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Abstract

:

The purpose of this in vivo study was to evaluate and compare the dentin–pulp complex response following occlusal and cervical restorations in rat molars restored with nano-hydroxyapatite silica glass ionomer cement (nano-HA-SiO2-GIC) and conventional glass ionomer cement (c-GIC). In total, 64 maxillary first molars of 32 male Wistar rats were restored using Fuji IX (c-GIC) and nano-HA-SiO2-GIC using a split-mouth design. Half of them were reserved for the occlusal type of restoration while the other half was for cervical restorations. After one week and one month, rats were euthanized and were stained with hematoxylin and eosin, Masson’s trichrome, and Brown and Brenn techniques for histological examination. Parameters such as disorganization of the pulp tissue, inflammatory cell infiltration, detection of bacteria, and tertiary dentin deposition were measured for each group. One week after sacrifice, the odontoblastic layer was disrupted, and moderate inflammation in the pulp area close to the cut dentin was observed in both types of restorations. Nano-HA-SiO2-GIC showed significantly superior properties when assessed based on tertiary dentin formation as compared to c-GIC. One month after sacrifice, there was no evidence of disruptions of the odontoblast layer, which exhibited a normal palisade appearance in both groups. In terms of inflammation, the pulp tissue recovered in almost all cases except one of c-GIC, but a few cases of the nano-HA-SiO2-GIC group still displayed mild-to-moderate inflammatory reactions, especially of the occlusal type. Both c-GIC and nano-HA-SiO2-GIC exhibited favorable responses in terms of biocompatibility. Nano-HA-SiO2-GIC exerted more inflammation but encouraged better tertiary dentin formation compared to c-GIC.
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1. Introduction


The dentin in combination with pulp forms the dentin–pulp complex (DPC), which is derived from the same source during embryogenesis and hence has interconnected roles [1]. The pulp reacts via three basic mechanisms [2] in response to a bacterial provocation, such as caries, or any physical insult, such as cavity preparation or trauma: firstly, by decreasing the dentinal permeability by intratubular deposition of whitlockite crystals or sclerotic dentin, thereby blocking the irritants; secondly, via the deposition of tertiary dentin, which may be reactionary if deposited by the same existing odontoblasts or reparative if formed by newly differentiated odontoblasts; and thirdly, via the help of the pulpal immune response, which provides humoral and cellular challenges to invading pathogens. Therefore, a DPC attempts to preserve the physical and biological integrity of the tooth by making it disease-free [3].



The relationship of the restorative material’s interaction with the tooth structure seems to be affected by several elements, comprising the configuration of the restorative agent and leaching of any constituents that may or may not promote the DPC’s protective mechanism of tertiary dentin formation [4]. Therefore, a large variety of materials possessing varying configurations, characteristics, and endorsements for use in clinics are being familiarized in the field of dentistry.



One of the widely used restorative materials in restorative dentistry is glass ionomer cement (GIC). It has been extensively used because of its highly acceptable chemical bonding competency, cosmetic properties, fluoride release, and low thermal expansion [5]. An investigation displayed no change in pulpal response when conventional GIC (c-GIC) was compared to calcium hydroxide, which supports the adequate biocompatibility of c-GIC concerning pulpal tissue [6]. On the contrary, many failures are observed after its clinical use due to bacteriostatic properties, high dissolution after water sorption, weakness in mechanical strength, especially low fracture toughness, and wear resistance [7]. Furthermore, surveys [8] indicate that the continuous and constant release of fluoride is insufficient to provide protection from bacterial attack, which generally leads to the development of secondary caries below restorations [9].



Over the last two decades, researchers added different compounds with antibacterial properties to confront and surpass such problems. Recently, the employment of nano-components for dental materials such as nano-chitosan [10] and poly-ethylenimine nanoparticles [11], which were found to offer an improvement in antibacterial properties at the cost of a compromise in biocompatibility, is becoming well-accepted in the field of dentistry [11,12]. Recently, nano-metallics—for instance, silver (Ag), titanium oxide (TiO2), zirconium oxide (ZrO2), and copper (Cu)—were incorporated to improve GIC’s mechanical strength. They revealed encouraging outcomes [13,14], but some nano-metals, such as TiO2, were not able to improve the bonding of GIC with the tooth [15], with an additional compromise of unpleasing aesthetics. Similarly, some investigators have incorporated a few other nanofillers—for example, bioactive glass and niobium pentoxide—into GIC and revealed that they simply resulted in minor improvements in terms of mechanical strength and radio-opacity [16,17].



