Physical-mechanical, chemical and biological properties of graphene-reinforced glass ionomer cements
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Abstract
Objectives
This study aimed to evaluate the physical-mechanical, chemical, and biological properties of graphene-reinforced glass ionomer cements (GICs).

Materials and Methods
Different proportions of graphene powder were incorporated into 2 high-viscosity self-curing GIC, Ketac Molar (GKetac) and Fuji IX (GFuji), in 4 different concentrations: 0.5%, 1%, 2%, and 5%. The control groups included the GICs without graphene. Experiments were performed to analyze linear (Ra) and volumetric roughness (Sa), antimicrobial activity, radiopacity, fluoride release, microhardness, solubility, and water sorption. Data were analyzed using Kruskal-Wallis, Mann-Whitney, Wilcoxon, analysis of variance, and Tukey’s test (p ≤ 0.05).

Results
The GKetac 0% and GFuji0% groups presented higher Ra (4.05 and 2.72) and Sa (4.76 and 5.16), respectively. No inhibition zone was observed, and the incorporation of graphene reduced radiopacity. Moreover, there was no influence on the solubility and water sorption after 21 days. A greater fluoride release was observed in the period of 7 days for most of the groups. After 21 days, GKetac 5%, 2%, and 1% presented higher releasing than 0% and 0.5% (p ≤ 0.05).

Conclusions
The graphene incorporation improved the microhardness of GICs in lower concentrations. Graphene incorporation to GICs modified some physical-mechanical, and chemical, but not affected biological properties.
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INTRODUCTION
Among the materials used in minimally invasive dentistry, glass ionomer cements (GICs) have been widely studied since 1970 and are currently recognized as important restorative materials, especially for pediatric dentistry [12]. They present a good clinical performance that includes biocompatibility and low cytotoxicity, true adherence to the dental tissues, favorable coefficient of linear thermal expansion, fluoride release, and varied applicability [34567]. Nevertheless, due to inferior physical-mechanical properties when compared to resin composites, different strategies have been employed over the years to reduce such limitations [89101112]. Some of these strategies included adding silver and tin amalgam alloy powder, incorporating silver nanoparticles, and adding zinc, titanium, barium, and strontium, resin, hydroxyapatite, fibers, zirconium, and other nanometric particles to GICs, which did not improve its properties [1314151617181920].
GICs are widely used materials in dentistry but lack improvements in some properties. Graphene, one of the crystalline forms of carbon, has been identified as a potentially useful material in dentistry, and studies have shown that incorporating graphene into dental materials might improve their performance [21]. Graphene can be obtained through naturally available graphite and appears in the form of nanosheets [22]. Its chemical structure consists of covalently bound carbon atoms (sp2) in the format of hexagonal rings (honeycombs), where each carbon is bound to 3 other carbons in the structure, which contributes to its unique and versatile material properties [2]. Graphene is considered to be one of the most resistant isolated materials to date, presenting chemical and thermal stability, excellent mechanical properties (resistance to rupture of 42 N/m and Young Module of 1.0 Tpa), high resistance to wear and friction, flexibility, biocompatibility, and antibacterial properties [22232425]. As it presents characteristics compatible with dental materials, graphene stands out for its broad potential for applications in dentistry. Especially when incorporated with restorative materials, such as GIC, graphene, in theory, would make it possible to reduce microfissures in the internal structure, thus protecting the disintegration caused by oral microorganisms [26].
When a new biomaterial for dental applications is produced or modified, it is essential to improve or maintain the physical-mechanical, chemical, and biological properties [2728]. In this context, graphene addition to GIC could benefit the physical-mechanical parameters. The literature reports improvements in GIC properties when modified by graphene in varied forms, such as oxide, graphene powder, solution or paste; graphene nanoplatelets, and functionalized graphene, which adds elements to its surface. Ghodrati and Sharafeddin [29] demonstrated an increase in shear bond strength when 1% and 2% of graphene were incorporated into self-curing GIC. Chen et al. [2] also found a decrease in Streptococcus mutans viability after incorporating 1% and 2% graphene-silver nanoparticles into GIC. Thus, the present article sought to evaluate the physical-mechanical, chemical, and biological properties resulting from incorporating graphene at various concentrations (e.g., 0.5%, 1%, 2%, and 5%) into 2 high-viscosity self-curing GICs. The null hypothesis was that adding graphene at different concentrations would not modify the antimicrobial activity, radiopacity, sorption, solubility, microhardness, or fluoride release of GICs.

