Biomineralization of three calcium silicate-based cements after implantation in rat subcutaneous tissue
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Abstract
Objectives
The aim of this study was to evaluate the dystrophic mineralization deposits from 3 calcium silicate-based cements (Micro-Mega mineral trioxide aggregate [MM-MTA], Biodentine [BD], and EndoSequence Root Repair Material [ESRRM] putty) over time after subcutaneous implantation into rats.

Materials and Methods
Forty-five silicon tubes containing the tested materials and 15 empty tubes (serving as a control group) were subcutaneously implanted into the backs of 15 Wistar rats. At 1, 4, and 8 weeks after implantation, the animals were euthanized (n = 5 animals/group), and the silicon tubes were removed with the surrounding tissues. Histopathological tissue sections were stained with von Kossa stain to assess mineralization. Scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM/EDX) were also used to assess the chemical components of the surface precipitates deposited on the implant and the pattern of calcium and phosphorus distribution at the material-tissue interface. The calcium-to-phosphorus ratios were compared using the non-parametric Kruskal-Wallis test at a significance level of 5%.

Results
The von Kossa staining showed that both BD and ESRRM putty induced mineralization starting at week 1; this mineralization increased further until the end of the study. In contrast, MM-MTA induced dystrophic calcification later, from 4 weeks onward. SEM/EDX showed no statistically significant differences in the calcium- and phosphorus-rich areas among the 3 materials at any time point (p > 0.05).

Conclusions
After subcutaneous implantation, biomineralization of the 3-calcium silicate-based cements started early and increased over time, and all 3 tested cements generated calcium- and phosphorus-containing surface precipitates.
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INTRODUCTION
Calcium silicate-based cements are biocompatible ceramic compounds. They are neither harmful nor shrinkable and largely remain in a fixed chemical state within biological media [1]. In the 1990s, calcium silicate-based materials were introduced to endodontics as retrograde filling materials [2]. These new calcium silicate cements were composed of tricalcium and dicalcium silicates, calcium phosphates, and calcium hydroxide, as well as zirconium oxide as a radiopacifier [3].
The excellent biocompatibility of these cements is attributed to their analogous relationship with biological hydroxyapatite. During the hydration process, bioceramics generate various material compounds (such as hydroxyapatites) that can trigger a regenerative response in the human body [4].
Calcium silicate bioactive cements upregulate the differentiation of osteoblasts, fibroblasts, cementoblasts, odontoblasts, and many stem cells. When inserted in biological liquid media, they can induce the chemical formation of a calcium phosphate/apatite coating. Their capacity to enhance calcium phosphate deposits is the basis of their use for dentin remineralization and tissue regeneration [5]. In vitro studies by Gandolfi et al. [6], in vivo animal tests by Reyes-Carmona et al. [7], and clinical studies [8] have postulated that calcium phosphate deposits could nucleate apatite and promote remineralization to trigger the formation of new mineralized tissues.
Micro-Mega mineral trioxide aggregate (MM-MTA; Micro-Mega SA, Besançon, France) is pre-dosed and supplied in a capsule of tricalcium silicate-based cement. Its newer formulations were designed to minimize the disadvantages of original MTA products, with improved setting and handling. Their composition includes calcium carbonate, which not only decreases the setting time [9] but also is osteoconductive, osteoinductive, and biocompatible. The biological integration of MM-MTA is due to calcium ions, which form hydroxyapatite upon contact with phosphate ions in the body [10].
Biodentine (BD; Septodont, Saint Maur des Fosses, France) was developed as a novel tricalcium silicate-based cement in 2010 [11] that can also serve as a dentin substitute [12]. In addition to its superiority to MTA in terms of manipulation, compatibility, and hardening, it releases significantly more calcium ions with deeper integration into human root canal dentin than MTA [13]. Along with calcium and silicon, the intertubular diffusion of carbonate into the dentin leads to the establishment of a mineral infiltration zone [14].
EndoSequence Root Repair Material putty (ESRRM putty) is another premixed, ready-to-use calcium silicate-based cement. It is manufactured by Brasseler USA (Savannah, GA, USA) for use as an alternative to MTA. Favorable characteristics of ESRRM putty include a shorter setting time and superior handling features [15]. This putty possesses better color stability and handling while exhibiting physiochemical properties comparable to MTA. The essential characteristic is that this material can release calcium and phosphate ions, which are necessary for hydroxyapatite deposition [16].
A number of available in vivo laboratory studies have been conducted to assess the bioactivity and biomineralization capacities of various calcium silicate-based materials. The biomineralization of MM-MTA and ESRRM putty has not been studied in a rat tissue model, and few studies have assessed the capacity of BD to form an area that stains positive with von Kossa stain, which is suggestive of mineralization, after implantation in an animal model [1718]. Thus, the aim of the present study was to assess and compare the timing and capacity of calcification associated with MM-MTA, BD, and ESRRM putty using von Kossa stain. Additionally, this study analyzed the scattering of calcium and phosphorus at the material-tissue interface via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) after subcutaneous implantation in rat tissue.

