contain phosphate, sodium, calcium, or strontium. Water is the third essential element. Its main function is to serve as a solvent for the polymeric acids, allowing them to act as a proton releaser. This is crucial for the setting reaction of GICs [9]. Some GICs contain additional chelators such as tartaric acid or citric acid to prevent the precipitation of aluminum salts by avoiding the premature formation of ionic cross-links [10].



Resin-modified glass ionomer cements (RMGICs) incorporate resin monomers which add a light curing reaction to the material. The proportion of resin in the material modifies its physical, mechanical, and biological characteristics and properties. RMGICs are described to be “dual-cured”, where resin monomers undergo photopolymerization upon light curing, and the GIC component is chemically cured in an acid–base reaction. The polymerized resin acts as a bridge and strengthens the material [11]. Biomineralization uses biomimetic analogs of dentin matrix proteins to induce the formation of amorphous calcium phosphate (ACP) nano-precursors in the internal compartments of collagen fibrils. This biomimetic remineralization process represents an approach based on creating nanocrystals that are small enough to fit into the gap zones between adjacent collagen molecules and establish a hierarchical order in the mineralized collagen [12].



To study the remineralization ability of dental materials, Fourier Transform Infrared Spectroscopy (FTIR), among other methods, can be used. This spectroscopic analysis method allows determining the nature of the mineral component of samples and provides quantitative information on the changes in mineral and matrix composition as mineralization takes place [13,14]. Energy Dispersive Spectroscopy (EDX), on the other hand, is used to analyze the chemical elements found on the surface of dentin once it has been treated with different remineralizing agents [15,16].



The rationale of the present work focuses on evaluating the remineralizing potential of different restorative GICs on different dentin thicknesses, since, in the literature, there is little information on both the remineralizing potential and the depth of remineralization achieved.



The aim of the present in vitro study is to evaluate the remineralization potential of three GICs at different depths of artificially demineralized dentin by analyzing their ability to form hydroxyapatite and by means of a chemical element analysis. The null hypothesis is that the remineralizing ability of the studied materials will not differ among them or at different times and dentin thicknesses.




2. Materials and Methods


2.1. Sample Preparation


The study protocol was approved by the Research Ethics Committee of the University of Valencia (ID: 2030322). A total of 50 impacted wisdom teeth extracted surgically for medical reasons were selected. After extraction, the teeth were stored in 0.1% Thymol solution at 4 degrees Celsius for 24 h. Organic debris was removed, and they were preserved in Phosphate Buffer Solution (PBS) until their use in the study, no more than 3 months after extraction.



The teeth were embedded in epoxy resin (Resin Pro®, Barcelona, Spain) and kept at room temperature for 24 h until complete setting. Subsequently, the resin blocks were cut longitudinally with the Mintron Stuers® precision cutting machine (Madrid, Spain) to obtain 1-, 2-, and 3-mm thickness sections with dentin on both sides of the cut, making a total of 114 cuts (n = 36 for each of the above-mentioned thicknesses, 6 to be used as controls (3 as positive controls and 3 as negative controls)). The samples for the positive controls were directly preserved in Phosphate Buffered Saline (PBS). The samples for the negative controls were demineralized, as was done with the study samples (described below), and then preserved in PBS.



After obtaining the sample sections, the study samples and the three samples used as negative control were demineralized. The demineralization process was as follows: the samples were immersed in 18% Ethylene Diamine Tetraacetic Acid (EDTA) solution (Clarben, Fuenlabrada, Madrid, Spain) for 2 h, after which, they were washed with distilled water and then dried. The GICs tested in the study, their compositions, and batch numbers are shown in Table 1.



GICs were handled according to the manufacturer’s instructions. Ionomer (1 mm) was applied on each of the dentin samples, as shown in Figure 1. After applying the materials, EF and RL were light-cured for 40 seconds with an LED-B lamp (Guilin Woodpecker Medical Instrument, Guilin, Guangxi, China). KM was left 3.30 min to complete its polymerization. All samples were immersed in 2 mL of PBS for preservation until the time of measurement. Three specimens of each sample were prepared. Both the storage and characteristics of the samples were based on the methodology of previous studies [17,18,19]. The sample preparation is illustrated in Figure 2.



Parallelly, four 1-mm blocks were obtained for each pure material and time period, which were also preserved in PBS.