MATERIALS AND METHODS
Modification of the GICs
Two commercial high-viscosity self-curing GICs were evaluated: Ketac Molar Easy Mix (GKetac, 3M ESPE, Monrovia, CA, USA) and Fuji IX (GFuji, GC Corporation, Tokyo, Japan). The composition of each material is detailed in Table 1 [3031].
Table 1 Chemical composition of glass ionomers

[image: ]	Material	Composition	Manufacturer
	Fuji IX (GC)	Fluoroaluminosilicate glass, multifunctional methacrylate, water, methylmethacrylate, polyacrylic acid, camphorquin	GC Corp, Tokyo, Japan
	Ketac Molar Easy Mix (3M ESPE)	Al-Ca-La fluorosilicate glass, ethanediyl ester, copolymer acrylic, maleic acid, and aminoethyl ester dicyclopentyldimethylene diacrylate	3M ESPE AG, Seefeld, Germany


Graphene powder (carbon nanomaterial, 100% graphene, Lot #MKCL7849, surface area of > 500 m2/g, Sigma-Aldrich, St. Louis, MO, USA) was mixed into GIC powder at the following concentrations: at the following concentrations: 0.5%, 1%, 2%, and 5% (w/w). To produce the specimens, each cement was divided into 5 groups: (i) no addition of graphene (control group: graphene free), (ii) addition of 0.5% graphene, (iii) addition of 1% graphene, (iv) addition of 2% graphene, and (v) addition of 5% graphene. To maintain the same powder/liquid ratio preconceived by the manufacturer, the same quantity of added graphene powder was removed from GIC powder. The graphene and GIC powders were placed in a transparent plastic tube with a lid and then vigorously manually shaken to obtain a homogeneous mixture without agglomerates and deposits at the bottom of the tube. Prior to sample preparation, the tubes were vigorously manually shaken again according to manufacturer recommendations for GICs.
Condensation silicone matrices (CLONAGE, DFL, Rio de Janeiro, Brazil), with a size of 1.5 mm (height) × 8 mm (diameter) were used to produce the test specimens. The cements of the control group and the experimental specimens were manipulated according to the specifications of each manufacturer. After manipulation, a homogeneous mixture was observed and the materials were inserted into the matrix using a stainless steel spatula and the materials were pressed together with a glass microscopy slide covered with solid petroleum jelly (Vaselina Sólida, Rioquímica, São Paulo, Brazil) [32]. The researchers waited 5 minutes for the materials to be pressed together. All specimens, except those used in the antimicrobial activity tests were stored in a humid medium at 37ºC for 24 hours prior to analysis. The entire process was performed by a single operator. It adopted a sample size of 5 or more for major experiments, based on the ISO 4049 recommendations. Since graphene powder is gray, the visual (macroscopic) analysis of modified GICs was performed for all concentrations (0%, 0.5%, 1%, 2%, and 5% graphene).

Color assessment
The graphene-modified ionomers color was assessed using the Cyan, Magenta, Yellow, and Key mode. The K represents black color and was used to evaluate the samples’ colors. It was taken an image of all the specimens together and .tiff file was uploaded in the CorelDRAW Graphics Suite 2024 software (Alludo, Ottawa, Canada). Each specimen was evaluated in 3 different areas obtaining the K scores that represented black percentages. The higher percentages represent more blacks’ colors.

Superficial evaluation of the sample by non-contact profilometry
Three specimens were manufactured for each group and concentration of graphene/GIC, totaling 30 samples characterized by 3D non-contact profilometry (Nanovea PS50 Optical, NANOVEA, Irvine, CA, USA). For this, an evaluation of 1 mm2 on the surface of the specimens was standardized. Three measurements were performed with a confocal chromatic sensor, using a white light axial source, a scanning speed of 2 mm/s, and a refraction rate of 10,000. The averages of the 3 measures of linear roughness (Ra, 500 μm, ISO 4287) and volumetric roughness (Sa, 250 μm2, ISO 25178) were calculated for each specimen. These analyses were conducted by a single blinded examiner.

Analysis of radiopacity
To conduct this test, 5 discs from each group and each concentration of graphene/GIC were manufactured, totaling 50 samples, measuring 1.5 mm (height) × 8 mm (diameter). Two primary teeth were used as a standard to visually compare the radiopacity [33]. After the GICs were cured, discs were dispersed onto an occlusal film (IO-41 Occlusal Film, Kodak, Rochester, NY, USA), and a radiograph was taken with an exposure time of 0.65 kV. The radiographic image was digitized and imported into the CorelDRAW Graphics Suite 2017 program (Alludo). A gray intensity scale was generated by the program and used to evaluate the radiopacity of each sample. The gray values were recorded by a single examiner and the average from each group, with their respective graphene concentrations, was calculated.