MATERIALS AND METHODS
The principles of laboratory animal care were applied in this study (National Institutes of Health publication 85–23, 1985). The current study also adhered to national regulations on animal care as approved by the Ethical Committee for Animal Research of University of Sulaimani (No. 9; 6/2/2017). In this study, 15 male Wistar albino rats aged 4–5 months and weighing 250–350 g were used. The animals were bred at controlled room temperature and were provided with water and food ad libitum. Animal care was based on guidance from the Farabi Comprehensive Center of Excellence in Ophthalmology at Tehran University of Medical Sciences. Three commercially available calcium silicate-based cement materials were used (Table 1): BD (Septodont), ESRRM putty (Brasseler USA), and MM-MTA capsules (MicroMega).
Table 1 Tested cements

[image: ]	Cements	Manufacturer	Composition	Lot No.
	MM-MTA	Micro-Mega SA, Besançon, France	Powder: tricalcium silicate, dicalcium silicate, tricalcium aluminate, bismuth oxide, calcium sulfate dehydrate, and magnesium oxide Liquid: calcium carbonate	71708614
	ESRRM putty	Brasseler USA, Savannah, GA, USA	Powder: tricalcium silicate, dicalcium silicate, calcium phosphate monobasic, calcium hydroxide, colloidal silica, water-free thickening agent	B19585
	BD	Septodont, Saint Maur des Fosses, France	Powder: tricalcium silicate, dicalcium silicate, calcium carbonate, iron oxide, and zirconium oxide	5024200U0
	Liquid: water with calcium chloride and soluble polymer (polycarboxylate)

MM-MTA, Micro-Mega mineral trioxide aggregate; ESRRM, EndoSequence Root Repair Material; BD, Biodentine.


Implantation in subcutaneous tissue
In this study, 60 sterile silicon tubes (length, 7 mm; inner diameter, 2 mm; outer diameter, 4 mm; both ends open) were used, 45 of which were filled with the 3 tested cements (15 tubes for each cement), while the remaining 15 tubes were used as negative controls without the insertion of any materials. Thus, each rat received 3 tested materials and 1 empty tube. MM-MTA (MicroMega) was formulated in a pre-dosed capsule and inserted into the tubes according to the manufacturer's guidelines. BD (Septodont) was prepared according to the manufacturer’s instructions and condensed into the tubes with an amalgam carrier (Zogear, Shanghai, China) using a small ash condenser (Zogear). ESRRM putty (Brasseler USA) is available as premixed tubes and was ready for direct insertion into the silicon tubes.
After intramuscular injection of 2% xylazine (20 mg/kg; Alfasan, Woerden, the Netherlands) and 10% ketamine (100 mg/kg; Alfasan), the backs of the animals were shaved, sterilization was performed with a 5% iodine solution, and a 2.0-cm incision was made in a head-to-tail orientation with a #15 Bard-Parker blade (Aspen Surgical, Caledonia, MI, USA), creating 2 pockets on each side of the incision. Three silicon tubes, each containing 1 of the 3 tested cements, and an empty tube, serving as the negative control, were implanted in each animal in opposite directions (ESRRM putty, lower right; BD, lower left; MM-MTA, upper right; empty tube, upper left). The skin was closed with a 4-0 silk suture (Lenosilk, Istanbul, Turkey).
At 1, 4, and 8 weeks after implantation, the animals were humanely killed using carbon dioxide. The silicon tubes were removed with the surrounding tissues and fixed in 10% buffered formalin at pH 7.0. The specimens were processed for paraffin embedding, and 5-μm tissue sections were cut and stained using the von Kossa technique [17] for histological visualization of calcium deposits (mineralization). Mass deposits appeared black, while dispersed deposits appeared gray [1819].

