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Abstract

:

The promotion of biologically based treatment strategies in restorative dentistry is of paramount importance, as invasive treatments should be avoided to maintain the tooth’s vitality. This study aimed to assess the biocompatibility of commercially available bioactive materials that can be used for dental pulp capping. The study was performed with a monocyte/macrophage peripheral blood SC cell line (ATCC CRL-9855) on the following six specific bioactive materials: ProRoot MTA (Dentsply Sirona), MTA Angelus (Angelus), Biodentine (Septodont), TheraCal LC (Bisco), ACTIVA BioACTIVE (Pulpdent) and Predicta Bioactive Bulk (Parkell). The cytotoxicity of the investigated agents was measured using a resazurin-based cell viability assay, while the genotoxicity was evaluated using an alkaline comet assay. Additionally, flow cytometry (FC) apoptosis detection was conducted with a FITC (fluorescein isothiocyanate) Annexin V Apoptosis Detection Kit I. FC cell-cycle arrest assessment was carried out with propidium iodide staining. The results of this study showed no significant cytotoxicity and genotoxicity (p > 0.05) in ProRoot MTA, MTA Angelus, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive. Conversely, TheraCal LC presented a significant decrease (p < 0.001). In conclusion, due to excellent biocompatibility and low cytotoxicity, MTA, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive may be suitable for pulp capping treatments. On the other hand, due to the high cytotoxicity of TheraCal LC, its use should be avoided in vital pulp therapies.
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1. Introduction


Minimally invasive biologically driven therapies that aim at preservation of the pulp vitality should be prioritized in contemporary dentistry. Dental materials used in vital pulp therapies (VPTs) have been extensively investigated in several recent studies, especially with regard to cytotoxicity, quality of reparative dentine bridge formation and protocols for greater bond strength to the tooth structure as well as to long-lasting final restorations [1,2,3,4,5]. In restorative dentistry, the paradigm has switched from total caries excavation techniques to selective caries excavation to avoid pulp exposure [6,7,8]. Indeed, direct and indirect pulp capping procedures are now the recommended clinical option to avoid root canal treatments. Dental pulp capping (PC) agents represent specific materials used as a protective layer and placed directly on the exposed pulp (direct pulp capping, DPC) or as a cavity liner placed over hypomineralized carious dentine (indirect pulp capping, IPC) in an attempt to induce its remineralization, and, therefore, protecting and preserving the pulp’s vitality. Ideally, such materials should be bioactive and stimulate the migration, proliferation and osteogenic differentiation of the cells and, at the same time, these must be highly biocompatible and not toxic to the pulp cells. Based on their composition, the PC agents investigated in this study can be assigned into the following four clinically significant groups: calcium silicate materials (CSMs), namely ProRoot MTA (Dentsply Sirona, York, PA, USA), MTA Angelus (Angelus, Londrina, Brazil), Biodentine (Septodont, Saint-Maur-des-Fossés, France); a light-cured calcium silicate-based material, TheraCal LC (Bisco, Schaumburg, IL, USA); a resin-modified glass ionomer (RMGIC) with improved resilience and physical properties, ACTIVA BioACTIVE (Pulpdent Corporation, Watertown, MA, USA) and a bioactive, dual cure, bulk fill resin composite, Predicta Bioactive Bulk (Parkell, Inc., Edgewood, NY, USA) [9,10].



ProRoot MTA has been available on the market since 1999, and it has been extensively studied and proven to be both bioactive and biocompatible [11,12]. To overcomedrawbacks, namely the long setting time as well as its high cost, the manufactures were urged to develop new types of MTA-based materials [13]. Offering the advantage of reduced final setting time —24–83 min [14,15] — significantly shorter than the original 228–261 min specific for ProRoot MTA [16,17], MTA Angelus was introduced. Addressing the difficult handling of MTA, novel PC agents have been designed in different consistencies for easier and more predictable clinical application. In 2011, Biodentine (BD) was released, and claimed to be a permanent, biocompatible dentine substitute. In contrast to traditional MTA, BD could be applied in one session in the whole volume of the cavity for an observation period or could be immediately followed by placement of the final restoration [18]. Its setting time, according to the manufacturer, is between 9 and 12 min; however, it was proven to set ultimately after 45 min [19]. On account of its advantages over MTA, such as reduced setting time and also solubility, mechanical properties and initial cohesiveness, BD has recently become a preferred agent for both DPC and IPC procedures although more long-term clinical studies are still needed to confirm Biodentine as the gold standard pulp capping agent [20].



In a search for a PC agent that could be used on one session and facilitate immediate and suitable bonding to restorative resins in final restorations, TheraCal LC was introduced [5,21]. Bioactivity in precipitating apatite-like crystals, cytotoxicity and biocompatibility have been indicated as the crucial features of pulp capping agents that directly affect the clinical outcome [8]. Overall, the current literature indicates that TheraCal LC is inferior to both MTA materials and BD, mainly because of inferior quality of calcific barrier formation, higher inflammatory effect, less favourable odontoblastic layer formation and lower calcium-releasing ability [22,23]. Those findings were due to the presence of resin monomer, which remained unpolymerized, so causing inflammation and toxicity to pulp tissue [24]. Moreover, heat generation during photopolymerization, which comes as a cost of preferable immediate setting, could still potentially induce unfavorable pulpal reactions when PC procedures are used [25]. Therefore, TheraCal should not be used for DPC [26].



