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Editorial on the Research Topic 
Recent advancements in the dental biomaterials applied in various diagnostic, restorative, regenerative and therapeutic procedures


RECENT ADVANCEMENTS IN THE DENTAL BIOMATERIALS APPLIED IN VARIOUS DIAGNOSTIC, RESTORATIVE, REGENERATIVE, AND THERAPEUTIC PROCEDURES
In recent times, dentistry has evolved in many directions at a very rapid pace. These advancements can be witnessed in every aspect of dentistry, including diagnosis, investigation, and therapeutic approaches, such as restorative, reparative, regenerative, and rehabilitative techniques. With improvements in investigative methodologies such as micro-computed tomography, scanning electron microscopy, spectroscopy, quantitative real-time polymerase chain reaction (PCR), cell line culture, immunohistochemistry, and laser scanning confocal microscopy (LSCM), the field’s understanding of diseases in terms of their etiopathogenesis and the available responses in the form of treatments have improved tremendously. Furthermore, nanotechnology has also contributed to a revolution taking place in various areas of the sciences, such as molecular biology, chemistry, and engineering. Dentistry is no exception to this: a vast amount of research is ongoing in this area, with existing dental biomaterials being modified to improve their physical, mechanical, and biological properties. Additionally, with the expanding need for treatment, new biomaterials are even being developed, while alterations to existing materials, such as restorative cements and obturating materials, are being improvised to overcome the shortcomings of their mechanical or chemical properties. There is demand for the development or improvisation of rehabilitating materials, such as dental implant surfaces and guided regeneration membranes, in order to make them more biocompatible, or to provide them with antibacterial properties or a cellular inductive nature.
In this Research Topic, a wide range of research papers have been published, discussing various aspects of the dental material sciences and taking the form of original research articles, narrative reviews, mini reviews, and case reports.
In a systematic review, Almehmadi compared the impact of titanium or zirconia implant surfaces coated with magnesium (Mg) to that of non-coated surfaces in terms of the success of implants. Based on the eligibility criteria and PICO statement, a total of 14 in vitro and animal studies were considered. Within the limitations of the review in terms of heterogenicity, the results of the in vitro studies showed an improvement in cell behavior, increased expression of various osteogenic markers such as alkaline phosphatase, and evidence of antibacterial properties in the case of the Mg-coated surfaces. The results of the animal studies also supported the use of Mg-coated surfaces, with these cases displaying characteristics such as high bone fill, enhanced bone–implant contact, and new bone formation.
In another systematic review and meta-analysis, Zhao et al. compared dental adhesives incorporating various plant extracts to adhesives without such additives in terms of their immediate strength of bonding with dentine. Furthermore, they also explored the difference in dentine strength between cases with and without the use of plant extracts as primers. Lastly, they also studied the influence of different types of plant extract and their use at varying concentrations. In consideration of the inclusion and exclusion criteria, a search strategy was devised that included all possible keywords. A total of 30 in vitro studies were considered for qualitative analysis, whereas 14 studies were analyzed quantitatively. It was concluded that there is a statistically significant improvement in immediate dentine-adhesive strength when adhesives with plant extracts are used. Additionally, improvement can be observed when plant extracts are used as primers. Among the plant extracts, 10% proanthocyanidine emerged as the most promising primer for improvement of the immediate bonding strength.
A original study by Xuan et al. aimed to compare a novel hierarchical intrafibrillarly mineralized collagen membrane (HIMCM) with the conventional therapeutic options for guided bone regeneration, such as collagen membrane and extrafibrillarly mineralized collagen. The newly fabricated membrane displayed superior physical properties (such as hydrophilicity and tensile strength) and chemical properties compared to the traditional options, and thus was found to mimic the microstructure of bone closely. Furthermore, HIMCM impregnated with bone marrow mesenchymal stem cells displayed enhanced signs of bone regeneration, such as proliferation and eventually differentiation into cells with a clear osteogenic fate. Additionally, in an animal experiment, the HIMCM was found to successfully fill a large surgical defect with bone analogous to neighboring bone in terms of density and architecture.
Another original piece of research by Abed et al. involved a comparative analysis of the chemical bond between glass ionomer cement (GIC) and the dentine of primary dentation, in which silver nanoparticles in three different concentrations (namely .2, .4, and .6%) were added to the GIC. The bond strength was enhanced by the addition of these nanoparticles, even at a low concentration of .4%.
Nanotechnology is a very promising avenue of researchin the dental biomaterial sciences, and many relevant research and review papers have been published in this Research Topic. Li et al. describe the details of research relating to graphene-based materials in a review paper. Graphene is a carbon-based nanomaterial and its derivatives possess excellent properties, such as biocompatibility, stimulation of cell differentiation, and anti-bacterial activity, which mean that it has various applications in dentistry. To mention a few, these include teeth whitening, adhesives, cements, coatings for dental implants, and tissue engineering, including bone and dental pulp. Yet another review, by Pushpalatha et al., discusses a versatile dental material, namely mineral trioxide aggregate (MTA). The paper describes the advantages of this material and its varied applications in dentistry. Additionally, the authors discuss the downsides of MTA, such as long setting time, discoloration, mud-like consistency, and poor handling characteristics; these have prompted new advancements, leading to the development of modified MTA. This subsequently developed materialsucceeds in overcoming the downsides of MTA and has better properties, such as improved setting time, enhanced compressive strength, microhardness, antibacterial activity, biocompatibility, regenerative ability, and suitability for local drug delivery.
Essentially, the aim of this Research Topic was to aggregate and disseminate work relating to current concepts and trends in dentistry, including but not limited to its diagnostic, restorative, and regenerative aspects. In addition to collecting and publicizing these developments, this Research Topic also attempts to bring multidisciplinary researchers together under a common roof. Furthermore, it also furnishes researchers and clinicians across the globe with an opportunity to share their innovative research and their perspectives on technological advancements in dentistry and how these can make a difference to patients’ quality of life. Lastly, this Research Topic will ignite the interest of a global readership in this Research Topic and stimulate further research ideas among them, as well as enhancing readers’ interest in this domain and assisting them in planning out their future research. This Research Topic covers the theme via all forms of research paper, including systematic reviews, meta-analyses, original research, narrative scoping reviews, and case series.
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Magnesium (Mg) is an essential trace element that has a significant role in the human body through its effects on bone metabolism. It has various applications in orthodpaedics and dentistry and the interest of this systematic review lies in its potential role as a dental implant surface coating. The dental implants can fail at different stages starting with its osseointegration phase to the restorative stage in the oral cavity. The biological loss of bone integration to the implant surface has been classified as one of the primary reasons for dental implant failure. There have been numerous strategies that have been shown to compensate this reason for implant failure, among which are the dental implant surface coatings. These coatings have been shown to improve the enhance the adhesion as well as the process of osseointegration. There are numerous studies in the existing literature that have analyzed the effects of Mg-based coatings on cellular as well as biological processes in bone-implant integration. A systematic search of various databases yielded 175 articles, of which 14 in vitro and experimental animal studies that analyzed the effect of Mg-based coatings and compared it to other coatings or no surface coatings were included in this systematic review. The main outcomes of this systematic review have been cellular behavior, osseointegration, and osteogenic markers and the effects of Mg-based coatings in these parameters have been highlighted in this review.
Keywords: magnesium, dental implant surface coating, osseointegration, osteogenic markers, hydroxyapatite
INTRODUCTION
Titanium (Ti) and its alloys have become the mainstay biomaterials for dental implants for their mechanical properties and excellent biocompatibility. But, these metals can get corroded in a biological environment and toxic reactions may occur (Tschernitschek et al., 2005; Niinomi, 2008). Zirconia (Zir) implants were extensively used for their increased corrosion resistance, good biocompatibility, favorable esthetic and good mechanical properties. Even though both materials have load-bearing applications with their unique properties, the main challenge in implant dentistry remains to be osseointegration. Dental implants of both metal and ceramic materials are prone to failure due to insufficient integration to bone. It may result in the formation of a fibrous tissue or weak bone formation that may cause infections or unstable implants prone to surgical removal (Best et al., 2008; Liang et al., 2007; Brohede et al., 2009).
In present day implantology, osseointegration is well-researched and predictable but it is also reliant on the case selection and the surgical procedure or loading protocol based on the stage of failure despite the successful clinical outcomes of dental implants (Albrektsson, 1998). The literature suggests that there are two mechanisms by which surface modifications on implants can influence osseointegration and they include: 1) biomechanical interlocking where there is bone growth into the rough surface of the implant and 2) biochemical interaction and bonding at the tissue-implant junction (Albrektsson and Wennerberg, 2004). For enhanced osseointegration, three factors have to be considered and they include 1) Improving macro-retentive features in dental implants such as screw/thread design or solid body press fit, and sintered bead technologies, 2) Improving micro-retentive features such as “surface roughness” of the implant to favor cellular and molecular mechanisms for bone growth along the implant surface, and 3) Surface modification that results in a topography favorable for the differentiation of cells that enable an osseous interface on the surface of implants (Stanford, 2008).
Surface coatings on titanium and zirconia dental implants offer the best approach to improving the rate of implant-bone integration and enhancing adhesion to other materials in restorations. It offers dual benefits with improved micromechanical retention and alteration of the surface chemistry for activation of biological processes that favor bone growth (Ying Kei Lung, 2017). There are various techniques that can be used to generate a surface coating on dental implants and they include plasma spraying, sol-gel processing, grit blasting, sand blasting with acid etching, laser etching, ion implantation and sputtering. There is consistent research with both plasma spraying and acid etching techniques (Jemat et al., 2015). Some of the materials that can be coated on the implant surface include hydroxyapatite (HA), ceramics, calcium phosphate, bioactive glass, and fluoride. Grit blasting and sol-gel techniques promote adhesion to restoration whereas materials like bioactive glass and HA promote osseointegration (Lung and Matinlinna, 2012; CattaniLorente et al., 2010; Hench, 2002; Darimont et al., 2002). The downside of materials like bioactive glass and HA include poor mechanical strength, brittleness, and bacterial infections around implants, so the quest for newer biomaterials is on the rise with research targets on materials having antibacterial activity, improving osseointegration outcomes that in turn can translate into long-term clinical success (Ying Kei Lung, 2017).
The alteration of implant surface chemical characteristics comprises a more significant approach in improving the biological activity of dental implants and trace elements like calcium, zinc, silicon, magnesium, and strontium have been commonly used as surface coatings for dental implants (Sawada et al., 2013; Hass et al., 2012; Yu et al., 2013; Park et al., 2010; Shi et al., 2012). Various studies have shown their positive influence on osteoblastic activity and enhance bone growth along with improved bone healing (Boanini et al., 2010; Castellani et al., 2011; Hoppe et al., 2011). Magnesium (Mg) is the fourth most abundant cation in the human body and with the total physiologic Mg, half of it being stored in mineralized bone tissue (Staiger et al., 2006). Magnesium has been shown to play a critical role in bone metabolism and it can interact with integrins on the surface of osteoblasts, thereby promoting its cell stability and adhesion properties (Zreiqat et al., 2002; Yamasaki et al., 2002).
There are numerous studies in the existing literature that have shown the effects of magnesium coatings on titanium or zirconia implants but there is a lack of a systematic approach towards the reporting of its properties with respect to cell bioactivity, osseointegration, or bone regeneration. Thus, the aim of this systematic review was to collate the evidence on magnesium coatings on titanium or zirconia implants, comparisons with conventional or no surface coatings, and to analyze its effects on outcomes like cell behavior, osseointegration, and markers of osteogenesis.
MATERIALS AND METHODS
According to the Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) guidelines, the focused question was constructed in the Population Intervention Control Outcomes (PICO) format and it was What is the effect of magnesium-based coatings in Ti or Zir implants on osseointegration, bioactivity, and markers of osteogenesis.
Literature Search
A combination of keywords like “dental implant”, “magnesium”, “implant coatings, and “osseointegration” were used in an electronic search in databases like Pubmed/Medline, Embase, Google Scholar, and Cochrane library. The search was performed using the PICO format and it was performed individually for the keywords and combined with “and” and “or” terms.
Pubmed/Medline: Search: (dental implant) or (titanium implant) or (zirconia implant) or (Ti dental implant) or (dental implant surface coating) or (surface coating) and (magnesium) or (magnesium oxide) or (magnesium carbonate) or (magnesium fluoride) or (magnesium based surface coating) and (ceramics) or (bioactive glass) or (fluoride) or (ceramics) or (hydroxyapatite) or (calcium phosphate) and (cell adhesion) or (cell proliferation) or (cell differentiation) or (bioactivity) or (osteoblast) or (fibroblast) or (osseointegration)
A manual search was performed to include articles that were relevant to the topic of the systematic review. The bibliographies from the full-texts of the articles were manually searched for relevant articles to be included in this review. The search timeline included articles where the focus question was addressed and it was between the years 2000 and 2019.
Eligibility Criteria
This systematic review aimed to analyze the effects of magnesium-based implant coatings on osseointegration and bone regeneration at cellular level, so animal and in vitro studies were included in the search along with studies that were conducted in humans that had observed the desired outcomes. Only articles published in English language were included in this review. The exclusion criteria included articles which had no relevance to dentistry and only to orthopedic applications, reviews, and letters to the editor. Also, articles that observed the outcome measures in non-titanium materials like magnesium implants and the coatings were excluded from this review. The focused question was used to analyze the included studies and the relevant information on outcome measures were extracted. A flowchart has been depicted on the search methodology employed in this systematic review (Figure 1).
[image: Figure 1]FIGURE 1 | Flowchart of search methodology and inclusion of studies in the systematic review.
Data Extraction
Two independent reviewers (XX, YY) conducted the literature search employing the keywords and MeSh terms, following which the articles were analyzed based on the eligibility criteria. If there was disagreement on the inclusion of certain articles, a discussion was held to resolve it. In instances where a study did not report raw data relevant to the outcome measures, the data was extracted from either the tables or graphical representations in the study. The corresponding authors were contacted to solve doubts or provide missing information relevant to the systematic review. The data extraction tables have been attached (Supplementary file).
Risk of Bias Assessment of Included Studies
The quality assessment for each animal study was carried out using the SYRCLE’s RoB tool that has 10 items and two independent authors (XX, YY) performed risk assessment across the following categories: Sequence generation, allocation concealment, blinding of investigators and outcome assessors, random housing for animals, selective reporting of outcome measures, addressing incomplete outcome, and other potential risks for bias. The risk was categorized either as “high-risk”, “low-risk” or “unclear risk” (Hooijmans et al., 2014). A third independent author (ZZ) resolved any disagreements on risk assessment with a discussion. In the existing literature, there are no tools or indices for the validation of in vitro studies and the risk of bias is quite low due to its position in the hierarchy of evidence-based dentistry (Richards, 2009).
RESULTS
Search Results
The systematic search of the literature yielded a total of 175 articles of which 22 articles were identified to be satisfying the eligibility criteria. The manual search of relevant journals and bibliography yielded two articles that were included in this systematic review. Some articles were excluded after full text assessment and a total of 14 articles were included for evaluation in this review. Among the included articles, nine were in vitro studies (Gorrieri et al., 2006; Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018; Pardun et al., 2015; (Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009), four experimental animal models (Sul et al., 2006; Cho et al., 2010; Li et al., 2014; Tao et al., 2016) and one study was part animal model and part in vitro design (Zhao et al., 2013). The characteristics and the main outcome measures of the included studies have been shown in (Table 1).
TABLE 1 | Characteristics and Main outcome of Included Studies.
[image: Table 1]In vitro Studies
The in vitro studies included in this systematic review observed the effects of various magnesium-based coating like calcium magnesium carbonate, magnesium fluoride (MgF2), magnesium oxide (MgO), magnesium silicate, HA incorporated with Mg or MgO, zinc and magnesium co-implanted titanium surface, along with effects of varying concentrations of Mg on osseointegration or bone regeneration. The cell lines used in the in vitro studies include human, canine, and rat bone marrow mesenchymal stem cells (hBM-MSCs, cBMSCs, rBMSCs), MG-63 osteoblast-like cells, MC3T3-E1, Hep-2 epithelial cells, and human umblical vein endothelial cells (HUVECs) (Gorrieri et al., 2006; Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018; Pardun et al., 2015; (Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009; Zhao et al., 2013). The results of the in vitro studies have been summarized in (Table 2) and analysis of individual outcomes have been explained below.
TABLE 2 | Summary of results of in vitro studies observed for main outcome measures in Magnesium-based coatings.
[image: Table 2]Cellular Morphology
A total of six out of ten included in vitro studies observed the effect of Mg-based coatings on the cellular morphology of either pre-osteoblasts or bone marrow mesenchymal stem cells. The cells were either spindle-shaped or flattened in morphology with filopodia extensions and actin localization for the promotion of initial adhesion and spreading (Gorrieri et al., 2006; Jiang et al., 2014; Pardun et al., 2015; Won et al., 2017; Yu et al., 2017). An exception was the study conducted by Xie et al., where the observed cells were polygonal in shape with compact bodies and short cellular extensions (Xie et al., 2009).
Cellular Proliferation
In this systematic review, a total of seven out of ten included studies observed the effect of Mg-based coatings on cellular proliferation and found that there was a substantial increase in proliferation in the studied cell-lines. The surface coatings include MgO, MgF2, MgHA, Mg-ions, Zn-Mg co-implanted, and magnesium silicate. There was a relatively higher increase in surface coatings that include MgHA, Low Mg concentration, and Zn-Mg co-implanted surfaces when compared to their respective control groups (Onder et al., 2018; Pardun et al., 2015; Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009; Zhao et al., 2013).
Osteogenic Markers
All the included studies in the systematic review observed the expression of osteogenic markers using polymerase chain reaction and the markers include: 1) alkaline phosphatase (ALP), osteocalcin (OCN), Osteopontin (OPN), bone sialoprotein (BSP), arrestin beta-1 (ARB-1), mannosidase alpha class-2B (MAN2B-1), and runt-related transcription factor-2 (RUNX-2). The observed osteogenic markers were significantly elevated with the Mg-based coatings analyzed in the respective studies (Gorrieri et al., 2006; Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018; Pardun et al., 2015; Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009; Zhao et al., 2013).
Collagen Deposition
In three in vitro studies, the deposition of collagen type-I was significantly increased with Ti-Mg, MgHA, Mg-ion implanted surfaces with varying concentrations. There was significant increase with Low Mg% (9.24%) when compared to High Mg%, and also in Mg-HA group on comparison with Ti-Mg group (Onder et al., 2018; Park et al., 2013; Won et al., 2017).
Anti-Bacterial Activity
Two in vitro studies observed the anti-bacterial effect of Mg-based coatings with one study examining bovine-derived HA (BHA) with MgO or MgF2 and the other study observing Mg and Zn-Mg co-implanted Ti surfaces. Yu et al., showed that Zn-Mg co-implanted surfaces had the highest antibacterial effect against microbes like Porphyromonas gingivalis, Fusobacterium nucleatum, and Streptococcus mutans when compared to only Mg-incorporated surfaces (Yu et al., 2017). Mihailescu et al., observed that both BHA:MgO and BHA:MgF2 had 4 times higher inhibitory activity against strains of Enterococcus sp, Micrococcus sp, and Candida albicans (Mihailescu et al., 2016).
Animal Experiments
In the animal-model experimental study conducted by Sul et al., on NZ white rabbits, the osseointegration speed was compared between Mg-ion incorporated oxidized implants and non-coated machine turned implants. There was highly significant difference in the speeds between the test and Mg-ion groups at 3 and 6 weeks with p-value<0.005 and also notable differences in the strengths favoring the Mg-ion group during the same follow-up intervals (Sul et al., 2006). Cho et al., observed the effects of differential concentrations of Mg-ions as surface coating and observed that Mg-1 implants (Mg concentration-9.24%) had the highest removal torque values (RTQ) when compared to the other groups as well as the highest bone-implant contact (BIC) values, bone fill area, and new bone formation when compared to the other groups in the study (Cho et al., 2010).
The other animal studies (n = 3) observed the incorporation of Mg to hydroxyapatite (HA) on titanium surfaces either using sol-gel-dip coating method or electrochemical deposition (Li et al., 2014); (Tao et al., 2016); (Zhao et al., 2013). In all the studies, the control group was pure HA coating whereas one study compared Mg-based coating with HA incorporated with other elements like Zinc (Zn) and Strontium (Sr) (Tao et al., 2016). The analyzed results observed that bone area ratio and BIC values were significantly higher for Mg-HA coating when compared to pure HA titanium surface (Li et al., 2014); (Tao et al., 2016); (Zhao et al., 2013). A micro-CT analysis also observed that trabecular bone structure and osseointegration was significantly improved with Mg-HA coating Li et al., 2014; Tao et al., 2016; Zhao et al., 2013). Li et al., observed during biomechanical testing that Mg-HA coating increased the interfacial shear strength and maximum push-out force when compared to HA coatings (Li et al., 2014). Tao et al., observed some slightly improved results with Sr-HA when compared to Mg-HA in terms of BIC values, bone volume, and bone area ratio (Tao et al., 2016). The summary of results from the animal studies have been tabulated in (Table 3).