SEM/EDX elemental analyses of the material surface/interface
The tubes and the surrounding tissue (n = 4 in each group) were dehydrated using a graded series of ethanol solutions. After drying, the specimens were embedded in epoxy resin (EPON 812; Taab, Aldermaston, UK). Then, sectioning was performed using an ultra-microtome with a diamond knife. Four sections were prepared for each sample. The sections were mounted on glass slides followed by sputter-coating with a thin gold layer to prevent charging during the SEM investigations. The chemical bulk composition of the material interface and the morphological properties of the root repair cements after mineral deposition were analyzed using a field emission scanning electron microscope (Hitachi-S4160; Hitachi, Tokyo, Japan) at an accelerating voltage of 20 kV with an EDX detector (EDAX, Mahwah, NJ, USA).

Statistical analysis
Statistical analyses were applied using SPSS version 22 software (IBM Corp., Armonk, NY, USA). Comparisons of the concentrations of the calcium- and phosphorus-rich areas produced by each material were analyzed. The level of significance was set at 0.05. The data were analyzed with the non-parametric Kruskal-Wallis test to enable comparisons between the means of the tested cements at the same time points.


RESULTS
Histological analysis of biomineralization
Tissue sections from the control group did not show any black deposition at the openings at the ends of the inserted empty tubes during the 3 studied periods (Figure 1A, 1B, and 1C). The subcutaneous tissue at the openings of the tubes loaded with MM-MTA did not show any deposits at week 1 (Figure 1D); however, black positive staining was observed starting at week 4 (Figure 1E), and this staining continued to increase until the end of the experiment (Figure 1F). In contrast, BD-containing tubes showed grayish dispersed deposits at week 1 (Figure 1G) and black dystrophic calcification at weeks 4 and 8 (Figure 1H and 1I). Finally, ESRRM putty exhibited positive black staining at all time periods (Figure 1J, 1K, and 1L).
[image: Figure 1]
Figure 1 Histologic tissue sections demonstrating the biomineralization (calcium deposition) in the experimental groups at the open ends of the subcutaneously-implanted silicon tubes at the 3 time points (weeks 1, 4, and 8). (A-C) Empty tubes: no dystrophic calcification was seen at any time point (×10). (D) MM-MTA containing tubes: no calcification were seen at week 1 (×10). (E and F) Black dystrophic calcifications were seen at weeks 4 and 8 (arrows, ×10). (G) BD-containing tubes: discrete deposits were seen at week 1 (arrow, ×10), and (H and I) more obvious dystrophic calcifications were seen at weeks 4 and 8 (arrows, ×10). (J-L) ESRRM putty-containing tubes: noticeable black dystrophic calcifications were obvious at all periods (arrows, ×10) (von Kossa stain, scale bar = 200 μm).MM-MTA, MicroMega mineral trioxide aggregate; BD, Biodentine; ESRRM, EndoSequence Root Repair Material; M, material; I, interface.


SEM/EDX results
Analysis of SEM and EDX images showed representative images of the chemical composition of connective tissue in contact with the opening surface of the silicon tubes containing the 3 tested materials (MM-MTA, BD, and ESRRM putty) at the 3 time points (weeks 1, 4, and 8) (Figures 2, 3, and 4).
[image: Figure 2]
Figure 2 Scanning electron microscopy observations and elemental composition obtained using energy-dispersive X-ray analysis of the surface precipitates produced by (A-C) MM-MTA, (D-F) BD, and (G-I) ESRRM putty at 7 days after the subcutaneous implantation of the materials. Mineralization is indicated by the red arrows.MM-MTA, MicroMega mineral trioxide aggregate; BD, Biodentine; ESRRM, EndoSequence Root Repair Material; M, material.

