Porosity and pore size distribution in high-viscosity and conventional glass ionomer cements: a micro-computed tomography study
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Abstract
Objectives
This study aimed to compare and evaluate the porosity and pore size distribution of high-viscosity glass ionomer cements (HVGICs) and conventional glass ionomer cements (GICs) using micro-computed tomography (micro-CT).

Materials and Methods
Forty cylindrical specimens (n = 10) were produced in standardized molds using HVGICs and conventional GICs (Ketac Molar Easymix, Vitro Molar, MaxxionR, and Riva Self-Cure). The specimens were prepared according to ISO 9917-1 standards, scanned in a high-energy micro-CT device, and reconstructed using specific parameters. After reconstruction, segmentation procedures, and image analysis, total porosity and pore size distribution were obtained for specimens in each group. After checking the normality of the data distribution, the Kruskal-Wallis test followed by the Student-Newman-Keuls test was used to detect differences in porosity among the experimental groups with a 5% significance level.

Results
Ketac Molar Easymix showed statistically significantly lower total porosity (0.15%) than MaxxionR (0.62%), Riva (0.42%), and Vitro Molar (0.57%). The pore size in all experimental cements was within the small-size range (< 0.01 mm3), but Vitro Molar showed statistically significantly more pores/defects with a larger size (> 0.01 mm3).

Conclusions
Major differences in porosity and pore size were identified among the evaluated GICs. Among these, the Ketac Molar Easymix HVGIC showed the lowest porosity and void size.



Keywords: Glass ionomer cements; Porosity; X-ray microtomography
INTRODUCTION
In recent years, glass-ionomer cements (GICs) have gained a prominent role in restorative dentistry due to their broad clinical indications and relatively simple clinical technique. They can be successfully used as restorative materials and fissure sealants, as well as bonding agents for orthodontic appliances, luting agents for indirect restorations, cavity liners, and bases [1]. These materials have become appealing in operative dentistry due to properties such as easy handling, chemical bonding to enamel and dentin, a coefficient of thermal expansion similar to that of tooth structure, and potential bioactive properties, such as the release of biologically active ions, including fluoride [23]. Among polyalkenoate-based cements, many brands of GICs are presently available on the market with indications as temporary or relatively long-term restorative materials [45]. The limitations of these cements are related to their relative lack of strength and low resistance to abrasion and wear [6].
A systematic review found that GICs had better survival rates than composites when used to restore cervical carious lesions both in permanent and primary teeth; however, they were not indicated for load-bearing areas in both dentitions [7]. These relatively disappointing results were associated with the physical and mechanical properties of conventional GICs, which could reduce their clinical use as long-term restoratives compared with composite resins for load-bearing areas [8]. However, the mechanical properties of GICs have improved subsequently and the relatively new category of high-viscosity GICs (HVGICs) are currently showing better success and/or survival rates, especially for single-surface atraumatic restorative treatment (ART) restorations [91011].
Indeed, the physical, chemical, and mechanical properties of GICs may be influenced by several factors; in particular, the presence of voids after mixing procedures and setting may reduce the mechanical strength of the material [12]. HVGICs were proposed as materials with an improved powder-to-liquid ratio and reduced particle size, but whether this change in composition affects material porosity is unknown.
There are common misconceptions related to the definition of material porosity. Pores can be defined as parts of the material volume that are not occupied by the solid material [13], and must be differentiated from material defects, including bubbles or air-voids [14]. It has been recently demonstrated that porosity in GICs could be related to a slow maturation reaction [15]. In fact, a volumetric pore analysis confirmed that the pore distribution in GICs is complex and highly variable, but decreases with time immediately after setting [16].
Various techniques have been used to evaluate porosity in GICs, such as transmitted light with a stereomicroscope [14], scanning electron microscope (SEM) [161718] and micro-computed tomography (micro-CT) [1920]. Micro-CT has the clear advantage of allowing non-destructive 3-dimensional (3D) visualization and quantification of pores in the internal structure, both qualitatively and quantitatively [21]. However, to the best of our knowledge, no study has yet compared the porosity of conventional and HVGICs used in dental clinical practice. This raises the question of whether the improvements in the powder-to-liquid ratio and reduction in particle size have resulted in less porous cements.
Therefore, the purpose of the present study was to compare the degree of porosity and pore size distribution of 2 commercially available conventional GICs with 2 HVGICs using a non-destructive micro-CT technique. The null hypotheses were that all tested GICs would have similar degree of porosity and there would be no difference in pore size distribution among the tested materials.

