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Abstract

:

This study aimed to compare the amount of fluoride uptake and the recharge and release characteristics of conventional glass ionomer cement (GIC) without any additives in comparison to conventional glass ionomer cement supplemented with silver nanoparticles (AgNPs) at two concentrations: 0.1% and 0.2% (w/w). A total of 60 specimens were used in this in vitro study. The sample was divided into six groups—including three groups without fluoride charge: Group 1 (conventional GIC), Group 2 (GIC with 0.1% silver nanoparticles), and Group 3 (GIC with 0.2% silver nanoparticles; and three groups with fluoride charge: Group 4 (conventional GIC with fluoride); Group 5 (GIC with 0.1% silver nanoparticles with fluoride); Group 6 (GIC with 0.2% silver nanoparticles with fluoride), where Group 1 is considered the control group and the other five groups are used as the test groups. The amount of fluoride released was measured on days 1, 2, 7, 15, and 30. The comparisons were made between the groups with and without fluoride and among all the groups. A significant difference in the amount of fluoride released was observed between the groups, with the highest amount occurring in Group 1, followed by Group 2; the lowest amount of fluoride released was observed in Group 3 (p < 0.05). The groups with fluoride recharge (Groups 4, 5, and 6) exhibited a higher amount of fluoride release than the groups with no recharge (Groups 1, 2, and 3); however, Group 1 has more fluoride release compared to all other groups on days 1, 2, 7, 15, and 30 (p < 0.05). The amount of released fluoride decreased from day 1 to day 30 in all of the groups in the study. Despite the antimicrobial and anticariogenic benefits of adding silver nanoparticles to GIC, it seems that fluoride release characteristics are significantly affected by the addition of this material. This may force the clinician to a compromise between the antimicrobial benefit of silver nanoparticles and the remineralizing advantage of fluoride.
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1. Introduction


Having a caries-inhibiting property is considered to be very desirable in restorative materials [1]. Fluoride can play a vital role in the prevention of caries; thus, many efforts have been made to incorporate fluoride into distinct preventive materials [2,3,4]. Glass ionomer cement (GIC) has been developed as a more biocompatible alternative to silicate cement [5]. Fluoride has been used as a flux for reducing the glass fusion temperature throughout the manufacturing process as it imparts the natural property of fluoride release to the cement [6,7]. Studies that investigated the pattern of fluoride release in a restorative material in the 1990s reported that if the GICs were exposed to a fluoride source, then they would imbibe fluoride ions and therefore act as a “fluoride reservoir” [7,8,9]. The most well-known fluoride source that is normally used every day is fluoridated dentifrices; for this reason, fluoridated toothpaste has been used to measure fluoride recharge and uptake [10,11]. The concentration of fluoride in toothpaste can range from a low value, such as 500 ppm for a toothpaste for children, to a high value, such as 5000 ppm, in high-fluoride toothpaste [12]. Silver has an elementary and ionized form in silver nanoparticles or zeolites [13]. Silver alloy powder can be added to restorative glass ionomer cement to make reinforced GIC which is considered harder and stronger. In cermet cement, the process of sintering silver powder to glass at a high temperature can increase durability and enhance abrasion resistance [14,15].



Incorporating silver nanoparticles into GIC powder could inhibit biofilm formations whilst having almost no significant effects on any mechanical and physical properties. It has been reported that silver nanoparticles did not firmly bond with the matrix and thus, did not significantly improve its mechanical properties [16]. This could be a result of its nano-sized particles that can be dispersed around and among polymer chains [16]. Typically, in addition to the fact that GIC contains fluoride that is released into the oral environment when saliva is present, it could also be recharged by toothpaste gels or mouth rinses that contain fluoride [17]. However, there is little information in the literature regarding the fluoride uptake and recharge abilities of glass ionomer types of cement that are reinforced by silver nanoparticles [2,18]. The ability of glass ionomer cement to recharge is likely a result of their capability to re-release ions from a solution which might permit their application as “rechargeable reservoirs” for ion distributions that include fluoride. Therefore, the majority of studies that have investigated fluoride ion uptake were concerned with solution ion concentrations and carried out analyses pre-and post-GIC immersion [19,20,21].