Analysis of sorption and solubility
The water sorption (WSp) and solubility (WSl) tests were conducted based on ISO 4049:2000 standards. The modifications related to disc dimensions were performed according to the literature [34]. Therefore, 4 discs were manufactured, measuring 1.5 mm (height) × 8 mm (diameter) for each group and each concentration of graphene/GIC, totaling 40 samples. Each disc was weighed after 48 hours of manipulation, submerged in 10 mL of distilled water at 37°C and pH 7.0, and weighed again after 24 hours. Subsequently, discs were stored in a desiccator at 37°C and weighed again. The discs were suspended by the nylon filament fixed to the cap to prevent the discs from touching the tube. The process was repeated at intervals of 7, 14, and 21 days. After this period, the water sorption (WSp) in μg/mm3 and the solubility of each GIC were calculated. The water sorption [WSp = (M2 − M3)/V × 100%] and solubility [SSl = (M1 − M3)/V × 100%] were calculated as percentages of the original mass. Where M1 is the conditioned mass, in micrograms, prior to immersion in water; M2 is the mass of the specimen, in micrograms, after immersion in water; M3 is the mass of the reconditioned specimen, in micrograms; and V is the volume of the specimen, in cubic millimeters.

Vickers microhardness
To conduct this test, 6 discs were manufactured, measuring 1.5 mm (height) × 8 mm (diameter) for each group and each concentration of graphene/GIC, totaling 60 samples. To measure the Vickers microhardness (Buehler, Lake Bluff, IL, USA), a Vickers penetrator was applied to the surface of each sample with a load of 50 g for 10 seconds [3536]. Measurements were performed in triplicate at equidistant indentations of 100 µm by 1 operator, and the averages for each specimen were calculated.

Antimicrobial activity: inhibition zone test

S. mutans (American Type Culture Collection [ATCC] 25175) was incubated on Brain Heart Infusion (BHI) medium agar in a 20 mL plate at 37°C for 48 hours. Three colonies were isolated and transferred to 20 mL of sterile liquid BHI culture and incubated at 37°C for 24 hours to reach a maximum growth of 1 × 108 colony-forming unit/mL. The bacterial concentration was obtained by measuring the optical density of a 3 mL aliquot and comparing it to the McFarland 0.5 scale.
Twenty-two Petri dishes, containing 10 mL of BHI agar received 2 perforations at equidistant points to create the wells. The perforations were created with a sterile polyester matrix with the dimensions of 4 mm (height) × 3 mm (diameter). The GKetac and GFuji GICs of both the control and experimental groups were inserted in the wells before their cure process. For each dish, 2 discs from each group were fixed, totaling 4 discs per group, with a size of 4 mm (height) × 3 mm (diameter). For the positive control, 0.2% chlorhexidine gel (Perioxidin Gel) was inserted into the wells of the 2 plates. After gelation of the GICs, the dishes were sterilized under ultraviolet light for 30 minutes.
A 100 μL (1 × 108 UFC/mL) aliquot of S. mutans (ATCC 25175) was spread uniformly on the surface of the culture medium of the 22 dishes, which were then incubated at 37°C for 48 hours. After, the diameters of the inhibition zones around the specimens were measured with a digital pachymeter (SC-6, Mitutoyo, Kawasaki, Japan). Diameters were measured in triplicate, subtracting the disc, and calculating the average and standard deviation for each GIC (Figure 1).
[image: Figure 1]
Figure 1 Representative scheme for the zone of inhibition test.ATCC, American Type Culture Collection; CFU, colony-forming unit; BHI, Brain Heart Infusion; UV, ultraviolet.


Analysis of the fluoride release
To conduct this test, 5 discs were manufactured, measuring 1.5 mm (height) × 8 mm (diameter) for each group and each concentration of graphene/GIC, totaling 50 samples. Discs were stored in relative humidity for 24 hours at 37°C. Afterward, they were immersed in 10 mL of deionized water for 24 hours, and 7, 14, 21, and 28 consecutive days after their manufacture, changing the solution between each period. The discs were suspended by a nylon filament fixed to the cap to prevent the discs from touching the tube. Scanning for fluoride in 1 mL of the sample was performed in duplicate with a selective electrode (Orion, São Paulo, Brazil). Prior to the readings, calibrations were conducted with sodium fluoride solutions of 0.125–0.500 ppm, prepared with total ionic strength adjustment buffer II in a 1:1 proportion.

Data analysis
Data were tabulated and analyzed with SPSS 20.0 statistics program (SPSS Inc, Chicago, IL, USA). The Shapiro-Wilk test was used to test the normality of the data and determine the appropriate statistical tests. Profilometry (Ra and Sa), solubility, sorption, and fluoride release presented non-normal distributions and were, therefore, evaluated using the Kruskal-Wallis and Mann-Whitney tests for unpaired independent data when assessing the different groups and the Wilcoxon test for dependent data when assessing the same sample over time. Radiopacity and microhardness presented normal distributions and were, therefore, evaluated with a 1-way analysis of variance and Tukey’s test. The main objective of graphene incorporation was to improve the mechanical resistance; therefore, the power analysis was assessed based on microhardness, by comparing 0% and 5% incorporation for GFuji and GKetac. A 95% confidence interval was adopted for all tests (p ≤ 0.05).