Compared to both MTA and Biodentine, ACTIVA BioACTIVE as a resin-modified glass ionomer cement (RMGIC) has a favorable setting time, attributed to three setting mechanisms, with no delay in placing the final restoration. The use of traditional glass ionomer cement (GIC) is still limited due to its brittleness, sensitivity to water during initial setting and low compressive strength when compared to other restorative materials. In order to overcome these limitations, RMGIC was developed by modifying GIC with water-soluble resin. Therefore, in addition to the acid–base reaction, RMGICs offers benefits of photo-initiated polymerization, due to the presence of methacrylate monomers, photo-initiators and co-initiators. The main advantages of RMGICs are the ability for one visit treatment, adequate bond and also compressive strength to support the final restoration, preventing bacterial microleakage [27].The bioactive properties of ACTIVA BioACTIVE products are attributed to a mechanism by which the material responds to pH cycles and plays an active role in releasing and recharging of significant amounts of calcium, phosphate and fluoride from the GIC component and the modified calcium phosphate (MCP) contained within its composition. Nowadays, however, the release of biologically active ions from such materials and their precipitation in apatite-like crystals is more accurately termed ‘biointeractivity’ than bioactivity [22]. Nevertheless, the manufacturer recommends the use of ACTIVA BioACTIVE-BASE/LINER only in cases of no direct pulp exposure. Even though ACTIVA BioACTIVE supports human dental pulp stem cells’ (hDPSCs) proliferation, mineralization and attachment, further evaluation of its cytotoxicity needs to be conducted before being used for VPT [28]. Based on available research, it can be stated that, in cases of resin-containing materials, the risk of severe inflammation is higher than with CSMs; however, ACTIVA BioACTIVE-BASE/LINER showed some promising results in terms of more successful local and systemic tissue responses [29]. Literature does not provide sufficient evidence to substantiate its use in VPT; available data suggest that resin-free hydraulic calcium-silicate cements promote cell viability and bioactivity towards human cells better than resin-based agents, resulting in more successful clinical outcomes [30,31].



The latest development in the bioactive composites group, namely Predicta Bioactive Bulk, offers similar advantages to ACTIVA BioACTIVE. The release of calcium, phosphate and fluoride ions are responsible for stimulating mineral apatite formation and remineralization at the material–tooth interface. According to the safety data sheet Poly(2-hydroxyethyl methacrylate) (Poly-2-HEMA) monomers are used within the resin matrix with no potentially toxic BisGMA-based compounds [32]. However, very limited information is available regarding their characteristics, especially when exposed to pulp. Further research concerning their biocompatibility and possible cytotoxicity are required.



It is worth emphasizing that so far there have been no studies that evaluated the biocompatibility of the aforementioned materials using multiple in vitro assays, as presented in this article. In this study, a novel protocol was proposed for the comprehensive evaluation of toxicity by combining the following four different methodologies: cytotoxicity, genotoxicity, apoptosis detection and cell-cycle arrest assessment. All of the proposed methodologies were introduced to comprehensively evaluate immediate and postponed effects on human cells. As well as instant impairment of the cells studied by three independent tests, long-term genotoxicity may also impact clinical outcome, cell activity or cell structural changes. This influence was compared within the first 48 h post application for a holistic perspective on PC agents. Moreover, the present study is one of the first to evaluate novel bioactive materials, namely ACTIVA BioACTIVE and Predicta Bioactive Bulk, in terms of their toxicity towards human cells. Thus, this study aimed at assessing the biocompatibility of the few, most commonly used, bioactive materials, which may be used for vital pulp therapies. The objectives were accomplished with a monocyte/macrophage peripheral blood SC cell line (ATCC CRL-9855) at 24 h and 48 h. The null hypothesis was that the investigated bioactive materials would have the same toxicity towards SC cells.




2. Materials and Methods


2.1. Pulp Capping Materials


The following six bioactive materials were analyzed: ProRoot MTA (Dentsply Sirona, York, PA, USA), MTA Angelus (Angelus, Londrina, Brazil), Biodentine (Septodont, Saint-Maur-des-Fossés, France), TheraCal LC (Bisco, Schaumburg, IL, USA), ACTIVA BioACTIVE Liner (Pulpdent Corporation, Watertown, MA, USA) and Predicta Bioactive Bulk (Parkell, Inc., Edgewood, NY, USA).




2.2. Cell Line and Eluate Preparation


All of the in vitro analyses were performed in an experimental model using a commercially available monocyte/macrophage peripheral blood cell line—SC (ATCC CRL-9855) (ATCC; Manassas, VA, USA). Cell cultures were kept under standard conditions (37 °C; 5% pCO2; 95% humidity) according to the guidelines provided by the manufacturer. Cells were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) with 4-mML-glutamine adjusted to contain 1.5 g/L sodium bicarbonate (ATCC; Manassas, VA, USA) and supplemented with 0.05-mM 2-mercaptoethanol (Sigma-Aldrich Corp., St. Louis, MO, USA), 0.1-mM hypoxanthine and 0.016-mM thymidine (90%) (ATCC; Manassas, VA, USA), fetal bovine serum (10%) (ATCC; Manassas, VA, USA) and 1% penicillin/streptomycin solution (P/S) (ScienCell Research Laboratories, San Diego ad, CA, USA). Each cell culture was split when it reached 90–95% confluency. All of the tested cements were mixed according to manufacturer’s instructions and then cured in sterile hemi-sphere molds, r = 3.75 mm (surface area 1.33 cm2, volume of 140 μL). Immediately after reaching the setting time as provided by the manufacturer, the specimens were placed in Eppendorf tubes containing 1 mL of cell culture medium and were incubated for 24 and 48 h at 37 °C. The eluates were centrifugated for 5 min (2000 rpm) and then used for further analysis [33].