TABLE 3 | Summary of results of animal models observed for main outcome measures.
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In this systematic review, all experimental animal studies were subjected to SYRCLE’s RoB tool for assessing the risk of bias. For each domain in the risk assessment tool, the risk of bias for each study has been summarized in (Figure 2). The 10 risks of bias items belonging to the risk assessment tool have been presented as percentages for all the included experimental studies (Figure 3). The studies presented with relatively higher risk of bias for random sequence generation, allocation concealment and blinding whereas the randomization and blinding of outcome assessments, selective reporting of outcome data, and other potential bias were poorly described in the studies. A significantly lower risk of bias was observed for reporting of baseline characteristics and reporting of incomplete outcome data among the included studies.
[image: Figure 2]FIGURE 2 | Risk assessment using SYRCLE RoB tool for individual animal experimental studies included in the systematic review.
[image: Figure 3]FIGURE 3 | Cumulative risk assessment of the included studies in the systematic review using individual items in SYRCLE RoB tool.
DISCUSSION
One of the essential trace elements for both animals and humans is Mg due to its influence on physiologic activities and bone metabolism. The deficiency of Mg in the diet can cause reduced bone mass and deranges the mineral and bone metabolic pathways in rats (Rude et al., 2006). In the ideal scenario, biomaterials must influence the proliferation and differentiation of the targeted cell types to stimulate formation of functional tissue (Sader et al., 2009). In the existing literature, there have been studies that show the positive effect of Mg incorporation into Ti implants with stimulated bone formation and osseointegration (Revell et al., 2004; Pang et al., 2014). There are some lacunae in research that can show the cumulative effects of Mg as surface coating on dental implants. Thus, in this systematic review, the focused question was the effect of various Mg-based coatings on Ti or Zir implants in terms of cell behavior, osteogenic markers, and on the process of osseointegration.
A total of 14 studies of both in vitro and experimental animal model design were included in this review based on the eligibility criteria. The results from the animal models were based on histologic or micro-CT analysis and observations were made in relation to bone-related parameters and osseointegration. It was shown that Mg-based coatings significantly increased the BIC values, bone area ratio, and bone volumes as well as improved speed of osseointegration and higher RTQ values (Sul et al., 2006; Cho et al., 2010; Li et al., 2014; Tao et al., 2016; Zhao et al., 2013). The process of osseointegration is reflected based on the evolution of bone growth and integration in the peri-implant tissues (Yu et al., 2016). It is well known that bone formation and integration are quantitatively measured in terms of BIC and bone area and BIC values are known to have a strong association with the strength of the bone-implant surface (Yu et al., 2016; Zhou et al., 2008). It is pivotal to note the superior bone contact observed in Mg-based coatings on Ti/Zir surfaces when compared to other observed surface coatings such as Resorbable Blasting Materials (RBM-HA, Beta-tricalcium phosphate), HA, ZnHA or groups with no implant surface coating (Sul et al., 2006; Cho et al., 2010; Li et al., 2014; Tao et al., 2016; Zhao et al., 2013).
The role of BMSCs (osteoblast precursor) and osteoblast cells cannot be emphasized more as their initial adhesion and subsequent proliferation can have a direct effect on cellular functionality and the process of osseointegration (Jiang et al., 2013). From the in vitro studies, it was observed that the cells were flattened or spindle-shaped with cellular extensions that facilitate adhesion and spreading on Mg-containing surfaces (Gorrieri et al., 2006; Jiang et al., 2014; Pardun et al., 2015; Won et al., 2017; Yu et al., 2017). The presence of actin filaments in spindle-shaped cells was suggestive of the migratory attitude of the osteoblasts. The polygonal shape with cytoplasmic processes enabled the cells to spread to reach larger sizes on the coating and they were found to be closely adherent to the coating (Gorrieri et al., 2006; Xie et al., 2009). Also, it was observed that there was increased cellular proliferation and cell viability with increased levels of osteogenic markers such as ALP, OCN, OPN, BSP, RUNX-2 etc influenced by the presence of Mg in the implant surface coating (Gorrieri et al., 2006; Jiang et al., 2014; Mihailescu et al., 2016; Onder et al., 2018; Pardun et al., 2015; Park et al., 2013; Won et al., 2017; Yu et al., 2017; Xie et al., 2009; Zhao et al., 2013). There was also increased deposition of Type-I collagen which is an essential component of the extracellular matrix and increased Ca deposition that can contribute to bone mineralization (Onder et al., 2018; Park et al., 2013; Won et al., 2017).
The success of dental implants is not only dependent on osseointegration but on the disruption of the microbial biofilm that can affect the health of the peri-implant tissues. Various organisms like Prevotella intermedia, Porphromonas gingivalis, Actinobacillus actinomycetemcomitans have been identified as etiological factors that can result in peri-implantitis where there is a pathological loss of peri-implant supporting tissues (Leonhardt et al., 1999; Schmidlin et al., 2013). This has warranted research towards newer and effective strategies on antibacterial surface coatings to prevent microbial adhesion and colonization on dental implants (Holban et al., 2014). Two studies in this systematic review observed the anti-bacterial effect of Mg-based coatings and there was significantly higher inhibitory effect with these coatings on microbes like P. gingivalis, F. nucleatum, S. mutans, Micrococcus sp, Enterococcus sp, and Candida albicans (Mihailescu et al., 2016; Yu et al., 2017). But, the results of the study conducted by Yu et al., suggested that the Zn portion of Zn/Mg co-implanted surface could have contributed to the inhibitory effect because of Zn ions being established in the suppression of microbial adhesion and production of reactive oxygen species that are detrimental to the oral anaerobes (Yu et al., 2017). The study conducted by Mihailescu et al., suggested that BHA:MgO or BHA:MgF2 have anti-biofilm properties based on the hypothesis that these coatings exhibited bactericidal properties by killing cells during or after the contact with the coated surfaces (Mihailescu et al., 2016).
The potential limitation in this systematic review could be that the studies belong to the lower level of evidence (animal-model and in vitro design) and the quality assessment of the included studies revealed that there could be many potential sources of bias. The included studies had considerable heterogeneity and in most of the animal studies, the steps of randomization and blinding were not performed and some studies did not clearly explain the experimental protocol which is a potential confounding factor. The potential bias existing in these studies could have contributed to the positive outcomes obtained in it. There is a heterogeneity among the included studies in methodology, but the corresponding authors of the studies have been contacted for clarification or for providing any missing information relevant to performing to this review. Some disadvantages noted with Mg alloys include less corrosion resistance, lesser elastic modulus, but none has been identified yet with Mg coatings (Chakraborty Banerjee et al., 2019). But, from this systematic review, it is clear that there is a positive effect with Mg-based coatings on osteogenic activity and osseointegration in dental implants and these results could be ascertained as preliminary as the data was extracted mainly from in vitro and experimental animal models. However, future research should be targeted with more well-designed and non-biased clinical studies that focus on confirming these lab-oriented results.
CONCLUSION
From this systematic review of literature, the results from the in vitro studies show that Mg-based coatings improve the cellular behavior in terms of morphology and proliferation with increased expression of osteogenic markers and considerable antimicrobial activity. From the animal studies, it can be deduced that there was higher bone fill and BIC values with significant new bone formation. Even though the results are promising, there is considerable heterogeneity among the included studies, so clinical trials are warranted to provide compelling observations for outcomes that determine the long-term clinical success of dental implants.
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Mineralized collagen has been introduced as a promising barrier membrane material for guided bone regeneration (GBR) due to its biomimetic nanostructure. Immune interaction between materials and host significantly influences the outcome of GBR. However, current barrier membranes are insufficient for clinical application due to limited mechanical or osteoimmunomodulatory properties. In this study, we fabricated hierarchical intrafibrillarly mineralized collagen (HIMC) membrane, comparing with collagen (COL) and extrafibrillarly mineralized collagen (EMC) membranes, HIMC membrane exhibited preferable physicochemical properties by mimicking the nanostructure of natural bone. Bone marrow mesenchymal stem cells (BMSCs) seeded on HIMC membrane showed superior proliferation, adhesion, and osteogenic differentiation capacity. HIMC membrane induced CD206+Arg-1+ M2 macrophage polarization, which in turn promoted more BMSCs migration. In rat skull defects, HIMC membrane promoted the regeneration of new bone with more bone mass and more mature bone architecture. The expression levels of Runx2 and osterix and CD68 + CD206 + M2 macrophage polarization were significantly enhanced. HIMC membrane provides an appropriate osteoimmune microenvironment to promote GBR and represents a promising material for further clinical application.
Keywords: mineralized collagen membrane, osteoimmunomodulation, macrophage polarization, guided bone regeneration, nanostructure
INTRODUCTION
Regeneration of periodontal tissue is a challenging step in the treatment of periodontitis, especially the regeneration of lost bone tissue. Guided bone regeneration (GBR) refers to the application of barrier membranes to block the ingrowth of gingival epithelium and connective tissue while also inducing the deposition of extracellular matrix, to maximize the repair and regeneration at the periodontal bone tissue (Aprile et al., 2020). The ideal barrier membranes for GBR should possess appropriate characteristics, such as low toxicity, superior biocompatibility, initial mechanical properties, suitable degradation rate, and surface characteristics conducive to cell attachment (Liu et al., 2016). However, among existing barrier materials for GBR, most absorbable membranes lack mechanical properties to maintain the space long enough for bone regeneration, whereas non-absorbable membranes do not degrade and require a second operation for their removal. Thus, both types of membranes are insufficient for clinical application (Zhou et al., 2021).
The fabrication of mineralized collagen materials using biomimetic technology represents a promising approach for GBR due to mimicking the microstructural organization of natural bone. However, hydroxyapatite (HA) crystallites randomly stacked around the collagen fibrils in previously fabricated extrafibrillarly mineralized collagen (EMC), failing to provide an ordered microstructure. Therefore, EMC can offer only analogous chemical composition to native bone but not the same surface appearance and nanostructure of bone extracellular matrix (Kane and Ma, 2013; Hu et al., 2016). In contrast, hierarchical intrafibrillarly mineralized collagen (HIMC), which presents a surface that is highly similar to the natural bone matrix based on a hierarchical combination of collagen and HA, shows superior option for GBR applications (Liu et al., 2016). Both cell and animal studies have verified the excellent osteogenic induction potential and bone regeneration capacity of HIMC material (Liu et al., 2014; Sun et al., 2016; Zhang et al., 2019).
However, most previous studies of biomaterials for bone regeneration emphasized the physical properties and their direct influence on osteocytes, or they focused on materials that induced no response to the immune system to achieve “immune safety”. Through advances in the understanding of osteobiology, immune response was found to be generally activated during interaction between biomaterials and the host. Accordingly, the local microenvironment, especially the immune microenvironment, plays a key role in the regulation of osteogenesis (Schmidt-Bleek et al., 2014; Lin et al., 2021). Macrophages are important components of the immune response to biomaterials and are characterized by high plasticity. M1 macrophages are activated during classic inflammatory response and stimulate the secretion of pro-inflammatory cytokines like interleukin (IL)-6 and tumor necrosis factor alpha (TNF-α) to enhance osteoclast activity and bone resorption. Conversely, M2 macrophages exhibit anti-inflammatory properties and promote bone formation via the production of bone morphogenetic protein-2 and other osteogenic markers (Freytes et al., 2013; Wynn and Vannella, 2016). The ratio and transition of M1/M2 macrophages are considered important indicators of the local immune environment (Yu et al., 2016). Different types of biomaterials, such as collagen (COL) membrane, hydrogel, and biological coating have been shown to regulate macrophage polarization and thereby influence bone regeneration (Chu et al., 2017; Zhang R. et al., 2018; Tanaka et al., 2019). However, the effects of HIMC membrane on immune environment and macrophages comparing with conventional COL and EMC membrane remain relatively undetermined (Shi et al., 2018).
In this study, we investigated whether HIMC membrane can regulate macrophage polarization based on the biomimetic nanostructure. The novelty of the present study lies in the investigation of the osteogenic induction capacity and osteoimmunomodulatory properties elicited by HIMC membrane used for GBR both in vitro and in vivo. First, HIMC membrane was fabricated, and the physicochemical properties were investigated in comparison to COL and EMC membranes. Moreover, we further explored the osteogenic effectiveness and osteoimmunomodulatory capacity of HIMC membrane using bone marrow-derived mesenchymal stem cells (BMSCs) and rat critical-sized skull defect models, to provide an important experimental basis for further testing the clinical potential of HIMC membrane for GBR.
MATERIALS AND METHODS
Fabrication of Membranes
According to the method of Cui et al. (Sun et al., 2016), hierarchical self-assembled nano-hydroxyapatite (nHA) was guided to nucleate among collagen molecules via a biomimetic mineralization process, resulting in the formation of HIMC membranes (Liao et al., 2004; Lian et al., 2013; Xu et al., 2016). Briefly, nHA was chemically synthesized from calcium salt, sodium hydroxide, and phosphoric acid. By regulating the mineralization process, collagen and HA can be hierarchically self-assembled. EMC membranes were synthesized using a previously described conventional crystallization method (Hu et al., 2016). COL membranes were prepared by dissolving type I collagen in dilute hydrochloric acid and, after adjustment of the pH, applying centrifugal vacuum drying. For in vitro experiments, the membranes were manufactured as round samples with diameters of 12 and 30 mm. For in vivo study, square samples with side lengths of 9 mm were fabricated.
Characterization of Membranes
Scanning Electron Microscopy
The surface topographies of HIMC, COL, and EMC membranes were surveyed by scanning electron microscopy (Inspect F, FEI, Eindhoven, Netherlands). The samples were fixed with 2.5% glutaraldehyde (pH 7.4) at 4°C for 24 h, rinsed three times with phosphate-buffered saline (PBS), dehydrated in gradient ethanol solutions (30–100%), and dried at critical-point. Then, the samples were gold sputter-coated and viewed under SEM.
Fourier Transform Infrared Spectroscopy
We employed FTIR (Thermo Nicole, United States) to investigate the molecular structure and composition of the prepared HIMC, COL, and EMC membranes by analyzing the characteristic absorption peaks of functional groups.
Measurement of Mechanical Properties
Five samples of each material were prepared with dimensions of 10 mm × 15 mm × 0.15 mm for tensile strength measurements, and the effective tensile length was 10 mm. We utilized a universal mechanical testing machine (3367; Instron, Norwood, MA) to acquire the stress–strain curves and tensile strength results, with the crosshead speed at 1 mm/min.
Water Contact Angle Measurements
The static contact angle between the surface of each membrane type and a water drop was determined using an optical instrument (n = 3). Four different droplet points were measured on images taken with a CCD camera to assess the hydrophilicity of each membrane type.
In Vitro Study
Cell Culture
The isolation, culture, and identification of rat BMSCs followed the previous study (Zhang Z. et al., 2018). We purchased RAW 264.7 cells from the Cell Resource Center (IBMS, CAMS/PUMC), and the cells were cultured in Dulbecco’s modified Eagle medium (DMEM, Hyclone) containing 10% fetal bovine serum (FBS) in the environment of 37°C humidified incubator with 5% CO2.
Cell Proliferation Assay
The proliferation of BMSCs seeded on different membranes was estimated using the CCK-8 assay. The membranes were sterilized by ultraviolet light overnight prior to cell seeding. BMSCs (5 × 104 per well) were added over the membranes in 24-well plates (BD Biosciences, Franklin Lakes, NJ, United States). After culture for 1, 3, and 5 days, 50 µl CCK-8 solution (Sigma-Aldrich, United States) was added to each well and incubated for 4 h. Then, the absorbance at 450 nm in each well was detected using a microplate reader (Rayto RT-6000, United States).
Cell Adhesion and Morphology
The adhesion and morphology of BMSCs on different membranes were evaluated by SEM and laser scanning confocal microscopy (LSCM) after culture for 24 h. The SEM procedure was the same as described above. For LSCM imaging, BMSCs on the membranes were immunostained to reveal the F-actin cytoskeleton and nucleus. We applied 4% paraformaldehyde to fix the cells, then 0.25% Triton X-100 was applied to permeabilize them, followed by blocking with 1% bovine serum albumin. Anti-F-actin antibody for cytoskeletal protein staining (green) and DAPI for nuclear staining (blue) were used. Representative LSCM images were taken (Olympus, Japan).
BMSCs Osteogenic Differentiation
Alkaline Phosphatase Assay
ALP assay of BMSCs on membranes was detected after osteogenic culture for 14 days. After removing the medium and rinsing three times with PBS, regents were added following the instructions of the ALP assay kit (Sigma-Aldrich, United States). Finally, ALP staining was conducted and photographed. ALP activity was detected by transferring 50 µl of each sample to a 96-well plate, and the absorbance at 520 nm was measured with an automatic microplate reader.
Alizarin Red Staining
Calcium depositions of BMSCs on membranes for 21 days were evaluated by ARS. The samples were fixed in 4% paraformaldehyde after removal of the medium. Deionized water was used to rinse the samples three times and then the staining was performed with 2% ARS solution at room temperature for 20 min. The samples were washed again several times before calcium salt depositions were observed and photographed under an optical microscope. Dye release was quantified with a spectrophotometer at 562 nm.
Quantitative Real-Time PCR
We conducted qRT-PCR to evaluate the mRNA expression levels of osteogenic differentiation markers in BMSCs grown on the membranes after 3 days. Total RNA extraction, cDNA synthesis, and qRT-PCR procedure were performed as previously reported (Zhang Z. et al., 2018). Relative mRNA expression levels were calculated by the 2−ΔΔCt method. The primers used for qRT-PCR are presented in Table 1.
TABLE 1 | Sequences of primers used for qRT-PCR.
[image: Table 1]Western Blot
Total proteins were obtained from BMSCs after 3 days in culture using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, China). Then 30 μg protein lysate samples were separated by 8–15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) before transfer to polyvinylidene difluoride (PVDF) membranes. Then the PVDF membranes were incubated overnight at 4°C with primary antibodies including COLI (AF7001, dilution: 1:200, Affinity Biosciences, United States), OCN (DF12303, dilution: 1:100, Affinity Biosciences, United States), OPN (ab63856, dilution: 1:1,000, Abcam, United States), and GAPDH (ab9484, dilution: 1:200, Abcam, United States). Horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (S0001, dilution: 1:2,000, Affinity Biosciences, United States) was added for incubation for 1 h at room temperature. Finally, enhanced chemiluminescence reagents (Millipore, United States) were utilized to visualize the immunocomplexes.
Macrophage Polarization Status
Flow Cytometry
RAW 264.7 cells (1 × 106 per well) were seeded on 6-well plates on different membranes. After 24 h, the cells were collected and resuspended in 100 µl binding buffer. M1 macrophage marker CD86 and the M2 marker CD206 antibodies (Biolegend, San Diego, CA, United States) were incubated for 30 min, flow cytometry (Beckman Coulter, Brea, CA, United States) and FlowJo software (TreeStar, United States) were utilized to analyze the cell clusters.
qRT-PCR
Total RNA was extracted from RAW 264.7 cells cultured for 24 h. The mRNA expression levels of the CD86, iNOS, CD206, and Arg-1 were analyzed by qRT-PCR. The primers used for qRT-PCR are shown in Table 1.
Transwell Migration Assay
The effect of macrophage polarization in response to different membranes on BMSCs migration was investigated by Transwell migration assay. First, conditioned medium was prepared by immersing 500 mg of each material in 50 ml α-MEM for 48 h. In the upper Transwell chamber, BMSCs were seeded, and RAW 264.7 cells were cultured in the lower. After overnight, the medium in the lower chamber was replaced with the material-conditioned medium. After 24 h of incubation, 4% paraformaldehyde was used for 30 min to fix the cells in the upper chamber. Then, the cells were stained with a crystal violet solution for observation and counting of the migrated BMSCs under an optical microscope.
In Vivo Study
Rat Critical-Sized Skull Defect Model and GBR Process
Eight-week-old male Sprague–Dawley rats were given adaptive feeding for 2 weeks in a standard environment. All animal experiments were designed and executed in accordance with the Guidelines for Animal Health and Use of the National Institutes of Health and authorized by the Ethics Committee for Animal Experiments of Shanghai Jiao Tong University, Shanghai, China. After intraperitoneal injection of Zoletil (50 mg/kg, Virbac, France), the rats were anesthetized, followed by routine disinfection, hair removal, and incision. With the sagittal suture as the midline, circular bone drills with a 5 mm diameter were used to fabricate two symmetrical round defects on the parietal bone of rats (Figure 5A).