The study that was carried out by Arbabzadeh-Zavareh et al. [22] compared the recharge patterns of six different types of glass ionomer cement after fluoride exposure. Mouthwash and toothpaste products that contain fluoride were used. The authors reported that applying fluoride materials using a timetabled schedule could achieve high fluoride releases [18,22]. The current study aimed to evaluate the effects of different silver nanoparticle concentrations on the fluoride uptake and recharge properties of conventional glass ionomer cement. It compares the amount of fluoride uptake and the recharge and release characteristics of conventional glass ionomer cement (GIC) without any additives to conventional glass ionomer cement that is supplemented with silver nanoparticles (AgNPs) at two concentrations: 0.1% and 0.2% (w/w).




2. Materials and Methods


2.1. Ethical Approval


This work was registered with the research center of Riyadh Elm University (FPGRP/43835002/342) and ethical approval was obtained from the Institutional Review Board (IRB) of the institution.




2.2. Study Design


This study followed an experimental design using a fluoride electrode to measure the three cements’ fluoride uptake and recharge characteristics.




2.3. Material and Devices


A conventional GIC (GC Fuji II, GC Corporation, Tokyo, Japan) was used in this study. Silver nano powder with a <100 nm particle size (Sigma-Aldrich Co., St. Louis, MO, USA) was purchased and added to the powder of the GIC. Specimens were prepared with 2 different concentrations of silver (0.1% and 0.2% (w/w)) using an electronic weighing scale. The AgNP powder was carefully weighed using a weighing machine with an accuracy of ±0.0001 g (A&D, GR + 360, Tokyo, Japan). The GIC specimens were divided into three groups for each test: GIC without AgNPs; GIC with 0.1% AgNPs; GIC with 0.2% AgNPs. The fillings were mixed at a P/L ratio of 2.6/1 g and were prepared following the manufacturer’s instructions.




2.4. Preparation of the Sample


A total of 60 specimens (10 in each group) were used in this study. The 10 specimens in each group were further subdivided into 6 subgroups of 10 each. No fluoride treatment was applied to the groups (Groups 1, 2, and 3) and fluoride treatment was given to 3 other groups (Groups 4, 5, and 6). The molds were prepared with 6 mm in diameter and 3 mm in height. Excess materials were removed and dental floss (for suspension in the solution) was imbedded into each specimen. For the second subgroup, a 1450 ppm dentifrice was applied for 2 min, twice daily, with a soft toothbrush used for the specific group. The specimens were then suspended in airtight plastic bottles containing exactly 20 mL of double-deionized water.



Thus, the groups were as follows:




	
Group 1 (10 specimens): control group with no recharge;



	
Group 2 (10 specimens): 0.1% silver nanoparticles with no recharge;



	
Group 3 (10 specimens): 0.2% silver nanoparticles with no recharge;



	
Group 4 (10 specimens): control group with fluoride recharge;



	
Group 5 (10 specimens): 0.1% silver nanoparticles with fluoride recharge;



	
Group 6 (10 specimens): 0.2% silver nanoparticles with fluoride recharge.









2.5. Measurement of Fluoride Uptake and Recharge


The fluoride content and its distribution in all the samples were analyzed using a fluoride ion selective electrode (HI4110 Fluoride ISE, Solid-state Combination, Hanna Instruments Co., Carrollton, TXUSA) connected to an ion selective electrode meter/digital ion analyzer. The total ionic strength adjustment buffer (TISAB) was added to all water specimens to maintain the pH between 5.0 and 5.5. The fluoride electrode was calibrated using a sodium fluoride stock solution with a concentration of 100 ppm fluoride. This solution was then diluted, in stages, with double-distilled water to produce standard solutions of 20 ppm, 10 ppm, 5 ppm, and 2.5 ppm fluoride. Fluoride measurements were recorded at intervals of days 1, 2, 7, 15, and 30. The electrode was recalibrated at every interval.