MATERIALS AND METHODS
Two commercially available conventional restorative GICs (MaxxionR, FGM, Joinville, Brazil and Riva Self-Cure, SDI, Victoria, Australia) and 2 HVGICs (Vitro Molar, Nova DFL, Rio de Janeiro, Brazil and Ketac Molar Easymix, 3M ESPE, Seefeld, Germany), were used in the present study. The details of GICs used in the present study are depicted in Table 1. The cements were of the self-cured type and were hand-mixed according to each manufacturers' instructions. The test specimens were prepared according to ISO 9917-1 standards for water-based cements, as described below.
Table 1 Details of glass ionomer cements used in the present study

[image: ]	Type of GIC	Material	Manufacturer	Batch number	Composition	Powder/liquid ratio by weight (g/g)	Mean particle size (µm)
	Conventional	Maxxion R	FGM (Joinville, SC, Brazil)	150915	Liquid: tartar acid, water	1.38:1	15.78
	Powder: fluoroaluminium silicate, polycarboxylic acid, calcium fluoride
	Riva Self-Cure	SDI (Melbourne, Australia)	621141V	Liquid: 25% polyacrylic acid, 10% tartaric glass	2.65:1	24
	Powder: 90% fluoroaluminium silicate, 10% polyacrylic acid
	High-viscosity	Vitro Molar	DFL (Rio de Janeiro, Brazil)	15111766	Liquid: polyacrylic and tartaric acid, distilled water	3.00:1	5.14
	Powder: barium and aluminum silicate, polyacrylic acid, iron oxide
	Ketac Molar Easy Mix	3M ESPE (Seefeld, Germany)	56633	Liquid: 25%–35% polycarbonic acid, 5%–10% tartaric acid and 55%–65% water	4.50:1	2.18
	Powder: 85%–95% fluorosilicate glass, strontium and lanthanum, 5%–15% polyacrylic acid

GIC, glass ionomer cement.


Sample size calculation
The sample size calculation was based on standard deviations and mean differences obtained from the only 2 available previous studies employing a micro-CT methodology to study the porosity of non-resin GICs [1920]. G*Power [22] was used for sample size calculation for 4 groups, using an estimated standard deviation of 0.30 and a mean minimum difference of 0.5 to be detected among the groups, resulting in 10 samples per group (40 specimens).

Preparation of specimens
Standardized cylindrical specimens were fabricated in metallic molds with a 4.0 ± 0.1 mm diameter and 6.0 ± 0.1 mm height (100.5 mm3). All specimens were prepared by a single operator using the proprietary dispensers provided by each manufacturer and following the specific instructions regarding proportions, preparation, mixing technique, and handling. Cement manipulation was carried out at room temperature (25 ± 1°C) and while relative humidity could not be completely controlled, it was kept around 50 ± 5%.
The molds were lubricated with petroleum jelly, and the GICs were mixed with a plastic spatula on paper blocks until a glossy and homogeneous cement was obtained. The material was immediately placed in the molds with the aid of a syringe (Centrix Accudose low-viscosity tube, Centrix Dental, Shelton, CT, USA) and excess cement was removed. Then, 1 operator applied a slight digital pressure on the mold for final material adaptation, as would be performed during clinical procedures for ART. Ten minutes later, after initial sample hardening, the specimens were removed from the molds and a thin layer of petroleum jelly was painted around the specimens to prevent syneresis. The samples were then stored in distilled water for 24 hours at 37°C [23].

Micro-computed tomography scanning and reconstruction procedures
The samples were scanned in a high energy micro-CT device (Skyscan 1173, Bruker, Kontich, Belgium) with the following acquisition parameters: 70 kV, 114 µA, 2,240 × 2,240 pixel matrix, 12.11 µm pixel size, 1 mm thick Al filter, 800 ms exposure time, 0.5° rotation step over 360°, frame averaging of 5, and a random-movement setting of 30. Scanning time was approximately 70 minutes for each specimen. Projections were saved as 16-bit grayscale TIFF format images. After image acquisition, reconstruction was accomplished using proprietary software (NRecon, v.1.6.9, Bruker) with standardized parameters for artifact minimization, including a ring artifact correction of 1, a beam hardening correction of 25%, and input of contrast limits (0–0.15). Images were reconstructed in 8-bit *.BMP format.