A total of 45 rats with bilateral skull defect area were randomly allocated into groups: negative control group, sham surgery group, COL group, EMC group, and HIMC membrane group. The membranes used to cover the defects were 9 mm × 9 mm square shape (2 mm beyond the defect edge), and in the negative control group, no membrane was placed in the defect area. For the sham surgery group, only the scalp was cut without the creation of a cranial defect. Cefazolin (10 mg/kg) was given to prevent infection for 3 days after the operation.
Micro-Computed Tomography Evaluation
For μ-CT, 20 rats with bilateral cranial defects were randomly allocated into four groups (n = 10 in each group). At 12 weeks post-surgery, the rats were sacrificed with excess Zoletil and the skull samples were fixed with 4% paraformaldehyde for 5 days. The samples were examined with a μ-CT system (Scanco Medical, Bassersdorf, Switzerland) under 70 kV voltage, 114 mA electric current, and 700 ms integration time. Considering the diameter and depth of the defect, we constructed a cylindrical profile to scan all materials and newly regenerated bone regions. For each sample, 150 consecutive cross-sections including the entire defect were collected. The image analysis software of the μ-CT 80 system was employed to calculate the ratio of bone volume to total tissue volume (BV/TV).
Histological Evaluation
Hematoxylin and Eosin Staining
After μ-CT scanning, these samples were collected and decalcified with 15% ethylene diamine tetraacetic acid (EDTA) for 3 weeks (n = 10 in each group), then gradually dehydrated, soaked in paraffin, and embedded. Next, the tissues were sliced into 5 μm-thick sections for HE staining. We used a stereoscopic microscope (Eclipse E600, Nikon, Tokyo, Japan) to obtain images. The proportion of new bone regenerated was calculated using Image-Pro Plus (7.0 version, Media Cybernetics, Rockville, MD).
Immunohistochemical Staining
For IHC staining, there were 25 rats divided into five groups (n = 10 in each group). The expression of osteogenic markers and macrophage polarization markers was detected after 2 weeks post-surgery. Sections were prepared as described above. Primary antibodies were added for incubation overnight including runt-related transcription factor 2 (Runx2, ab192256, dilution: 1:200, Abcam, Cambridge, MA, United States) and osterix (osx, ab22552, dilution: 1:200, Abcam, United States) as well as the macrophage polarization markers, pan marker CD68 (ab125212, dilution: 1:200, Abcam, United States), M1 marker iNOS (ab15323, dilution:1:100, Abcam, United States), and M2 marker CD206 (ab64693, dilution: 1:200, Abcam, United States). The sections were then incubated with secondary antibody for 1 h and stained with DAB. Finally, the nuclei were stained with hematoxylin. The stained sections were visualized and photographed under an optical microscope (Leica DMI 6000B Microsystems, Wetzlar, Germany). Four non-overlapping fields were randomly selected under 40x microscope for each section, and the number of nuclear-stained cells in the fields was considered positive staining cells.
Statistical Analysis
All quantitative values are expressed as mean ± standard deviation (x ± SD). GraphPad Prism Software (Version 7.0, Inc., La Jolla, CA, United States) and SPSS 23.0 statistics software (IBM Corp, Armonk, NY, United States) were employed. Data analyses were performed with one-way analysis of variance (ANOVA) and Tukey’s multiple-comparisons test. The distribution normality of all datasets was evaluated by Shapiro-Wilk test. p values <0.05 (two-sides) were considered statistically significant.
RESULTS
Comparison of the Physicochemical Properties of the HIMC, COL, and EMC Membranes
The microstructure of each material was observed by SEM. The HIMC membrane was structurally ordered and exhibited nanomorphology similar to the natural bone surface with a large surface roughness. The COL membrane exhibited a relatively smooth structure with no obvious protrusions. A coarse texture with nHA clusters stacked randomly around the fibers was observed on an EMC membrane (Figure 1A).
[image: Figure 1]FIGURE 1 | Characterization of the different membranes. (A) Representative surface topography images visualized by SEM. (B) FTIR spectra. (C) Stress–strain curves. (D) Contact angle and representative waterdrop images. Scale bar, 20 μm.
The functional chemical groups of the materials were detected by FTIR (Figure 1B). The spectra for all materials included peaks for amide I band (C=O bond, 1580–1720 cm−1) and amide II band (N=H bond, 1540 cm−1), which are the representative peaks of collagen. The presence of a phosphate vibration zone at 900–1200 cm−1 in the spectra for HIMC membranes represented mineralized particles.
The stress–strain curves obtained from the tensile testing showed that HIMC, EMC, and COL membranes exhibited similar deformation patterns (Figure 1C). The maximum tensile strength of HIMC was greater than that of the other membranes, and that of EMC was greater than that of COL.
Water contact angle measurements demonstrated the hydrophilicity of the three membrane types (Figure 1D). The contact angle appeared to be smallest on the HIMC membrane and largest on the EMC, indicating that the HIMC membrane was the most hydrophilic material, followed by COL and EMC. The difference in the contact angles was significant between the HIMC and EMC membranes and between the COL and EMC membranes, but not between the HIMC and COL membranes.
Comparison of BMSCs Proliferation and Adhesion on HIMC, COL, and EMC Membranes
The proliferation of BMSCs seeded on the HIMC, COL, and EMC membranes was compared using the CCK-8 assay (Figure 2A). On the first day of culture, no significant difference in absorbance at 450 nm was observed between the groups. Cell growth was not inhibited on all materials over time. On Day 3 and Day 5, significantly higher absorbance value was detected for the HIMC membrane group compared to the COL and EMC groups, showing that BMSCs seeding on HIMC membrane proliferated better than the others.
[image: Figure 2]FIGURE 2 | Growth and morphology of BMSCs cultured on the membranes. (A) CCK-8 assay results after 1, 3, and 5 days in culture. (B) Representative images of BMSC morphology after culture for 1 day, as visualized by SEM and LSCM. For LSCM images, immunofluorescence staining was performed for cytoskeletal proteins (green) and nuclei (blue). Data are expressed as mean ± SD. Scale bar, 10 μm in SEM and 50 μm in LSCM. *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane.
The morphology of BMSCs seeded on different membranes was visualized by SEM (Figure 2B). The BMSCs adhered to the HIMC membrane surface showed a polygonal shape with many large pseudopods extending outward. The BMSCs on the COL surface exhibited a thin spindle shape and lacked obvious pseudopod protrusion. Even fewer pseudopods that appeared small and thin presented on the BMSCs seeding on the EMC membrane.
The cytoskeletal organization within BMSCs seeded on different materials was observed by LSCM (Figure 2B). On COL membrane, BMSCs showed disordered cell fibers, with the cytoskeletal proteins oriented in different directions. On the EMC membrane, BMSCs had a fusiform shape, with elongated intracellular fibers, thin actin fibrils, and few branching points. In BMSCs on the HIMC membrane surface, the collagen fibers were tightly and thickly arranged, as seen in highly bifurcated osteoblasts, with a fine filamentous base and thick stress fiber formation.
Comparison of BMSCs Osteogenic Differentiation on HIMC, COL, and EMC Membranes
The osteogenic differentiation outcomes of BMSCs on different membranes were evaluated. BMSCs were cultured on different membranes for 14 and 21 days, and ALP and ARS were evaluated. For ALP activity assay, blue staining was more obviously observed on the HIMC membrane compared with COL and EMC membranes on Day 14 (Figure 3A). After 21 days in culture, ARS for calcium nodules presented densely red nodules among BMSCs on HIMC membranes, with fewer nodules on the EMC and COL membranes (Figure 3A). Semi-quantitative analysis of the results indicated the observed differences were statistically significant, the HIMC membrane distinctly enhanced the osteogenic capacity of BMSCs in terms of ALP and ARS (Figures 3B,C).
[image: Figure 3]FIGURE 3 | Osteogenic differentiation capacity of BMSCs cultured on different membranes. (A) ALP staining and ARS. (B) Semi-quantitative results of ALP activity assay for absorbance at 520 nm. (C) Absorbance at 562 nm for ARS. (D) mRNA expression levels of COLI, OCN, and OPN as measured by qRT-PCR. (E) Protein expression levels of COLI, OCN, OPN, and GAPDH as quantified by Western blot. (F) Gray-scale analysis of Western blots. Data are expressed as mean ± S.D. *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane.
The mRNA and protein expression levels of osteogenic markers were measured in BMSCs cultured on different membranes for 3 days using qRT-PCR and Western blot analyses. BMSCs grown on HIMC membrane exhibited higher mRNA expression levels of the COLI, OCN, and OPN compared with BMSCs cultured on COL or EMC membranes (Figure 3D). ALP and COLI are early markers of osteogenesis, whereas OCN and OPN are expressed later in the osteogenic differentiation process. The results for protein expression obtained from Western blot were consistent with the qRT-PCR results (Figures 3E,F). Protein expression levels in the early (COLI) and late (OCN and OPN) osteogenic process were enhanced in BMSCs seeded on HIMC membranes compared with those in BMSCs seeded on COL and EMC membranes.
Comparison of Macrophage Polarization and Consequent BMSCs Migration on HIMC, COL, and EMC Membranes
To investigate the immunoregulatory characteristics of HIMC membrane, we exposed RAW 264.7 cells to HIMC, COL, and EMC membrane. Flow cytometric analysis was performed to identify M1 and M2 macrophage types after culture on different materials, based on the proportion of CD86+ and CD206 + cells (Figures 4A,B). The percentages of CD206 + macrophages among different groups were 52.94% with HIMC membrane, 31.95% with EMC, and 19.31% with COL, and from these results, the percentage of M2 macrophages in the HIMC membranes group was remarkably higher. The percentages of CD86+ macrophages were 8.96% with HIMC membrane, 59.67% with EMC, and 46% with COL, indicating that fewer macrophages in the HIMC group showed M1 polarization. Therefore, with the presence of more M2 macrophages and fewer M1 macrophages, the HIMC membrane was associated with the largest M2/M1 macrophage ratio among the three tested materials.
[image: Figure 4]FIGURE 4 | Macrophage polarization and BMSC migration in response to different membranes. (A) Representative peak plots of CD86+ (M1 polarization) and CD206+ (M2 polarization) macrophage ratios examined by flow cytometry. (B) Percentages of CD86+ and CD206 + cells. (C) mRNA expression levels of M1 polarization genes (CD86, iNOS) and M2 (CD206, Arg-1) in macrophages as measured by qRT-PCR. (D) Crystal violet staining of Transwell inserts for detection of BMSC migration induced by macrophages. (E) Quantification of BMSC migration. Data are expressed as mean ± SD. Scale bar, 1 mm. *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane; %p < 0.05 vs. COL membrane.
The relative mRNA expression levels of CD86, iNOS (M1 polarization markers), CD206, and Arg-1 (M2 polarization markers) in RAW 264.7 cells exposed to different membranes were detected by qRT-PCR (Figure 4C). Compared with the levels in the other two groups, the expression levels of CD86 and iNOS in the HIMC membrane group were greatly reduced, and CD206 and Arg-1 were notably increased. These results were similar to those from flow cytometric analysis, and macrophages on the HIMC membrane showed more M2 polarization.
Next, we studied the effects of different materials on interaction between BMSCs and macrophages (Figure 4D). First, macrophages were stimulated by conditioned medium containing leached materials from the different membranes, and then macrophages and BMSCs were co-cultured in Transwell chambers for 24 h. In this assay, the number of BMSCs that migrated from the upper to the lower layer was statistically greater in the HIMC membrane group than the COL membrane group (Figure 4E), although no difference was detected between the EMC and HIMC groups.
Comparison of Bone Regeneration in Critical-Sized Skull Defect Model Covered With HIMC, COL, or EMC Membranes
To assess the osteogenic ability of HIMC membrane in vivo GBR model, we prepared critical-sized skull defects in rats and then covered the defects with different membranes (Figure 5A). μ-CT scanning was performed at 12 weeks post-surgery (Figure 5B). In the HIMC membranes group, nearly mature bone structure filled most of the defect area, and the density of the newly formed bone was analogous to that of the surrounding bone tissue. Bits of new bone were regenerated at the defect edges of the COL membrane group. In the EMC group, the defect area was reduced, and a network with a low-density shadow had formed in some areas. By comparison, in the negative control group which defects were not covered with membranes, the bone defect surface appeared round and smooth, with little new bone tissue presented at the defect edge and no obvious mineralized structures were observed. Quantitative evaluation of the μ-CT images discovered that the ratio of BV/TV in the HIMC membrane group (0.4818 ± 0.0574) was statistically higher than those in the EMC (0.3627 ± 0.0436; p < 0.05) and the COL group (0.1252 ± 0.0196; p < 0.05; Figure 5C).
[image: Figure 5]FIGURE 5 | Bone regeneration in rat critical-sized skull defect models covered with the different membranes. (A) Rat critical-sized cranial defect models. (B) Representative μ-CT images, HE staining images, and ×40 magnification images of the regions outlined by black rectangles at 12 weeks post-surgery. (C) Quantitative analysis of new BV relative to the TV on the basis of μ-CT. (D) Semi-quantitative analysis of the percentages of new bone in the defect according to HE staining. Data are expressed as mean ± SD. Scale bar, 400 μm (20×) and 200 μm (40×). *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane; %p < 0.05 vs. COL membrane.
HE staining of the harvested skull defect area produced results consistent with the those from μ-CT imaging (Figure 5B). The HIMC membrane group showed newly formed mineralized bone with a higher density of bone trabecula and more mature structures as well as a significantly reduced defect area, compared with the other groups. In the stained section from the HIMC membrane group, abundant osteocytes and new bone distributed from the edge of the defect to the center, and a typical bone marrow cavity structure could be seen. In contrast, staining of the new bone in the COL group and the EMC group showed a lower trabecular density, with new bone found only at the defect edge. In the negative control group, the defect area was predominantly fibrous tissue with no evidence of new bone formation. The semi-quantitative analysis results of the percentage of new bone based on HE staining images are presented in Figure 5D. The new bone percentage in the HIMC membrane group (39 ± 4.43%) was remarkably higher than those in the EMC membrane (26.83 ± 2.74%; p < 0.05) and the COL membrane group (16.12 ± 2.6%; p < 0.05).
IHC staining was performed to assess the performance of two transcription factors related to osteogenesis, Runx2 and Osx, in the bone defect area (Figure 6A). HIMC membrane samples contained more positive cells that highly expressed Runx2 and Osx, whereas a small number of positively stained cells were found in the samples from the COL and EMC groups. No significant positive staining was observed in either the negative control or the sham group. Semi-quantitative analysis of the IHC staining images presented statistical differences between the groups (Figure 6B).
[image: Figure 6]FIGURE 6 | Representative images of IHC staining for osteogenesis markers in the defect region of different groups at 2 weeks post-surgery. Positively stained cells are indicated by arrows. (A) Runx2 and Osx expression in defect tissues. (B) Semi-quantification of the positive cells. Data are expressed as mean ± SD. Scale bar, 100 μm. *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane; %p < 0.05 vs. COL membrane.
Comparison of Macrophage Polarization in Critical-Sized Skull Defect Model
To evaluate the osteoimmunomodulatory properties of the HIMC membrane in the bone defect area, we examined the polarization status of macrophages by IHC staining (Figure 7A). CD68 is a pan marker for in situ macrophages. CD68+ cells were observed in samples from all groups except the sham group, indicating that macrophages played a role in the response to the materials in the bone defect. Macrophage phenotype was examined by IHC staining for M1 (iNOS) and M2 (CD206) markers. More iNOS + cells were stained in the EMC group, in a pattern consistent with CD68 + cells, revealing that most of the macrophages in the defects covered with EMC membrane possessed the M1 phenotype. Fewer iNOS + cells were observed in the samples from the COL group and the HIMC membrane groups. On the other hand, we observed the largest number of CD206 + cells on the HIMC membrane group, further confirming the dominant effect of M2 macrophages in the defects covered with the HIMC membrane. The results of semi-quantitative analysis of the percentage of positive cells on IHC-stained images are presented in Figure 7B.
[image: Figure 7]FIGURE 7 | IHC staining for macrophage polarization markers in the defect region of different groups at 2 weeks post-surgery. Positively stained cells are indicated by arrows. (A) Pan marker CD68, M1 marker iNOS, and M2 marker CD206 expression in defect tissues. (B) Semi-quantification of the positive cells. Data are expressed as mean ± SD. Scale bar, 100 μm. *p < 0.05 vs. HIMC membrane; #p < 0.05 vs. EMC membrane; %p < 0.05 vs. COL membrane.
DISCUSSION
Biomimetic mineralized materials have been widely applied in studies of tissue and organ regeneration, and the prepared membranes have shown some ability to promote GBR (Fillingham and Jacobs, 2016; Yu et al., 2020). However, previous EMC material was commonly characterized by irregular HA deposition. Compared with EMC, the HIMC membrane was shown to more successfully simulate the nanostructure of natural bone through intrafibrillar mineralization and have a better ability to induce osteogenesis (Liu et al., 2016; Wang et al., 2019). According to the previous research, intrafibrillar mineralization is the main structural source of the biomechanical properties of bone and affects the biological activity of relevant cell types (Balooch et al., 2008). In the present study, we fabricated HIMC membranes with a composite structure consisting of collagen and HA to guide bone regeneration. Compared with EMC and COL, the HIMC membrane exhibited a clear structure and coarse surface on SEM, with regular interspersion of rigid nHA and flexible collagen, providing superior strength similar to that of natural bone. Tensile testing results also showed that the HIMC membrane exhibited less strain under the same stress compared with EMC and COL. On FTIR spectra reflecting the chemical composition and mineral spatial distribution of the materials, the typical peaks for collagen and phosphate were observed for the HIMC membrane. Water contact angle measurements suggested that the HIMC membrane was more hydrophilic and, thus, was more conducive to interaction between the membrane material and host fluids and cells upon implantation.
To evaluate the potential value of the HIMC membrane for promoting GBR, we first observed the behaviors of BMSCs seeded on different materials in vitro. The composition of biomaterials is known to affect cell morphology and adhesion (Ayala et al., 2011; Perez and Ginebra, 2013). BMSCs cultured on the HIMC membrane showed greater proliferation potential and better adhesion and morphology compared with those cultured on EMC or COL. SEM further showed that BMSCs extended large pseudopods on the HIMC membrane surface, whereas little expansion was observed on the other materials. A highly branched actin cytoskeleton and the formation of stress fibers are thought to be highly associated with the differentiation of stem cells along the osteogenic lineage, moreover promote the intracellular signal transduction (Mathieu and Loboa, 2012; Müller et al., 2013; Fu et al., 2016). Our immunofluorescence staining results confirmed that cell fibers within the BMSCs adhered to the HIMC membrane were thick and densely arranged, which may make for BMSCs osteogenic differentiation.
Next, we verified the osteogenic induction capacity of the HIMC membrane through in vitro and in vivo experiments. The outcomes of our research consistently proved that interaction with HIMC membrane up-regulated the osteogenesis-related genes and proteins in BMSCs during both the early and the late stages of osteogenesis. ARS also showed more calcium deposition and mineralized nodules among BMSCs adhered to the HIMC membrane in vitro. In the rat model of critical-sized skull defect, μ-CT and histological staining showed that by 12 weeks after application, the HIMC membrane within the defect had been essentially replaced by new bone tissue, which was not observed in defects filled with EMC or COL. Together the results of this study indicated that the HIMC membrane significantly promoted more bone regeneration and supported the GBR process both in vivo and in vitro.
Bone defect repair is a dynamic physiological process, and prior to osteogenesis and angiogenesis, the early inflammatory response of immune cells to biomaterials is a major determinant of treatment outcome (Franz et al., 2011). After implantation of biomaterials within a bone defect, osteocytes and immune cells partake a mutual microenvironment (Vishwakarma et al., 2016). As the central regulator of cellular activity within the bone defect area, the immune microenvironment, especially the macrophages affect the efficacy of biomaterial therapy. Previous research has proven that the M1 and M2 phenotype macrophages participate in the early inflammatory response and later bone wound healing, respectively, and that the M2/M1 ratio reflects the response of the local immune microenvironment (Ma et al., 2015; Wood et al., 2019).