2.6. Statistical Analysis


All analyses were performed using Statistical Package for Social Sciences (SPSS) software Version 21.0 (Armonk, NY, USA, IBM Corp). The descriptive statistics mean and SD for continuous data and the median (interquartile range (IQR)) for non-normally distributed interval data and ordinal data were presented. Based on the normality of data, the parametric t-test and non-parametric Mann–Whitney U test were applied to the data to find differences between the two groups. The non-parametric Kruskal–Wallis test was used to compare three groups. The Shapiro–Wilk and histogram with summary values were used to test the hypothesis of normal distribution.





3. Results


The fluoride release in Group 1 (control group with no recharge) gradually decreased over time with the highest amount on day 1 and the lowest on day 30 (Figure 1a). Fluoride release in Group 2 (0.1% silver nanoparticles with no recharge) gradually decreased over time, with the highest amount on day 1 and the lowest on day 30 (Figure 1b). Fluoride release in Group 3 (0.2% silver nanoparticles with no recharge) gradually decreased over time, with the highest amount on day 1 and the lowest on day 30 (Figure 1c). Regarding the pattern of fluoride release from the three groups without fluoride recharge, the highest fluoride release was observed in Group 1, followed by Group 2, and the lowest amount of fluoride release was observed in Group 3 (Figure 2).



Fluoride release in Group 4 (control group with fluoride recharge) gradually decreased over time, with the highest amount on day 1 and the lowest on day 30 (Figure 1d).



Fluoride release in Group 5 (0.1% silver nanoparticles with fluoride recharge) gradually decreased over time with the highest amount on day 1 and the lowest on day 30 (Figure 1e). Fluoride release in Group 6 (0.2% silver nanoparticles with fluoride recharge) gradually decreased over time, with the highest amount on day 1 and the lowest on day 30 (Figure 1f). Regarding the pattern of fluoride release from the three groups with fluoride recharge, the highest fluoride release was observed in Group 4, followed by Group 5, and the lowest amount of fluoride release was observed in Group 6 (Figure 3).



None of the comparisons between the baseline and baseline groups with fluoride release during the studied periods showed statistical significance. (p > 0.05). The comparison among the no charge (Groups1,2, and 3) and with charge (Groups (4,5, and 6) were shown in Table 1. In all the baseline (no charge) groups on 1st, 2nd, 7th, 15th, and 30th days fluoride release was comparatives more than charge groups (p > 0.05). The comparison between the three groups without fluoride recharge (Group 1 (control group with no recharge); Group 2 (0.1% silver nanoparticles with no recharge); Group 3 (0.2% silver nanoparticles with no recharge)) showed statistically significant differences between groups (p < 0.05). The highest amount of fluoride release was observed in Group 1, followed by Group 2.0, and the lowest value was observed in Group 3 (Table 2). The comparison between the three groups with fluoride recharge (Group 4 (control group with no recharge); Group 5 (0.1% silver nanoparticles with recharge); Group 6 (0.2% silver nanoparticles with recharge)) showed statistically significant differences between the groups (p < 0.05). The highest amount of fluoride release was observed in Group 4, followed by Group 5, and the lowest value was observed in Group 6 (Table 2). The comparison between fluoride recharge and no recharge in each group (Group 1 (control group); Group 2 (); Group 3 found a statistically significant difference between Group 1 and Group 4 (p > 0.05), while the other groups showed no statistically significant differences in each pair (p > 0.05) (Table 2).




4. Discussion


The role of glass ionomer as a fluoride reservoir and its inherent ability to recharge fluoride has long been recognized [23]. This means that glass ionomer has a unique advantage over other dental materials. The present study was conducted to compare the amount of fluoride uptake and the recharge and release characteristics of conventional glass ionomer cement (GIC) without any additives compared to conventional glass ionomer cement that was supplemented with silver nanoparticles (AgNPs) at two concentrations: 0.1% and 0.2% (w/w). The fluoride ion selective electrode method was a reliable and accurate method to measure the amount of fluoride ions that were leached from the glass ionomer. This method has been used in numerous in vitro studies to accurately evaluate and compare fluoride release in different fluoride-releasing restorative materials [24,25,26,27].