The inclusion of bioactive nano-silica within c-GIC enhanced its bioactivity properties, which may prevent marginal gap formation [18]. Nano-hydroxyapatite (HAp) is a mineral form of calcium apatite, which is found naturally and is analogous to dental hard tissue structure. The most exceptional feature of HAp is its biocompatibility. For the same reason, it has been utilized as a filler in many restorative materials. Apart from its promising bioactive properties, it has been shown to have the potential to repair enamel demineralization [19], and when incorporated with GIC, it displays better tensile and flexural strength compared to c-GIC [20].



Owing to the above-mentioned results for nano-silica and nano-hydroxyapatite, Rahman et al. merged them as a filler in c-GIC and found that the addition of the nano-HA-silica composite provided an increase of ~73% in the hardness values compared to the c-GIC [21]. Other researchers have found a better exchange of ions between tooth structure and nano-HA-GIC [22] and nano-HA-SiO2-GIC [23], advocating that higher remineralization was achievable when compared to c-GIC. Furthermore, the cytotoxicity evaluation of the nano-HA-SiO2-GIC on human dental pulp stem cells (DPSCs) demonstrated a favorable response [24]. Another study by Hii et al. showed that nano-HA-SiO2-GIC exhibited good biocompatibility on DPSCs, which was comparable to c-GIC. Also, nano-HA-SiO2-GIC encouraged the attachment and spreading of DPSCs with prominent filopodia, which indicates the good activity and viability of these cells [25].



Despite many studies with promising results for the mechanical, chemical, and in vitro biological evaluations of nano-HA-SiO2-GIC, to our knowledge, no in-vivo study has been performed to test and compare the biocompatibility of nano-HA-SiO2-GIC and c-GIC in terms of the dentin–pulp complex response. Hence, this study aimed to assess the dentin-pulp complex response to nano-hydroxyapatite-silica-GIC occlusal and cervical restorations in Wistar rats’ molar teeth as compared to conventional GIC in terms of pulp tissue disorganization, infiltration of inflammatory cells, bacterial detection, and deposition of tertiary dentin.




2. Materials and Methods


2.1. Materials


Conventional restorative GIC (Fuji IX, GC Corp Tokyo, Japan. batch number 1712221) and locally produced nano-hydroxyapatite-silica GIC (nano-HA-SiO2-GIC) were used in this study. The nano-HA-SiO2 powder was prepared using a one-pot method as described by [21]. Powder of nano-HA-SiO2 was measured and mixed with c-GIC powder at a proportion by weight of 10%. This mixture was ground by mortar and pestle for 10 min and mixed with the liquid with the same powder/liquid proportions.




2.2. Operative Procedures


The subjects of this study were 32 healthy, two months old, male Wistar rats weighing around 180–220 g, which were divided randomly into two experimental groups (n = 16 per group) for the occlusal and cervical types of restoration. The protocol of this study was submitted and approved by Institutional Animal Care and Use Committee (IACUC), (USM/IACUC/2020/(122-1053). All procedures were carried out as per ethical standards for the care and use of the animals and conformed to the ARRIVE guidelines [26]. The rats were housed in cages (4–5 rats per cage) and placed in ventilated racks at 24 ± 2 °C with a relative humidity of 60 ± 15% and a normal photoperiod (12–12 h light–dark cycle). During the experimentations, the rats were provided with a standard diet of rat pellets and filtered water ad libitum.




2.3. Cavity Preparation and Restoration


For cavity preparation and restorative procedures, the rats were sedated by giving an intra-peritoneal injection of Ketamine (90 mg/kg) and Xylazine (5 mg/kg) for the interventions. A surgical table with a customized orthodontic wire loop was adapted to maintain the oral cavity open during the dental procedure, and buccal mucosa was kept retracted with the help of a tweezer as shown in Figure 1a. Cavity preparation was conducted after performing oral antisepsis using 75% ethanol and sterile distilled water.



There were two types of cavity preparations (occlusal and cervical) and two types of restorations (c-GIC and nano-HA-SiO2-GIC) with two intervals (1 week and 1 month). Eight teeth (n = 8) were designated to each time interval and material, 8 × 2 × 2 × 2 = 64 tooth cavities. Two tooth cavities per rat using a split-mouth design with two intervals required 32 rats, which was carried out using the model followed by previous studies [27]. The sample size comprised the quantity of prepared restorative cavities, following the methodology of previous studies [28,29]. An example of cervical cavity preparation and restoration of rats’ molars is shown in Figure 1b–d.