2.3. Cytotoxicity Analysis


The cytotoxicity of the materials used in VPT was measured using a commercially available colorimetric, resazurin (7-Hydroxy3H-phenoxazin-3-one 10-oxide)-based assay kit (Sigma Aldrich Corp., St. Louis, MO, USA), which detects cellular metabolic activity. Resazurin is irreversibly reduced to a pink color and bright red fluorescent resorufin by dehydrogenase enzymes only in metabolically active cells. The whole experiments were performed in triplicate with similar results. SC cells were seeded in 96 well plates by adding 50 μL (8 × 103/well) cultured cell suspension and 50 μL of the tested specimens’ eluate into the complete IMDM medium. Untreated cells cultured in a complete IMDM medium were used as a negative control, whereas cells incubated with 100% dimethyl sulfoxide (DMSO) comprised a positive control. Cells were incubated for 24 h and 48 h at 37 °C, respectively. After the incubation time, the plates with cells were centrifuged and the supernatants were removed. Subsequently, 100 μL of the 10% solution of resazurin in complete IMDM medium was added to each well. After 4 h incubation at 37 °C absorbance was measured at a wavelength of 600 nm and at a reference wavelength of 690 nm using a Synergy HT (high-throughput) spectrophotometer (BioTek, Vermont, VT, USA) [34].




2.4. Genotoxicity Assessment


The genotoxicity of the tested materials was evaluated by an alkaline version of the comet assay, in order to analyze deoxyribonucleic acid (DNA) damage in specific cells. Assays were prepared in 12 well plates by adding 500 μL (5 × 104 cells/well) of complete medium and 500 μL of previously prepared eluates. Cells suspended in highly toxic 10% DMSO (Sigma-Aldrich Corp., St. Louis, MO, USA) constituted a positive control, whereas cells suspended in 1 mL of complete culture medium constituted a negative control. Subsequently, specimens were incubated for 24 h and 48 h. Cells suspended in 0.37% low melting point (LMP) agarose (Sigma-Aldrich Corp., St. Louis, MO, USA) were placed on microscope slides that were previously coated with normal melting point (NMP) agarose (Sigma-Aldrich Corp., St. Louis, MO, USA). Preparations were incubated in lysis buffer at pH 10 (2.5-M NaCl, 10-mM Tris, 100-mM EDTA), containing TritonX-100 (Sigma-Aldrich Corp., St. Louis, MO, USA), at a final concentration of 1% at 4 °C for 60 min. After 1 h incubation, the preparations were incubated in development buffer (300-mM NaOH, 1-mM EDTA) for 20 min at 4 °C and this was followed by electrophoresis (32 mA, 17 V, 20 min) at 4 °C in electrophoretic buffer (30-mMNaOH, 1-mM EDTA). Eventually, the preparations were stained with a 4′,6-diamidino-2-phenylindole (DAPI) fluorescent dye and the obtained data were analyzed with a fluorescent microscope. Evaluation of genotoxicity of the tested materials was conducted based on the percentage of DNA in the comet tail [35].




2.5. Apoptosis Detection


Apoptotic cell death induced by the eluates of the tested compounds was assessed using a fluorescein isothiocyanate FITC Annexin V Apoptosis Detection Kit I (FITC Annexin V Apoptosis Detection Kit I, BD Bioscences, NJ, USA). Assays were prepared in 12 well plates by adding 500 μL (1 × 106 cells/well) of complete medium and 500 μL of prepared eluates, and incubated for 24 h and 48 h. Cells treated with staurosporine (Sigma-Aldrich Corp., St. Louis, MO, USA) at a concentration of 1 μM for 16 h constituted a positive control. The negative control comprised cells suspended in the complete culture medium and incubated for 24 h and 48 h. Subsequently, cells were washed twice with cold phosphate buffered saline (PBS) (Sigma-Aldrich Corp., St. Louis, MO, USA) and then double stained with annexin V as a marker of early apoptosis, and propidium iodide (PI) as a marker of cell membrane disintegration, necrosis and late apoptosis. The percentage of apoptotic cells was calculated by flow cytometry (FC) using a CytoFLEX (Beckman Coulter, Brea, CA, USA). Obtained data were analyzed using Kaluza analysis 1.5 A software (Beckman Coulter) [33].




2.6. Cell Cycle Analysis


The analysis of the cell cycle was performed by FC using PI staining. Assays were prepared in 12 well plates by adding 500 μL (1 × 106 cells/well) of complete medium and 500 μL of prepared eluates and then incubated for 24 and 48 h. Cells treated with 1 μM of the cell cycle arresting factor nocodazole (Sigma-Aldrich Corp., St. Louis, MO, USA) for 16 h constituted a positive control, whereas cells cultured in a complete medium for 24 h and 48 h constituted a negative control. Cells were washed twice with cold PBS (Sigma-Aldrich Corp., St. Louis, MO, USA) and then fixed with ice-cold 70% ethanol at −20 °C for 20 min. Afterwards, cells were treated with RNase A DNase & Protease-free (10 mg/mL) (Canvax Biotech, Córdoba, Spain) and incubated at 37 °C for 1 h before staining with PI solution (10 μg/mL) (Sigma-Aldrich Corp., St. Louis, MO, USA). After a 30 min incubation at 4 °C, the percentage of cells in each cell cycle phase were assessed using Kaluza analysis 1.5 A software (Beckman Coulter). On the DNA content histograms, the number of cells was plotted on the y-axis, whereas the DNA content, as measured by PI fluorescence, was depicted on the x-axis [35].




2.7. Statistical Analysis


Statistical analysis was performed using Statistica 13 (StatSoft, Krakow, Poland). A Shapiro–Wilk test was performed to test normality. All statistical data, except for the comet assay test, were normally distributed, therefore statistical analysis between the two groups was performed using Student’s t-test. No normal distribution was obtained in the comet assay analysis, thus statistical analysis of the two groups was conducted with a Mann–Whitney rank sum test. All analyses in each experiment were based upon the results of three independent tests. Statistically significant differences are shown on graphs as follows: * p < 0.05; ** p < 0.01; *** p < 0.001 vs. negative controls.





3. Results


3.1. Analysis of the Cytotoxicity of the Pulp Capping Agents


The cytotoxicity analysis performed using the resazurin-based assay kit showed significant differences in the cytotoxic properties of one of the investigated compound eluates. The results obtained showed that, both after 24 h and 48 h of incubation with monocyte/macrophage peripheral blood cell line (SC) cells, TheraCal LC was the only material to induce a significant decrease in cell viability compared to the control groups (Figure 1A,B) (p < 0.001).