Subsequently, and after each time period, the changes in the mineral composition of the dentin on the side opposite to that on which the material had been placed were analyzed. This was performed to assess the remineralization potential of the tested GICs at greater depths of dentin and not superficially. This is remarkable because, to our knowledge, no previous study has assessed the remineralization potential in depth.




2.2. Fourier Transform Infrared Spectrometry (FTIR)


This spectroscopic analysis technique is used to understand the structure of individual molecules and the composition of molecular mixtures. In the present study, it was used to determine the changes in the structure and composition of demineralized dentin that occurred on the side opposite to that on which the material was placed. This was done to evaluate the remineralization in depth induced by the different materials in demineralized dentin at different study times. The Cary 630 FTIR equipment (Agilent Technologies® California, CA, USA) was used for this purpose. In this case, it was FTIR with attenuated reflectance (FTIR-ATR) by absorbance.



The analysis of the samples with this technique produced graphs that provide information regarding the degree of light absorbance of the sample (in our case, dentin), corresponding to a particular type of compound. The intervals of interest for our study were [10]:




	-

	
3000–3700 cm−1: Corresponding with OH group.




	-

	
1636 cm−1: Corresponding with COO− group.




	-

	
1021 cm−1: Corresponding with PO4 groups.




	-

	
820 and 1420 cm−1: corresponding with CO3 group.




	-

	
700 cm−1: Corresponding with P2O7 group.




	-

	
The joint presence of PO4 and CO3 together indicates the presence of carbonate hydroxyapatite.









To analyze the composition of the pure material, the blocks of pure material were crushed to facilitate the measurement process. The spectra recorded the absorbance between 650 cm−1 and 4000 cm−1, and 64 scans were performed in each measurement with a resolution of 2 cm−1. Between each sample, 2-propanol was used to clean the surface and avoid contamination between samples.




2.3. Energy Dispersive Spectroscopy (EDX)


This is an analytical technique used for qualitative and quantitative elemental analysis. The aim of this technique was to determine the changes in the chemical composition of dentin, which was previously demineralized at a depth of 1, 2, and 3 mm, after contact with the different studied GICs. A Scanning Electron Microscope (SEM) (Hitachi S4800, Hitachi High-Technologies Corporation, Tokyo, Japan) with the XFlash 5030 system (Bruker, MA, USA) for EDX was used. Measurements were performed at 1000× magnification and a voltage of 10 kV.




2.4. Statistical Analysis


From the calcium (Ca) and phosphate (P) values obtained in the samples, the Ca/P ratio was calculated in the positive and negative control dentin samples and in the dentin treated with the different materials, thicknesses, and times. The percentage of remineralization was determined according to the increase in the Ca/P ratio in the treated dentin relative to the positive and negative controls The Kruskal Wallis test with the Dunn–Bonferroni post hoc method was applied, considering time and dentin thickness for each material. The significance level considered was p < 0.05. SPSS 28.0 statistical package (IBM, Chicago, IL, USA) was used.





3. Results


3.1. Fourier Transform Infrared Spectrometry (FTIR)


Figure 3 shows the plots corresponding to the pure material at 24 h. In Ketac Molar, the presence of an initial band around 3462 cm−1 stands out. Additionally, peaks were found near 1636 cm−1, corresponding to COO−, followed by a peak at 1419 cm−1, corresponding to the presence of CO3. Lastly, a peak at 1005 cm−1, corresponding to the presence of PO4 groups, was observed, which indicates the presence of carbonated hydroxyapatite in the material.



For Equia Forte, a marked peak was observed at 3339 cm−1, corresponding to the presence of OH groups, and a peak at 1636 cm−1, corresponding to COO−, followed by a peak at 1457 cm−1 and a peak at 1026 cm−1. Together, they indicate the presence of carbonate hydroxyapatite.



In the case of Riva Light Cure, an initial band was found at 3422 cm−1, indicative of the presence of OH groups. A peak was also found at 1636 cm−1 (corresponding to the presence of COO−), followed by another peak at 1020 cm−1, which represents the presence of PO4 groups. Finally, a peak was observed at 667 cm−1, indicating the presence of P2O7.