The maxillary first molars were used with a split-mouth design in which c-GIC was restored on the right side, whereas the left side was employed for nano-HA-SiO2-GIC for both occlusal and cervical types of restorations using simple random sampling. A cavity of ~0.5 mm in depth and 0.5 mm in width (measured with a periodontal probe) was prepared with a carbide bur of 0.5 mm diameter (H1.FG.005; Komet, Gebr Brasseler GnbH & Co KG, Lemgo, Germany) with highspeed contra-angle at 30,000 rpm (TC Motor 3000, France) under a stereomicroscope at (X16 BMK-4/LED 5X Hobbyist/Dental Non-Modular Stereo Microscope, Meiji Techno, Saitama, Japan). Precautions were taken to minimize overheating by replacing the bur after each four-cavity preparation. Small gauze was used to dry the cavity walls after preparation and each set of restorations (c-GIC and nano-HA-SiO2-GIC) was then placed into the respective cavities. Throughout the intervention period, all the rats were observed with a facial grimace scale which is used for coding pain and distress in experimental animals.




2.4. Animal Sacrifice and Histopathological Procedure


Rats were euthanized through carbon dioxide gas overdose inhalation after one week and one month of intervention for both occlusal and cervical types of restorations. The maxilla was dissected and fixed in 10% neutral buffered formalin at room temperature for a day [30], then demineralized in a 20% formic acid solution. This procedure was repeated every other day until the endpoint was achieved. The maxilla was then dissected vertically and passed through a series of ethanol concentrations to dehydrate it (70, 80, 90, and 100 percent). Afterward, the samples were embedded in paraffin blocks and were sectioned along the long axis of the tooth in a buccolingual direction at every 50 µm until the area that contained full pulp and exposed dentinal area of the 1st and 2nd molar was observed. The serial sections of 4 µm were stained with hematoxylin and eosin (H&E) stain. The following sections underwent Masson’s trichrome to assess tertiary dentin formation and soft tissue organization and Brown and Brenn staining for bacterial detection, respectively [29].




2.5. Histological Assessment of Dentine Pulp Complex (DPC) Response


The stained slides were blindly examined under the light microscope (Nikon E100, Tokyo, Japan) by two trained investigators based on parameters such as pulp tissue disorganization, infiltration of inflammatory cells, bacterial detection, and deposition of tertiary dentin as shown in Table 1.



Measurements of the remaining dentin thickness (RDT) and the tertiary dentin formation (TDF) were performed for each slide image using Image-J software (Java-based image processing program, Madison, WI, USA). RDT denotes to the thickness of the dentin left after cavity preparation which is between the pulp chamber and the cavity floor (excluding the tertiary dentin which was newly formed). The TDF was considered and calculated as the tertiary dentin thickness which is newly formed after the cavity preparation is performed (between the pulp and the regular dentin). The same parameters for the calculation of RDT and TDF were used for occlusal and cervical types of restorations. An example of RDT and TDF in a rat tooth restoration is shown in Figure 2a. The effects of c-GIC were assessed as a positive control group and TDF in second molars was taken as the negative control. An example of tertiary dentin formation in 2nd molars is shown in Figure 2b.



In all rat molars, mild tertiary dentin is usually formed in occlusal and cervical aspects due to the continuous tooth grinding nature of the rats and subsequently mild deposition of tertiary dentin [32]. Hence, we considered Grade 0 as tertiary dentin thickness ranging from 0 to 49 µm (which was the maximum TDF observed in all 2nd molars in our study) and considered normal, hence Grades 1, 2, and 3 were considered actual deposition of TDF induced by a particular restoration which was categorized as Grade 1 with 50–99 µm of TDF, Grade 2 with 100–249 µm and Grade 3 with 250–500 µm of TDF as assessed with Image J analysis.




2.6. Statistical Analysis


All tests were performed using the Statistical package for social sciences (SPSS) version 22. Two-way ANOVA was carried out to calculate a significant difference in the remaining dentin thickness (RDT) and dentin–pulp complex response resulting from both types of materials being tested. One-way ANOVA was carried out to evaluate any significant difference in the tertiary dentin formation (TDF). The value of significance was set at p < 0.05 for all the tests.





3. Results


3.1. Dentine Pulp Complex Response


Table 2 shows the mean scores for each parameter for occlusal restorations and Table 3 shows the mean scores for each parameter for cervical restorations using c-GIC and nano-HA-SiO2-GIC.