3.2. Analysis of the Genotoxicity of the Pulp Capping Agents


A significant increase in DNA damage was observed after both 24 h and 48 h incubation in the SC cells treated with TheraCal LC (Figure 2A,B) (p < 0.001). All of the other tested materials induced no significant DNA damage (Figure 2A,B) (p > 0.05).




3.3. Apoptosis Detection by FITC Annexin V/PI Double Staining of the Pulp Capping Agents


After 24 h of incubation, TheraCal LC significantly induced apoptosis, with even poorer results after 48 h of incubation (approximately 42% and 80% of cells were at the early and late stages of apoptosis, respectively). Other PC agents induced no significant apoptosis, although ProRoot MTA, after 48 h of incubation, showed some toxicity (74.49% of the cells vital). Additionally, none of the tested compounds evoked a significant increase in the level of necrotic SC cells (Figure 3) (p > 0.05).




3.4. Analysis of the Cell Cycle Progression by PI Staining of the Pulp Capping Agents


The cell cycle progression of the SC cells treated with ProRoot MTA, MTA Angelus, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive Bulk was similar to the SC cells cultured in the complete medium (p > 0.05). The TheraCal LC, after 24 h and 48 h incubation, triggered a significant rise in the percentage of SC cells in the sub-G0/G1 phase and a significant reduction in the percentage of cells in the G1 phase of the cell cycle, as compared to the negative control (Figure 4).





4. Discussion


In the present study, the tested materials showed significantly different toxicity. While ProRoot MTA, MTA Angelus, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive showed no significant cytotoxicity and genotoxicity, according to the controls used, TheraCal LC significantly decreased cell viability and presented significant DNA damage in the comet assay. Hence, the null hypothesis tested in this in vitro study was rejected. The results of the current study are in accordance with other investigations based on different methods such as MTT reduction assay [3,36,37]. Similar results were also obtained in the apoptosis detection test performed using FC. Biodentine, ACTIVA BioACTIVE and Predicta Bioactive showed no significant increases in apoptosis in the tested cell line, although ProRoot MTA and MTA Angelus presented some toxicity, while TheraCal LC significantly boosted the percentage of cells in the early and late stages of apoptosis. The cell cycle analysis with FC showed a significant escalation in the sub-G0/G1 phase in cells that were treated with the TheraCal LC eluate, indicating that there was a higher number of dead cells compared to both controls and the other tested materials. All of the assays performed in this study confirmed the hypothesis of high cytotoxicity of the resin-based TheraCal LC in VPT. Moreover, the present results are in accordance with some previous studies also performed on hDPs and hDPSCs [36,37,38]. Therefore, the use of such materials should be limited only to indirect pulp capping [26].



Differences in toxicity could be related to the presence of monomers and also to the ratio of the compounds in specific pulp capping agents. It is therefore important to emphasise that the biocompatibility of pulp protection materials is the most important factor when these have direct or indirect contact with the pulp. According to the safety data sheet, the resin matrix of Theracal LC contains polyethylene glycol dimethacrylate and BisGMA, which, especially unpolymerized, may impact its toxicity [39]. Due to its low shrinkage, sufficient mechanical and esthetic properties but also excellent adhesion to enamel [40], Bis-GMA is the base monomer of the majority of resins used in dentistry [41]. Unfortunately, this monomer is characterized by a toxic effect on endocrine cells, even in low concentrations; therefore the release of bisphenol A (BPA) is of great interest in recent research [42]. Indeed, BPA mimics the behavior of the natural hormone estradiol by interacting with estrogen receptors [43]. Furthermore, it is known that BisGMA, among the monomers used in dental materials, has relatively high cytotoxicity as its hydrolysis products may induce the loss of cell membrane permeability and it also exhibits proinflammatory, carcinogenic, and even mutagenic effects [44,45]. However, pure BPA is not used as a monomer in dentistry, but, instead, occurs as impurity of the synthesis process of derivates like Bis-GMA, thus only traces of such a monomer can leach from resin composites to the tissues. The conversion rate of the monomers into BPA ranges between 0.0003% and 0.0025% and there is an increase when the resins are exposed to saliva and to the degrading action of S. mutans [41]. Removal of the oxygen inhibition layer and prolonged light-curing procedures can reduce the risk of elution of unpolymerized monomers and relative cytotoxicity [43,46]. Nevertheless, excessive photopolymerization could potentially induce adverse pulpal effects when used in pulp capping procedures, due to heat generation [25]. This latter effect is supposed to be less evident in the case of ACTIVA BioACTIVE, as well as Predicta Bioactive, since they are dual curing materials. Moreover, self-curing materials applied in deep cavities may have fewer issues related to a lack of polymerization, with a lower presence of potentially toxic unpolymerized monomers. Moreover, the absence of Bis-GMA within the composition of ACTIVA BioACTIVE and Predicta Bioactive could also be a reason for the low cytotoxicity and genotoxicity observed in the current study. However, novel bioactive materials require further investigation, since their exact compositions are not yet clear, therefore it is quite difficult to understand their real bioactive properties and the possible synergistic effects these could have on the biocompatibility and the cytotoxicity.



The limitations of the present investigation are related to the in vitro character of the experiments performed to accomplish the aims of this study. The model shows limited information on the number of residual monomers and other components in the mixture of the pulp capping agent that can infiltrate to the pulp tissue. There are several variables that could affect this leaching, such as the thickness of dentine or the exposed surface area. The cytotoxicity data may also vary depending on the volume ratio of material versus the extract medium [3,30]. In this study, the equivalent of 140 μL of all of the materials was used and 500 μL eluates were prepared, then mixed with complete medium at ratio of 1:1. In the clinical practice, the tested materials are used in different amounts because of their flexural strength. In cases of DPC, ProRoot MTA, MTA Angelus and TheraCal LC would be placed locally on the pulp exposure with a maximum of 1 mm margin diameter, while Biodentine, ACTIVA BioACTIVE and Predicta Bioactive could be placed as a liner or even in the full cavity volume; this difference could also affect the impact on the pulp cells.