Figure 4 shows the graphs corresponding to Ketac Molar for the different thicknesses and times. It can be seen how at 24 h (Figure 4A), the absorbance values maintained a similar pattern in the three dentin thicknesses, highlighting only that the peak corresponding to carbonated hydroxyapatite (1399 cm−1) is more pronounced in the 1 mm thick sample compared to the other two. At 7 days, the patterns were similar in the three thicknesses (Figure 4B). At 14 days (Figure 4C), it is noteworthy that at depths of 2 and 3 mm, the level of water absorption was lower (1636 cm−1), and the presence of the other elements decreased compared to the 1 mm thick sample. At 28 days (Figure 4D), the graphs show a similar arrangement.



Figure 5 shows the graphs regarding Equia Forte. At 24 h (Figure 5A), in all thicknesses, the behavior is similar: a peak corresponding to the presence of OH bonds, followed by a peak corresponding to water absorption, then several peaks close to 1420 cm−1, corresponding to CO3, as well as a peak at 1031 cm−1, close to 1021 cm−1, corresponding to the presence of PO4 groups. At 7 and 14 days (Figure 5B,C), the graphs are also similar, with peaks similar to those found at 24 h. At 28 days (Figure 5D), at 2 mm, the peak indicative of the presence of PO4 is more pronounced compared to the other two graphs, although at 1 mm thickness, it is still a notable peak. However, at 3 mm, it is practically not marked.



Figure 6 shows the graphs regarding Riva Light Cure. At 24 h (Figure 6A), there is a peak at 3287 cm−1, corresponding to the presence of OH groups, followed by a peak at 1628 cm−1, corresponding to COO− groups. Several peaks with values at 1457 cm−1, 1399 cm−1, or 1340 cm−1 can also be seen, associated with the presence of CO3. Finally, a peak can be seen at 1031 cm−1, corresponding to the presence of PO4 groups. At 7 days (Figure 6B), an initial section corresponding to COO− (1636 and 1599 cm−1) is observed, followed by a peak at 1340 cm−1 and 1457 cm−1, indicative of the presence of CO3, and a peak at 1033 cm−1, corresponding to the presence of PO4 groups. At 14 and 28 days, the results are similar (Figure 6C,D).



The spectra of the positive (C+) and negative (C−) controls are shown in Figure 7. When analyzing the negative control (Figure 7, C− panel), an important initial peak is found, corresponding to the presence of OH groups, followed by a peak at 1636 cm−1, which indicates the presence of COO− groups, and a peak at 1457 cm−1, corresponding to the presence of CO3. In the graph corresponding to the positive control (Figure 7, C+ panel), the disposition is similar. The initial peak, which corresponds to the presence of OH, is less marked, but the peak at 1636 cm−1 appears again, corresponding to the presence of COO−. The peaks at 1457 and 1239 cm−1 also appear, indicative of the presence of CO3. Finally, a peak at 1031 cm−1 can also be seen, which corresponds to the presence of PO4 groups.




3.2. Energy Dispersive Spectroscopy (EDX)


The Ca/P ratios (mol) were established for the control samples (1.47 for healthy dentin (positive control) and 1.40 for demineralized dentin (negative control)) and for the test groups (Table 2).



Figure 8 shows the graphs obtained from the EDX analysis of the pure materials at 28 days.



The percentage change in the Ca/P ratio (mol) was calculated for each of the materials by thickness and time compared to the positive and negative controls, respectively (healthy dentin, C+; and demineralized dentin, C−).



Table 3 shows the percentage change in the Ca/P ratio (mol) of dentin with the different materials, times, and dentin thicknesses compared to the non-demineralized dentin. In the dentin treated with Riva Light Cure and Equia Forte, the highest percentage of remineralization was found at 2 mm and 7 days after application, with no significant differences between them, nor with Ketac Molar at 1 mm at 7 days (p > 0.05). However, in Ketac Molar, the highest remineralization was found at 1 mm thickness at 14 days after application, significantly higher than that found in the other two materials (p < 0.05). At 3 mm, Riva Light Cure and Equia Forte did not show significant differences in Ca/P gain at 1, 7, and 14 days (p > 0.05). At 28 days, at 3mm depth, no gain was found with these materials. In Ketac Molar, Ca/P gain was always found at 1 mm, whereas at the remaining depths, the behavior was more erratic.