3.1.1. Pulp Tissue Disorganization


For occlusal restorations, both groups (c-GIC and nano-HA-SiO2-GIC) generally displayed odontoblastic layer disruption in areas related to the cut dentinal tubules. At 1 week, 80% of the teeth exhibited Grade 1 pulp tissue disorganization in both c-GIC and nano-HA-SiO2-GIC groups with central pulp being normal. An example of a c-GIC case is shown in Figure 3A–C). At 1 month interval, almost 100% showed a normal palisade appearance of odontoblast in both c-GIC and nano-HA-SiO2-GIC groups. However, in the cervical type at 1-week and 1-month intervals, both kinds of restorations had Grade ‘0’ pulp tissue disorganization, indicating a milder response as compared to that of the occlusal group. In general, a slightly higher mean score for nano-HA-SiO2-GIC was observed as compared to the c-GIC group at both 1-week and 1-month intervals.




3.1.2. Inflammatory Cell Infiltration


In the occlusal restorations, at a 1-week interval, almost 75–80% of the molars restored with both c-GIC and nano-HA-SiO2-GIC showed no or mild inflammation, while 20–25% of the samples underwent moderate inflammation as shown in Table 3. However, at a 1-month interval, all teeth in the c-GIC group showed no inflammation, which was not observed in the nano-HA-SiO2-GIC group, in which 30% of the restored molars still showed mild inflammation, as shown in Figure 4A–C. For cervical restorations, at 1 week, most of the samples of c-GIC and nano-HA-SiO2-GIC restorations showed mild to moderate inflammation, but at 1-month intervals, almost all samples showed no inflammation. In general, again nano-HA-SiO2-GIC showed higher scores than c-GIC in terms of inflammation at 1-week and 1-month intervals.




3.1.3. Bacterial Detection


Only one sample from the c-GIC group of cervical restoration showed evidence of bacterial detection, as shown in Figure 5. All other samples of both groups displayed no bacterial detection when observed with Brown and Brenn staining.




3.1.4. Residual Dentin Thickness and Tertiary Dentin Formation


Figure 6a indicates the remaining dentin thickness (RDT) in all the cavities of c-GIC and nano-HA-SiO2-GIC occlusal and cervical restorations at different time intervals, which shows that all cavities had a RDT of ~200 µm, which is appropriate for investigating the pulp complex response to any restorative materials. For occlusal cavities, in both groups of restorations, RDT was in the range of 192–218 µm and for cervical cavities, RDT was in the range of 163–179 µm. Morphometric evaluation indicates that neither specific factors (type of material and time of being euthanized) nor their interrelation were statistically significant (statistical data not shown). Therefore, all cavities prepared on occlusal and cervical aspects had almost comparable RDTs, hence the reproducibility of the procedures we performed was demonstrated.



A significant difference in results was detected when the tertiary dentin thickness (TDT) of both c-GIC and nano-HA-SiO2-GIC in first molars was compared with second molars (which was taken as negative control). These results in Table 4 and Figure 6b show that both types of restoration (c-GIC and nano-HA-SiO2-GIC) had a reasonable inductive influence on the deposition of tertiary dentin as compared with second molars. Although nano-HA-SiO2-GIC showed higher TDF compared to c-GIC, the result was not statistically significant. Also, there was more TDF in cervical restorations as compared to occlusal restorations, which is observed in Figure 6b.



At the 1-week interval of occlusal restorations, 80% of the teeth restored with nano-HA-SiO2-GIC showed Grade 1 deposition of tertiary dentin, whereas samples of the positive control c-GIC group showed 50% of Grade 1 tertiary dentin deposition (p > 0.05). Teeth that underwent a 1-month intervention showed almost similar results for both types of restorations. With regards to the cervical type of restorations, both materials exhibited similar responses at the 1-week interval, but at the 1-month interval, nano-HA-SiO2-GIC showed a better response than c-GIC in which 60% of the teeth exhibited Grade 3 TDF, whereas this grade was only observed in 30% of c-GIC-restored teeth. It was also noted that the nano-HA-SiO2-GIC group displayed better deposition of tertiary dentin formation as shown in Figure 7. This is in comparison to the c-GIC group in terms of thickness and extension of the tertiary dentin deposition along the cavity wall, as shown earlier in Figure 6b.






4. Discussion


Since secondary caries at the cavo-surface margins is the prime reason for the failure of any restoration, restorative materials that are biocompatible and promote tertiary dentin formation are highly desirable. This study inspected a potential bioactive novel nano-hydroxyapatite-silica-glass ionomer cement in an animal model and investigated the reaction of the dentin–pulp complex in tooth cavities of rats.