[image: Figure 3]
Figure 3 Scanning electron microscopy observations and elemental composition obtained using energy-dispersive X-ray analysis of the surface precipitates produced by (A-C) MM-MTA, (D-F) BD, and (G-I) ESRRM putty at 4 weeks after the subcutaneous implantation of the materials. Mineralization is indicated by the red arrows.MTA, MicroMega mineral trioxide aggregate; BD, Biodentine; ESRRM, EndoSequence Root Repair Material; M, material.

[image: Figure 4]
Figure 4 Scanning electron microscopy observations and elemental composition obtained using energy-dispersive X-ray analysis of the surface precipitates produced by (A-C) MM-MTA, (D-F) BD, and (G-I) EndoSequence Root Repair Material putty at 8 weeks after the subcutaneous implantation of the materials. Mineralization is indicated by the red arrows.MTA, MicroMega mineral trioxide aggregate; BD, Biodentine; ESRRM, EndoSequence Root Repair Material; M, material.

SEM examination of the microstructure formed around the inserted silicone tubes filled with MM-MTA, BD, and ESRRM putty showed apatite crystals, mineralization, and formation of a tag-like structure with lateral branches starting at week 1. As the implantation period continued, these precipitates increased, indicating more extensive mineralization (Figures 2, 3, and 4).
At all time points, the chemical elemental composition of each experiment was evaluated using SEM/EDX. The full area was analyzed using EDX spectroscopy and included an area at the material-tissue interface at which the concentrations of calcium and phosphorus were higher than those seen in the surrounding connective tissue (Figures 2, 3, and 4).
The EDX results showed that calcium and phosphorus concentrations in the 3 tested cements had increased over time with no statistically significant differences between cements, as shown in Table 2. According to these results, the calcium concentration found on the ESRRM putty was slightly greater than in the other groups at all time points.
Table 2 Comparative semi-quantitative analysis of calcium- and phosphorus-rich areas of the 3 calcium silicate-based cements at 3 different time periods

[image: ]	Period	MM-MTA (atomic concentrations, %)	BD (atomic concentrations, %)	ESRRM putty (atomic concentrations, %)	p value
	Ca	P	Ca/P	Ca	P	Ca/P	Ca	P	Ca/P
	Week 1	0.5 ± 0.00	0.2 ± 0.00	2.5	0.633 ± 0.1527	0.266 ± 0.0577	2.4	0.667 ± 0.0577	0.3 ± 0.1732	2.63	> 0.05
	Week 4	1.2333 ± 0.551	0.2667 ± 0.0577	4.433	1.1333 ± 0.4618	0.4667 ± 0.11547	3.433	1.75 ± 0.2516	0.425 ± 0.0957	4.32	> 0.05
	Week 8	1.9 ± 0.707	0.45 ± 0.2121	4.3	2.2 ± 0.8485	0.5 ± 0.14142	4.3	2.2 ± 0.98995	0.5 ± 0.1414	4.27	> 0.05

Values are expressed as mean ± standard deviation.
Ca, calcium; P, phosphorus; MM-MTA, MicroMega mineral trioxide aggregate; BD, Biodentine; ESRRM, EndoSequence Root Repair Material.


The atomic ratio of calcium ions to phosphate ions (the calcium-to-phosphorus ratio) ranged from 2.4 to 4.27. No statistically significant differences in the calcium-to-phosphorus ratio were observed among the MM-MTA, BD, and ESRRM putty at all time points (Table 2).