Table 4 shows the percentage of gain in the Ca/P ratio of dentin by the materials, times, and dentin thicknesses compared to demineralized dentin. It was also observed that in the dentin treated with Riva Light Cure and Equia Forte, the highest percentage of remineralization was found at 2 mm and 7 days after application, without significant differences (p > 0.05). However, in Ketac Molar, the highest remineralization was found at 1 mm 14 days after application, with significant differences compared to the other two materials (p < 0.05). Ketac Molar and Equia Forte did not show significant differences between the percentage increase in the Ca/P ratio at 1 mm between 1 day and 14 days after application (p > 0.05). The same occurred with Equia Forte at 2 mm and Riva Light Cure at 3 mm.





4. Discussion


Following the criteria of “minimal intervention” are the techniques of “selective caries removal” [20]. The application of these techniques requires the use of bioactive materials for the restoration. A bioactive material must induce a favorable response, which requires an interaction between the material and the dental tissues, leading to the formation of mineralized tissue [21]. Thus, the treatment of deep caries lesions involves the use of ion-releasing agents to induce the remineralization of demineralized dentin through the formation of apatite [22].



FTIR is a spectroscopic assay by which the remineralizing potential of a material can be examined, as it allows the identification of different functional groups. The presence of peaks in the zone around 1020 cm−1 indicates the presence of phosphate groups, which, in this case, are usually PO4 groups. The presence of other peaks in the 1420 cm−1 region indicates that carbonate groups such as CO3 are present. The association of these two peaks implies the presence of carbonated hydroxyapatite, which is expected in the dentin remineralization process [23,24,25,26,27].



After the analysis of the results, the null hypothesis was rejected, since materials, time, and dentin thickness influenced the remineralizing ability of the different GICs included in the present study.



After 1 day, only Ketac Molar was able to form apatite and only to a depth of 1 mm. After 7 days, Ketac Molar achieved a homogeneous effect in all thicknesses, whereas Equia Forte only achieved remineralization up to 2 mm, with a slightly greater effect at 2 mm compared to 1 mm. Finally, Riva Light Cure showed slight peaks, but did not clarify the presence of apatite at any thickness. These results were expected, since Ketac Molar had already performed better in shorter periods.



After 14 days, all the materials showed a notable presence of carbonate apatite at 1 mm higher than the greater thicknesses, except in the case of Equia Forte, where a peak of greater intensity appears at 2 mm. It should be noted that in Ketac Molar, at 2 and 3 mm thicknessess, the presence of apatite is lower than at 7 days.



Finally, at 28 days, apatite was present at all depths with all materials. Equia Forte achieved a greater presence at 2 mm, whereas Ketac Molar did so at 1 mm. Riva Light Cure showed similar results at all depths.



The non-linear remineralization behavior of Ketac Molar and Equia Forte should be highlighted. In Ketac Molar, the only constant is that its main effect is seen at 1 mm depth, whereas Equia Forte, at 7 and 28 days, shows more apatite formation at 2 mm. By contrast, Riva Light Cure shows an increase in apatite directly related to the exposure time, which was constant in the three dentin thicknesses.



On the other hand, the SEM-EDX system allows knowing the amount of calcium and phosphate present in the sample, either in simple (the pure element) or complex form (as part of a more complex compound). With this information, the Ca/P ratio of each of the analyzed samples can be established.



According to other published studies, the increase in the Ca/P ratio is an important indicator of remineralization [28], since it allows establishing whether a material can be effective when applied on demineralized dentin in accordance with current trends of minimal intervention.



Regarding the studied materials, it is noteworthy that Ketac Molar performed better at 1 mm thickness, whereas Riva Light Cure and Equia Forte showed better results at 2 mm. This indicates that the latter two materials can remineralize at a greater depth than the former. However, at 3 mm thickness, all the materials show a decrease in the Ca/P ratio, highlighting that at 28 days, both Equia Forte and Riva Light Cure show a Ca/P ratio below that of the control. As such, at this depth and time, no remineralization is showed by the samples.



The fact that one of the studied GICs incorporates resin in its composition (Riva Light Cure) did not affect dentin remineralization, neither in terms of hydroxyapatite formation nor the Ca/P ratio found at different depths. Its behavior was very similar to that obtained by Equia Forte, which does not incorporate resin. Resin incorporation did not reduce the remineralization potential and depth achieved. Thus, from a clinical point of view, the use of a RMGIC that in addition to the chemical bonding (achieved by polycarboxylates), can also achieve micromechanical interlocking in hybridized dentine through the infiltration of the collagen network that is exposed by polyacrylic acid [29], is a good alternative in minimally invasive dentistry procedures.