RESULTS
The power analysis comparing 0% and 5% graphene incorporation into GFuji and GKetac demonstrated a power of 100% and 34.82%, respectively.
Color assessment
The percentages of K (black) for GKetac from 0% to 5% were: 27%, 69%, 79%, 89%, and 89%. The percentages for GFuji from 0% to 5% were: 25%, 83%, 91%, 95%, and 99%. A visual assessment and color analysis using the images demonstrated that after adding graphene, the ionomers turned gray. The shades of gray were proportional to the graphene concentration. Higher concentrations of graphene powder (5%) resulted in a darker gray sample compared to lower concentrations (0.5%; Figure 2).
[image: Figure 2]
Figure 2 Image representative demonstrating the color change after graphene incorporation.


Analysis of surface topography
The Ra and Sa values, as well as the mean and standard deviation, are presented in Table 2. Statistical analysis showed Ra was significantly higher in GKetac 0% and GFuji 0% compared to the other concentrations (p ≤ 0.05). Sa also presented higher values for GKetac 0% when compared to GKetac 0.5%, 1%, and 5%; for GFuji, the 0% presented higher Sa than 1%, 2%, and 5% (p ≤ 0.05). Figure 3 shows the samples of GKetac and GFuji. GKetac 0% and 5% presented higher superficial irregularity, as did GFuji 0% and 0.5%.
Table 2 Means and 95% confident intervals (CIs) for the means of linear roughness (Ra) and volumetric roughness (Sa) values

[image: ]	Material	Group	Profilometry
	Ra	Sa
	Mean (CI)	Statistical difference	Mean (CI)	Statistical difference
	Ketac	GKetac 0%A
	4.05 (3.87–4.35)	AB, AC	4.76 (3.42–8.78)	AB, AC, AE, AF

	GKetac 0.5%B
	1.90 (1.10–1.98)	BA, BC, BD, BE	2.07 (1.31–2.14)	BA, BD, BE
	GKetac 1%C
	2.64 (1.85–3.11)	CA, CB, CE, CH
	2.40 (2.19–3.22)	CA
	GKetac 2%D
	3.31 (2.14–4.56)	DB	4.09 (2.20–4.71)	DB, DI

	GKetac 5%E
	3.40 (2.79–3.47)	EB, EC, EJ
	4.05 (3.80–4.52)	AE, EB, EJ

	Fuji	GFuji 0%F
	2.72 (2.17–3.62)	FG, FH, FI, FJ	5.16 (4.87–5.37)	FH, FI, FJ, FA

	GFuji 0.5%G
	1.84 (1.45–2.25)	GF	2.57 (1.55–3.41)	-
	GFuji 1%H
	1.71 (1.33–2.07)	HF, HI, HJ, HC
	1.88 (1.87–1.95)	HF
	GFuji 2%I
	1.55 (1.42–2.04)	IF, IH	2.82 (2.80–4.36)	IF, ID

	GFuji 5%J
	1.90 (1.64–1.98)	JF, JH, JE
	2.71 (2.42–2.88)	JF, JE


Kruskal-Wallis and Mann-Whitney test (p ≤ 0.05).
Capital letters indicate the different groups. The 2 letters represent the statistic difference between groups: plain letters indicate statistical differences in concentration considering the same GIC and bold letters indicates statistical differences considering the same graphene concentration, but comparing GKetac and GFuji.


[image: Figure 3]
Figure 3 Representative images showing the superficial surface (1 mm2) of (A) GKetac discs, and (B) GFiji discs. The color scale indicates the variation in micrometers varying from 0 µm (blue) to 100 µm (red).


Analysis of radiopacity
According to the grayscale and with average values obtained for each group for GKetac and GFuji, the radiopacity was significantly lower in GFuji 5% (p ≤ 0.05; Table 3). For GKetac 0% and the other concentrations of GFuji, there were no statistically significant differences in the radiopacity of the samples (p > 0.05). In the comparison between GKetac and GFuji, this last 1 presented higher radiopacity values for 0% and 1%.
Table 3 Average values of gray and standard deviation (SD) obtained for each sample and their respective concentrations of ionomer/graphene

[image: ]		Groups	Mean ± SD	Statistical difference
	Ketac	GKetac 0%A
	49.00 ± 4.76	
AF