CD86 is a costimulatory receptor necessary for T cell activation. CD206, also known as mannose receptor C type 1 (MRC1), is a cell-surface protein abundantly present on macrophages. As for macrophages, CD86 is normally expressed on M1 subtype, while CD206 is expressed on M2 (Barros et al., 2013; Fuchs et al., 2016). Our flow cytometric analysis showed that the rates of CD86+ (M1) and CD206+ (M2) macrophages exposed to HIMC membrane were 8.96 and 52.94%, which corresponded to the highest percentage of M2 macrophages and the highest M2/M1 ratio. mRNA expression analysis also revealed lower M1 expression and higher M2 expression of cells seeded on the HIMC membrane, further indicating that the macrophages exhibited more M2 polarization on the HIMC membrane. Otherwise, CD163 has also been suggested as an M2 marker, but more recently was shown that CD163 is an M2 marker only in combination with the transcription factor cMaf, thus CD163 cannot be considered as an M2 polarization marker when used alone (Barros et al., 2013). CD68 is a protein found in the granules of macrophages, which is used to co-label cells positive for a certain marker after IHC or in situ hybridization to prove they are macrophages (Gordon et al., 2014). Our results from IHC staining of skull defect samples were consistent with those from flow cytometry and qRT-PCR analyses, the HIMC membrane induced more CD68 + CD206 + macrophages polarization. In summary, these data concluded that the HIMC membrane induced more M2 phenotype macrophages both in vivo and in vitro. Zhou et al. previously reported pro-inflammatory response and damaged lysosomes on macrophages in EMC. Large HA particles impair the normal structure of cells, which may explain why EMC induced more M1 polarization (Jin et al., 2019). Therefore, ordered nHA particles on the HIMC membrane may create a better anti-inflammatory environment.
During normal fracture healing, pro-inflammatory M1 macrophages gradually transform into anti-inflammatory M2 macrophages, which corresponds to the regression of inflammation and the initiation of the osteogenesis process (Schlundt et al., 2018; Zhang et al., 2019). The transformation from M1 to M2 macrophages also contributes to the recruitment of MSCs and the consequent osteogenesis differentiation (Gibon et al., 2016; Weitzmann and Ofotokun, 2016). We investigated the effects of immune microenvironments including macrophages and different materials on the migration of BMSCs via Transwell experiments. Results showed that the HIMC membrane induced migration of the highest number of BMSCs, indicating that the HIMC membrane immune microenvironment may be better capable of recruiting MSCs. Moreover, M2 macrophages on the HIMC membrane express crucial genes to promote BMSCs differentiation such as interleukin (IL)-4 (Jin et al., 2019; Mahon et al., 2020). On another hand, scaffolds loaded with IL-4 for the purpose of promoting M1 to M2 polarization showed promising outcomes in fracture repair models, further demonstrating the beneficial effect of M2 in bone regeneration (Schlundt et al., 2018). To sum up, these findings demonstrated that the HIMC membrane acted not only on MSCs directly, but also more importantly affected the process of osteogenesis by regulating macrophage polarization.
The osteoimmunomodulatory effects of biomaterials are also significantly affected by the physicochemical properties of the materials, like the surface morphology, porosity, and hardness (Chen et al., 2018; Sadowska et al., 2018; Li et al., 2020). The concept of “nano-bone immunoregulation” proposed by Xiao et al. emphasizes the adjustment of the chemistry and morphology of a nanostructure surface in order to influence the immune response in bone regeneration applications (Karageorgiou and Kaplan, 2005; Chen et al., 2017; Yu et al., 2018). The HIMC membrane prepared in the present study had a coarser surface and BMSCs showed better adhesion and extension on this membrane. These structural features were found to effectively promote the growth and osteogenic differentiation of BMSCs. In addition, the macrophages exhibit greater contact with the increasing roughness of biomaterials. Thus, cell adhesion, migration, proliferation, and differentiation can be directly influenced by precisely controlled changes in the tomography of the biomaterial surface. The underlying mechanism involves the effects of physicochemical interactions, kinetics, and thermodynamic exchanges between nanotopography and biological systems on macrophage morphology and the transfer of physicochemical signals from outside to inside a cell to activate a variety of biological reactions (Chen et al., 2017). Therefore, rationally designed nanomaterials offer a promising strategy for enhancing bone regeneration and osteoimmunomodulatory efficacy.
To date, many studies have explored the modification of mineralized collagen materials. One strategy involves adding inorganic components to achieve dopant-induced osteogenesis, and collagen has been loaded or coated with HA modified with metal ions, like magnesium (Yu et al., 2018), silver, gold (Kumar et al., 2019), and zinc (Tiffany et al., 2019). The presence of these metal ions with the biomaterial creates a micro-current effect, which synergistically affects osteogenesis and immune microenvironment (Cai et al., 2017). Overall, the research to date indicates that composite materials with functional modifications are the direction in future biomaterials development. Meanwhile, the next generation of biomaterials for GBR, the design paradigm should shift from physical structures to bioactive structures with osteoimmunomodulatory properties.
The present study has limitations to consider. The concrete data involving osteogenic effects and macrophages polarization of the HIMC membrane remains unclear. The molecular mechanism by which HIMC membrane promotes macrophage polarization is also needed to elucidate. Further investigation will be required in the future.
CONCLUSION
Based on our findings, the HIMC membrane provided a favorable immune microenvironment for M2 macrophage polarization and osteogenic differentiation of BMSCs by mimicking the composition and nanostructure of natural bone. As a result, the HIMC membrane promotes bone regeneration and plays osteoimmunomodulatory effects, and hence represents a promising membrane material for GBR.
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Objective: To systematically review in vitro studies that evaluated the effects of plant extracts on dentin bonding strength.
Materials and Methods: Six electronic databases (PubMed, Embase, VIP, CNKI, Wanfang and The Cochrane Library) were searched from inception to September 2021 in accordance with the Preferred Reporting Items for Systematic Reviews (PRISMA). In vitro studies that compared the performance of dental adhesives with and without the plant extracts participation were included. The reference lists of the included studies were manually searched. Two researchers carried out study screening, data extraction and risk of bias assessment, independently and in duplicate. Meta-analysis was conducted using Review Manager 5.3.
Results: A total of 62 studies were selected for full-text analysis. 25 articles used the plant extracts as primers, while five added the plant extracts into adhesives. The meta-analysis included 14 articles of in vitro studies investigating the effects of different plant extract primers on dentin bonding strength of etch-and-rinse and self-etch adhesives, respectively. The global analysis showed statistically significant difference between dental adhesives with and without plant extract primers. It showed that the immediate bond strength of dental adhesives was improved with the application of plant extract primers.
Conclusion: The application of proanthocyanidin (PA) primers have positive effect on the in vitro immediate bonding strength of dental adhesives irrespective of etch-and-rinse or self-etch modes.
Keywords: dentin, bonding, plant extracts, natural crosslinkers, adhesives, primers
INTRODUCTION
Dentin bonding is the foundation of esthetic restoration (Drummond, 2008). Nowadays, manufacturers claim that dental adhesive system has already developed to the eighth generation (Taneja et al., 2017). However, irrespective of acceptable immediate bonds, the long-term bonding strength of these adhesives is inadequate (Deligeorgi et al., 2001; Hass et al., 2016a). As a result, nearly half of esthetic restorations cannot serve for more than 10 years, and dentists have to spend 60% of working hours to replace them (Mjor et al., 2000; Deligeorgi et al., 2001). Thus, the improvement of long-term bond strength is still a puzzle that needs to be solved.
Unsatisfactory long-term dentin bonds are usually attributed to two reasons: The degradation of dentin collagen within the hybrid layer; and the emergence of secondary caries at the interface (Brackett et al., 2011). A reasonable strategy to solve these problems is to modify contemporary dental adhesives with different additives, such as chlorhexidine, nano-silver, carbon nanotube and amorphous calcium phosphate (Carrilho et al., 2007; Borges et al., 2013; Zhang et al., 2013; Alkatheeri et al., 2015). Amongst these additives, plant extracts attracted great attention due to their biological safety and functional versatility (Gotti et al., 2015; Yang et al., 2017; Yu et al., 2017). Many articles have reported the advantages of natural plant extracts, including their capability to stabilize dentin collagen (La et al., 2009), and to inhibit MMPs (Du et al., 2012; Yang et al., 2016) and microbes (Kaul et al., 1985; Rigano et al., 2007). Therefore, many researchers have been attempting to dope plant extracts into adhesives or provide a separate plant extract primer to achieve high antibiotic property and improved long-term bond strength (La et al., 2009; Borges et al., 2013; Gotti et al., 2015; Yang et al., 2017).
However, the combination of different adhesives with different plant extracts may produce unpredictable results, and different concentration of plant extract primer may have different bonding performance (Macedo et al., 2009; Islam et al., 2014). Previous studies have tested a limited amount of plant extracts, using different experimental designs, with contradictory conclusions. Thus, a comprehensive overview summarizing the effect of all existing plant extracts on dental adhesives will be helpful for dental clinicians and relevant researchers.
The objectives of this study are to systematically review the in vitro studies that evaluated adhesive-dentin bond strength with or without plant extracts participation and to compare different plant extracts in terms of bond strength. The hypotheses are: no difference exists in the bond strengths when modifying the adhesives with plant extracts; no difference exists in the bond strengths when plant extract primers are used; no difference exists in the bond strength when using different concentrations of plant extracts.
MATERIALS AND METHODS
Criteria for Considering Studies for This Review
Inclusion Criteria

• Studies that added plant extracts to dental adhesives or used plant extract as primers.
• Studies that compared the performance of dental adhesives with and without the participation of plant extracts.
• In vitro studies that evaluated the bond strength of dental adhesives.
Exclusion criteria
Reviews, clinical trials or case reports.
Search Strategy
A systematic electronic search was conducted by two independent reviewers (SZ and HY) using nine databases (PubMed, Embase, Web of Science, Cochrane Library, VIP, CNKI, Wanfang, OpenGrey literature and ProQuest Dissertation Abstracts) from inception to September 2021 to identify articles related to plant extracts and dental bonding. The search terms were a combination of subject terms and free-text terms (Appendix Table A1).
When multiple publications about the same intervention were identified, the most informative and relevant article was selected for inclusion.
Data Collection and Analysis
Selection of Studies
Article titles and abstracts were independently screened by two authors (SZ and HY). The authors conducted a second review when the inclusion criteria were met. The abstracts were examined by two review authors (SZ and HY) independently using the same inclusion criteria. If there were disagreements, the abstract would be assessed by the third author (FH). Then full text of all potentially relevant studies were retrieved and independently assessed in duplicate by two review authors (SZ and HY). Any disagreement regarding the eligibility of the included studies was resolved through discussion with the third reviewer.
Data Extraction and Management
Data extraction was performed independently by two authors (SZ and HY). The demographic data, plant extracts used, plant extract concentration, bonding systems, as well as outcomes were recorded (Table 1). If any information was missing, we contacted the corresponding authors via email.
TABLE 1 | Characteristics of the included studies.
[image: Table 1]Quality Assessment
Two reviewers (SZ and HY) independently assessed the risk of bias of the included studies with the assessment instrument used in a previous systematic review of in vitro studies (Sarkis-Onofre et al., 2014). Quality assessment parameters included randomized teeth, teeth free of caries or restoration, operation following the manufacturer’s instructions, given sample size, and the bonding procedures were performed by a single operator with or without blinding. The article would be given a “Yes” on the parameter if it was reported and performed appropriately in the article; and a “No” if it was not mentioned or not performed properly. Articles were classified into three levels of risk of bias according to the number of parameters that scored “Yes”: high (≤2 parameters), medium (3-4 parameters), and low (5-6 parameters) (Table 2).
TABLE 2 | Risk of bias of the studies considering aspects reported in the Materials and Methods section.
[image: Table 2]Statistical Analysis
Meta-analysis was conducted using Review Manager 5.3. Each possible comparison of the bond strength of dental adhesives with or without plant extracts participation was undertaken. In order to minimize the heterogeneity, only in vitro studies comparing the same plant extracts with the same concentration was included in the global analysis. The mean difference with 95% confidence interval (CI) was calculated and p ≤ 0.05 was considered significant. Statistical heterogeneity was assessed using the modified chi-square test (Cochran’s Q), which indicates heterogeneity when p>0.1, and I2 test, which indicates heterogeneity when its values is greater than 50%. Random-effect model was used in the analysis. The publication bias was to be assessed if more than ten studies were included in a meta-analysis. Sensitivity analysis was also performed by sequentially excluding each study if there were sufficient studies (≥10).
RESULTS
Search Strategy and Characteristics
The initial search yielded 341 articles, out of which, 36 articles were eliminated after screening of titles and removal of duplicates. After abstract screening, 243 articles were excluded. A resultant sample of 62 articles was carried forward to the next stage, in which full-text copies were scrutinized. Finally, a total of 30 studies were systematically reviewed, in which 5 studies added plant extracts into adhesives and 25 studies used plant extract solution as primers (Figure 1). Twenty-nine articles were in English and 1 were in Chinese. There are nine types of plant extracts and 15 types of adhesives involved (Table 1).
[image: Figure 1]FIGURE 1 | Flow chart of study selection according to PRISMA statement.
Risk of Bias
Most of the 30 studies (86.7%) exhibited a medium risk of bias, except for four (13.3%) with a low risk of bias. All of the studies used the adhesive according to the manufacturer’s instructions and described sample size calculation, but none of the studies reported blinding. A total of 20 studies (66.7%) reported random assignment of teeth, and 27 studies (90%) used teeth free of caries. Only seven studies (23.3%) reported adhesive procedure performed by a single operator. The results are described in Figure 2 and Table 2.
[image: Figure 2]FIGURE 2 | Risk of bias graph judgements about each risk of bias item presented as percentages across all included studies.
Meta-Analysis
In the studies included in the meta-analysis, we only choose the data of interest. Only commercial adhesives were included, and the studies used experimental adhesives were excluded (Epasinghe et al., 2012). The effect of plant extracts on bonding strength may be related to different bonding modes such as self-etch or etch-and-rinse (Macedo et al., 2009; Bacelar-Sa et al., 2017). Hence, the disparity of the bond strength of different plant extracts in self-etch or etch-and-rinse adhesives was compared. Because aging methods were highly heterogeneous (i.e., water storage, saliva storage and PH cycling), it was not considered in the meta-analysis (Deng et al., 2014).
Due to the fact that different concentrations of plant extracts were used, only those with the same concentration were taken into meta-analysis. Of the 30 studies, data from 14 papers in which plant extract solution serve as primers underwent meta-analysis. The results of the meta-analysis are shown in Figures 3–5.
[image: Figure 3]FIGURE 3 | Forest Plot—plant extract primers: etch-and-rinse immediate bond strength.
[image: Figure 4]FIGURE 4 | Forest Plot—plant extract primers: self-etch immediate bond strength.
[image: Figure 5]FIGURE 5 | Forest Plot—proanthocyanidin (PA) primers
Etch-and-Rinse Bond Strength (Plant Extract Primers)
The first analysis (etch-and rinse adhesive with or without plant extract primers) was performed, and the different concentration of plant extracts were the subgroups. A total of 29 datasets were selected, while 14 studies were included (Figure 3), with the following results: Q-test p < 0.00001, I2 = 95% and overall effect p = 0.0007. Test for subgroup differences: Q-test p = 0.02 and I2 = 69.7%, which showed that the data of subgroups were consistent.
The data of subgroup using 0.1% EGCG as primer showed no statistically significant differences compared with control group (Z-test: p > 0.05). However, the result of proanthocyanidin (PA) showed that the experimental groups had significant higher bond strengths than the control groups, with overall effect p < 0.05. For primers with 5% PA and 6.5% PA, the result in the Q-test was both p < 0.01 and I2 = 98%, I2 = 91%, separately. However, the result of 10% PA in the Q-test was p > 0.05 and I2 = 0%. The results of the meta-analysis are shown in Figure 3.
Self-Etch Bond Strength (Plant Extract Primers)
For the second analysis (self-etch adhesive with or without plant extract primers), 10 data sets were selected, with four studies included (Figure 4). The results were as followings: Q-test p < 0.05 and I2 = 53%. The global analysis showed statistically significant difference (p < 0.05).
Primers With Vs Without Proanthocyanidin
For the third analysis (primers with or without PA), 11 studies and 33 datasets were included (Figure 5). The difference between control and experimental groups were statistically significant (Q-test: p < 0.01, I2 = 95% and Z-test: p < 0.05). The differences in the test for subgroups (primers with different concentration of PA) showed the following values: chi-squared = 3.72, df = 3 (p = 0.29) and I2 = 19.4%. The meta-analysis results are shown in Figure 5.
DISCUSSION
This systematic review is the first to verify the effects of plant extracts on dentin bonding strength from in vitro studies. Thorough database research was conducted, and data were extracted and integrated in tables. Each study was designed and performed on the basis of their own parameters (plant extract types, action modes, concentration, dental adhesives and indicators), as listed in Table 1. Nine different plant extracts were added into 15 types of adhesives or served as primers. Out of the 30 studies, the data from 14 were selected for further evaluation.
As shown in Table 1, there were different commercial adhesives used. We had undertaken several measures to avoid the discrepancy. Firstly, the details of the adhesives were listed, such as commercial name, manufacturer, and place of production. Secondly, the articles that used experimental adhesives were excluded in the present study. Thirdly, 19 of 30 included studies chose the same one commercial adhesive, Single Bond 2(3M ESPE, St. Paul, MN, United States). Furthermore, all included studies set the control group which did not add plant extracts into adhesives or serve as primers. All these strategies were helpful to eliminate the disturbance of different adhesives on research results to the utmost extent. Furthermore, the included studies all reported the manufacturers and details of plant extracts, such as resveratrol powder (Sigma–Aldrich, St. Louis, MO, United States), and the pureness of this product was listed as ≥99% (HPLC).
Since plant extract was introduced, its effectiveness in crosslinking and biocompatibility has drawn a lot of attention. Different plant extracts were investigated, listing as follows: proanthocyanidin (PA), epigallocatechin-3-gallate (EGCG), quercetin (QUE), resveratrol (RSV), baicalein (BAI), hesperidin (HES), rutin (RUT) and naringin (NAR). Firstly, despite the chemical structure differences, they all belong to plant polyphenol, which possesses antioxidant and anti-inflammatory properties. These effects are mainly derived from phenolic hydroxyl groups in polyphenols (Leopoldini et al., 2011). The highly-hydroxylated structures make them capable of forming insoluble complexes with carbohydrates and proteins (Bravo, 1998; Teixeira et al., 2002). The major force that stabilizes the plant-extract-protein complexes is hydrogen bonding between phenolic hydroxyl and peptide carbonyl (Hagerman and Butler, 1980a; Hagerman and Butler, 1980b), which is strengthened by alkyl substitution on the amide nitrogen adjacent to the carbonyl (Cannon, 1955). Therefore, the mechanical properties of collagen complex would be increased (Yang et al., 2016). Secondly, plant extracts, such as baicalein and resveratrol, can inhibit the activity of peptidases directly or indirectly by changing the catalytic domain (Mazzoni et al., 2018) or crosslinking with noncollagenous proteins regulating peptidases (Breschi et al., 2010; Cova et al., 2011). Thirdly, many plant extracts, like baicalein, are commonly used in herbal medicines to treat bacterial and viral infections. They show remarkable antimicrobial effects on different bacteria including Escherichia coli, P. cuspidatum and S.mutans (Song et al., 2006; Duan et al., 2007; Zeng et al., 2008; Chinnam et al., 2010; Jang et al., 2014). The mechanisms are not clear yet, but it might be attributed to the inhibition of the cellular growth (Paulo et al., 2010).
One of the most studied plant extracts is proanthocyanidin (PA), also known as grape seed extracts (GSE) (Al-Ammar et al., 2009; Macedo et al., 2009; Liu et al., 2012; Broyles et al., 2013; Liu et al., 2014; Islam et al., 2014; Zheng et al., 2015; Zhou et al., 2016; Hass et al., 2016b; Bacelar-Sa et al., 2017; Zheng and Chen, 2017; de Siqueira et al., 2020; Ds et al., 2020; Landmayer et al., 2020). It is a condensed tannins extracted from Vitis vinifera grapes, which has been reported to contain 79.6% polyphenols(Aguiar et al., 2014). PA is composed of flavon-3-ol subunits, catechin, epicatechin and epicatechin-3-O-gallate and linked through C4-C8 (Cavaliere et al., 2010). These components are responsible for their properties such as free-radical scavenging capacity, high affinity for protein, antioxidant potential and capacity to enhance the mechanical properties of collagen (Castellan et al., 2010; Leme-Kraus et al., 2017). Epasinghe et al. (2012) reported that incorporation of less than 3% proanthocyanidin into dental adhesive can reduce nanoleakage without comprising 24 h adhesive-dentin bond strength. The meta-analysis of the PA primer effects on bonding showed a significant positive effect compared with the control group, irrespective of the concentrations or the type of adhesive used (Al-Ammar et al., 2010; Macedo et al., 2009; Liu et al., 2014; Wiegand et al., 2015; Zhou et al., 2016; Hass et al., 2016a; Bacelar-Sa et al., 2017; Ds et al., 2020; Landmayer et al., 2020; Siqueira et al., 2020). However, the results of 5 and 6.5% PA primer revealed a heterogeneity of 98% and 91% (Figure 3). The reason might be attributed to different bonding techniques such as dry bonding and wet bonding (Zhou et al., 2016) For 10% PA primer, the bonding strength shows statistically significant elevation with no heterogeneity (Liu et al., 2014; Landmayer et al., 2020). Although the heterogeneity varies from group to group, the subgroup analysis revealed no significant differences, which also prove the effectiveness of PA primer.