There are different cell types that may be used in in vitro studies to assess the cytotoxicity and genotoxicity of dental materials. Some studies of the toxicity of materials used in VPT were conducted on cells derived from pulp, namely human dental pulp cells (hDPs) and human dental pulp stem cells (hDPSCs) [12,36,37,38]. However, cells cultured in vitro over several generations may undergo genomic transformations and/or mutations, therefore they might be unreliable for studies of DNA damage. The most favorable studies of genotoxicity are those using diploid cell lines such as human leukocytes [47]. The SC cell line was chosen as the preferable in both the cytotoxicity and genotoxicity studies that were performed in this study. The choice of cell line was also in accordance with PN-EN ISO 10993-11:2018, since systemic toxicity should be also evaluated on monocyte/macrophage cells as a stage in pre-clinical research for biological materials such as the evaluated pulp capping materials [48]. The reliability of the methods used in this study is high, as the corresponding results in different tests based on different molecular mechanisms of toxicity, cytotoxicity, genotoxicity, apoptosis induction and cell cycle arrest were in line with available research performed on hDPs and hDPSCs.



The in vitro study has a specific limitation as it cannot replicate the clinical performance of the materials, as they can be present in the cavity for number of years. Thus, the in vitro model does not take into consideration the long-term effects, the absence of a dentine barrier, the immune response present in human tissues or factors like age of the patient, which have been proven to be significant in terms of the success rate of VPT [49]. However, the in vitro biological properties of the tested materials described in the present study may act as a preliminary assessment of their potential biological behavior. The comparison of the in vitro tests, which allow the evaluation of many samples simultaneously, and clinical performance of the materials used in pulp capping procedures is crucial and must be investigated in further studies.



This study demonstrates the favorable in vitro biocompatibility and bioactive properties of ProRoot MTA, MTA Angelus, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive, suggesting their superior regenerative potential compared with TheraCal LC. Novel bioactive materials, namely ACTIVA BioACTIVE and Predicta Bioactive may be a promising alternative to clinically proven bioceramics, although to date there is not sufficient evidence to corroborate its use in vital pulp therapies when placed directly in contact with the pulp tissue, especially as manufacturers recommend applying pulpal protection to deep excavation areas. Bioactivity, lack of cytotoxicity and genotoxicity and absence of potentially toxic monomers in their composition are favourable characteristics in cases of indirect pulp capping procedures, but their performance in DPC is still unclear and it is necessary to perform further investigation.



It is worth emphasizing that, to date, no studies have evaluated the biocompatibility of the materials used in VPT using multiple in vitro assays, as presented in this research. Moreover, new bioactive materials have still not yet been studied using the aforementioned techniques. A comparison of the recently developed ACTIVA BioACTIVE and Predicta Bioactive to the more widely examined CSMs has given a preliminary perspective on the role that those materials could have in pulp capping procedures. Furthermore, the application of comprehensive techniques such as the resazurin assay, comet assay and analysis of the level of apoptosis and cell cycle distribution via the FC may lead to the establishment of novel testing protocols in dental materials science.




5. Conclusions


It can be concluded that PC agents vary in both their cytotoxic and genotoxic effects on human monocyte/macrophage peripheral blood SC cells. While ProRoot MTA, MTA Angelus, Biodentine, ACTIVA BioACTIVE and Predicta Bioactive showed no significant cytotoxicity and genotoxicity compared to the controls used, TheraCal LC significantly decreased the cell viability and presented significant DNA damage in the comet assay. Similar results were obtained in the apoptosis detection test performed using FC. Biodentine, ACTIVA BioACTIVE and Predicta Bioactive showed no significant increase in apoptosis in the tested cell line, although ProRoot MTA and MTA Angelus showed minimal toxicity, while TheraCal LC significantly increased the percentage of cells in the early and late stages of apoptosis. The cell cycle analysis with FC showed a significant increase in the sub-G0/G1 phase in cells that were treated with the TheraCal LC eluate.







Author Contributions


Conceptualization, M.L.-S. and I.M.; methodology, I.M., W.R.-K., S.S., M.K. and G.G.; formal analysis, M.L.-S. and I.M.; investigation, M.K., W.R.-K. and G.G.; resources, I.M. and I.M.; writing—original draft preparation, M.K., W.R.-K. and G.G.; writing—review and editing, M.L.-S., S.S., L.H., R.B. and I.M.; visualization, G.G., R.B. and L.H.; supervision, M.L.-S. and I.M.; project administration, M.L.-S. and I.M.; funding acquisition, M.L.-S.and I.M. All authors have read and agreed to the published version of the manuscript.




Funding


Financed under the project № POWR.03.02.00-00-I029/16 from European Union funds.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or in the decision to publish the results.