Our study outcomes provide evidence that nano-HA-SiO2-GIC exerts mild to moderate dentin–pulp complex reactions comparable to conventional GIC and therefore attains adequate biocompatibility. The methodology used in this study permits us to characterize: (i) the different effects of occlusal and cervical types of restoration on dentin–pulp complex; (ii) the differentiation of tertiary dentin which is formed due to normal physiological processes (such as tooth grinding and attrition) with the tertiary dentin that is formed because of biological effects of the material; and (iii) the reproducibility of the cavity preparation in molars of rats by using Image J analysis. Judgment between TDF resulting from normal physiological effects and what is consequential from the restorative material is a critical point, mostly explored by the investigation of longer duration observation that is the 1-month interventional period [27,29]. Rat molar teeth are an excellent model for studying dentin–pulp complex response after restoration due to their anatomical and genetic similarities to humans [27,33].



Regarding pulp tissue disorganization, the response of both types of restorations at 1-week intervals in both occlusal and cervical type restorations was more restricted to the odontoblastic layer disruption in the pulp area corresponding to the cut dentinal tubules. However, after a 1-month interval, the normal palisade arrangement of cell bodies of odontoblasts in the outermost zone of the pulp was restored. A study by Ohshima [34], who utilized the same animal model, reported that odontoblasts returned to their normal arrangement, although they were observed to be severely injured right after the preparation of cavities, which was also observed in our study. The morphological design of our study does not permit us to differentiate whether these odontoblast cells were previously existing or newly differentiated odontoblast cells from undifferentiated ecto-mesenchymal cells from the core of the pulp. However, this is more common in various attacks [2]. In our study, we did not observe any case of pulpal necrosis in both types of restoration, which is in line with the study by Korner et al. [35] who also observed that high fluoride-releasing materials such as GIC and silver diamine fluoride did not cause any necrosis.



There are two main causes of inflammation after any cavity preparation followed by restoration. Firstly, the inflammation occurs due to abrupt movement of the dentinal fluid caused by cutting dentin, which usually resumes its normal status in 8 to 19 days [36]. Secondly, inflammation occurs due to the response of the restorative material, which may be because of discharge of some unknown components. For GIC, the unreacted groups have been shown to have mild to moderate cytotoxic effects on cell cultures [37], mainly depending on the type of additives being added in GIC [38]. Ribeiro et al. [39] reported that at the seventh day, a mild inflammation of the pulp related with local tissue disruption was witnessed in the majority of the teeth filled with c-GIC, and this was also observed in our study. A study [28] to access pulp response in a rat tooth model using Fuji Lining LC and Fuji IX showed no response or slight inflammation in most of the samples with mild disorganization of pulp tissue throughout a seven-day interval. This contrasted with our study results in which we found more inflammation and moderate levels of tissue disorganization. The reason for this difference might be because they used different lining and base materials whereas cavities made in our study were deeper, which might explain the results observed.



In the above-mentioned study, after 30 days, the pulp tissue in all groups recovered and exhibited a normal manifestation. However, we observed slightly more inflammation in the nano-HA-SiO2-GIC group as compared to c-GIC in both occlusal and cervical restorations. Reasons might be ascribed to its nanoscale. When converted to the nanoscale, many materials may show considerable toxicity at the cellular level [5,40,41]. Since the nanomaterials are comparable in size to proteins, DNA, viruses, and biological molecules, part of their effects may lie in the interaction between living things and the environment. Nevertheless, this mechanism of interaction is still not very clear, and necessitates further investigation in the future.



Hii et al. [25] performed a biological evaluation of nano-HA-SiO2-GIC on human dental pulp stem cells (DPSCs). At the highest concentration of 200 mg/mL, they observed a moderate level of cytotoxicity to DPSCs. This moderate level of cytotoxicity was believed to be attributed to the formation of a component/by-product that leached out from the cement. An earlier study [42] on nano-HA-SiO2-GIC showed detection of a high degree of cross-linking of silyl species between the glass particles in the GIC matrix and nano-silica. As a result, during the setting of nano-HA-silica-GIC, lesser glass particles were free to react with the polyacrylic acid (PAA), thereby allowing this unreacted free PAA to be released after the setting of the nano-HA-silica-GIC, and hence causing more inflammation in the pulp tissue [21], as observed in our study.



Another interesting point to be mentioned here is that whilst the subsequent inflammatory process will cause the break-down of tissue, low-grade inflammation potentially induced by mechanical trauma and mild necrosis may encourage regenerative mechanisms, including angiogenesis and stem cell differentiation [43]. This may explain our results for nano-HA-SiO2-GIC having more inflammation but at the same time better tertiary dentin formation.