DISCUSSION
The capacity of a biomaterial to interact with living tissue allows the incorporation of the material into the environment and the expression of bioactivity. After implantation of bioactive materials, a series of biochemical and biophysical reactions occur at the material-tissue interface, resulting in biomineralization [20]. Various approaches have recently been utilized to distinguish biomineralization in intact tissues and cell cultures; staining with von Kossa stain, electron microscopic analysis, X-ray diffraction, and Fourier transform infrared spectroscopy are among the most common [21].
Assessments of the biomineralization of different bioactive materials implanted in the subcutaneous tissue of a rat animal model using the von Kossa technique have been described previously [317222324]. This method is used for illustrating deposits of calcium or calcium salts. The principle behind staining is a precipitation reaction in which silver cations react with phosphate and carbonates in calcium deposits in the presence of acidic material. Photochemical degradation of silver phosphate to silver (visualized as black and metallic) then occurs under strong light illumination [2526]. Furthermore, SEM and EDX analyses were used to gain a broader picture of the material's microstructure, chemistry, and compositional analyses. The calcium phosphate precipitation process, as well as the form and structure of the generated crystals, indicates the degree of bioactivity. The aim of this study was to assess biomineralization using von Kossa stain and SEM/EDX analysis for material characterization after the implantation of silicon tubes filled with MM-MTA, BD, and ESRRM putty into rat subcutaneous tissue.
In the present study, all 3 tested calcium silicate-based cements exhibited positive von Kossa staining that increased over time. Additionally, all of the cements produced surface precipitates containing calcium and phosphorus after implantation into the dorsal surface of rat subcutaneous connective tissue. This finding aligns with previous laboratory findings [1718272829] and suggests that these materials are bioactive. The precipitates were most likely produced via the interaction of the calcium ions released from the materials with phosphate ions in body fluids, resulting in the formation of calcium phosphate crystalline structures on the materials' interfacial surfaces. In this study, calcium- and phosphorus-rich areas (which denoted biomineralization) were identified along the implant-tissue interface in all experiments. Moreover, these results indicate that the 3 tested cements were bioactive and caused biomineralization in vivo, although the degree and timing of biomineralization activity seemed to vary among the cements. In line with previously published literature [3031], in the present study, the empty silicon tube produced no dystrophic calcification during any of the time periods.
Concerning root repair materials, the findings of this study support the ability of MM-MTA to induce biomineralization after implantation in the connective tissue due to the production of calcium and phosphorus surface precipitates at the interface between the tissue and the material [32]. The atomic calcium-to-phosphorus ratios in the MM-MTA cement samples at weeks 1, 4, and 8 were 2.5, 4.4, and 4.3, respectively. The lower ratio indicates an incomplete setting reaction and formation of stoichiometric hydroxyapatite during the first weeks, and the higher ratios after 4 and 8 weeks suggest calcium precipitation on the material's surface. However, positive von Kossa and dystrophic calcium particles were seen only in the relatively late period starting at 4 weeks after implantation. This result agrees with the findings of Yang et al. [23], who stated that von Kossa staining showed just a few calcified materials in the MTA group at week 8. Other published studies also indicated that MTA induced mineralization and granulations birefringent to polarized light in the subcutaneous tissues of rats after 30 days [171933].
In an in vitro pulpo-dental animal model, the pulp-MTA interface showed growth of crystalline deposits [34] and dentinal bridges [35]. In extracted teeth (stored in synthetic fluid) and dentin disk (immersed in phosphate-buffered saline) models, MTA triggered the initial precipitation of amorphous calcium phosphates, and the spontaneous precipitation then induced biomineralization that led to the generation of an interfacial layer by 2 months into the experiments [736].
Several studies have reported the mineralization process of MTA. MTA is a strong alkaline substance, with a pH of approximately 12.5. It releases hydroxyl ions into adjacent tissues early in mineralization. This alkalinity stimulates mineralization through calcium ions that activate calcium-dependent adenosine triphosphatase [2337]. The calcium ions also result in cell migration and differentiation [38]. Mineralization begins by forming calcium carbonate crystals as a nucleus of calcification when the calcium ions react with the carbon dioxide from the surrounding tissue [18]. In tissue culture and cutaneous tissue, the initiation and formation of a hard tissue require rich extracellular fibronectin [38], which forms the deposit within collagen fibrils of dentin in a tooth model [7]. This may explain the reasons for the induction of MTA later in implantation [736].