The fluoride release characteristics of glass ionomer have been investigated in several studies [24,28,29,30]. These studies clearly showed that the fluoride release characteristics of glass ionomers were inversely proportional to the number of fillers added regardless of their type [24,31]. These findings are in agreement with the results observed in the present study and the authors found that the higher the concentration of silver nanoparticles was, the lower the amount of fluoride released was. A possible explanation for this is that fillers (regardless of their type) are not soluble and possess very good mechanical properties in comparison to the glass ionomer matrix, which is the medium that is responsible for fluoride release. Thus, increasing the amount of fillers in glass ionomer will eventually decrease the amount of the matrix that releases the fluoride and decrease the fluoride release. However, the relationship between the amount of fluoride inside each cement and the ability of this cement to release the fluoride inside is still not well understood. It was found that three main mechanisms can explain fluoride release from glass ionomers, including the diffusion of ions through pores by superficial rinsing; microfractures on the surface, which enable fluoride ion leaching; and, finally, the mass diffusion concept [31,32].



This provides silver nanoparticles with an important anticariogenic effect at low toxicity [33,34,35]. Furthermore, previous studies have found that the incorporation of silver nanoparticles did not affect the cytotoxicity of human cells. The antibacterial activity of silver nanoparticles that have been incorporated into glass ionomer cement may last for very long periods—up to 4 months [36]. Therefore, it is important to evaluate their effect on fluoride recharge and release because the fluoride releasing ability of glass ionomers is also an important property that the authors do not want to compromise, due to its importance in remineralizing carious cavities. The findings from the present study show that fluoride release was significantly affected by the incorporation of silver nanoparticles. Based on these observations, the authors opined that a higher concentration of silver nanoparticles means a lower fluoride release is added to the glass ionomer cement. This may put the clinician in a situation in which they must make a compromise between the strong antimicrobial effect of silver nanoparticles incorporated with glass ionomers and the remineralizing effect of conventional glass ionomers due to their significant fluoride-releasing ability. Furthermore, it must be understood that a sustained amount of fluoride release is needed [37].



Prior studies reported that the release of fluoride from glass ionomer cement follows an exponential pattern rather than a linear pattern, with the maximum amount of release occurring in the first and second days of its restoration in the oral cavity, which significantly decreases until it reaches the lowest amount on day 30 [24,38,39,40]. A similar observation was evident in the present study and the difference was considerably not high. These observations can be explained by the emptying of the fluoride from the glass ionomer matrix over time as, in the beginning, the glass ionomer matrix is fully recharged by fluoride which leaks out of the matrix until it is depleted. An exponential pattern of fluoride ion release is not ideal because, in order to maximize the benefit of the fluoride-releasing property, the authors must obtain a sustained level of fluoride release; this will not only help in terms of caries inhibition, but will also help to maintain the mechanical and physical properties of the glass ionomer for longer periods. Additionally, the authors found that fluoride recharging had a significant effect on the amount of fluoride released in the conventional glass ionomer groups, favoring recharge over no recharge. On the other hand, at concentrations of 0.1% and 0.2%, silver nanoparticles showed small differences between the recharged groups and at concentrations of 0.1% and 0.2%, silver nanoparticles showed small differences between the recharged and non-recharged groups, although the effect was statistically non-significant. It was also noted that the higher the concentration of silver nanoparticles was, the lower the difference was between the recharged and non-charged groups was. The rationale behind these results is clear: the authors cannot expect a material such as glass ionomer to release or recharge a significant amount of fluoride when it is loaded with silver nanoparticles. These cements will likely lack a sufficient amount of fluoride-containing matrix [41] and they will also lack space for fluoride recharge.