	GKetac 0.5%B
	49.00 ± 2.58	-
	GKetac 1%C
	48.25 ± 2.75	
CH

	GKetac 2%D
	45.75 ± 8.22	-
	GKetac 5%E
	45.50 ± 2.38	-
	Fuji	GFuji 0%F
	64.25 ± 2.22	FJ, FA

	GFuji 0.5%G
	64.00 ± 1.41	GJ
	GFuji 1%H
	63.00 ± 7.87	HJ, CH

	GFuji 2%I
	56.75 ± 7.93	-
	GFuji 5%J
	47.75 ± 6.02	JF, JG, JH

One-way analysis of variance and Tukey’s test (p ≤ 0.05).
Capital letters indicate the different groups. The 2 letters represent the statistical difference between groups: plain letters indicate statistical differences in concentration considering the same GIC and bold letters indicate statistical differences considering the same graphene concentration, but comparing GKetac and GFuji.



Analysis of solubility and water sorption
The results for solubility and water sorption are detailed in Tables 4 and 5, respectively. Comparing GKetac and GFuji at the same concentration and time point, the data showed lower solubility for GFuji 0% and GFuji 5% at 24 hours and 14 days (p ≤ 0.05). The sorption was lower in GFuji 0% compared to GKetac 0% at all periods of time and GFuji 5% also presented lower sorption compared to GKetac 5% at 24hours and 14 days (p ≤ 0.05).
Table 4 Means and 95% confident intervals (CIs) for the means of the solubility (%S) tests of the samples after 24 hours, and 7, 14, and 21 days

[image: ]	Groups	Solubility (%S)
	24 hr	7 d	14 d	21 d	Statistical difference
	GKetac 0%A
	3.79 (3.50–4.13)	3.61 (3.43–3.79)	3.20 (3.00–3.44)	3.04 (2.61–3.32)	AB7d, AD7d, AF24hr
, AF7d
, AF14d
, AF21d


	GKetac 0.5%B
	4.02 (3.65–4.25)	3.99 (3.91–4.04)	3.59 (3.19–3.61)	3.40 (3.33–6.06)	BA7d, BC7d, BD7d

	GKetac 1%C
	3.83 (3.59–4.24)	3.63 (3.17–3.81)	3.34 (3.10–3.67)	3.10 (2.64–3.38)	CB7d, CH7d


	GKetac 2%D
	3.87 (3.57–4.00)	3.09 (2.89–3.37)	2.74 (2.59–3.07)	2.91 (2.66–3.13)	DA7d, DB7d, DI7d


	GKetac 5%E
	4.05 (3.48–4.33)	3.44 (2.67–4.04)	3.25 (2.67–3.79)	3.39 (2.90–3.81)	
EJ24hr
, EJ14d


	GFuji 0%F
	2.40 (1.94–2.85)	2.23 (1.32–2.37)	1.94 (1.57–2.41)	1.81 (1.32–2.04)	
FA24hr
, FA7d
, FA14d
, FA21d


	GFuji 0.5%G
	10.20 (0.14–16.32)	10.77 (0.14–16.45)	10.25 (0.92–16.05)	10.08 (0.85–15.91)	-
	GFuji 1%H
	3.62 (2.77–3.93)	1.95 (1.36–2.59)	2.59 (2.40–11.86)	8.85 (1.68–16.19)	
HC7d


	GFuji 2%I
	3.93 (3.29–4.29)	3.98 (3.44–4.39)	3.19 (2.45–3.92)	3.30 (2.22–3.72)	
ID7d


	GFuji 5%J
	0.59 (0.51–3.78)	1.76 (0.51–4.32)	0.74 (0.58–2.90)	0.07 (0.00–3.11)	
JE24hr
, JEb14d



Kruskal-Wallis and Mann-Whitney test (p ≤ 0.05): comparisons of different concentrations between glass ionomer cements (GICs) and different concentrations in the same GIC group. Wilcoxon test (p ≤ 0.05): comparisons of difference the period of times in the same GIC group.
Capital letters indicate the different groups. The 2 letters represent the statistic difference between groups: plain letters indicate statistical differences in concentration considering the same GIC and bold letters indicate statistical differences considering the same graphene concentration but comparing GKetac and GFuji. The subscript letters indicate the periods.