References


	



Kim, Y.; Lee, D.; Song, D.; Kim, H.M.; Kim, S.Y. Biocompatibility and bioactivity of set direct pulp capping materials on human dental pulp stem cells. Materials 2020, 13, 3925. [Google Scholar] [CrossRef] [PubMed]

	



de Mendonça Petta, T.; Pedroni, A.C.F.; Saavedra, D.F.; Faial, K.D.C.F.; Marques, M.M.; D’Almeida Couto, R.S. The effect of three different pulp capping cements on mineralization of dental pulp stem cells. Dent. Mater. J. 2020, 39, 222–228. [Google Scholar] [CrossRef] [PubMed]

	



Ghilotti, J.; Sanz, J.L.; López-García, S.; Guerrero-Gironés, J.; Pecci-Lloret, M.P.; Lozano, A.; Llena, C.; Rodríguez-Lozano, F.J.; Forner, L.; Spagnuolo, G. Comparative surface morphology, chemical composition, and cytocompatibility of Bio-C repair, biodentine, and proroot MTA on hDPCs. Materials 2020, 13, 2189. [Google Scholar] [CrossRef] [PubMed]

	



Akbiyik, S.Y.; Bakir, E.P.; Bakir, S. Evaluation of the Bond Strength of Different Pulp Capping Materials to Dental Adhesive Systems: An In Vitro Study. J. Adv. Oral Res. 2021, 12, 286–295. [Google Scholar] [CrossRef]

	



Hardan, L.; Mancino, D.; Bourgi, R.; Alvarado-Orozco, A.; Rodríguez-Vilchis, L.E.; Flores-Ledesma, A.; Cuevas-Suárez, C.E.; Lukomska-Szymanska, M.; Eid, A.; Danhache, M.-L.; et al. Bond Strength of Adhesive Systems to Calcium Silicate-Based Materials: A Systematic Review and Meta-Analysis of In Vitro Studies. Gels 2022, 8, 311. [Google Scholar] [CrossRef]

	



Duncan, H.F.; Galler, K.M.; Tomson, P.L.; Simon, S.; El-Karim, I.; Kundzina, R.; Krastl, G.; Dammaschke, T.; Fransson, H.; Markvart, M.; et al. European Society of Endodontology position statement: Management of deep caries and the exposed pulp. Int. Endod. J. 2019, 52, 923–934. [Google Scholar] [CrossRef]

	



Schwendicke, F.; Frencken, J.E.; Bjørndal, L.; Maltz, M.; Manton, D.J.; Ricketts, D.; Van Landuyt, K.; Banerjee, A.; Campus, G.; Doméjean, S.; et al. Managing Carious Lesions: Consensus Recommendations on Carious Tissue Removal. Adv. Dent. Res. 2016, 28, 58–67. [Google Scholar] [CrossRef]

	



Maciel Pires, P.; Ionescu, A.C.; Pérez-Gracia, M.T.; Vezzoli, E.; Soares, I.P.M.; Brambilla, E.; de Almeida Neves, A.; Sauro, S. Assessment of the remineralisation induced by contemporary ion-releasing materials in mineral-depleted dentine. Clin. Oral Investig. 2022, 26, 6195–6207. [Google Scholar] [CrossRef]

	



Gandolfi, M.G.; Siboni, F.; Botero, T.; Bossù, M.; Riccitiello, F.; Prati, C. Calcium silicate and calcium hydroxide materials for pulp capping: Biointeractivity, porosity, solubility and bioactivity of current formulations. J. Appl. Biomater. Funct. Mater. 2015, 13, 41–60. [Google Scholar] [CrossRef]

	



Mickenautsch, S.; Yengopal, V.; Banerjee, A. Pulp response to resin-modified glass ionomer and calcium hydroxide cements in deep cavities: A quantitative systematic review. Dent. Mater. 2010, 26, 761–770. [Google Scholar] [CrossRef]

	



Paula, A.; Laranjo, M.; Marto, C.M.; Abrantes, A.M.; Casalta-Lopes, J.; Gonçalves, A.C.; Sarmento-Ribeiro, A.B.; Ferreira, M.M.; Botelho, M.F.; Carrilho, E. BiodentineTM boosts, WhiteProRoot®MTA increases and Life® suppresses odontoblast activity. Materials 2019, 12, 1184. [Google Scholar] [CrossRef] [PubMed]

	



Birant, S.; Gokalp, M.; Duran, Y.; Koruyucu, M.; Akkoc, T.; Seymen, F. Cytotoxicity of NeoMTA Plus, ProRoot MTA and Biodentine on human dental pulp stem cells. J. Dent. Sci. 2021, 16, 971–979. [Google Scholar] [CrossRef] [PubMed]

	



Che, J.-L.; Kim, J.-H.; Kim, S.-M.; Choi, N.; Moon, H.-J.; Hwang, M.-J.; Song, H.-J.; Park, Y.-J. Comparison of Setting Time, Compressive Strength, Solubility, and pH of Four Kinds of MTA. Korean J. Dent. Mater. 2016, 43, 61–72. [Google Scholar] [CrossRef]

	



Vivan, R.R.; Zapata, R.O.; Zeferino, M.A.; Bramante, C.M.; Bernardineli, N.; Garcia, R.B.; Hungaro Duarte, M.A.; Tanomaru Filho, M.; Gomes De Moraes, I. Evaluation of the physical and chemical properties of two commercial and three experimental root-end filling materials. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontology 2010, 110, 250–256. [Google Scholar] [CrossRef] [PubMed]

	



Pornamazeh, T.; Yadegari, Z.; Ghasemi, A.; Sheykh-al-Eslamian, S.M.; Shojaeian, S.H. In vitro cytotoxicity and setting time assessment of calcium-enriched mixture cement, retro mineral trioxide aggregate and mineral trioxide aggregate. Iran. Endod. J. 2017, 12, 488–492. [Google Scholar] [CrossRef] [PubMed]

	



Kaup, M.; Schäfer, E.; Dammaschke, T. An in vitro study of different material properties of Biodentine compared to ProRoot MTA. Head Face Med. 2015, 11, 16. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.; Park, S.J.; Lee, S.H.; Hwang, Y.C.; Yu, M.K.; Min, K.S. Biological effects and washout resistance of a newly developed fast-setting pozzolan cement. J. Endod. 2013, 39, 467–472. [Google Scholar] [CrossRef] [PubMed]

	



Palma, P.J.; Marques, J.A.; Falacho, R.I.; Vinagre, A.; Santos, J.M.; Ramos, J.C. Does delayed restoration improve shear bond strength of different restorative protocols to calcium silicate-based cements? Materials 2018, 11, 2216. [Google Scholar] [CrossRef] [PubMed]