Another important plant extract being intensely investigated is epigallocatechin-3-gallate (EGCG) (Du et al., 2012; Santiago et al., 2013; Yang et al., 2016; Yu et al., 2017; Albuquerque et al., 2019; Costa et al., 2019; Fialho et al., 2019; Landmayer et al., 2020; Zhang et al., 2020). It is one of the flavanols in tea, also known as catechins (Tachibana, 2011). As a representative component of green tea, it cannot be found in any plants except C. sinensis (L.) Kuntze (Tachibana, 2011). EGCG consists of a meta-5,7-dihydroxyl-substituted A ring and trihydroxy phenol structures on both the B and D rings (Peter et al., 2017). The polyphenolic structure makes EGCG good donors for hydrogen bonding (Yang et al., 2009). Thus, it has shown the ability to bring various health benefits, like anti-metastasis, anti-inflammatory and antioxidant effects (Mukhtar and Ahmad, 2000; Mereles and Hunstein, 2011; Suzuki and Isemura, 2013). The similarity of chemical structure with other flavanols like PA makes it capable of enhancing the mechanical strength of collagen. The addition of EGCG directly into adhesives has been proven to preserve the bond strength after different ageing methods (Du et al., 2012; Yu et al., 2017; Albuquerque et al., 2019). The result of EGCG primer showed no negative influence on immediate bond strength (Zhang et al., 2020). The lack of data and various ageing methods make it impossible to do meta-analysis on aged bond strength. However, plenty of articles showed EGCG primer can improve the bond stability (Landmayer et al., 2020; Zhang et al., 2020). Furthermore, Yu et al. (2017) created a derivative of EGCG, called EGCG-3Me, which can enhance the bond stability, inhibited S.mutans adhesion and hinder its growth.
There are other plant extracts included in this systematic review: quercetin (QUE) (Gotti et al., 2015; Yang et al., 2017; Ds et al., 2020), resveratrol (RSV) (Porto et al., 2018; Peng et al., 2020), baicalein (BAI) (J. Li et al., 2018; Yi et al., 2019), genipin (GEN) (Al-Ammar et al., 2009), hesperidin (HES) (Islam et al., 2014; Ds et al., 2020), rutin (RUT) (Ds et al., 2020), and naringin (NAR) (Ds et al., 2020). The molecular formula, mass and number of hydroxyphenyl radicals are listed in Table 3. The data are inadequate to perform meta-analysis.
TABLE 3 | Physical and chemical properties of the plant extracts and their possible effects on immediate bonding strength.
[image: Table 3]As natural crosslinkers, there are many factors influencing the crosslinking process. For instance, 1) the molecule size; 2) the number of molecules available in the solution; 3) the solubility index of the molecule and its influence on the miscibility of the vehicle for its application in dentin; 4) the number and type of reactive sites of the molecule; 5) the characteristics of the dentin (Ds et al., 2020).
It is a paradox that the bigger molecules usually have more reactive sites that can enhance the crosslinking effect, but their ability to dissolve and diffuse would be lower than smaller ones. Moreover, the type of molecules in grape seed extracts are complex, with monomers, oligomers and polymers existing at the same time (Bravo, 1998). The size of the oligomers and polymers were larger, which makes it more difficult to diffuse into dentin tubules. According to the results of included studies, we concluded the possible effects of different plant extracts on immediate bonding strength and classified them into different colors: green means the effects on improving bonding strength were evident; yellow means more studies in need; red means probable adverse effects (Table 3).
The plant extracts are normally recognized as plant polyphenols, which encompass a wide variety of molecules that contain at least one aromatic ring with one or more hydroxyl groups (Ferrazzano et al., 2011). Although they were extracted from different plants, the similarity in their chemical structure makes it possible for them to all possess properties like antioxidation and anti-bacterium. To begin with, the highly-hydroxylated structures make them capable of forming complexes with proteins, especially proline-rich proteins in dental collagen (Bravo, 1998). This fortified crosslinking interaction helps enhance the mechanical strength of dental bonding (Yang et al., 2017; Yi et al., 2019; Peng et al., 2020). Furthermore, the polyphenolic compounds could coordinate with metal ions and compete with peptidases such as MMPs for the catalytic domain in collagen (Mazzoni et al., 2018). As a result, the enzymatic hydrolysis of hybrid layer collagen would be impeded and the adhesive-dentin interface stability would be maintained (Epasinghe et al., 2012; Yang et al., 2016; Yang et al., 2017). Besides, the plant polyphenols were considered metabolites involved in the chemical defense of plants and possess the ability to inhibit bacteria (Ferrazzano et al., 2011). There is plenty of evidence supporting the inhibition of cariogenic bacteria by phenolic compounds. The mechanisms of polyphenols against bacteria like S.mutans may include affecting cell membrane permeability, inhibiting protein synthesis, blocking ATP synthesis and inhibiting bacterial metabolism (Chinnam et al., 2010; Xie et al., 2015). Lastly, as natural crosslinkers, the plant polyphenols are non-toxic compared to synthetic compounds like chlorhexidine and glutaraldehyde. They can protect cells by inhibiting oxidative stress-induced DNA damage, lipid peroxidation and protein oxidation (Kang et al., 2012). To conclude, all these in vitro studies demonstrated that the plant extracts, consisting of polyphenols, can enhance mechanical strength of dentin collagen, maintain dentin-adhesive stability, inhibit cariogenic bacteria and resist adhesive-induced cytotoxicity.
Although plant extracts have shown plenty of advantages, there are still a large variety of aspects to be explored, such as solvent, treatment time and concentrations. First, theoretically, the effect of plant extracts would increase with the concentration. However, the solubility of the compounds were not great (Bravo, 1998). Zhang et al. (2020) reported EGCG with dimethyl sulfoxide as a solvent can exert synergistic effect on dentin-adhesive interface stability. Second, the treatment time varies from one to another. Genipin is reported to have a slow rate of cross-linking induction that the mechanical strength increased only after 40 h treatment (Bedran-Russo et al., 2007). Third, the effect of different concentration on bonding is complex. It has been shown more than 3% PA added into adhesive directly can exert adverse effect on bonding (Epasinghe et al., 2012). More studies are needed to determine the suitable solvent, treatment time and concentrations of plant extracts.
As mentioned in this review, plant extracts are actually polyphenols, which possess phenolic hydroxyl groups and aromatic rings (Ferrazzano et al., 2011). Therefore, their solubility in solvents such as ethanol are high, due to their similar chemical structure like hydroxyl groups. Furthermore, the interactions between plant extract (eg. PA) and collagen can be disrupted by detergents of hydrogen bond-weakening solvents, suggesting that PA-collagen complex formation involves primarily hydrogen bonding between the protein amide carbonyl and the phenolic hydroxyl (Hagerman and Klucher, 1986). Ethanol, on the other hand, stimulate PA and collagen interactions (Bo et al., 2010). There is no evidence that the interaction is concentration-dependent.
The present study showed the changes in dentin bond strength after adding plant extracts into adhesives or serving as primers. Although strict selection was performed to minimize heterogeneity, the data of several subgroups remained high heterogeneous. There are three reasons for heterogeneity:1. Different adhesive brands; 2. Different bonding modes (etch-and-rinse or self-etch); 3. Different dentin material (normal or eroded dentin). Also, several authors failed to report important details, such as whether the same operator performed the bonding steps of all specimens. These factors may help explain the high heterogeneity in in vitro experiments.
CONCLUSIONS
Plant extracts have positive effects on the immediate microtensile bond strength of the adhesive-dentin interface. Meta-analysis demonstrated that the use of proanthocyanidin (PA) primer, especially at the concentration of 10%, had statistically significant effect on the immediate dentin bonding strength. Considerable heterogeneity existed among the different adhesive brands, bonding modes and dentin materials used, which limited the meta-analysis approach. Further clinical research is needed to confirm the effect of plant extracts on bond strength in vivo.
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Background: The nanotechnologies have been applied for dental restorative materials manufacturing such as glass ionomer cement, composites, tooth regeneration, and endodontic sealers. The study aimed to investigate the chemical bond of conventional glass ionomer cement and to evaluate the addition of different concentrations of silver nanoparticles (AgNPs) on the quality of the chemical bond of glass ionomer cement to primary dentin.
Methods: Silver nanoparticle (AgNP) powder was added in concentrations of 0.2, 0.4, and 0.6% to the conventional powder of GIC Fuji II. Then, the powder was added to the liquid and mixed with the recommended powder/liquid ratio of 3.6:1 g. The Fourier-transform infrared spectra (FTIR) of teeth with 0.2%, 0.4%, and 0.6% w/w of silver nanoparticles in GIC fills and the control tooth were obtained. The conventional glass ionomer was used as a control group. The control and the plain silver tooth were subjected to FTIR analysis using an ATR–FTIR spectrophotometer (ThermoFisher Scientific, Waltham, MA, United States) with zinc selenide (ZnSe) ATR crystal (attenuated total reflection) and OPUS v7.5 software. All spectra were recorded in the range of 500–3,500 cm−1 in the transmission mode with an ATR module.
Results: The AgNPs added at 0.2, 0.4, and 0.6% concentration to GIC provided some information in the context of bond interaction with the dentin. Various bond peaks were seen for calcium, carbonate, phosphate, and amide. In our study, only the amide and phosphate were generated. The amide peaks were almost similar to the control, 0.2%, 0.4%, and 0.6%, with the peaks in the range of 1250–1650 cm−1. There was a clear shift in the phosphate peak from the control, 0.2, and 0.4%, which was about 1050 cm−1, whereas for 0.6%, there was a clear shift from 1050 cm−1 to 880 cm−1.
Conclusion: GIC supplemented with AgNPs showed that a concentration above 0.4% of AgNPs altered the bond quality in dentin interaction. In conclusion, adding AgNPs at a minimal level improves the mechanical properties and maintains the same bond quality as GIC.
Keywords: bong strength, silver nanoparticles, bonding, glass ionomer, primary teeth
INTRODUCTION
The glass ionomer cement (GIC) was first discovered by Wilson and Kent (1972). It has been widely used for restorations, liners and bases, pit and fissure sealants, luting materials, core buildups, and orthodontic bracket adhesives (Cibim et al., 2017). GIC’s shortcomings are little fracture toughness, little wear resistance, and formal dissolution on water sorption that might lead to the growth of secondary caries, bacteria, and in the end, failure of the restoration (Garcia-Contreras et al., 2015). Furthermore, GICs have good biocompatibility, a low thermal expansion coefficient, and fluoride-releasing properties (Garcia-Contreras et al., 2015).
The secondary caries was reported as being the primary reason for the failure of GICs because the fluoride release was not enough to inhibit bacterial growth (Xie et al., 2011). The primary cause for caries and cariopathogenic biofilm development can be adhesion to the tooth surface by specific oral bacteria (Garcia et al., 2016). It can occur after a minimally invasive technique that would leave caries-affected tissues behind, thus resulting in elevation of the probability of residual bacteria on the prepared teeth cavities (Doozandeh et al., 2015). Furthermore, bacteria might invade tooth restoration interfaces throughout service when microleakage occurs in that region (Jowkar et al., 2019). Accordingly, a restoration may be affected by secondary caries that results from the growth of bacterial colonies, notably Streptococcus mutans, beneath the restorations (Kasraei et al., 2014).
For minimizing secondary caries failure, additional filler was introduced to improve the antibacterial and mechanical proprieties of the GICs without any interference with their bond strength and fluoride-releasing properties (Xu and Burgess, 2003; Garcia-Contreras et al., 2015). Nanotechnology is the science of producing functional structures and materials that range from 0.1 to 100 nm utilizing different physical and chemical processes. The developments of nanocomposites was the first attempt in the restorative dentistry field to use nanoparticles (NPs). This attempt has enabled scientists to develop nanoparticle-enriched GICs (Mitra et al., 2003). The nanotechnologies were applied for dental restorative materials manufacturing such as glass ionomer cement (i.e., nano-ionomers), composites (i.e., nanocomposites), tooth regeneration, and endodontic sealers (Mitra et al., 2011). The vital contribution from nanodental materials can be considered to be identifying oral health-related disorders via enhanced management and diagnosis of dental problems via bionanomaterials (Maman et al., 2018). Silver can be used in elementary and ionized forms such as nanoparticles or silver zeolites (Monteiro et al., 2012; Padovani et al., 2015; Köroğlu et al., 2016; Crystal and Niederman, 2019). A silver alloy powder was formerly added to a restorative glass ionomer cement to make a metal reinforced GIC, which is more complex and more substantial. A silver powder was sintered to glass at high temperatures to obtain cermet cement. It has been claimed that such silver-sintered powder could improve abrasion resistance and durability (Simmons, 1983; McLean et al., 1994).
Silver nanoparticle incorporation into GIC powder could reduce biofilm formations that would not significantly affect the mechanical and physical properties. In one study, silver nanoparticles were not firmly bonded to the matrix. They did not significantly improve the mechanical properties, which could be due to their nanosize, which allowed dispersion between and around polymer chains (Köroğlu et al., 2016; El-Wassefy et al., 2018; Crystal and Niederman, 2019). Incorporating silver nanoparticles into glass ionomer cements significantly enhanced the material’s wear resistance. The main improvement after adding silver nanoparticles was abrasion resistance and radio-opacity to the glass ionomer cement (McKinney et al., 1988; Xie et al., 2000). Fourier-transform infrared spectroscopy (FTIR) qualitative analysis can provide wave modes of molecules, assessed via the sample optical absorptions bands, which can be thought of as the fingerprints of specific molecules that provide accurate data on chemical changes inside a material. The latter being evaluated has suggested potential changes in absorption bands and/or new bands (Yamakami et al., 2018). Thus, there is evidence from previous studies about the advantages of adding silver nanoparticles (AgNPs), which show increased mechanical and antibacterial properties. Still, there are no studies on the quality of the bond interaction of silver nanoparticles (AgNPs) with dentin. The study aimed to investigate the chemical bond of conventional glass ionomer, evaluate the addition of silver nanoparticles (AgNPs) to traditional glass ionomer cement (GIC), and assess the effect of different concentrations of silver nanoparticles (AgNPs) on the quality of the chemical bond of glass ionomer cement to primary dentin.
METHODOLOGY
Materials
GC Fuji II [powder 15 g: 95% by weight alumino-fluoro-silicate glass with 5% polyacrylic acid powder, liquid 8 g (6.4 ml): 50 percent distilled water, 40 percent polyacrylic acid, and 10 percent polybasic carboxylic acid (GC, Tokyo, Japan)] and silver nanoparticles (AgNPs) (<100 µm in size) from Sigma Aldrich (St. Louis, MO, United States, Lot # MKBN3581V).
Ethical Approval
The proposal was registered with the research center of Riyadh Elm University (FPGRP/43835007/334), and ethical approval was obtained from the Institutional Review Board of the institution.
Preparation of Samples
In this in vitro study, a conventional GIC (GC Fuji II, GC Corporation, Tokyo, Japan) (f) and silver nanoparticle powders (AgNPs) <100 nm particle size (Sigma-Aldrich, St. Louis, MO, United States) (Figure 1) were purchased. The SNP powder was weighed carefully using a weighing machine with an accuracy of ±0.0001 g Precisa (360A, Livingston, U.K) (Figure 1), and three concentrations were obtained: 0.2, 0.4, and 0.6% (w/w). The GIC specimens were divided into four groups for each test: GIC without silver nanoparticles (AgNPs) (n = 10), GIC with 0.2% silver nanoparticles (AgNPs) (n = 10), GIC with 0.4% silver nanoparticles (AgNPs) (n = 10), and GIC with 0.6% AgNPs (n = 10) (Figure 3). The materials were mixed with a powder/liquid P/L ratio of 2.6.1 g and were prepared following the manufacturer’s instructions.
[image: Figure 1]FIGURE 1 | (A) GC Fuji II powder and liquid; (B) silver nanoparticle (AgNP) powder used for making samples; (C) mixed GIC powder and silver nanoparticle (AgNP) powder with different concentrations 0.2, 0.4, and 0.6%; (D) electronic weighing scale used for measuring the weight of the GIC powder and other substance(s); (E) Fourier-transform infrared spectroscopy (FTIR).
Preparation of Group(s)
The extracted teeth were collected from an operating room and dental clinic. The teeth were carefully examined to ensure the absence of debris. For 1 month, the teeth were stored in a 0.1% thymol solution with 0.9% isotonic sodium chloride (5°C) until the beginning of the experiment. We used a diamond separating disc (Edenta ISO No. 806.104.355.514.220, Switzerland; 15.000 rotations/min) at a slow-speed handpiece with continuous water cooling, perpendicular to the tooth’s long axis, and sectioned approximately 2.0 mm of the tissue along with the cusps without exposing the pulp (Porenczuk et al., 2016). The 40 teeth were categorized into four groups with an equal distribution that includes group 1 (apply GIC on dentin as the control group), group 2 (apply GIC with silver nanoparticles (AgNPs) (0.2%) on dentin), group 3 (apply GIC with silver nanoparticles (AgNPs) (0.4%) on dentin), and group 4 (apply GIC with silver nanoparticles (AgNPs) (0.6%) on dentin). For the preparation of the control group, the ratio of powder and liquid was taken as per the manufacturers’ instructions, and they were mixed on a glossy paper pad. Subsequently, all the samples were prepared for FTIR.
Analysis of the Mechanical Interaction
Fourier-transform infrared spectroscopy (FTIR) (Figure 1) provides the vibrational modes of the molecules, evaluated by the optical absorption bands of the sample, which are considered the fingerprints of specific molecules, enabling precise information about chemical changes in the material, the latter being assessed based on the possible changes in absorption bands and/or the appearance of new bands (Larkin, 2011). Teeth with 0.2%, 0,4%, and 0.6% w/w of silver nanoparticles and GIC, the control tooth, and plain silver were subjected to FTIR analysis using an ATR–FTIR spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) with zinc selenide (ZnSe) ATR crystals (attenuated total reflection) and OPUS v7.5 software. All spectra were recorded in the range of 500–3,500 cm−1 in the transmission mode with an ATR module. The FTIR vibration range mode wavenumber was from 500 to 3500 cm−1. The FTIR analysis of GIC showed a similar interaction with the dentin compared to the GIC, with 0.2 and 0.4% AgNPs. These vibrational groups were part of the cross-linking reaction and aging time. In addition, the FTIR spectra showed the vibration of Ag in molecular water associated at the range of 3300 cm−1. The vibration band then shifted to 880 cm−1. This band was related to the bonding structure present in the GIC sample with 0.6%. The other band existing at ∼1,550 cm-1 referred to the formation of the asymmetric COOH band from the PAA.
Statistical Analysis
Only descriptive analysis was carried out, and statistical analysis was not performed in this study due to the qualitative characteristics of the data resulting from FTIR (Yamakami et al., 2018).
RESULTS
The results of the bioactive evaluation of silver nanoparticle cement, carried out by Fourier-transform infrared spectroscopy, are shown in Figure 2. The GIC had various peaks, of which v1, v2, v3, v4, and v5 with 1068 cm−1, 1365 cm−1, 1456 cm−1, 1637 cm−1, and 1740 cm−1, respectively, were significant. The results of the bioactive evaluation of glass ionomer cement, carried out by Fourier-transform infrared spectroscopy, are shown in Figure 3. The GIC had various peaks, of which v1, v2, v3, v4, and v5 with 1050cm−1, 1,365 cm−1, 1,412 cm−1, 1490 cm−1, and 1556 cm−1, respectively, were significant. The GIC with silver nanoparticles (AgNPs) 0.2% had various peaks, of which v1, v2, v3, v4, and v5 with 1,048 cm−1, 1,368 cm−1, 1,410 cm−1, 1492 cm−1, and 1561 cm−1, respectively, were significant. The results of the bioactive evaluation of glass ionomer cement and silver nanoparticles (AgNPs) 0.2% with dentin, carried out by Fourier-transform infrared spectroscopy, are shown in Figure 4.
[image: Figure 2]FIGURE 2 | Bioactive evaluation of silver nanoparticles.
[image: Figure 3]FIGURE 3 | Bioactive evaluation of glass ionomer cement (GIC) with dentin.