The findings observed in the present study are different from those that were identified in an analogous study conducted by Bamoussa et al. [24]. In the study by Bamoussa et al., a comparison was made between the characteristics and fluoride recharge and release of a zinc-reinforced glass ionomer cement to that of two traditional glass ionomer cements. Bamoussa et al. reported that the zinc-reinforced glass ionomer had a higher fluoride recharge and release that significantly differed from the two traditional glass ionomer cements [24]. To clarify this, it should be understood that silver nanoparticles have different characteristics to zinc. The effect of zinc on solubility is an enhancing effect rather than a restraining effect. This is due to the ease of ionization and the solubility of zinc particles inside the glass ionomer [42]. In contrast, silver nanoparticles are somewhat more resistant to solubility, thus restraining the ability of glass ionomers to release and recharge fluoride ions [43]. However, the clinical relevance of the laboratory testing protocols may be in question, as it was found that the mechanical loading of the glass ionomer could affect its ability to release and recharge fluoride by inducing microcracks in the matrix, thus enhancing the solubility of this material [44,45].



Other factors may affect the amount of release and recharge of fluoride ions (such as the temperature and degree of acidity of the solution), as it was found that, the higher the temperature and acidity were, the higher the fluoride ion release and the lower the ability of the material to recharge. Of course, in the present study, both the temperature and the pH were standardized in all of the samples. The pH in the present study was set between 5.0 and 5.5, which is considered acidic and may enhance fluoride ion release. This pH may significantly differ from clinical situations, as the pH in the oral cavity is above 5.5 most of the time (which is the critical pH for the demineralization of dental structures). Nevertheless, setting the pH to this level was necessary in the present study to obtain the extreme outcome of the material. Moreover, similar situations were also used in other studies measuring fluoride release, as this will eventually simplify future comparisons [24,37,46]. The results of the present study confirm that glass ionomers can release and recharge fluoride, regardless of whether or not silver nanoparticles were incorporated. Nevertheless, the amount of release and recharge of glass ionomers is significantly affected by the addition of silver nanoparticles, which can impact the remineralizing effect of this material [47,48].



Limitations and Recommendations


The present study has some shortcomings. For instance, it is an in vitro study and it is well known that oral cavity conditions are not the same as laboratory conditions. Mechanical loading was not assessed in the present study, which is also a limitation. Additionally, the fluoride release measurements of glass ionomers into different storage media with different temperatures and pH values were not obtained. In addition, fluoride release characteristics under cyclic loading were not evaluated.





5. Conclusions


Despite the antimicrobial and anticaries benefits of adding silver nanoparticles to GIC, the results showed that the fluoride release characteristics were significantly negatively affected by the addition of this material. This may force the clinician to compromise between the antimicrobial benefit of silver nanoparticles and the remineralizing advantage of fluoride. The study demonstrated that there is a significant negative effect on the fluoride release characteristics of GIC with the addition of AgNPs, which means that the null hypothesis is not accepted. According to the findings of this study, it appears that the addition of silver nanoparticles with a concentration of 0.1% showed a reasonable amount of fluoride recharge and release in glass ionomers without the significant eradication of this advantage, thus combining the remineralizing advantage of fluoride and the antimicrobial effect of silver nanoparticles. Nevertheless, further studies are recommended to assess the antibacterial effect of these concentrations.
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Figure 1. Mean values of fluoride release in (a) Group 1 (control group with no recharge); (b) Group 2 (0.1% silver nanoparticles with no recharge); (c) Group 3 (0.2% silver nanoparticles with no recharge); (d) Group 4 (control group with fluoride recharge); (e) Group 5 (0.1% silver nanoparticles with fluoride recharge); and (f) Group 6 (0.2% silver nanoparticles with fluoride recharge) on days 1, 2, 7, 15, and 30. 
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Figure 2. Pattern of fluoride release from the three groups at different time intervals without fluoride recharge. 
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Figure 3. Pattern of fluoride release from the three groups at different time intervals with fluoride recharge. 
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Table 1. Comparison baseline and baseline groups with fluoride release.
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	Time Period
	Group 1