	



Grech, L.; Mallia, B.; Camilleri, J. Investigation of the physical properties of tricalcium silicate cement-based root-end filling materials. Dent. Mater. 2013, 29, e20–e28. [Google Scholar] [CrossRef]

	



Kunert, M.; Lukomska-Szymanska, M. Bio-Inductive Materials in Direct and Indirect Pulp Capping—A Review Article. Materials 2020, 13, 1204. [Google Scholar] [CrossRef] [PubMed]

	



Deepa, V.; Dhamaraju, B.; Bollu, I.; Balaji, T. Shear bond strength evaluation of resin composite bonded to three different liners: TheraCal LC, Biodentine, and resin-modified glass ionomer cement using universal adhesive: An in vitro study. J. Conserv. Dent. 2016, 19, 166. [Google Scholar] [CrossRef] [PubMed]

	



Gandolfi, M.G.; Siboni, F.; Prati, C. Chemical-physical properties of TheraCal, a novel light-curable MTA-like material for pulp capping. Int. Endod. J. 2012, 45, 571–579. [Google Scholar] [CrossRef] [PubMed]

	



Kamal, E.; Nabih, S.; Obeid, R.; Abdelhameed, M. The reparative capacity of different bioactive dental materials for direct pulp capping. Dent. Med. Probl. 2018, 55, 147–152. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.; Suh, B.I. Cytotoxicity and biocompatibility of resin-free and resin-modified direct pulp capping materials: A state-of-the-art review. Dent. Mater. J. 2017, 36, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Savas, S.; Botsali, M.S.; Kucukyilmaz, E.; Sari, T. Evaluation of temperature changes in the pulp chamber during polymerization of light-cured pulp-capping materials by using a VALO LED light curing unit at different curing distances. Dent. Mater. J. 2014, 33, 764–769. [Google Scholar] [CrossRef] [PubMed]

	



Jeanneau, C.; Laurent, P.; Rombouts, C.; Giraud, T.; About, I. Light-cured Tricalcium Silicate Toxicity to the Dental Pulp. J. Endod. 2017, 43, 2074–2080. [Google Scholar] [CrossRef]

	



Tabari, K.; Rahbar, M.; Safyari, L.; Safarvand, H. Comparison of compressive strength and setting time of four experimental nanohybrid mineral trioxide aggregates and angelus mineral trioxide aggregate. World J. Dent. 2017, 8, 386–392. [Google Scholar] [CrossRef]

	



Abou ElReash, A.; Hamama, H.; Grawish, M.; Saeed, M.; Zaen El-Din, A.M.; Shahin, M.A.; Zhenhuan, W.; Xiaoli, X. A laboratory study to test the responses of human dental pulp stem cells to extracts from three dental pulp capping biomaterials. Int. Endod. J. 2021, 54, 1118–1128. [Google Scholar] [CrossRef] [PubMed]

	



Bakir, E.P.; Yildirim, Z.S.; Bakir, Ş.; Ketani, A. Are resin-containing pulp capping materials as reliable as traditional ones in terms of local and systemic biological effects? Dent. Mater. J. 2021, 41, 78–86. [Google Scholar] [CrossRef]

	



Pedano, M.S.; Li, X.; Yoshihara, K.; Van Landuyt, K.; Van Meerbeek, B. Cytotoxicity and bioactivity of dental pulp-capping agents towards human tooth-pulp cells: A systematic review of in-vitro studies and meta-analysis of randomized and controlled clinical trials. Materials 2020, 13, 2670. [Google Scholar] [CrossRef] [PubMed]

	



Giraud, T.; Jeanneau, C.; Rombouts, C.; Bakhtiar, H.; Laurent, P.; About, I. Pulp capping materials modulate the balance between inflammation and regeneration. Dent. Mater. 2019, 35, 24–35. [Google Scholar] [CrossRef] [PubMed]

	



Safety Data Sheet, Predicta TM Flow Dual Cure Bulk-Fill Composite; Parkell Inc.: Brentwood, NY, USA, 2018; Volume 77, pp. 1–25.

	



Wawrzynkiewicz, A.; Rozpedek-Kaminska, W.; Galita, G.; Lukomska-Szymanska, M.; Lapinska, B.; Sokolowski, J.; Majsterek, I. The toxicity of universal dental adhesives: An in vitro study. Polymers 2021, 13, 2653. [Google Scholar] [CrossRef] [PubMed]

	



Pieklarz, K.; Galita, G.; Tylman, M.; Maniukiewicz, W.; Kucharska, E.; Majsterek, I.; Modrzejewska, Z. Physico-chemical properties and biocompatibility of thermosensitive chitosan lactate and chitosan chloride hydrogels developed for tissue engineering application. J. Funct. Biomater. 2021, 12, 37. [Google Scholar] [CrossRef] [PubMed]

	



Wawrzynkiewicz, A.; Rozpedek-Kaminska, W.; Galita, G.; Lukomska-Szymanska, M.; Lapinska, B.; Sokolowski, J.; Majsterek, I. The cytotoxicity and genotoxicity of three dental universal adhesives—An in vitro study. Int. J. Mol. Sci. 2020, 21, 3950. [Google Scholar] [CrossRef] [PubMed]

	



Manaspon, C.; Jongwannasiri, C.; Chumprasert, S.; Sa-Ard-Iam, N.; Mahanonda, R.; Pavasant, P.; Porntaveetus, T.; Osathanon, T. Human dental pulp stem cell responses to different dental pulp capping materials. BMC Oral Health 2021, 21, 209. [Google Scholar] [CrossRef]

	



Sanz, J.L.; Soler-Doria, A.; López-García, S.; García-Bernal, D.; Rodríguez-Lozano, F.J.; Lozano, A.; Llena, C.; Forner, L.; Guerrero-Gironés, J.; Melo, M. Comparative Biological Properties and Mineralization Potential of 3 Endodontic Materials for Vital Pulp Therapy: Theracal PT, Theracal LC, and Biodentine on Human Dental Pulp Stem Cells. J. Endod. 2021, 47, 1896–1906. [Google Scholar] [CrossRef]