[image: Figure 4]FIGURE 4 | Bioactive evaluation of glass ionomer cement (GIC) and silver nanoparticles (AgNPs) 0.2% sample with dentin.
The results of the bioactive evaluation of glass ionomer cement with silver nanoparticles (AgNPs) 0.4% with dentin, carried out by Fourier-transform infrared spectroscopy, are shown in Figure 5. The GIC with silver nanoparticles (AgNPs) 0.4% had various peaks, of which v1, v2, v3, v4, v5 with 1,045 cm−1, 1,360 cm−1, 1,418 cm−1, 1,485 cm−1, and 1,548 cm−1, respectively, were significant. The GIC with silver nanoparticles (AgNPs) 0.6% had various peaks, of which v1, v2, v3, v4, and v5 with 8,080 cm−1, 1,365 cm−1, 1,408 cm−1, 1,493 cm−1, and 1,565 cm−1, respectively, were significant. The results of the bioactive evaluation of glass ionomer cement with silver nanoparticles (AgNPs) 0.6% with dentin, carried out by Fourier-transform infrared spectroscopy, are shown in Figure 6. The results of the bioactive evaluation of dentin performed by Fourier-transform infrared spectroscopy are shown in Table 1. The dentin had various peaks, of which v1, v2, v3, and v4, with 1040 cm−1, 1242 cm−1, 1546 cm−1, and 1655 cm−1, respectively, were significant.
[image: Figure 5]FIGURE 5 | Bioactive evaluation of glass ionomer cement (GIC) and silver nanoparticles (AgNPs) 0.4% sample with dentin.
[image: Figure 6]FIGURE 6 | Bioactive evaluation of glass ionomer cement (GIC) and silver nanoparticles (AgNPs) 0.6% sample with dentin.
TABLE 1 | Wave numbers of dentin by Fourier-transform infrared spectroscopy.
[image: Table 1]DISCUSSION
The present study has been carried out to investigate the effect of the bonding interaction of AgNP incorporation into GIC onto the dentin surface. Three concentrations (0.2, 0.4, and 0.6%) were added, with the control being the GIC. This study showed a greater variation of the transmission bands after the increased addition of silver nanoparticles, indicating a change in bond interaction with the dentin. Pure GIC has the disadvantage of less wear resistance, and it cannot withstand the masticatory forces. The common reason for the low resistance of GIC to fracture is the presence of voids in the cement matrix, which are formed by the inclusion of air during cement mixing. These voids may act as stress raisers and concentrators and eventually weaken the mechanical properties of the set cement (Kent, 1973; Elsaka et al., 2011; Liu et al., 2014). Many practitioners use this restoration due to the major advantage of its fluoride-releasing property (Xu and Burgess, 2003). The manufacturers also release many combinations to improve the mechanical properties without losing the fluoride release.
Recent studies suggest that the voids tend to be filled with nanoparticles incorporated into GIC (Elsaka et al., 2011; Gjorgievska et al., 2015). In this process of experimentation, a limited number of studies were carried out incorporating SNP with GIC (Paiva et al., 2018; Jowkar et al., 2019). Jowkar and co-workers (2019) used the addition of 0.1 and 0.2% of AgNPs to GIC in their study and concluded that the higher concentration of 0.2% showed a significant improvement in mechanical properties (surface hardness, flexural strength, compressive strength, and micro-shear bond strength to dentin). Paiva and co-workers (2018) concluded that a higher concentration of silver (0.5% by mass) in the matrix of nano-Ag-GIC allowed viable net setting time and increased the compressive strength of the experimental cement by 32%. The addition of AgNPs increased the mechanical properties of the GIC and improved the antibacterial property in arresting the caries (Padovani et al., 2015; Raggio et al., 2016; Paiva et al., 2018; Nuvvula and Mallineni, 2019).
The small sizes of the silver nanoparticles incorporated into GIC and the improved packing of particles within the matrix of the set cement may explain the improvement of the flexural and compressive strengths of the AgNP-containing GIC. Incorporating AgNPs into GIC may also result in a broader particle size distribution range. Therefore, these small silver nanoparticles can occupy the empty spaces between the larger glass particles and provide an additional bonding site for the polyacrylic polymer (Moshaverinia et al., 2008; Moshaverinia et al., 2010). Considering all these factors, we completed novel research on how various concentrations of AgNPs would change the interaction of GIC and AgNPs with the dentin. Several studies (Paiva et al., 2018; Jowkar et al., 2019) have shown that any concentration less than 0.5% AgNPs with GIC improved the mechanical properties. Hence, our study added more than 0.5% AgNPs, that is, 0.6% AgNPs as one of the groups along with 0.2 and 0.4%.
The present study aimed to examine the quality of the bonding interaction without changing the ideal bond quality achieved with GIC. However, the study focused on the exchanges that occurred when the cement was brought into contact with dentin. It is essential to differentiate between short-term and long-term interactions. Short-term interactions occur when the freshly prepared glass ionomer cement is brought into contact with dentin. They correspond to the rapid inter-diffusions between the dentin elements and the glass ionomer cement when the cement is not entirely set. These inter-diffusions enable the GIC to adhere to dentin. This ceases once the cement has been developed completely. Long-term interactions correspond to the slow diffusion of some elements of the glass ionomer cement through dentin. They can be caused by water in the buccal environment (Sennou et al., 1999).
This quality of binding of any restorative material to dentin is achieved through various methods such as FTIR (Paiva et al., 2018; Yamakami et al., 2018; Jowkar et al., 2019), Raman spectroscopy (Larkin, 2011; Yamakami et al., 2018), infrared spectroscopy (Larkin, 2011), and X-ray photoelectron spectroscopy (Sennou et al., 1999). Devaraj and co-workers (2013) reported that the FTIR spectra of silver nanoparticles exhibited prominent peaks at 2,927 cm−1, 1,631 cm−1, and 1,383 cm−1. Similar peaks were evident in the present study with little variation, showing various peaks, such as v1, v2, v3, v4, and v5 with 1,068 cm−1, 1365 cm−1, 1456 cm−1, 1637 cm−1, and 1740 cm−1, respectively. FTIR of the dentin surface showed several amide peaks (amide I, amide II, and amide III) in the range between 1,250 and 1,650 cm−1, and the phosphate intensity ranged slightly over 1,000 cm−1 (Table 1). These results are similar to Spencer et al. (2005); Cao et al. (2014). Lin and co-workers (2001) reported two different absorption bands at 2,200 cm−1 and 2015 cm−1 in the spectrum. Lopes and co-workers (2018) suggested a reaction in the organic matrix or between the organic matrix and minerals, resulting in a different peak.
The phosphate bonds were more peculiar with four vibrational modes: v1, v2, v3, and v4. All these modes were infrared radiography active and observed in dentin. In the present study, a single intense v3 band was observed at about 1046 cm-1. The v3 band overlapped with the v1 band, the first one of greater intensity (Nelson and Featherstone, 1982). The phosphate v1 band was present at 960 cm−1. The phosphate v4 band was observed at in 660 cm1 and 520 cm1 and was a sharp, well-defined band (Rehman and Bonfield, 1997). Last, a soft phosphate v2 band was observed in the region of 470 cm−1 (Bachmann et al., 2003). In the present study, AgNPs were added at 0.2, 0.4, and 0.6% concentration to GIC and provided evidence for the context of bond interaction with the dentin. There was a clear shift evident in the phosphate peak for control, 0.2%, and 0.4%, which was around 1050 cm−1, while for 0.6%, there was a clear shift from 1050 cm−1 to 880 cm−1, which was evident in the present study. Various bond peaks were seen for calcium, carbonate, phosphate, and amide. In our study, only the amide and phosphate groups significantly generated peaks. The amide peaks were similar to the control, 0.2%, 0.4%, and 0.6%, ranging from 1250 to 1650 cm−1. This shows that there was a change in the interaction of bonding. We found a change in bond quality when AgNPs increased to 0.6% in the present study.
Limitations
The statistical analysis was not carried out in the present study, based on the study and descriptive analysis carried out by Yamakami et al. (2018), and this is also considered one of the potential limitations. It was an in vitro study, and we cannot assess what would happen in a clinical setting. Second, we used GIC GC Fuji II in the study, and variations may occur using other types of GIC. FTIR does not offer the high spatial resolution capabilities of different techniques such as micro-Raman spectroscopy (approx. 1 μm). However, FTIR has the advantage that IR spectra, with an acceptable signal/noise ratio, can be collected from areas measuring several hundred square micrometers in a matter of minutes.
Recommendations
We warrant further research to examine the addition of other substances to GIC and their effect on the bond strength of this material. In vitro studies already have good evidence, but we suggest in vivo studies to improve the quality of the restorations in a clinical condition.
CONCLUSION
The descriptive analysis in the present study showed that any concentration beyond 0.4% of AgNPs altered the bond quality with dentin interaction. In conclusion, adding AgNPs to a minimum improves the mechanical properties and maintains the same bond quality as GIC.
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With the development of nanotechnology, nanomaterials have been used in dental fields over the past years. Among them, graphene and its derivatives have attracted great attentions, owing to their excellent physicochemical property, morphology, biocompatibility, multi-differentiation activity, and antimicrobial activity. In our review, we summarized the recent progress about their applications on the dentistry. The synthesis methods, structures, and properties of graphene-based materials are discussed. Then, the dental applications of graphene-based materials are emphatically collected and described. Finally, the challenges and outlooks of graphene-based nanomaterials on the dental applications are discussed in this paper, aiming at inspiring more excellent studies.
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INTRODUCTION
Oral health is quite important because it can deeply affect human health and quality of life (Lamster, 2021). However, World Health Organization (WHO) had reported that over 70% world’s population suffered the dental-related diseases in 2016 (Gordon and Donoff, 2016). At the 74th World Health Assembly of WHO in 2021, oral health has been highly concerned (Lamster, 2021). The main common oral diseases include dental caries, periodontal diseases, tooth loss, and oral cancer. Nowadays, maintaining oral health is challenging. Although, many techniques and methods have been adopted to treat oral diseases, yet there was no ideal method. To improve these methods, many kinds of biomaterials have been applied.
Tissue defects (especially bone defect) caused by traumas, infections, or tumors are one of the most common diseases in dental field (Liu et al., 2020). Currently, many efforts have been taken to repair tissue defects. Moreover, the regeneration of dental-like tissues were harder than tissues like bone, and muscle, because cementum regeneration is slow and pulp regeneration is hard. Besides, the regeneration of alveolar bone is relative active and rapid (Riccardo et al., 2018). Tissue engineering is commonly considered as a superior treatment strategy, where scaffolds played a vital role. Nowadays, most commercial biomaterials lack osteoinductive properties, which are very important for bone regeneration (Wu et al., 2017). Therefore, it is vital and urgent to discover an osteoinductive biomaterial for bone reconstruction.
In the field of dentistry, dental implants have been widely applied to restore the missing teeth due to their various advantages. It is well known that osseointegration is the gold standard for successful dental implantation. Titanium and its alloy have been applied as dental implant materials because of its good biocompatibility, mechanical properties, and so on. Except for all its merits, titanium implants also have failures due to the poor osseointegration. Therefore, it is important to improve the performance of titanium dental implants, and modifications of dental implant surfaces played an important role (Steflik et al., 1999). Various biomaterials have been widely applied to enhance the osteogenic properties of dental implants. In addition, the peri-implantitis is also the main failure reason for dental implants (Hideaki et al., 2019). Therefore, it is of great importance to explore new excellent antibacterial surfaces of dental implant.
Nanomaterials have showed wonderful performances in improving the strength and resist wear of tooth fillers and sealants. Moreover, nanomaterials also performed excellent antimicrobial properties in the application of restorative materials (Sharan et al., 2017). Owing to the above advantages, outstanding nanomaterials are widely applied in the dental fields of restorative materials, adhesives, cements, primers, and so on.
Among various nanomaterials, graphene, as a promising two-dimensional (2D) carbon-based nanomaterial, is the thinnest and strongest material. In 2004, it was first isolated by Novoselov and Geim using mechanical exfoliation with a sticky tape and they won the Nobel Prize in 2010 (Novoselov et al., 2004). Graphene-based materials could be divided into four categories: single-layer graphene, few-layered graphene, graphene oxide (GO) and reduced graphene oxide (rGO) (Figure 1) (Bei et al., 2019). Owing to perfect physical properties, well electrical conductivity, and excellent biocompatibility, graphene and its derivative have attracted much attention in the field of medicine and biomedical fields. Moreover, graphene and its derivatives have also aroused great attentions in the field of dentistry and tissue engineering, dental implant coatings, bone cements, resin additives, and tooth whitening.
[image: Figure 1]FIGURE 1 | The structures of graphene-based materials.
During the past 20 years, significant advances have been achieved in regulating properties of graphene and its derivatives, elucidating their underlying mechanisms, and broadening potential applications. Up to now, there are more than 2,942 studies related to graphene-based materials for dental applications. Although numerous excellent reviews have been published, most of those reviews were mainly focused on certain specific aspect. Therefore, a comprehensive review is needed to summarize and analyze all the progress, especially the achievements from more than 2,271 research papers published in the past 5 years (Figure 2). Such an analysis is necessary to help researchers to better understand graphene-based materials. To highlight the recent progress, various types, performance, and the applications of graphene-based materials such as graphene, GO, and rGO are summarized in this review. Finally, the challenges and future perspectives of graphene-based materials are also discussed. The purpose of this review aimed at summarizing the dental application of graphene-based materials and proposing the challenges and prospects.
[image: Figure 2]FIGURE 2 | The numbers of published papers on the application of graphene-based materials in dental field by the end of June 2021. Data are from PubMed.
SYNTHESIS AND STRUCTURE OF GRAPHENE AND ITS DERIVATIVE
Graphene, as a promising one-atom thick, 2D carbon-based nanomaterial, is currently the thinnest and strongest material. GO and rGO are the two main derivatives of graphene. Graphene and its derivatives have similar structures but different functional groups, which could lead to the differences in the physical and chemical properties. In this part, the synthesis and structure of graphene and its derivatives will be discussed.
Synthesis and Structure of Graphene
In 2004, the Novoselov and Geim group firstly isolated graphene by mechanical exfoliation method with a sticky tape (Novoselov et al., 2004). Graphene made up of sp2 hybridized carbon atoms arranged in honeycombed lattice, and the structure of graphene is composed of six-membered rings stacked in parallel shape with no chemical groups on the surface of graphene (Zhang et al., 2019). Graphene aroused great interest, owing to its high mechanical strength, large surface area, good conductivity, and so on (Du et al., 2020).
Graphene from mechanical exfoliation has high purity and low defect, yet the yield is very low. To enhance the yield of graphene, many synthesis methods have been developed. There are two main synthesis approaches: top-down approach and bottom-up approach (Huang et al., 2012; Liao et al., 2018). On the one hand, the bottom-up approach includes the direct synthesis of graphene from the carbon materials, such as chemical vapor deposition (CVD) methods, graphitization of carbon-containing substrates by high temperature annealing, solid-phase deposition (Guo et al., 2009; Xiao et al., 2011). On the other hand, the top-down approach involves micromechanical cleavage, chemical exfoliation of GO followed by reduction treatment, and liquid-phase exfoliation.
Mechanical Exfoliation
In 2004, Geim group firstly obtained monolayer graphene by mechanical exfoliation method (Novoselov et al., 2004). The mechanical exfoliation of graphene is realized with a sticky tape from graphite crystals. Then, the tape was treated with specific solvents (such as acetone), and then, graphene was desorbed and harvested (Phaedon and Christos, 2012). Although the resulting graphene was highly pure without any chemical groups and defects, the yield was very low (Phaedon and Christos, 2012).
Liquid-Phase Exfoliation
Liquid-phase exfoliation is a good technique for a small scale of synthesis of graphene. First, graphite suspension is prepared in an organic solvent to weaken the van der Waals forces between the graphite layers. The graphite was then stripped into graphene sheets by ultrasound at a certain voltage. After further centrifugation, large quantities of single and multilayer graphene were obtained (Ghuge et al., 2016). The graphene is pure but small, and the number of layer is uncontrollable. Moreover, the use of surfactants and organic solvents leads to environmental pollution. The residual surfactants are difficult to remove in the process of exfoliation graphene. N,N-dimethyl-form amide (DMF), N-methyl-2-pyrrolidone (NMP), and dichlorobenzene (DCB) are the most frequently used organic solvents. However, they are toxic and detrimental to cells (Liao et al., 2018).
Chemical Vapor Deposition
CVD, one of the most successful approaches, has been widely employed for the low-cost and high-yield preparation of high-quality monolayer or few-layer graphene, where a large area monolayer graphene film formed on the metal (Ming et al., 2014). As for the synthesis process, methane, ethane, or propane is pyrolyzed at high temperature to form carbon onto the metal foils, such as Cu, Ni, Fe, Pt, and Ru. Then, the graphene film formed from free carbon atoms (Liao et al., 2018).
Chemical Exfoliation
Among various methods, chemical methods are one of the most productive ways in the synthesis of graphene-based materials. GO is firstly obtained by the Hummers method, which involves stirring or ultrasonic reaction of graphite with sulfuric acid, sodium nitrate, and potassium permanganate in water. Then, GO is kept at 1,000°C to exfoliate GO. GO is then reduced to rGO with reducing agents. Finally, rGO is converted to graphene by thermal or chemical treatments. However, it is difficult to remove all the oxygen-containing molecules in the GO. Besides, the long processing times and the toxic gases such as NO2 and N2O4 are also adverse factors during the synthesis progress.
Epitaxial Graphene
Epitaxial graphene could be fabricated on the SiC wafers under ultra-high vacuum and high temperatures. During the process, Si atoms on the surface of SiC wafers are sublimated and carbon domains are stayed on the SiC wafer surface, eventually forming graphene (Norimatsu and Kusunoki, 2014). However, because of the simultaneously growth of graphene in different position, the as-prepared graphene is not homogenous compared to other exfoliation methods.
In addition, Nickel diffusion approach is also a good alternative to SiC crystals. Nickel has a lattice structure similar to graphene with a thin nickel layer evaporated onto a SiC crystal. Being heated, the carbon diffuses through nickel layer and forms a graphene layer on the surface. The above methods make it easier to detach graphene layer from SiC crystal (Park and Ruoff, 2009).
GO exfoliation is also involved in other method such as laser ablation, anodic bonding, and photoexfoliation (Ansari et al., 2019). Laser ablation is the use of laser energy to peel graphene. In addition, the density of laser plays an important role in dominating the thickness and quality of graphene flakes (Kazemizadeh and Malekfar, 2017). Moreover, electrochemical exfoliation of graphite could obtain graphene nanosheets (Liu et al., 2008).
Synthesis and Structure of GO
GO, achieved by the oxidation of graphene, presented various reactive oxygen functional groups (e.g., hydroxyl, carboxyl, and epoxy groups) located on the basal plane and the edges of GO, which are beneficial to combine different biomolecules such as proteins and drugs. The function of the above groups aims at interacting with proteins in the form of covalent, electrostatic, and hydrogen bonding. Considering the structure of GO, the amount of carbon atoms in GO has declined to 40%–60%, which are replaced with oxygen atoms. Therefore, GO displays the hydrophilic property. Although GO has shown more hydrophilic than graphene, GO displays defective structure, poor insulating property, and mechanical property (Reina et al., 2017).
The most well-known method of GO synthesis was proposed by Hummers and Offeman in 1958, in which graphite was oxidized by potassium permanganate and sulfuric acid (Hummers and Offeman, 1958). In the Hummers method, NaNO3 and KMnO4, as oxidants, were dissolved in concentrated H2SO4 to oxidize graphite. However, the Hummers method has the drawbacks of generation of toxic gas such as NO2 and N2O4, residual nitrate (Yu et al., 2016). To solve this problem, Kovtyukhova et al. used K2S2O8 and P2O5 to peroxide the graphite (Kovtyukhova et al., 1999). The mixture was then thermally isolated and cooled at room temperature for 6 h. Then, the mixture was rinsed with water until neutral pH. Finally, GO was obtained by the Hummers method. GO with high degree of oxidation was obtained by the oxidation of KMnO4 and NaNO3. In addition, Marcano et al. used KMnO4 rather than NaNO3 from the Hummers method. In addition, a mixture of H2SO4/H3PO4 was further used to enhance the effect of oxidization (Marcano et al., 2010). The modified method showed many advantages, such as high yields, no generation of toxic gas, and the controlled temperature. As we know, oxidization is the most important factor for fabricating the GO. Furthermore, Li et al. fabricated a high quality of GO with a green method within 1 h (Peng et al., 2015). The abovementioned improved method obtained a large-scale of graphene by using a strong oxidant K2FeO4 without producing heavy metals and toxic gases.