Table 5 Means and 95% confident intervals (CIs) for the means of water sorption (%WS) after 24 hours, and 7, 14, and 21 days

[image: ]	Groups	Water sorption (%WS)
	24 hr	7 d	14 d	21 d	Statistical difference
	GKetac 0%A	3.71 (3.41–4.02)	3.53 (3.26–3.70)	3.15 (2.96–3.38)	2.95 (2.61–3.27)	AB7d, AC7d AB21d, AF24hr, AF7d, AF14d, AF21d
	GKetac 0.5%B	3.89 (3.52–4.12)	3.93 (3.87–3.96)	3.52 (3.15–3.55)	3.36 (3.31–5.97)	BA7d, BC7d, BD7d, BE7d, BD14d, BA21d BD21d
	GKetac 1%C	3.65 (3.42–4.12)	3.54 (3.12–3.73)	3.28 (2.95–3.59)	3.06 (2.60–3.37)	CA7d, CB7d, CD7d, CD14d, CI7d
	GKetac 2%D	3.71 (3.49–3.83)	2.96 (2.67–3.21)	2.67 (2.53–3.00)	2.86 (2.62–3.10)	DB7d, DC7d, DB14d, DC14d DB21d
	GKetac 5%E	3.88 (3.34–4.21)	3.25 (2.56–3.90)	3.14 (2.57–3.65)	3.28 (2.79–3.74)	EB7d, EJ24hr, EJ14d
	GFuji 0%F	2.38 (1.91–2.83)	2.18 (1.28–2.32)	1.90 (1.52–2.35)	1.76 (1.28–1.99)	FA24hr, FA7d, FA14d, FA21d
	GFuji 0.5%G	10.54 (0.14–18.29)	10.58 (0.14–18.00)	10.75 (0.85–17.56)	10.49 (0.78–17.24)	-
	GFuji 1%H	3.59 (2.75–3.90)	1.90 (1.33–2.55)	3.96 (2.35–11.60)	8.65 (1.63–15.75)	-
	GFuji 2%I	3.89 (3.25–4.23)	3.83 (3.26–4.26)	3.13 (2.37–3.83)	3.21 (2.15–3.62)	
IC7d

	GFuji 5%J	0.57 (0.48–3.77)	1.73 (0.47–4.08)	0.76 (0.55–2.83)	0.07 (0.00–3.05)	JE24hr, JE14d

Kruskal-Wallis and Mann-Whitney test (p ≤ 0.05): comparisons of different concentrations between glass ionomer cements (GICs) and different concentration in the same GIC group. Wilcoxon test (p ≤ 0.05): comparisons of difference the period of times in the same GIC group.
Capital letters indicate the different groups. The 2 letters represent the statistic difference between groups: plain letters indicate statistical differences in concentration considering the same GIC and bold letters indicate statistical differences considering the same graphene concentration but comparing GKetac and GFuji. The subscript letters indicate the periods.


Regarding the comparisons of the time points, considering the same GIC group and graphene concentration, the data showed no difference in solubility and sorption for GKetac and GFuji (p > 0.05).
For solubility, regarding the comparisons related to the different graphene concentrations, considering the same group and time point, higher solubility was observed in GKetac 0.5% compared to 0%, 1%, and 2% at 7 days (p ≤ 0.05). There were no differences observed between the different concentrations for GFuji (p > 0.05). For water sorption, higher solubility was observed in GKetac 0.5% compared to 0%, 1%, and 5% at 14 days (p ≤ 0.05).

Vickers microhardness
The Vickers microhardness test (Table 6) did not indicate any changes in the microhardness of the same GIC at different concentrations of graphene, except for GFuji 0%, which showed a significant reduction in its microhardness compared to GFuji 5% (p = 0.001).
Table 6 Analysis of the average and standard deviation (SD) of the samples in the Vickers microhardness trial.

[image: ]	Materials	Groups	Mean ± SD	Statistical difference
	Ketac	GKetac 0%A
	59.23 ± 7.24	AF
	GKetac 0.5%B
	62.01 ± 14.57	-
	GKetac 1%C
	65.28 ± 11.56	-
	GKetac 2%D
	59.66 ± 15.23	-
	GKetac 5%E
	52.31 ± 6.69	-
	Fuji	GFuji 0%F
	79.17 ± 5.76	FA, FJ
	GFuji 0.5%G
	67.55 ± 3.66	-
	GFuji 1%H
	68.41 ± 5.25	-
	GFuji 2%I
	62.70 ± 10.15	-
	GFuji 5%J
	53.03 ± 5.32	-

One way analysis of variance and Tukey’s test; p ≤ 0.05.
Capital letters indicate the different groups. The 2 letters represent the statistic difference between groups.



Antimicrobial activity
There was no evidence of antimicrobial activity against S. mutans when the different samples from the control (graphene-free) and experimental (0.5%, 1%, 2%, and 5%) groups of GKetac and GFuji were evaluated. A zone of inhibition was only observed in the positive control with the 0.2% chlorhexidine (Perioxidin Gel) of 7.54 ± 0.63 mm.