According to the present study, BD produced earlier calcification and was associated with more black deposits than MM-MTA at the end of the study. Calcification in the BD group started in week 1 and continued through weeks 4 and 8. This finding agrees with a study performed by Camilleri et al. [39] that indicated that the greater specific surface area and presence of calcium carbonate and calcium chloride in the composition of BD produced a greater rate of reaction than MTA. BD (unlike MTA, which is composed mainly of tricalcium silicate) is bioactive and can be hydrated into calcium silicate hydrate and calcium hydroxide (Portlandite), which reacts in the presence of physiological fluids to produce hydroxyapatite, mostly at the surface of the tricalcium silicate paste [40]. MTA, meanwhile, has a slower reaction rate and more porous microstructure; this is because it becomes hydrated more slowly than BD, as it contains a smaller amount of tricalcium silicate. However, it contains more calcium hydroxide byproduct than BD, resulting from the hydration of calcium oxide. This calcium hydroxide becomes hydrated very rapidly and induces an intense exothermic reaction [39]. Additionally, Gandolfi et al. [6] stated that BD released significantly more calcium ions than ProRoot MTA and MTA Angelus at 3 hours and at 1, 3, 7, 14, and 28 days, and this finding could relate to the presence of pure tricalcium silicate, calcium chloride, increased calcium hydroxide formation, and high solubility.
Furthermore, Setbon et al. [41] showed that the elemental composition of BD, as studied via inductively coupled plasma-atomic emission spectroscopy and EDX analysis, revealed the presence of 3 major components: oxygen, calcium, and silicon. The latter 2, which are important elements in the context of the interactions with pulp and periapical tissues and specifically regarding the formation of mineralized tissues (dentin and bone), presented in larger quantities than MM-MTA, which aligns with the previously cited works. Calcium and silicon are necessary for regulating the expression of genes that encode proteins such as bone morphogenetic protein 2 and osteopontin; additionally, they inhibit osteoclast activity and activate osteoblasts, thus inducing the creation of new bone and mineralization [4243].
Despite these findings, an in vivo subcutaneous tissue model evaluation of the capacity of premixed ready-to-use fast-setting calcium silicate-based cement ESRRM putty to induce mineralization and promote calcification has not yet been conducted.
The histologic findings of the present study confirm that ESRRM putty has the property of inducing biomineralization. Both Shokouhinejad et al. [44] and Ma et al. [45] reported the induction of a hydroxyapatite or apatite-like layer on the ESRRM surface when it comes into contact with phosphate-containing fluids. This hard-tissue deposition is mainly attributed to the alkalinity of (with a pH greater than 12) and calcium ion release from ESRRM putty [46]. Based on our results, ESRRM putty, like BD and unlike MTA, showed the ability to induce calcification at an early time point. The stronger apatite-forming capability of ESRRM putty compared to MM-MTA may be attributed to the differences in their components, particle sizes, and bioactivity. Our result was consistent with findings by Hansen et al. [47], who concluded that diffusion of ions through root dentin was achieved at a shorter duration for ESRRM putty than for white MTA.
In the current study, the increasing calcium-to-phosphorus ratios acquired from conducting the EDX analyses on the BD, MM-MTA, and ESRRM putty cements at weeks 1, 4, and 8 suggest the incorporation of calcium into the cement, which indicates the existence of biocompatibility, bioactivity, and osteoconductivity.
Overall, this study is novel in that it involved simultaneous comparison of the timing of the biomineralization abilities of BD, MM-MTA, and ESRRM putty in the connective tissue of an animal model. It is recommended that further investigations using different techniques be performed in vivo and in vitro models, evaluating the timing and amount of dystrophic deposition in all 3 tested calcium silicate-based cements.

CONCLUSIONS
Within the limitations of this study, we conclude that both the von Kossa-positive area and the calcium-to-phosphorus ratio of MM-MTA, BD, and EndoSequence Root Repair Material putty increased with time, indicating biomineralization activity after implantation in a rat subcutaneous model.
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