When focusing on other elements, a striking fact is that despite being glass ionomers, which are materials that contain fluoride [30], in our samples, it was only detected in pure material samples, as shown in Figure 8. Its presence in the samples at 1, 2, and 3 mm thickness was detected sporadically at certain times and thicknesses and did not follow any common pattern. Consequently, this could be a subject for future study.



Strontium is indicated as present in the chemical formulation of Riva Light Cure and Equia Forte by their respective manufacturers. However, it was not detected in Equia Forte in any case. In Riva Light Cure, it was only detected at 28 days in 1 mm thickness and in the pure material. Strontium has chemical and physical properties similar to those of calcium, so it is theoretically capable of replacing Ca in hydroxyapatite [31]. Studies using strontium-doped bioactive glasses show less demineralization of enamel and dentin, but no better remineralization than bioactive glasses without strontium [32].



Regarding the limitations of the present study, a series of points should be highlighted: firstly, its inherent in vitro nature, which limits the application of the results to the clinical setting and requires further evidence to confirm the reported results. Secondly, the absence of a standardized methodology for this type of studies results in a substantial heterogeneity among similar studies. For example, the sample size for test groups varies among studies in the field [16,18,19,33]. In the present study, a sample size of n = 3 was selected for each group. The low sample size, both in the present study and similar studies, may reduce the representativeness of the results. Thus, results should be interpreted as a preliminary assessment of the remineralization ability of GICs at a laboratory level and should serve as a base for future studies.



Nevertheless, the results of this study can guide clinicians in the thickness of demineralized dentin that can be left in the cavity, as well as in the choice of GIC, depending on the clinical situation. On occasions where a rapid remineralization effect is required in minimal thicknesses, Ketac Molar will be suitable, whereas if the objective is to achieve a deeper remineralization, Riva Light Cure and Equia Forte show better results.




5. Conclusions


Carbonate apatite was found by FTIR at 28 days at all depths with all tested materials. Equia Forte achieved the greatest effect at 2mm depth, whereas Ketac Molar achieved the greatest effect at 1 mm. Riva Light Cure showed similar results at all depths.



In terms of Ca/P ratio, Equia Forte and Riva Light Cure showed similar results at all depths. Equia Forte and Riva Light Cure showed a higher dentin remineralization at 2 mm thickness, whereas Ketac Molar performed better at 1 mm thickness.



In terms of time, the formation of carbonate apatite was higher at 24 h and 7 days for Ketac Molar. However, at 14 days, it was reduced in this material and reached its peak in Riva Light Cure and Equia Forte.



According to the results of this study, long-term remineralization was not constant at 3 mm, making it inadvisable to leave such a large thickness of demineralized dentin.
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Figure 1. Flowchart representing the different test groups. Three test groups (TG) were assessed (KM, EF, and RL (n = 36 each)). Three different dentin depths were tested (1, 2, and 3 mm). Four different time points were tested (1, 7, 14, and 28 days). 
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Figure 2. (A) Sample before and after the application of the GIC. (B) Schematic illustration of the sample preparation and analysis. 
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Figure 3. FTIR spectrum of the different pure materials 24 h after setting. 
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Figure 4. Comparison of Ketac Molar FTIR spectra at different thicknesses (1, 2, and 3 mm) at 24 h (A), 7 days (B), 14 days (C), and 28 days (D). The peaks of the OH, COO−, CO3, and PO4 groups of interest in this study are indicated. 
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Figure 5. Comparison of Equia Forte FTIR spectra at different thicknesses (1, 2, and 3 mm) at 24 h (A), 7 days (B), 14 days (C), and 28 days (D). The peaks of the OH, COO−, CO3, and PO4 groups of interest in this study are indicated. 
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Figure 6. Comparison of Riva Light Cure FTIR spectra at different thicknesses (1, 2, and 3 mm) at 24 h (A), 7 days (B), 14 days (C), and 28 days (D). The peaks of the OH, COO−, CO3, and PO4 groups of interest in this study are indicated. 
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Figure 7. FTIR spectrum of the negative control (C−), corresponding to demineralized dentin, and positive control (C+), corresponding to healthy dentin. 
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Figure 8. EDX analysis graphs of Ketac Molar (a), Riva Light Cure (b), and Equia Forte (c) pure at 28 days. 
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Table 1. Composition, manufacturer, and batch number of the studied GICs.