Synthesis and Structure of rGO
rGO is mainly acquired by the reduction of GO. After reduction, the structures and properties of rGO have been greatly changed. Many oxygen-containing groups are removed from GO, and the sp2 structure of GO was restored to some extent, achieving a low carbon to oxygen ration (Lazauskas et al., 2018). As a result, the electrical conductivity is significantly enhanced. However, the conductivity of rGO is still inferior to graphene because of the residual oxygen and defects structure during the synthesis of GO.
The rGO could be obtained by the reduction of GO with different reduction conditions such as chemical reduction, thermal reduction, photochemical production, photothermal reduction, biological reduction, and electrochemical reduction (Cote et al., 2009; Guo et al., 2009; He et al., 2011; Mao et al., 2010; Williams et al., 2008; Yin et al., 2010). Among them, chemical reduction of GO is the most widely used technique to synthesize rGO with hydrazine, ascorbic acid, and bovine serum albumin (BSA) as reducing agents (Phaedon and Christos, 2012) (Rai et al., 2020) (Liu et al., 2010). Hydrazine is widely used in the chemical reduction of GO, but it is toxic and detrimental to cells. To overcome the limitations of these toxic-reducing agents, various green reduction agents have been investigated. For example, Cherian et al. used ascorbic acid as a reducing agent and stirred for 2 h in 95°C water bath to produce high-yielding black rGO (Cherian et al., 2019). Except for chemical reduction, thermal reduction of GO is employed under vacuum inert or other conditions suitable for reduction between 300°C and 2,000°C (Pei and Cheng, 2012; Wang et al., 2017). Photothermal reduction of GO can also be produced using laser with wavelengths under 390 nm (Lazauskas et al., 2018). Moreover, Li et al. reported that microwave heating could be used for the reduction of rGO in microwave ovens (Li et al., 2010).
DENTISTRY-RELATED PROPERTY OF GRAPHENE AND ITS DERIVATIVES
Biocompatibility and Cytotoxicity
To develop the application of graphene-based materials in dentistry, it is necessary to evaluate the biocompatibility and cytotoxicity of graphene-based materials (Olteanu et al., 2015). Many researchers have been discussed the cytotoxicity of graphene and its derivatives. Up to date, the affected factors involved concentrations, surface functionalization, and so on.
Many studies have shown a dose-dependent effect on the biocompatibility and toxicity of graphene and its derivatives. Some researchers showed that the toxicity of GO to fibroblast cells was little when the concentration of GO was lower than 20 μg/ml (Kan et al., 2011). Whereas, the cytotoxicity of GO increased when the concentration was up to 50 μg/ml. Wang et al. investigated the cytotoxicity of GO in mice and the results demonstrated a dose-dependent toxic behaviors in vivo (Wang et al., 2011). When the concentrations of GO were 0.1 and 0.2 mg, there was no toxicity was detected. With the increase concentration to 0.4 mg, chronic toxicity was observed in mice.
Some studies have also focused on the effect of surface functionalization on cytotoxicity. Diana et al. investigated the cytotoxicity of GO, nitrogen-doped graphene (N-Gr), and thermally reduced GO (TRGO) on human dental follicle stem cells and analyzed the involved specific mechanism (Olteanu et al., 2015). The result showed the lowest cytotoxicity of GO and the highest cytotoxicity of TRGO. However, Malgorzata et al. also compared the viability of leukocytes with GO, rGO, and rGO-PEG (Podolska et al., 2020). The results showed that there was no significant difference in the viability of leukocytes at the concentration of 50 μg/ml, indicating that the surface functionalization had no effect on the cell viability.
When the biomaterials were implanted to the tissue, the inflammation would be provoked by the protein interactions. During this process, many factors such surface charge, topography, and chemical compositions were involved and affected the resorption of protein. Besides, many molecules also played an important role in the process of inflammation such as betaines (D'Onofrio et al., 2019). Moreover, the tissue inflammation caused by graphene-based materials should be attracted on much attention. Eriberto et al. had reported that titanium nanoparticles released from dental implants could cause the chronic inflammation on the soft and bone tissue around the dental implants (Bressan et al., 2019).
Therefore, when using graphene-based nanomaterials as the coatings of dental implants and so on, we should also focused on its effect on the surrounding tissue inflammation. In the study of Rosa et al., they confirmed that friction during the dental implants emplaces when the loads is over 400 mN (Rosa et al., 2021). However, they also investigated that graphene nanocoatings did not activate the high expression of inflammatory markers such as TNF-α from macrophages. Of course, more and more studies should be done to prove this result.
Stimulation of Cell Differentiation
Ideal biomaterials in the tissue engineering show the ability to induce the adherence, proliferation, and differentiation of cells. Many in vitro studies have shown that graphene and its derivatives showed the multi-differentiation ability such as osteogenic differentiation and regeneration of dental pulp.
Many studies have proved that graphene-based materials have the potential in promoting the osteogenic differentiation of various cells including MC3T3-E1, bone marrow mesenchymal stem cells (BMSCs), periodontal ligament stem cells (PDLCs), dental pulp stem cells (DPSCs), etc. (Lee, Shin, and Lee et al., 2015a; Norahan et al., 2019; Xie et al., 2016; Zhou et al., 2016). The osteogenic differentiation of graphene, GO, and rGO has all been tested in different forms and synthesis methods. DPSCs, PDLCs, dental follicle progenitor cells (DFPCs), and BMSCs are used to induce the osteogenic differentiation. For example, Han et al. prepared a monolayer graphene on copper foils by CVD method and studied the ability to induce the osteogenic differentiation of DPSCs (Xie et al., 2016). The results showed that osteogenic genes and proteins runt-related transcription factor 2 (RUNX2), osteocalcin (OCN), and collagen (COL) were upregulated on graphene, after the culture of 14 and 28 days. Erika et al. fabricated GO-coated COL sponge scaffolds and evaluated the ability of bone formation in tooth extraction socket (Nishida et al., 2016). After the GO scaffolds were implanted into the tooth extraction sockets of dogs, the radiological density and histological results showed that the GO promoted bone formation was fourfold compared with the control. To further investigate the osteogenic ability of rGO, Lee et al. constructed rGO coating on the HAp composites, which confirmed the osteogenic effect of rGO on human mesenchymal stem cells (hMSCs), the improved mineralization of calcium and phosphate and enhanced ALP activity (Lee et al., 2015b, Shin, and Jin et al., 2015).
To investigate the ability of graphene-based materials on the dental pulp regeneration, some researchers had focused on the neurogenic differentiation of graphene-based nanomaterials. For example, Seonwoo et al. prepared nanofibers (NFs) with electrospinning technique by incorporated with rGO and polycaprolactone (PCL) and investigated their enhanced neurogenesis of DPSCs (Seonwoo et al., 2018). The results showed that NFs with rGO showed high expression of Tuj-1 (the early marker of neurogenesis) and NeuN (the late marker of neurogenesis).
Scaffolds are an important part in the bone tissue engineering. Similarly, periodontal tissue engineering also required scaffolds to achieve an ideal therapy for periodontitis. Kawamoto et al. studied the GO modified COL sponge scaffold and evaluated the regeneration of periodontal tissue in vivo (Kohei et al., 2018). The rat cranial defect model was constructed, and the results showed that the new formed bone in the GO scaffolds was more than that of the control. To stimulate the therapy of periodontitis in human, the class Ⅱ furcation defects of dog were conducted. CT results showed that the radiopacity of GO scaffolds was obviously increased. In addition, the histological results showed that more new formed alveolar bone was found and the furcation defect was filled without severe root resorption. More interestingly, periodontal ligament-like and cementum-like tissues were also occurred, showing an ideal therapy effect.
Antibacterial Property
As an excellent biomaterial in dentistry, low cytotoxicity and multi-differentiation ability are necessary. Except for these, antibacterial property cannot be ignored. The antibacterial effect of graphene-based materials was firstly discovered by Hu et al. (Hu et al., 2010). Then, more and more researchers had confirmed the antibacterial effect. For example, Gholibegloo et al. found that the bacterial survival rate of S. mutans treated with GO, GO-carnosine (GO-Car), and GO-Car/hydroxyapatite (HAp) can decrease by 67%, 86.4%, and 78.2%, respectively (Gholibegloo et al., 2018). Many composites had been fabricated to study its antibacterial property, and some researchers fabricated the graphene-based materials into glass ionomer cements (GICs), polymethyl methacrylate (PMMA), and dental adhesive (Bregnocchi et al., 2017; Lee J.-H. et al., 2018; Sun et al., 2018).
DENTAL APPLICATIONS OF GRAPHENE-BASED MATERIALS
With the improved synthesis methods, expanded types of graphene-based materials, and engineered properties, various applications have been collected and discussed as follows (Figure 3). In addition, a main summary of graphene-based materials used in the dental field is given in Table 1.
[image: Figure 3]FIGURE 3 | The multi-applications of graphene-based materials in the dental fields.
TABLE 1 | The graphene-based materials used in the main study of dental fields.
[image: Table 1]Tissue Engineering
Tissue engineering is widely used in the repair and regeneration of various defects caused by tumors, traumas, infections, and so on. It is well known that the scaffolds provide a platform for the attachment, proliferation, and differentiation of different stem cells in the tissue engineering. Many researchers proved that graphene-based materials were suitable for fabricating or coating for scaffolds in the tissue engineering.
Bone Tissue Engineering
Many studies confirmed that graphene-based materials can promote the osteogenic differentiation of various cells including osteogenic cells such as MC3T3-E1 and stem cells such as BMSCs, PDLCs, and DPSCs. As for bone tissue engineering, graphene-based materials could be used in various forms (such as composite powers, scaffolds, and surface coatings) (Yong et al., 2018).
Many studies have reported that graphene could stimulate different types of stem cells to form osteoblasts. Fan et al. reported that graphene/HAp composite sheet displayed good biomimetic mineralization (Fan et al., 2014). The similar osteogenic differentiation has been proved by Xie et al. (Xie et al., 2016). They prepared monolayer graphene with CVD and further evaluated the degree of mineralization and expression of osteogenic genes and proteins. They found that graphene induced RUNX2 and OCN expression and stimulated high expression of OPN and OCN in DPSCs. Moreover, Li et al. showed that graphene could induce the higher expression of osteogenic-related genes (OCN, OPN, BMP-2, and Runx2) compared with the control (Li et al., 2015). In addition, the enhanced osteogenic effect had also been confirmed by the high OCN expression at the protein level.
To confirm the osteogenic differentiation of rGO, some researchers had fabricated rGO coatings and composites (Norahan et al., 2019). Kim et al. successfully fabricated rGO coating on the biphasic calcium phosphate (BCP) (Jeong-Woo et al., 2017). The results showed that the regeneration of new bone volume was higher in the rGO groups compared with the control (Figures 4–6). Except for coatings, composites are also the new strategy to confirm the osteogenic property of rGO. Lee and his colleges also constructed the rGO composites with HAps to further prove the promoted osteogenic properties of rGO (Lee et al., 2015a). The results showed that rGO/HAp composites at 10 μg/ml induced more calcium deposits at day 14 and 21, whereas the rGO group induced more calcium deposition at day 21. The rGO/HAp composite group also showed more mineralized bone nodules than the control at day 28 in von Kossa staining. Interestingly, Lim et al. creatively studied the synergistic effect of electromagnetic fields (EMFs) and reduced rGO on the osteogenic, neurogenic, and audiogenic differentiation of hMSCs (Lim et al., 2016). The ALP activity showed that rGO + PEMF group showed the highest ALP expression after incubation of 7 days.
[image: Figure 4]FIGURE 4 | The micro-CT images of different groups. (A) Control group; (B) rGO2 group; (C) rGO4 group; (D) rGO6 group (Jeong-Woo et al., 2017). Open access, 2017, Jeong-Woo Kim.
[image: Figure 5]FIGURE 5 | Histological images of specimens at 2 weeks after surgery. Black box is the interest area. (A–C) Control group; (D–F) rGO2 group; (G–I) rGO4 group; (J–L) rGO10 group. NB, new bone; OB, old bone; GM, bone graft material (Jeong-Woo et al., 2017). Open access, 2017, Jeong-Woo Kim.
[image: Figure 6]FIGURE 6 | Histological images of specimen at 8 weeks after surgery with Masson’s trichrome staining. Black box is the interest area. (A–C) Control group; (D–F) rGO2 group; (G–I) rGO4 group; (J–L) rGO10 group. NB, new bone; OB, old bone; GM, bone graft material (Jeong-Woo et al., 2017). Open access, 2017, Jeong-Woo Kim.
To confirm the osteogenic differentiation of GO, diverse functionalizations of GO had been done such as scaffolds and nanosheets. As used for the scaffolds, Wu et al. modified the silk fibroin scaffold with GO-functionalized BMP-2 peptide. The results showed that the expression of OPN and COL-1 was upregulated by GO-P24 both in the osteogenic medium and non-osteogenic medium, demonstrating the synergistic effects of GO and BMP-2 (Wu et al., 2019). The experiment in vivo also confirmed the above results. Then, Azadian et al. also successfully fabricated the polyvinylidene fluoride (PVDF)–polyvinylalcohol (PVA)–GO scaffold and evaluated the ALP activity, calcium contents assays, and expression of osteogenic gene markers (Azadian et al., 2020). After 7 and 14 days, ALP expression and calcium content in PVDF-PVA group were higher than the other groups and PVDF-PVA-GO group, which also achieved the highest expression of Col-1, Runx2, and OCN in hiPSCs for 7 and 14 days. Besides, GO coatings are also constructed to prove the osteogenic property of GO. Recently, Amiryaghoubi and his co-workers reported a new injectable hydrogel composed with GO and chitosan (CS) as stem cells scaffolds for bone regeneration. According to the results, GO improved the mechanical properties of hydrogel and achieved an excellent performance in bone tissue engineering (Amiryaghoubi et al., 2020). Besides, Wei et al. testified the effect of pristine GO nanosheets on the proliferation and osteogenic ability of BMSCs by two biomimetic cell culture methods (Wei et al., 2017). When the concentration of GO nanosheets was 10 μg/ml, the proliferation of BMSCs with both seeding methods was inhibited at 3 days. Nowadays, phosphorene is a new 2D nanomaterials, which attracted great attentions after graphene (Tatullo et al., 2019a). The properties of phosphorene were quite similar to graphene-based materials, and they had wonderful biodegradability and biocompatibility compared with graphene-based materials. Liu et al. also investigated the synergistic effect of GO and phosphorene on the osteogenic differentiation (Liu et al., 2019).
Dental Pulp Regeneration
The neural and odontogenic differentiation induced by graphene-based materials were also observed. Graphene dispersion can be applied on the neural differentiation of stem cells of apical papilla (SCPAs) (Jelena et al., 2018). A good neuron-like cell bodies with long process were found in the graphene dispersion group. The graphene dispersion group showed high expression of NF-M and β III-tubulin and showed strong β III-tubulin and NeuN immuno-reactivity 7 days after nerve induction, indicating that graphene enhanced the neural differentiation of SCPAs.
To intensify the neural differentiation of graphene-based materials, Seonwoo et al. prepared a NFs incorporated with rGO and PCL by electrospinning technique and investigated the enhanced neurogenesis of DPSCs (Seonwoo et al., 2018). The results showed that NFs with 0.1% and 1% rGO exhibited high expression of Tuj-1 and NeuN, whereas NFs with higher rGO concentration only achieved intense expression of NeuN on days 3 and 7. To prove the neural differentiation of GO, Rosa et al. investigated the effect of GO on the differentiation of DPSCs (Vinicius et al., 2016). Except for the high expression of Runx2 and OCN, GO also significantly upregulated DMP-1 and DSPP with the odontogenic differentiation of DPSCs.
Periodontal Tissue Regeneration
As we know, periodontitis is an inflammatory disease with dramatic destruction in periodontal tissue such as periodontal ligament, alveolar bone, and cementum. With the deterioration of periodontitis, the tooth faced the fate of losing, which led to many functional disorders. Therefore, it is quite urgent to regenerate and appealed many researchers. Compared with graphene and rGO, GO showed the hydrophilic surface and good dispersibility, which facilitated the absorption of some related proteins. Kawamoto et al. conducted 3D COL sponge scaffold with GO dispersion (Kohei et al., 2018). The histometric analysis showed that new formed bone in the GO group was, respectively, 2.7- and 2.3-fold greater than the control. In in vivo experiment, more new alveolar bone was found and filled the furcation defect. Even more interestingly, periodontal ligament-like, cementum-like tissue was also observed in the GO group (Figures 7, 8). To investigate the related mechanisms, Vera-Sánchez et al. had fabricated the GO and silk-fibroin composites and evaluated their osteogenic differentiation and cementoblast differentiation (Vera-Sánchez et al., 2016). The results of RT-PCR showed that the cementum related genes PTPLA/CAP and CEMP1 were highly expressed after incubating for 10 days. They further ascertained the cementoblast differentiation by evaluating the expression of cementum-related protein CEMP1 on days 10.
[image: Figure 7]FIGURE 7 | The photographs and CT images of class Ⅱ furcation defects of dog. (A) Pre-operation; (B) class Ⅱ furcation defects in the surgery; (C) postoperation; (D–F) CT images after 4 weeks surgery. (D) No implantation group; (E) collagen scaffold group; (F) GO scaffold group (Kohei et al., 2018). Free full-text article, 2018, Kohei Kawamoto.
[image: Figure 8]FIGURE 8 | Histological images after GO scaffold implantation into class Ⅱ furcation defects of dog. (A–E) GO scaffold group; (F–J) collagen scaffolds group; (K–N) no implantation group. (A) Periodontal ligament–like tissue, cementum-like tissue, and alveolar bone with Sharpey’s fiber. (B–E) High magnification of the black box areas (B–E) in (A). (G–J) High magnification of the black box areas (G–J) in (F). (K–N) High magnification of the black box areas (L–N) in (K) (Kohei et al., 2018). Free full-text article, 2018, Kohei Kawamoto.
Adhesives, Cements and Silane Primer
Adhesives and cements are two kinds of common materials in the dental restorations. Although they showed the advantages of aesthetic effect and high hardness, the problems of high polymerization shrinkage and bad antibacterial property limited their development. Silane primer played an important role in the bonding of zirconia.
Owing to various advantages of graphene-based materials, it has been applied to reinforce the properties of adhesive materials (Farooq et al., 2021). Graphene nanoplatelets (GNPs) are usually prepared as fillers of polymer dental adhesives because of the antimicrobial and antibiofilm activity. The nanocomposites filled with GNPs have been shown to effectively inhibit the active of S. mutans cells without compromising the bonding properties (Bregnocchi et al., 2017). Therefore, GNPs may be an ideal filler for dental adhesives, whose antibiofilm activity did not reduce mechanical performances.
When graphene nanosheets were added to two kinds of calcium silicate cements in powder form of different proportions, GNP–cement composites do well in shortening the bonding time and increasing the hardness of both cements. However, the bonding properties of one cement named Endocem Zr (ECZ) were impaired significantly, indicating that the addition of GNPs may improve the physico-mechanical properties of materials but not ideal for all materials in terms of bonding properties (Nileshkumar et al., 2017). Unlike gray GNPs, bright white fluorinated graphene (FG) may be a better filler in dentistry. FG has been used to the modification of GICs, presenting great advantages on the mechanical, tribological, and antibacterial properties. Compared with traditional GICs, the composites not only increase the Vickers micro hardness and compression strength but also decrease the friction coefficient. In the antibacterial properties, the GIC/FG composites achieve good antibacterial properties against Staphylococci aureus and Streptococcus mutans (Sun et al., 2018).
Considering the bonding properties of resin composites to ZrO2, silane primers formed adhesive layer show the poorest mechanical properties (Fallahzadeh et al., 2017). Therefore, the corporation of GO sheets into the silane primers may be a good choice to improve the mechanical properties of the adhesive layer. The results showed that the addition of GO sheets significantly increased the shear bond strength between resin composite and ZrO2, improved the surface roughness, and slightly increased the water contact angle (Khan et al., 2019). Therefore, graphene-base materials are ideal filler for adhesive, cements, and silane primers with proper materials.