	



Rodríguez-Lozano, F.J.; López-García, S.; García-Bernal, D.; Sanz, J.L.; Lozano, A.; Pecci-Lloret, M.P.; Melo, M.; López-Ginés, C.; Forner, L. Cytocompatibility and bioactive properties of the new dual-curing resin-modified calcium silicate-based material for vital pulp therapy. Clin. Oral Investig. 2021, 25, 5009–5024. [Google Scholar] [CrossRef]

	



Safety Data Sheet, TheraCalTM LC. 2018. Available online: https://www.bisco.com/assets/1/22/TheraCal_LC_SDS_US_English1.pdf (accessed on 12 September 2022).

	



Barszczewska-Rybarek, I.M.; Chrószcz, M.W.; Chladek, G. Novel Urethane-Dimethacrylate Monomers and Compositions for Use as Matrices in Dental Restorative Materials. Int. J. Mol. Sci. 2020, 21, 2644. [Google Scholar] [CrossRef]

	



De Nys, S.; Duca, R.C.; Vervliet, P.; Covaci, A.; Boonen, I.; Elskens, M.; Vanoirbeek, J.; Godderis, L.; Van Meerbeek, B.; Van Landuyt, K.L. Bisphenol A as degradation product of monomers used in resin-based dental materials. Dent. Mater. 2021, 37, 1020–1029. [Google Scholar] [CrossRef]

	



Li, L.; Wang, Q.; Zhang, Y.; Niu, Y.; Yao, X.; Liu, H. The molecular mechanism of bisphenol A (BPA) as an endocrine disruptor by interacting with nuclear receptors: Insights from molecular dynamics (MD) simulations. PLoS ONE 2015, 10, e0120330. [Google Scholar] [CrossRef] [PubMed]

	



Hampe, T.; Wiessner, A.; Frauendorf, H.; Alhussein, M.; Karlovsky, P.; Bürgers, R.; Krohn, S. Monomer Release from Dental Resins: The Current Status on Study Setup, Detection and Quantification for In Vitro Testing. Polymers 2022, 14, 1790. [Google Scholar] [CrossRef] [PubMed]

	



Sideridou, I.D.; Achilias, D.S. Elution study of unreacted Bis-GMA, TEGDMA, UDMA, and Bis-EMA from light-cured dental resins and resin composites using HPLC. J. Biomed. Mater. Res. B Appl. Biomater. 2005, 74, 617–626. [Google Scholar] [CrossRef] [PubMed]

	



Huang, F.M.; Chang, Y.C. Cytotoxicity of dentine-bonding agents on human pulp cells in vitro. Int. Endod. J. 2002, 35, 905–909. [Google Scholar] [CrossRef]

	



Polydorou, O.; Trittler, R.; Hellwig, E.; Kümmerer, K. Elution of monomers from two conventional dental composite materials. Dent. Mater. 2007, 23, 1535–1541. [Google Scholar] [CrossRef] [PubMed]

	



Huang, F.M.; Tai, K.W.; Chou, M.Y.; Chang, Y.C. Cytotoxicity of resin-, zinc oxide–eugenol-, and calcium hydroxide-based root canal sealers on human periodontal ligament cells and permanent V79 cells. Int. Endod. J. 2002, 35, 153–158. [Google Scholar] [CrossRef]

	



ISO 10993-11:2017; Biological Evaluation of Medical Devices—Part 11: Tests for Systemic Toxicity. ISO: Geneva, Switzerland, 1 September 2017.

	



Lipski, M.; Nowicka, A.; Kot, K.; Postek-Stefańska, L.; Wysoczańska-Jankowicz, I.; Borkowski, L.; Andersz, P.; Jarząbek, A.; Grocholewicz, K.; Sobolewska, E.; et al. Factors affecting the outcomes of direct pulp capping using Biodentine. Clin. Oral Investig. 2018, 22, 2021–2029. [Google Scholar] [CrossRef] [PubMed]








[image: Cells 11 03238 g001 550] 





Figure 1. Cytotoxicity of the investigated pulp capping materials. Tests performed using resazurin-based cell viability assay after 24 h (A) and 48 h incubation (B) of cells with the tested compounds. The positive control was represented by the cells incubated with 100% DMSO, while the negative control cells were cultured in a complete IMDM medium. Statistical significance on the graphs: *** p < 0.001 versus negative control. 
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Figure 2. Genotoxicity of the investigated materials. Analysis was performed using an alkaline version of the comet assay after 24 h (A) and 48 h (B) incubation of cells with the tested compounds. Cells suspended in 10% DMSO were used for the positive control. Cells suspended in 1 mL of complete culture medium were employed as the negative control. Statistical significance on the graphs: *** p < 0.001 versus negative control. 
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Figure 3. Flow cytometric FITC annexin V/propidium iodide (PI) double staining analysis of apoptosis after 24 h and 48 h incubation of cells with the tested compounds. Dot plot graphs indicate share of viable (FITC annexin V negative, PI negative), early apoptotic (FITC annexin V positive, PI negative) late apoptotic (FITC annexin V positive, PI positive) and necrotic (FITC annexin V negative, PI positive) cells (A). Percentage of cells in each group after 24 h are presented below (B) and 48 h incubation (C). ***—statistically significant difference (p < 0.001). 
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Figure 4. Flow cytometry (FC) analysis of cell cycle progression using propidium iodide (PI) staining after 24 and 48 h incubation (A) of cells with the tested compounds. Percentage of cells in each group after 24 h are presented below (B) and 48 h incubation (C). Cells treated with 1 µM nocodazole constituted a positive control. Cells cultured in the complete medium represented the negative control. 
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