Median (IQR)
	Group 4

Median (IQR)
	p Value
	Group 2

Median (IQR)
	Group 5

Median (IQR)
	p Value
	Group 3

Median (IQR)
	Group 6

Median (IQR)
	p Value





	Day 1
	5.21 (3.75,6.71)
	4.12 (3.09,5.76)
	0.251
	2.31 (1.28,3.10)
	1.87 (1.05,2.87)
	0.465
	1.34 (0.88,2.79)
	1.27 (0.79,2.51)
	0.754



	Day 2
	5.18 (3.77,6.70)
	4.09 (3.09,5.70)
	0.251
	2.27 (1.26,3.12)
	1.84 (1.04,2.87)
	0.465
	1.15 (0.85,2.38)
	1.07 (0.76,1.93)
	0.564



	Day 7
	5.14 (3.71,6.70)
	4.10 (3.09,5.75)
	0.347
	2.29 (1.33,3.06)
	1.89 (1.05,2.90)
	0.602
	1.12 (0.85,2.38)
	1.04 (0.76,1.93)
	0.564



	Day 15
	5.16 (3.74,6.69)
	4.12 (3.05,5.69)
	0.347
	2.30 (1.25,3.07)
	1.85 (1.03,2.87)
	0.530
	1.16 (0.85,2.37)
	1.02 (0.76,1.89)
	0.564



	Day 30
	5.20 (3.77,6.72)
	4.08 (3.02,5.75)
	0.251
	2.25 (1.31,3.07)
	1.79 (2.87,1.06)
	0.530
	1.12 (0.85,1.97)
	1.05 (0.77,1.88)
	0.564



	Total
	5.17 (3.75,6.71)
	4.10 (3.07,5.73)
	0.251
	2.28 (1.29,3.09)
	1.85 (1.05,2.87)
	0.465
	1.14 (0.85,2.30)
	1.05 (0.76,1.91)
	0.564
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Table 2. Comparison of all study groups using Kruskal–Wallis test.
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	Time Period
	Group 1

Median (IQR)
	Group 2

Median (IQR)
	Group 3

Median (IQR)
	Group 4

Median (IQR)
	Group 5

Median (IQR)
	Group 6

Median (IQR)
	p Value





	Day 1
	5.21 (3.75,6.71)
	2.31 (1.28,3.10)
	1.34 (0.88,2.79)
	4.12 (3.09,5.76)
	1.87 (1.05,2.87)
	1.27 (0.79,2.51)
	0.002 *



	Day 2
	5.18 (3.77,6.70)
	2.27 (1.26,3.12)
	1.15 (0.85,2.38)
	4.09 (3.09,5.70)
	1.84 (1.04,2.87)
	1.07 (0.77,1.93)
	0.001 *



	Day 7
	5.14 (3.71,6.70)
	2.29 (1.33,3.06)
	1.12 (0.85,2.38)
	4.10 (3.09,5.75)
	1.89 (1.05,2.90)
	1.04 (0.76,1.93)
	0.001 *



	Day 15
	5.16 (3.74,6.69)
	2.30 (1.25,3.07)
	1.16 (0.85,2.37)
	4.12 (3.05,5.69)
	1.85 (1.03,2.87)
	1.02 (0.76,1.89)
	0.002 *



	Day 30
	5.20 (3.77,6.72)
	2.25 (1.31,3.07)
	1.12 (0.86,1.97)
	4.08 (3.02,5.75)
	1.79 (1.06,2.87)
	1.05 (0.77,1.88)
	0.001 *



	Total
	5.17 (3.74, 6.71)
	2.28 (1.28,3.08)
	1.14 (0.85,2.30)
	4.10 (3.07,5.73)
	1.84 (1.05,2.87)
	1.05 (0.76,1.91)
	0.001 *







* Significant.
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