Analysis of fluoride release

Figure 4 shows the fluoride release profiles. Considering the days and the comparisons within groups (different concentrations of the same material), no statistical differences were observed between 24 hours and 7 days for the concentrations 0% and 0.5%, for GKetac and GFuji (p > 0.05). After 14 days GKetac 2% and 5% released more fluoride than 0%, 0.5%, and 1%. After 14 days, GFuji released more fluoride for 0% and 5% (p ≤ 0.05). After 21 days, GKetac 5%, 2%, and 1% released more fluoride than 0% and 0.5% (p ≤ 0.05). In the same period, GFuji released more fluoride for 0% and 5% (p ≤ 0.05). After 28 days, GKetac released similar levels of fluoride for all concentrations, and GFuji presented lower fluoride release for all groups, except for 5%.
[image: Figure 4]
Figure 4 GKetac and GFuji fluoride release (0%, 0.5%, 1%, 2%, and 5%) after 24 hours, and 7, 14, 21, and 28 days.Different capital letters indicate statistically significant differences within the groups (considering the different time points and the different concentrations of the same glass ionomer cement [GIC]); different small letters indicate statistically significant differences between the groups (considering the same time points and graphene concentration between GKetac and GFuji); and different numbers indicate significant differences when comparing the same materials in the different time points (considering the periods of release in the same GIC and graphene concentration).

Comparing between groups (considering the same time point and graphene concentration among GKetac and GFuji), after 24 hours and 7 days, GKetac 0% and 0.5% exhibited lower fluoride release than GFuji.0% and 0.5%, respectively (p ≤ 0.05). After 14 days, similar levels of fluoride were released for GKetac and GFuji, for all graphene concentrations (p > 0.05). After 21 days, GFuji 0% released more fluoride than GKetac 0% (p > 0.05). After 28 days, GFiji released higher levels of fluoride in 0% than GKetac. GKetac released higher levels of fluoride at 0.5%, 1%, and 2% compared to the same concentrations for GFiji.
Regarding the time points (considering the periods of release in the same GIC and graphene concentration), greater fluoride release was observed at 7 days for most of the groups, showing a drop after 14 and 21 days. After 24 hours, the highest concentration of fluoride was present in both materials, with a progressive reduction in fluoride released after 14, 21, and 28 days, except for GFuji 2%.