For the detection of bacteria, our study revealed some promising findings whereby no bacteria were observed in both groups (except for one) which is in line with findings of Six et al. [29]. However, it is difficult to achieve any association between inflammation of the pulp and the presence of bacteria based on a smaller number of subjects. The absence of bacterial contamination under both types of restoration based on GICs supports two possible explanations. First, the barrier of the tertiary dentin layer, self-repair processes, and alteration of blood vessels, result in prompt healing of the pulp. Moreover, the slow release of fluoride from both c-GIC and nano-HA-SiO2-GIC may also constrain the penetration of bacteria into the dentin.



The morphometric data of remaining dentin thickness (RDT) analyzed in our study, in terms of the dimension of the rats’ molars, established that a reasonable residual dentin thickness of ∼200 µm was equivalent in both restoration types (c-GIC and nano-HA-SiO2-GIC) and in both groups of occlusal and cervical restorations which is adequate for determining the biological response, as mentioned by Li et al. [27]. Thus, this parameter in terms of RDT was consistent. So, our study data indicate that a valuable evaluation can be performed between the two types of restoration (c-GIC and nano HA-SiO2-GIC) and two groups (occlusal and cervical), and hence, the reproducibility of rat molars for restorations was supported. Also, the shape and width of the upper first molars of Wistar rats are appropriate to deliver enough histological sections, permitting us to assess the results and conclude meaningful assessments [32]. These time intervals were selected because a study performed on the pulps of rat molars showed that the inflammatory reaction subsided in 8 days, and tertiary dentin formation was initiated in 2 weeks, resulting in a proper hard tissue dentinal bridge formation in 2 consecutive weeks [27].



In our study, the negative controls showed some deposition of tertiary dentin which was in the range of 31–44 µm (Grade 0) because of attrition. It can be suggested that some tertiary dentin formation was seen in occlusal aspects (beneath the cuspal tips) of the molars with and without restoration due to the continuous tooth grinding nature of the rats and subsequent adaptation to the masticatory stresses resulting in deposition of tertiary dentin which is also reported by Lovschall et al. [44]. For that purpose, morphometric analysis was carried out to compare the TD thickness of the first molar and second molar, and the different grading system mentioned above was utilized (Table 1). Also, this point emphasizes the importance of having another parameter included in the study, which was cervical restorations. In cervical restorations, the same grading system mentioned above was followed, as we also observed some TDF in second molars in the cervical area, which was in the range of 21–30 µm (Grade 0). This physiological cervical dentin deposition was also observed by Lovschall et al. [44] as a discrete deposition of asymmetrical dentin in the mesio-cervical area of the pulp corresponding to the exposure of dentinal tubules associated with cervical root dentin. In both occlusal and cervical restorations, the grading and scoring criteria we used differentiates between the TDF due to attrition and TDF due to restoration with biomaterials.



GIC is known to have good outcomes in terms of tertiary dentin formation. As mentioned in a clinical trial [45], when GIC was evaluated as an atraumatic restorative technique, the tertiary dentin was found in almost 90% of the teeth inspected, though the degree of deposition was small. This was almost observed in our study occlusal group at 1-week duration, in which four out of eight teeth in the c-GIC group, and to a greater extent in the nano-HA-SiO2-GIC group, in which six out of eight teeth showed some level of tertiary dentin formation. Our findings of early tertiary dentin formation by both groups are in line with a study by Oshima [34], who reported that after three days of cavity preparation, odontoblasts that were newly differentiated replace the damaged odontoblasts and ultimately by five days after cavity preparation, they began to produce reparative dentin. Also, an immunoelectron-microscopic study by Hirata and co-workers demonstrated that a large amount of osteocalcin mRNA expression was found in odontoblasts 3 days post cavity preparation [46]. Osteocalcin is a major non-collagenous protein of the dentin matrix which forms the basis of newly formed tertiary dentin. In our study, at a 1-month interventional period, all samples of both types of restorations showed a Grade 2 level of tertiary dentin formation.



Concerning cervical restorations, almost all first molars from both c-GIC and nano-HA-SiO2-GIC groups revealed a favorable response of the dentin–pulp complex in terms of tertiary dentin formation. However, results were better for nano-HA-SiO2-GIC restorations, in which the extent of the newly formed tertiary dentin was similar to the thickness and extent of the cavity, which is an encouraging outcome. A study by Hii et al. [47] found that nano-HA-SiO2-GIC extracts promote an early odontogenic differentiation of human dental pulp stem cells (DPSCs). This supports the idea that nano-HA-SiO2-GIC may have a better inductive influence on early differentiation and ultimately deposition of tertiary dentin from ecto-mesenchymal cells of the dental pulp.