Porosity analysis
The cross-sectional volumes of each specimen were digitally cropped to fit a 150 pixel (1.82 mm) radius and 5 mm height cylinder (77.8 mm3), in order to exclude outer and possibly non-homogeneous surface areas of the cements and standardize readings (Figure 1A and 1B). A 3D median filter with a 1-pixel radius was applied to each cropped volume to reduce noise, and the histograms of all images were then normalized according to mean gray values for each cement group (Figure 1C). The threshold for pores was fixed at a gray value of 40 after an iterative user-based analysis of representative specimens in each cement group (Figure 1D). Total porosity and the distribution of pore sizes were obtained for each experimental cement group samples after pore segmentation (Figure 1E). Pores were considered small if their individual volume was ≤ 0.01 mm3 and large if it was > 0.01 mm3. All image processing and analysis steps were undertaken within the Fiji/ImageJ interface [24].
[image: Figure 1]
Figure 1 Glass ionomer cement specimens and porosity. (A) Original specimen. (B) Specimen after definition of the volume of interest. (C) Cross-sectional slice of the specimen after normalization and filtering. (D) Application of the iterative threshold. (E) Three-dimensional renderization of pore segmentation.


Statistical analysis
The normality of data distribution was checked with Shapiro-Wilk test. As the null hypothesis of normality was rejected, the Kruskal-Wallis test followed by the Student-Newman-Keuls test was used to detect differences in porosity among the experimental groups using the BioEstat 5.3 statistical package (Instituto Mamirauá, Tefé, AM, Brazil).


RESULTS

Table 2 shows the total porosity values for the tested cements. Ketac Molar Easymix showed statistically significantly lower porosity (0.15%) than MaxxionR (0.62%), Riva Self-Cure (0.42%), and Vitro Molar (0.57%). As presented in Table 3, most pore sizes in all tested cements were within the small size range (≤ 0.01 mm3), but Vitro Molar showed a statistically significantly higher percentage of larger pores (> 0.01 mm3). Figure 2 shows 3D volume renderings obtained after image acquisition and reconstruction of 1 representative specimen from each group.
Table 2 Mean percentage of the total porosity for each experimental glass ionomer cement

[image: ]	Glass ionomer cement	Total porosity (%)
	MaxxionR	0.62 ± 0.63a

	Riva Self-Cure	0.42 ± 0.40a

	Vitro Molar	0.57 ± 0.41a

	Ketac Molar EasyMix	0.15 ± 0.14b


Different lowercase superscript letters indicate statistically significant differences (Kruskal-Wallis followed by Student-Newman-Keuls test, p < 0.05).


Table 3 Percentage (%) distribution of pore size among the experimental groups

[image: ]	Pore size	Maxxion R	Riva Self-cure	Vitro Molar	Ketac Molar Easy Mix
	Small pores (< 0.01 mm3)	99.81 ± 0.09a
	99.95 ± 0.07a
	99.50 ± 0.22b
	99.89 ± 0.23a

	Large pores (> 0.01 mm3)	0.08 ± 0.09a
	0.05 ± 0.07a
	0.50 ± 0.22b
	0.11 ± 0.23a


Different lowercase superscript letters in each row indicate statistically significant differences (Kruskal-Wallis followed by Student-Newman-Keuls test, p < 0.05).


[image: Figure 2]
Figure 2 Three-dimensional volume rendering obtained after image acquisition and reconstruction of a representative specimen of each studied material. (A) MaxxionR; (B) Riva Self-Cure; (C) Vitro Molar; (D) Ketac Molar Easymix.