Table 1. Composition, manufacturer, and batch number of the studied GICs.





	Material
	Composition
	Manufacturer
	Batch N°





	Ketac Molar Aplicap (KM)
	Liquid: water, copolymer, polyacrylic acid, maleic and tartaric acid

Powder: aluminum-calcium-lanthanum fluorosilicate glass
	3M ESPE®

Seefeld, Germany
	56420



	Equia Forte HT (EF)
	Liquid: polycarboxylic acid, water

Powder: strontium fluoro aluminum silicate glass, iron oxide
	GC Corp®, Tokio, Japan
	901584



	Riva Light Cure HV (RL)
	Liquid: polyacrylic acid, tartaric acid, HEMA

Powder: bioactive glass (Ionglass™), contains fluoride and strontium ions.
	SDI® Victoria, Australia
	873003
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Table 2. Ca/P ratio (mol) calculated from EDX results by material, thickness, and time.
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	1 Day
	7 Days
	14 Days
	28 Days





	KM 1 mm
	2.23 ± 0.6
	2.46 ± 0.7
	2.84 ± 0.9
	1.85 ± 0.8



	KM 2 mm
	1.52 ± 0.3
	1.24 ± 0.2
	1.93 ± 0.4
	1.76 ± 0.5



	KM 3 mm
	1.17 ± 0.1
	1.94 ± 0.4
	2.12 ± 0.5
	1.65 ± 0.6



	EF 1 mm
	1.09 ± 0.2
	2.01 ± 0.7
	1.01 ± 0.1
	1.74 ± 0.5



	EF 2 mm
	2.21 ± 0.9
	2.37 ± 0.8
	2.12 ± 0.3
	1.94 ± 0.2



	EF 3 mm
	1.91 ± 0.7
	2.16 ± 0.6
	1.72 ± 0.2
	1.11 ± 0.4



	RL 1 mm
	1.98 ± 0.6
	1.34 ± 0.5
	1.83 ± 0.4
	2.01 ± 0.5



	RL 2 mm
	1.65 ± 0.5
	2.44 ± 0.7
	1.69 ± 0.5
	1.94 ± 0.6



	RL 3 mm
	2.09 ± 0.6
	1.94 ± 0.3
	1.72 ± 0.3
	1.11 ± 0.2
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Table 3. Percentage gain in Ca/P ratio (mol), calculated from EDX results, in dentin as a function of different materials, times, and thickness compared to non-demineralized dentin.
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	1 Day
	7 Days
	14 Days
	28 Days





	KM 1 mm
	34.10
	40.15
	48.18
	20.54 a



	KM 2 mm
	3.50
	−18.33
	23.88
	16.70 a



	KM 3 mm
	−25.16
	24.09
	30.65
	10.69



	EF 1 mm
	−35.05
	26.89
	−45.48
	15.58



	EF 2 mm
	33.52
	38.00
	30.65
	24.41



	EF 3 mm
	22.89
	31.90
	14.59
	−32.68



	RL 1 mm
	25.63 a
	−9.59
	19.49
	26.91 a



	RL 2 mm
	10.94
	39.82
	12.90 a
	24.41 a



	RL 3 mm
	29.80 a
	24.09
	14.59 a
	−32.68







The same letter in the superscript indicates no significant differences between thicknesses for each material and time.
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Table 4. Percentage gain in Ca/P ratio (mol), calculated from EDX results, in dentin by materials, times, and thickness compared to demineralized dentin.
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	1 Day
	7 Days
	14 Days
	28 Days





	KM 1 mm
	37.24
	43.00
	50.64
	24.33 a



	KM 2 mm
	8.10
	−12.69
	27.51
	20.66 a



	KM 3 mm
	−19.20
	27.70
	33.96
	14.94



	EF 1 mm
	−28.62
	30.37 a
	−38.55
	19.60



	EF 2 mm
	36.68
	40.96
	33.95
	28.01



	EF 3 mm
	26.56
	35.14 a
	18.66
	−26.36



	RL 1 mm
	29.18
	−4.37
	23.32
	30.40 a



	RL 2 mm
	15.18
	42.68
	17.05 a
	28.01 a



	RL 3 mm
	33.14
	27.70
	18.66 a
	−26.36







The same letter in the superscript indicates no significant differences between thicknesses for each material and time.
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