A study performed by Yap et al. [48] observed the effects of the incorporation of nano-hydroxyapatite (nano-HAp) in GIC and found it to have better mechanical properties. Moreover, nano-HAp crystals enhanced bonding strength to dentin [49]. Also, Nano-silica has been reported to have high mechanical strength and good thermostability [18] which may also have some positive influence on our study results related to nano-HA-SiO2-GIC which is a merger of nano HAp and nano silica in GIC.



The nano-HA-SiO2-GIC was found to have improved hardness when combined with c-GIC due the higher content of nano-silica, which results in denser cement to produce stronger GIC [50]. When tested for genotoxicity, Ghani et al. [51] reported that there was no notable rise in the number of revertant colonies related to the upsurge in the concentrations of nano-HA-SiO2, and hence was concluded to be non-genotoxic material and had no mutagenic potential. Murugan et al. [52] recommended the integration of nanohydroxyapatite into c-GIC, which exhibited promising enhancements in the mechanical features, flexural strength, antibacterial properties, and a decrease in the microleakage of the c-GIC, therefore making it one of the most appropriate additives to be utilized. However, further research needs to be performed to authenticate the prospective use of nano HA SiO2 GIC in clinical human trials.




5. Conclusions


The nano HA is comparable to c-GIC, which serves as the control, and also shows more tertiary dentin deposit, but slightly more inflammatory cell response.
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Figure 1. (a) Customized design wire loop and tweezer in place for mouth retraction. (b) Bur in position for cervical cavity preparation on a molar. (c) Prepared cervical cavity (d) Cervical restoration in place. 
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Figure 2. (a): (A) Restoration. (B) Remaining dentin thickness (RDT). (C) Tertiary dentin, star indicates calcio-traumatic line (H&E, 10×). (b): An example of the 2nd molar having some tertiary dentin formation in the occlusal (left circle) and cervical (right circle) area (H&E). 
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Figure 3. (A–C) (4×, 10× and 40×): Microscopic view of c-GIC occlusal restoration showing Grade 1 pulp tissue disorganization after 1 week of interventional period in the area encircled as red in (B) (H&E). 
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Figure 4. (A–C) (4×, 10×, and 40×): Microscopic view of occlusal restoration with nano-HA-SiO2-GIC showing Grade 1 inflammation at 1 month of sacrifice in the area encircled as red in (A) ((A,C) = H&E stain, (B) = trichrome stain). 
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Figure 5. (A–D) (4×, 10×, and 40×): Microscopic view of cervical restoration with c-GIC at a 1-month interval (H&E and trichrome showing new dentin formation). (D) shows the bacterial detection under Brown and Brenn staining. 
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Figure 6. (a): Comparison of RDT values shown by c-GIC and nano-HA-SiO2-GIC in both cervical and occlusal restorations in different interventional periods. (b): Comparison of TDT values among 2nd molar, c-GIC, and nano-HA-SiO2-GIC for both materials at different time intervals. 
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Figure 7. (A–C) (4×, 10× and 40×) (where (B,C) are magnified view of red encircled area of (A): Microscopic view of cervical restoration with nano-HA-SiO2-GIC. A very organized continuation of dentinal tubules can be seen with a normal palisade appearance (yellow arrow) of odontoblasts on either side of newly formed tertiary dentin, with dilated blood vessels. A clear distinctive pre-dentin can also be seen (red arrows). 






Figure 7. (A–C) (4×, 10× and 40×) (where (B,C) are magnified view of red encircled area of (A): Microscopic view of cervical restoration with nano-HA-SiO2-GIC. A very organized continuation of dentinal tubules can be seen with a normal palisade appearance (yellow arrow) of odontoblasts on either side of newly formed tertiary dentin, with dilated blood vessels. A clear distinctive pre-dentin can also be seen (red arrows).



[image: Applsci 13 03156 g007]







[image: Table] 





Table 1. Criteria for scoring of dentin-pulp complex response after occlusal and cervical restorations modified from Li et al. [27] and Costa et al. [31].






Table 1. Criteria for scoring of dentin-pulp complex response after occlusal and cervical restorations modified from Li et al. [27] and Costa et al. [31].