DISCUSSION
GICs are composed of a polyalkenoic acid aqueous solution that reacts with a basic powdered glass component [1]. After setting, however, these cements may present voids or defects, which can reduce their clinical performance [12]. In view of the improved HVGICs, the present study analyzed the porosity of commercially available hand-mixed conventional GIC and HVGICs used in restorative dentistry using a non-destructive 3D technique. The materials used in the present study have been previously evaluated in randomized clinical trials, showing encouraging results, with cumulative survival rates ranging from 45% to 68% after 18 months in multiple surface restorations in primary molars [102526], and for this reason, they were chosen for the present evaluation.
Pore volume determination within a material is highly dependent on the type and resolution of the experimental technique used. For this reason, the results should be compared with caution. Higher porosity values have been recently found for self-cured GICs (2.7-3.5%) after 24 hours of setting using gas adsorption measurements [27], which is an understandable result if the resolution used by the authors (2 nm) is compared to the resolution used in the present study (12 µm). The same probably happens with the higher total porosity values for HVGICs found by a bidimensional SEM analysis, ranging from around 2%–3% for Ketac Molar Easymix [1718] to 8% for Fuji IX [16]. Specifically, regarding 3D porosity analysis in micro-CT, the threshold method used to define voids also plays an important role in the total measurements. Previous micro-CT studies did not disclose how the threshold for pores was established [1920]. In the present study, an iterative method based on the mean histogram distribution for all the specimens was chosen for all specimens.
In the present study, only hand-mixed cements were used; still, the total porosity was low for all cements (< 1%). This may be due to general improvements in the formulation of hand-mixed GICs, including addition of polyacrylic acid into the powder and its finer grain size distribution [6]. However, the null hypotheses of the present study were rejected, as the degree of porosity and pore size distribution of the tested GICs were not similar, with Ketac Molar Easymix presenting the lowest total porosity and Vitro Molar showing a higher proportion of large pores. We attribute the favorable results regarding total porosity obtained in the present study by Ketac Molar Easymix to the high wettability of the powder [28]. Vitro Molar, despite being classified as a HVGIC with a purported high powder-to-liquid ratio and small particle size distribution, showed porosity values comparable to those of conventional GICs and a higher proportion of large voids than the other materials. As “large” pores are frequently regarded as “defects” created inside the material structure, these poor porosity results for this HVGIC could be attributed to problems or incompatibility between the powder particles and the liquid mixture.
The threshold for voids in GICs has been set as > 0.01 mm3, as described earlier [13], but the measurements reported by these authors were bidimensional, measured in terms of the surface area. Others have reported void measurements in diameters [162027], while some did not report pore size distribution [1719]. In the present study, the threshold of 0.01 mm3 was chosen to allow a distinction between pores and defects (large pores).
A mean porosity value of 0.1% in hand-mixed Ketac Molar samples was previously found by micro-CT [20], corroborating the results of the present study (0.15%). In that study, however, the authors found much fewer voids than in the present study (on average 32 voids per sample compared to on average 700 voids found in the present study). This may be due to the lower resolution used (26 µm compared to 12 µm used in the present study), allowing the detection of larger voids (> 0.01 mm3). The present study detected pores within a small size range, corroborating the results obtained by others [16].
It has been also previously demonstrated that the hand-mixed manipulation method was favored for conventional GICs and for HVGICs, since it resulted in only minor effects on compressive strength and porosity [20]. In fact, porosity seems to be lower in hand-mixed GICs than in those manipulated using automated machines [14]. With the goal of minimizing the incorporation of larger pores or bubbles and the “operator effect,” a syringe was used in the present study to insert the cement into the molds. Previous studies have failed to identify differences in mechanical properties [29] caused by variation in the method of insertion, while other studies have shown that the syringe method favors particle agglutination, reduces air bubble incorporation, and improves mechanical properties [1217].
Although many studies have evaluated the porosity of different types, mixing methods, and brands of GICs [1416172728], very few have used the nondestructive micro-CT technique [1819]. Micro-CT allows evaluation of the bulk of the entire specimen, the visualization of its internal structure, and volumetric analysis [30]. In the present study, a statistically significant difference in total porosity was observed between the 2 HVGICs, with Vitro Molar showing lower porosity results than the conventional GICs. This underperformance is corroborated by the results of previous mechanical tests, which have shown differences in flexural/compressive strength and hardness among the GICs indicated for ART treatment, with Ketac Molar Easymix showing superior results to Vitro Molar, Riva Self-Cure, and Maxxion R [31].
Finally, it is important to acknowledge that some degree of porosity may be expected in cement-like materials. Specifically for GICs, porosity is a mechanism in which fluoride release is involved [32]. However, the pores involved in fluoride diffusion through GICs are on the submicron scale [27].
As a limitation of the present study, one may argue that evaluations of the porosity of a material may differ depending on the technique used [33], but micro-CT has the advantage of a nondestructive nature, making it possible for future studies to correlate the porosity with mechanical properties within the same specimens to predict clinical performance. In this regard, the present study can be used as a methodological protocol to obtain, in a systematic and reproducible way, porosity data on dental cements from micro-CT data.

CONCLUSIONS
Major differences in porosity and pore size are present among the evaluated GICs. Among these, Ketac Molar Easymix showed the lowest porosity and size of voids. Conventional GICs and HVGICs may not be differentiated on the basis of porosity.
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