DISCUSSION
Recent studies with nanomaterials made of graphene established antibacterial activity against S. mutans, which depends on the physical size of the structure and the number of nanosheet layers [22242537383940]. One of the theories is that the laminated structures penetrate the membrane of the bacterial cells more easily using physical force (van der Waals force), rupturing them and causing their cell death, but it is still not fully understood how graphene and its derivatives can cause the antimicrobial activity [4142]. Contrary to these findings, the present study did not identify antimicrobial activity in the analyzed specimens. We used the inhibition zone test because it is a classical test that is easily conducted; however, it is important to highlight that the diffusion capability of graphene and GIC components could indicate a false negative result for antibacterial activity in this test. Therefore, these results must be interpreted with caution.
Additional investigations using different antibacterial activity methodologies should be performed to determine whether graphene inhibits S. mutans. Moreover, one plausible reason for the different results could be the form of graphene used. The mentioned above did not use graphene powder, as the present study, but instead and in most cases, used graphene oxide and other derivatives. In a way, the absence of antimicrobial potential would not preclude the use of the material, since dental caries are a sugar-dependent biofilm with disease resulting from a dysbiotic biofilm [43].
The literature reinforces the importance of radiopacity in restorative materials, which helps the dentist evaluate the integrity of the restoration, verify flaws and protrusions, detect empty spaces and suitable shapes, or even the locate misplaced fragments in the case of traumatic accidents or surgical procedures [44]. According to the American Dental Association’s recommendations, radiopacity corresponding to 1-mm-thick materials should at least be equal to 1-mm-thick pure Al, which is also equivalent to 1-mm-thick dentin tissue [4546]. The ideal is that the restorative materials present radiopacity similar to or higher than enamel for better dental caries identification [4748]. The components responsible for conferring radiopacity are silver alloy, zinc, strontium, and barium, and this property depends on its concentration [49]. It is important to highlight that the samples were 1.5 mm thick and that radiopacity may vary according to the thickness of the material used [50]. In the present study, graphene diminished radiopacity at GFuji 5%, yet the material was still visible and easily identified in radiographic images. For future studies, the adjustment of thicknesses should be considered for obtaining a material with the ideal radiopacity that allows its identification without impairing the visualization of possible demineralization surrounding dental tissue.
GICs are hypersensitive to humidity, since, due to the hydrolysis of the cement matrix, water sorption leads to degradation over time and to the loss of surface properties, edge integrity, esthetic appearance, and, consequently, an increase in the deterioration of restorations [51]. The process of water sorption can be explained by 2 theories. One is that the water molecules spread in micropores and interact with the material’s matrix. The other proposes that the water molecules connect to the hydrophilic cement groups, resulting in expansion and an increase in weight [52]. The GIC presents a hydrophilic character and suffers frequent water sorption. Therefore, in a clinical routine, it is important that the GIC restoration be immediately protected by solid petroleum jelly, varnish, or a low-viscosity adhesive [7]. The present study did not use a coat to better assess the water sorption and solubility of modified GICs. The solubility is also an important aspect to monitor, since, upon contact with oral fluids, the GICs can be dissolved gradually, especially in the first 24 hours of environmental pressure. The high solubility and initial syneresis can result in a dimensional change, the formation of pores, and reduced mechanical properties [53]. The present study demonstrated lower sorption and solubility for GFuji 0% compared to GKetac 0% in all time points assessed. Incorporating 5% of graphene in both GICs reduced solubility and sorption in 14 days. It is suggested that the graphene powder could make the water flow through GIC polymers. This reduction of sorption and solubility is beneficial to avoid GIC deterioration [51].
The restorative materials should present sufficient hardness to be resistant to masticatory forces. Previous studies concluded that the addition of graphene derivatives in GIC improved its mechanical properties, including hardness [654]. However, in the present study, incorporating graphene decreased the microhardness of GFuji by 5%. This likely resulted from the form of graphene that was used, specifically, the shape, size, and amount of graphene particles used (graphene powder). Another study demonstrated that carbon-based materials can cluster around the matrix [55]. It is suggested that there was no homogeneous dispersion of graphene particles over the GIC matrix, generating an agglomerate, which hinders matrix hydration and forms voids, or zones of weakness of the modified material, resulting in a lower hardness.
It is well documented in the literature that fluoride release from GICs can occur over a long period of time with the potential for reabsorbing the fluoride, thereby promoting an anticaries benefit [565758]. In an assertive manner, the results of the present study indicate that the incorporation of graphene increased fluoride release for GKetac and GFuji with a dose-dependent effect; that is, the greater the concentration of graphene in the sample, the greater the amount of fluoride released. Our results demonstrated a peak in fluoride released for most samples at 7 days. The greater fluoride release during this period possibly occurred because, although a greater release was expected in the initial period of 24 hours, the time was still less than the accumulation of the subsequent period, which was 7 days. The presence of fluoride in the oral cavity, particularly in a biofilm on the tooth surface, can act to minimize demineralization and activate remineralization, resulting in a decrease in the progression of mineral loss. Despite this concept, the notion that fluoride released around the restoration may play a supporting role in the dental caries process is controversial, especially because there is limited clinical information [5960]. The possibility of fluoride in a modified GIC matrix deserves attention in further graphene studies.
A limitation of the present study was the manual shaking to homogenize graphene particles and GIC powder. Although the color assessment of GICs was preliminary, the color change of GIC incorporated with graphene can be pointed out as a limitation since aesthetically unfavorable, therefore is suggested that this material could be used as a cavity liner. Otherwise, this is a preliminary study and in future further studies, the color change must be validated with an adequate methodology. If the present findings are confirmed, it will be necessary to treat this modified GIC to improve color or test lower graphene concentrations. Although the sample size was based on ISO 4049 recommendations, which recommends 5 samples per group, the power analysis of microhardness results demonstrated a power of 100% and 34.82% for comparisons of 0% and 5% incorporation for GFuji and GKetac, respectively. If the sample size were higher, the power analysis would be improved and would likely result in statistically significant differences in microhardness. Finally, there is a limitation related to the in vitro experiments that were conducted in a controlled laboratory environment, making it impossible to reconstruct the real features of the oral cavity.
For a new dental material to be consolidated on the market, numerous tests must be performed. This in vitro study was of paramount importance and the first step to better elucidate the behavior of GICs reinforced with graphene and ensure the safety of its use for future incorporation into clinical trials. Among the limitations of the present study, the grayish coloration after reinforcement with graphene must be assessed with caution. This material should be studied more in depth to evaluate its acceptability in restorations and in that which concerns possible modifications so that the coloration becomes more similar to the color of the dental substrate.

CONCLUSIONS
Taking these findings into account, one can suggest that, considering the limitations of the present study, the incorporation of graphene into GICs in lower concentrations (0.5% and 1%) presented only good perspectives for microhardness properties, however, the other properties must be observed with caution since it did not result in a real benefit. Therefore, the null hypothesis was accepted for antimicrobial activity, radiopacity, sorption, solubility, and fluoride release and rejected for microhardness. In addition, considering the above-mentioned limitation. It is important to highlight that the experiments were conducted in a controlled laboratory environment and that it would be impossible to reconstruct the real features of the oral cavity. Further research should be carried out to delimit the properties of graphene-modified GICs.
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