	Score
	Histological Characterization





	A
	Pulp tissue disorganization



	0
	Normal tissue



	1
	Odontoblastic layer disorganized but normal central pulp



	2
	Disorganization of pulp tissue morphology



	3
	Pulp necrosis



	B
	Inflammatory cell infiltration



	0
	None or few scattered inflammatory cells present in the pulp area corresponding to the pulpal/axial wall, characteristic of normal connective tissue



	1
	Mild inflammatory cell infiltrate with polymorphonuclear (PMNs) or mononuclear leukocytes (MNLs)



	2
	Moderate inflammatory cell infiltrate involving the coronal pulp



	3
	Severe inflammatory cell infiltrate involving the coronal pulp or characterizing abscess



	C
	Bacterial detection



	0
	Absent or few scattered bacteria next to the area of pulp exposure or newly formed tertiary dentin



	1
	Presence of bacteria with a clearly visible amount in the coronal pulp



	D
	Tertiary dentin deposition



	0
	No or very mild tertiary dentin deposition (0–49 µm = Grade 0)



	1
	Initial tertiary dentin deposition extending to not more than one-half of the cavity floor (50–99 µm = Grade 1)



	2
	Moderate tertiary dentin deposition extending to more than one-half of the cavity floor but not completely closing the cavity floor (100–249 µm = Grade 2)



	3
	Intense tertiary dentin deposition, extending entirely along the cavity floor (250–500 µm = Grade 3)
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Table 2. Mean score and SD of dentin–pulp complex reaction for occlusal c-GIC and nano-HA-SiO2-GIC at each experimental time interval.
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Study Parameters

	
Time Interval

	
c-GIC (n = 8)

	
Nano-HA-SiO2-GIC (n = 8)

	
Two-Way ANOVA

p ≤ 0.05






	
Pulp tissue disorganization

	
1 week

	
1.00 (0.53)

	
1.12 (0.64)

	
0.317




	
1 month

	
0.25 (0.46)

	
0.62 (1.06)

	
0.180




	
Inflammatory cell infiltration

	
1 week

	
0.87 (0.83)

	
1.25 (0.70)

	
0.083




	
1 month

	
0.00 (0.00)

	
0.85 (1.06)

	
0.059




	
Bacterial detection

	
1 week

	
0.00 (0.00)

	
0.00 (0.00)

	
NA




	
1 month

	
0.00 (0.00)

	
0.00 (0.00)

	
NA




	
Tertiary dentin formation

	
1 week

	
0.62 (0.74)

	
0.75 (0.46)

	
0.564




	
1 month

	
1.00 (0.53)

	
1.25 (0.46)

	
0.157
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Table 3. Mean score and SD of dentin–pulp complex response for cervical c-GIC and nano-HA-SiO2-GIC at each experimental time interval.
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Study Parameters

	
Time Interval

	
c-GIC (n = 8)

	
Nano-HA-SiO2-GIC (n = 8)

	
Two-Way ANOVA

p ≤ 0.05






	
Pulp tissue disorganization

	
1 week

	
0.75 (0.88)

	
0.75 (0.88)

	
1.000




	
1 month

	
0.75 (1.03)

	
0.50 (0.75)

	
0.157




	
Inflammatory cell infiltration

	
1 week

	
0.50 (0.75)

	
1.00 (0.53)

	
0.046 *




	
1 month

	
0.70 (0.75)

	
0.25 (0.46)

	
0.170




	
Bacterial detection

	
1 week

	
0.00 (0.00)

	
0.00 (0.00)

	
NA




	
1 month

	
0.12 (0.35)

	
0.00 (0.00)

	
0.351




	
Tertiary dentin formation

	
1 week

	
0.75 (0.70)

	
0.87 (0.83)

	
0.317




	
1 month

	
2.00 (0.92)

	
2.37 (0.91)

	
0.083








* indicates significant difference between cGIC and nano-HA-SiO2-GIC (p ≤ 0.05).
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Table 4. Comparisons of tertiary dentin thickness of nano-HA-SiO2-GIC, c-GIC, and 2nd molar (negative control) on various days using one-way ANOVA.
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Occlusal 1 Week

	
Occlusal 1 Month

	
Cervical 1 Week

	
Cervical 1 Month




	
Mean (SD)

	
Mean (SD)

	
Mean (SD)

	
Mean (SD)






	
Nano-HA-SiO2-GIC

	
96.66 (41.24)

	
100.10 (56.53)

	
85.82 (17.69)

	
219.59 (118.85)




	
c-GIC

	
66.21 (43.15)

	
78.29 (54.55)

	
83.30 (70.34)

	
185.72 (112.51)




	
2nd molar

	
31.97 (5.30)

	
44.48 (7.79)

	
30.70 (21.18)

	
23.38 (7.51)




	

	
p: 0.005 *

	
p: 0.070

	
p: 0.075

	
p: 0.001 *








* indicates significant difference between cGIC and nano-HA-SiO2-GIC (p ≤ 0.05).
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