Polymethyl Methacrylate Resin
PMMA resin has been used in prosthetic dentistry, especially complete and removable partial dentures over the past 80 years (Bacali et al., 2019), possessing many advantages such as easy manufacturing process, low cost, low modulus of elasticity, easy repair, and good aesthetics. However, the limitations of PMMA such as low mechanical properties, large polymerization shrinkage, and the poor inhibition of biofilms formation still exist (Bahra et al., 2013; Gad et al., 2019; Matsuo et al., 2015; Ruse and Sadoun, 2014). Recently, the graphene family has exhibited good mechanical and desirable antibacterial properties in different forms in other fields. Because of the mechanical effect of graphene on PMMA, Azevedo et al. has achieved the definitive maxillary full-arch rehabilitation by incorporating GO into the PMMA resin (Azevedo et al., 2019). After 8 months later, there were no mechanical, aesthetic, and other complications found, indicating that the addition of GO to PMMA resin would be a good choice for prosthetic rehabilitation. Bacali et al. reported PMMA with graphene-silver nanoparticles (Gr-Ag), and the mechanical properties, hydrophilic abilities, and the morphology of the composites were further evaluated (Bacali et al., 2019). The results showed that the compression parameters, bending, and tensile strength of the Gr-Ag fillers were significantly higher than the pure PMMA group, indicating that the addition of Gr-Ag improved the mechanical properties of PMMA resin. Moreover, Bacali and his co-workers also assessed the antibacterial properties of Gr-Ag–modified PMMA (Bacali et al., 2020), and the results confirmed that Gr-Ag–modified groups showed higher inhibition effect in all Gram-negative strain, Staphylococcus aureus, E. coli, and Streptococcus mutans (Bacali et al., 2020). In conclusion, graphene-based materials may be an ideal filler to promote the physical-mechanical and antibacterial properties of PMMA.
Meanwhile, graphene oxide nanosheets (nGO) have been used to improve the antimicrobial-adhesive effects of PMMA resin by Lee and his co-workers (Lee SM. et al., 2018). The immediate antimicrobial-adhesive effects showed that nGO-incorporated groups exhibited stronger antimicrobial effect against C. albicans, E. coli, S. aureus, and S. mutans after 1 h of attachment than only PMMA group except for 0.5% nGO-incorporated group against E. coli and S. mutans. Furthermore, PMMA with 2% nGO showed greater anti-adhesion effects than the PMMA resin after culturing for 28 days of C. albicans, indicating that the hydrophilicity of PMMA could be improved by the incorporation of nGO. Bacali et al. evaluated the antibacterial activity, cytotoxicity, monomer release, and mechanical properties of PMMA resin by adding graphene-Ag nanoparticles (G-AgNp) (Bacali et al., 2020). The results showed that G-AgNp–containing group displayed good antibacterial effects on both Gram-positive and Gram-negative strain and exhibited better antibacterial effect on Gram-positive strain Staphylococcus aureus than PMMA. Besides, Gram-negative strain E. coli also was sensitive to G-AgNp. Therefore, graphene family proved to be promising filler mixed with PMMA in antibacterial applications.
Coatings for Dental Implants and Abutments
Titanium and its alloys have been widely used in dental implants, owing to their various advantages such as good biocompatibility, high mechanical property, and corrosion resistance (Fe Ridoun et al., 2017; Jeong et al., 2017; Xie et al., 2014). However, implant failure still occurs. Because of the poor osseointegration and peri-implantitis of titanium and its alloys (Berglundh et al., 2019; Smeets et al., 2014; Kordbacheh et al., 2019). Therefore, many surface modifications by graphene-based materials have been used to improve the bioactivities of titanium and its alloys (Barfeie et al., 2015; Chouirfa et al., 2018; Li et al., 2009; Souza et al., 2019).
It is well known that the osseointegration is the gold standard of the success of dental implants. Therefore, the new bone formation between dental implants and bone tissues is of great significance. In regard to the superior osteogenic differentiation of graphene in bone tissue engineering, they also attracted much attention in the modification of dental implant. Park et al. reviewed that the strategies of graphene-based modifications could be mainly divided into four categories: 1) a layer-by-layer assembly; 2) PMMA-mediated method; 3) electrophoretic deposition; and 4) APTES-induced method (Park et al., 2017).
To promote the osteogenic properties, many researchers have made many efforts. Gu et al. successfully constructed single-layer graphene sheets on the titanium substrates by PMMA-mediated method (Ming et al., 2018). The result showed that graphene sheets exhibited superior adhesion and proliferation properties of human gingival fibroblasts (hGFs), human adipose-derived stem cells (hASCs), and human BMMSCs (hBMMSCs) compared with the control. The osteogenic differentiation of hASCs and hBMMSCs was also improved by graphene sheets. Otherwise, the above study recommended that PMMA treated at 160°C for 2 h enhanced the adhesion strength between graphene and titanium. Meanwhile, Suo et al. successfully constructed a homogeneous GO/CS/HAp composites on Ti substrates by electrophoretic deposition, improving the osteogenic property of Ti substrates in vitro and osseointegration in vivo (Suo et al., 2018). Besides, some other researchers have tried the APTES inducement to fabricate the graphene coatings (Jung et al., 2015; Lu et al., 2020; Zhou et al., 2016). Zhou et al. modified the Ti substrates with 3-APTES and then immersed it in the GO solution for 24 h (Zhou et al., 2016). PDLCs were used to evaluate the cell attachment, morphology, proliferation, and osteogenic differentiation in vitro. All the results indicated that GO coating showed a positive effect on improving the bioactivity of PDLCs. Jung and his colleges prepared a dexamethasone (Dex)–loaded rGO coating on Ti13Nb13Zr (MPCR-TNZ) multipass rolled titanium alloy surface by using the spin coating technology after pretreatment with APTES, showing a stable long-term release behaviors of Dex (Jung et al., 2015). A possible mechanism is π-π stacking. In conclusion, the Dex-loaded rGO-MPCR-TNZ achieved an enhanced proliferation and facilitated differentiation of MC3T3-E1 cells into osteoblasts. Besides, an implantation of a prototype dental implant was modified with Dex-loaded rGO to an artificial bone block, demonstrating the feasibility of the stable surface modification for further clinical applications. Recently, Lu and his coworkers ascertained the improved osteogenic effect of rGO nanosheets on the surface of titanium (Lu et al., 2020). Compared with the control, rGO groups achieved more grow factors absorption especially BMP-2, IGF, and TGF-β. Moreover, rGO-modified group displayed a more stretch cell cytoskeleton and excellent osteogenic differentiation of BMSCs. In conclusion, graphene-based material is a good candidate for dental implant surface modification material, which can improve the osseointegration of implants with proper methods.
Moreover, the excellent antibacterial activity of graphene also captured a tremendous interest in dental implant surface coatings. It is generally accepted that the failures of dental implants are still the occurrence of bacterial infections. Therefore, the titanium surface antibacterial modification is very necessary. Qian et al. reported an electrostatically prepared GO coating that loaded the Minocycline hydrochloride (MH) on titanium (Qian et al., 2018). According to the results, GO-modified surface could prohibit the growth of Staphylococcus aureus, Streptococcus mutans, and Escherichia coli. Whereas MH-loaded GO coating showed superior antibacterial property with the synergistic effect of GO and MH, which were contact-killing and release-killing. Jin et al. prepared GO film and Ag nanoparticles on the titanium substrates by electroplating and ultraviolet reduction methods (Jin et al., 2017). In addition, GO-Ag-Ti composite exhibited a prominent antibacterial activity to S. mutans and P. gingivalis compared with the Ti substrate. Therefore, it can be inferred that graphene-based materials showed outstanding antibacterial activity when combined with proper materials.
Besides the titanium dental implants, zirconia has also been used for dental implant materials (Priyadarsini et al., 2017). To improve its inert properties, many surface modifications have been used. Graphene shows obvious merit in zirconia implant surface modifications (Cho and Ko, 2013; Schunemann et al., 2019). Li et al. reported a zirconia/graphene (ZrO2/GNs) composites, which were coated on the surface of zirconia by an atmosphere plasma spray technique (Li et al., 2014). The results indicated that ZrO2/GNs composites showed the excellent wear resistance and zirconia’s tribological behavior.
Peri-implantitis has become a common disease that threatened the survival rates of dental implants. Many strategies have been adopted to avoid the happening of peri-implantitis (Jansåker et al., 2010; Koldsland et al., 2018). Abutments are also an important part of implant system, and medicated abutments may be a good option for preventing the peri-implantitis. Qian et al. successfully fabricated a MH-loaded GO coating on the dental implant abutment and further evaluated the antibacterial activities and the adhesive ability of gingival fibroblasts with beagle dogs model (Qian et al., 2019). The results showed that MH/GO/Ti group achieved least bone loss, which could be negligible, whereas Ti and MH/Ti groups showed more bone loss by micro-CT analysis. Histological analysis showed that there were fewer neutrophils and more osteocytes in the MH/GO/Ti group than in the Ti and MH/Ti groups. Therefore, it can be inferred that MH-loaded GO films on abutment surfaces may be a superior option for prohibiting the progress of peri-implantitis in the future.
Teeth Whitening
As we know, hydrogen peroxide (H2O2) has been widely utilized for in-office whitening for a long time. The H2O2 molecules can penetrate deep the teeth and carry out the bleaching process. However, the relative high concentrations of H2O2 caused some side effects such as tooth sensitivity and gingival irritation (Carey and Clifton, 2014; Kwon and Wertz, 2015). Therefore, many improved strategies have been made to accelerate the tooth whitening and decrease the side effects. Su et al. reported a cobalt (Co)/tetraphenylporphyrin (TPP)/rGO nanocomposite, which showed better tooth-whitening efficacy stained with dyes, tea, and betel nuts compared with the H2O2 only (I-Hsuan et al., 2016). In addition, H2O2 produces an extremely short lifetime of the active free radical. Therefore, to achieve a good bleaching effect, H2O2 must first penetrate into the teeth and quickly produce active free radicals. However, the Co/TPP/rGO nanocomposite can be used as a catalyst to produce more reactions between the staining molecules and H2O2, which accelerate the bleaching process. In summary, graphene-based materials are a promising catalyst for tooth whitening application with proper types and concentrations.
Antibacterial Property
Bacterial biofilms formation plays an important role in the development of dental caries, periodontitis, and peri-implantitis (Berglundh et al., 2019; He et al., 2015; Kulshrestha et al., 2014; Slots, 2017; Ucja et al., 2017). Traditionally, antibiotics have been used for controlling the biofilms formation, whereas they faced a serious problem of antibiotic resistance, owing to the abuse of antibiotics. Many new methods for inhibiting the biofilms formation were explored. The antibacterial effect of graphene-based materials was firstly discovered by Hu et al. (Hu et al., 2010). Nowadays, more and more researchers have confirmed its effect in a various form.
Photodynamic therapy (PDT) is known as an alternative method for treatment of periodontitis and peri-implantitis. Pourhajibagher et al. investigated the effect of graphene quantum dot (GQD)–curcumin (Cur) on the perio-pathogen biofilms combined with PDT (Pourhajibagher et al., 2019). The production of reactive oxygen species (ROS) by GOD-Cur-PDT showed a dose-dependent tendency. In addition, the expression of A. actinomycetemcomitans rcpA gene, P. gingivalis fimA gene, and P. intermedia inpA gene was, respectively, reduced by 8.1-, 9.6-, and 11.8-fold. To improve the ICG photodynamic effect, Gholibegloo et al. fabricated the ICG-loaded GO, GO-Car, or GO-Car/HAp nanocomposites and investigated the antibacterial effect of S. mutans in planktonic forms and biofilms (Gholibegloo et al., 2018). Compared with the control group, GO, GO-Car, and GO-Car/HAp group decreased the survival of bacteria to 67%, 86.4%, and 78.2%, respectively. In preventing the biofilm formation of S. mutans, GO-Car group acquired the best effect. When treated with aPDT, the GO, GO-Car, and GO-Car/HAp group suppressed the biofilm formation up to 1.4%, 63.8%, and 56.8%, respectively. Then, the expression of S. mutans gtfB gene was decreased 6.0-, 9.0-, and 7.9-fold in GO, GO-Car, and GO-Car/HAp group, respectively, when without irradiation. Akbari et al. constructed the nano-GO (NGO)–ICG composite to enhance the efficiency of ICG (Akbari et al., 2017). The results showed that the NGO-ICG group achieved a significant decrease in the count of E. faecalis and significantly suppressed the formation of E. faecalis biofilms.
Besides, some researchers fabricated the graphene-based materials into GICs, PMMA, and dental adhesives to improve the physical properties and antibacterial ability (Bregnocchi et al., 2017; Lee J.-H. et al., 2018; Sun et al., 2018). Interestingly, Sun et al. evaluated the antibacterial effect of GIC/FG composites on S. aureus and S. mutans, showing that the highest antibacterial ability of FG (4 wt%) for S. aureus and S. mutans was 88.1% and 85.3%, respectively (Sun et al., 2018). Lee et al. constructed an nGO-PMMA and achieved a sustained antibacterial effect against C. albicans over 28 days (Lee SM. et al., 2018). Bregnocchi et al. added the GNP into the dental adhesive with different content and 0.2% GNP group, showing a significant decrease on the S. mutans (Bregnocchi et al., 2017).
Jin et al. studied the antibacterial effect of Ti-GO-Ag in vitro and in vivo (Jin et al., 2019). The GO group significantly suppressed the bacterial activity of S. mutans and P. gingivalis with the increasing concentration after 24 h. Zhao et al. confirmed the antibacterial activity of GO on S. mutans (Zhao et al., 2020). Ioannidis et al. synthesized the Ag-GO composites, showing obviously decreased bacterial activity (Ioannidis et al., 2019). Qiu et al. testified that GO had excellent antibacterial properties against S. aureus and E. coli (Jiajun et al., 2017). Potential mechanisms were further analyzed, including nanoknives, wrapping or trapping, and ROS production. rGO was also used as an antimicrobial agent in suppressing S. mutans by Wu et al. (Wu et al., 2018).
Inhibition of the Growth of Fungal
Peri-implantitis is a common reason for the failure of dental implant. In addition, Candida albicans was found in the 31% peri-implantitis sites, which quickly attracted much attention (Schwarz et al., 2015). The species of Candida albicans in peri-implantitis patients were five times more than the health individuals (Alrabiah et al., 2019; Alsahhaf et al., 2019). Moreover, owing to the high resistant property of Candida albicans, the antifungal treatments are usually failure. The modification of dental implant coatings is a good method to prevent the formation of biofilms. Agarwalla et al. constructed a graphene nanocoating for twice (TiGD) and five times (TiGV) to evaluate the inhibition properties of Candida albicans biofilms (Agarwalla et al., 2020). According to XTT reduction assay, TiGD and TiGV group showed a lower absorbance compared with the control. Then, the colony-forming unit assay that displayed less viable yeast units on the TiGD and TiGV groups at all time points, indicating the inhibition effect of graphene on the fungal biofilm formations.
Biosensor for Biomarker Detection From Saliva
Dental disease diagnosis can reduce the mortality rates of some serious diseases and improve the quality of life of patients. Owing to its superior electrical and mechanical ability, graphene-based materials are widely used on dental disease diagnosis (Goldoni et al., 2021).
Detection of Bacterial and Viral Markers
In 2012, Mannoor et al. made the first graphene nano-sensors on tooth enamel (Mannoor et al., 2012). They fabricated a graphene sensing element with wireless readout coil attached to the silk fibroin and then transferred onto tooth enamel. The specific biological recognition was acquired by self-assembling AMP-graphene peptides onto the graphene. The reduction of electrical resistance displayed the binding of a single E. coli on the bare graphene nanosensor. The AMP-modified graphene nanosensor that showed a strong connection between peptides and bacteria realized the detection and wireless remote monitoring of Helicobacter pylori in saliva. Gandouzi et al. build an electrochemical platform using rGO and gold nanoparticles, and the sensor showed high sensitivity to the markers (Islem et al., 2019). To diagnosis of periodontal disease in early stage, Lee et al. developed a sandwich-type biosensors to detect the human odontogenic ameloblast-associated protein (ODAM) (Wu et al., 2017). Checkin et al. fabricated an rGO/MoS2 glassy carbon electrode for detecting the human papillomavirus type 16 (HPV-16), showing the high stability and storage performance (Chekin et al., 2018).
Detection of Drugs
Saliva is a body fluid that could be used to monitor the drugs and other harmful substances. The biosensor is a good way to detect the analytes of drugs and harmful substances. Graphene-based materials are applying to fabricate the portable biosensors. For example, Mohamed and his coworkers constructed a bio-sensing platform for detecting two drugs: the benzocaine and the antipyrine. To increase the selectivity of biosensor, they decorated the GO sheets with metal nanoparticles, achieving the high reproducibility and good selectivity (Mohamed et al., 2017). Parate and his coworkers modified the electrochemical biosensors with graphene to monitor the byproducts of smoke and tobacco with a wide linear range of 1–100 nM and the sensitivity of 1.89 μA/decade (Parate et al., 2019).
Detection of Cancer Markers
Early diagnosis of disease is especially important for patients. Biomarker is a biological molecule which indicated the incidence of disease such as infections and cancers (Henry and Hayes, 2012). The overexpression of interleukin-8 (IL-8) has been reported to indicate the tumor progression in the oral cancer. Verma and his colleges fabricated a biosensor with rGO-modified ITO glass modified with rGO and then coated with Au NPs to detect IL-8 in saliva (Verma et al., 2017). The biosensor showed a high reproducibility and a long-term stability. After 3 months of dry storage, the retainment of biosensor is 94.3%. The performance of the biosensor was 91.8% even after 4 months of dry storage. To improve the performance of the biosensors, they also modified the GO with zinc oxide reduction and functionalized with IL-8 antibodies, showing that the sensitivity of the biosensor increased and the reproducibility was low with a RSD of 3.2% (Verma and Singh, 2019).
Owing to its excellent electrical properties, graphene-based appliances are reckoned as the gold standard in the biosensor fields. Nowadays, borophene has the similar anisotropic property with graphene (Tatullo et al., 2019b and Zavan et al., 2019). Song et al. had reported that, if the combination with borophene, graphene, and hydrogel in proper way, then it will improve the effect of implantable and wearable biosensors (Song et al., 2017). Therefore, when graphene combined with proper 2D nanomaterials, the efficiency of biosensors will be improved significantly. This may be also a good tendency in the development of graphene-based biosensors before the final clinical usage.
Prevention of Enamel and Dentin From Demineralization
White spot lesion (WSL) is one of the most common side effects of orthodontic treatment, which is caused by enamel surface demineralization (Bishara and Ostby, 2008; Nam et al., 2019). Therefore, it is of great significance to overcome WSL in the process of orthodontic treatment. Nowadays, many researchers are focusing on the studying of new bonding agent composites to prevent enamel demineralization caused by bacteria. Owing to the prominent antibacterial activity of GO, Lee and his colleges added GO to a bioactive glass (BAG) (Lee J.-H. et al., 2018). With the increase of GO concentrations, the length of anti-demineralization of the GO group increased. Besides, GO-containing groups also showed superior antibacterial effect after 24 and 48 h. The anti-demineralization mechanism of the composites may be attributed to the synergic effect of antibacterial effect of GO and the ion-releasing effect of BAG. In conclusion, GO is a promising addition in the anti-demineralization of enamel in proper style.
Dental caries and dental erosion were associated with the demineralization of dentin, which caused by acids from bacteria, food, and environments, leading to dentin hypersensitivity and pain (Addy, 2005). Nizami et al. synthesized five different functionalized GO nanocomposites and evaluated the biological and prevention of demineralization effects (Nizami et al., 2020). Compared with the control, the dentin slices coated with GO-Ag, GO-Ag-CaF2, and GO-CaF2 all exhibited superior prevention of decalcification. Besides, GO-Ag and GO-Ag-CaF2 group showed better antibacterial activity compared with other groups, which may be related to the synergic effect of GO and Ag. Moreover, the color variation of f-GO coatings on the dentin surface is negligible, showing that GO is a promising dentin anti-demineralization resistant material.
Collagen Membranes
COL membrane has been widely used in guided bone regeneration (GBR) and guided tissue regeneration (GTR) as barrier membrane to hinder the soft tissue invasion of new bone (Chu et al., 2017a, Deng, and Sun et al., 2017; Elgali et al., 2017; Wessing et al., 2018). Although COL membrane has many good properties such as facilitated manipulation and less surgical intervention, it still needs various modifications to improve the biocompatibility (Chu et al., 2017b, Deng, and Hou et al., 2017). Marco et al. enriched the COL membranes with GO via a non-covalent functionalization by the interaction between oxygenated carbon functional parts and COL through hydrogen bonding (Marco et al., 2017). The membranes enriched with GO displayed lower deformability, increased roughness, and higher stiffness. The stability of GO in the COL membranes was evaluated, and there was no obvious GO dissolution found in the bulk solution compared with the control. After cultured on membranes with 2 and 10 μg/ml GO for 3 days, the cell proliferations of hGFs were significantly higher than the control. With regard to the inflammatory response, the secretion of IL-6 and PGE2 showed significantly lower in cells cultured on the GO-coated membranes at day 3 compared with the control. When it comes to DPSCs, Radunovic et al. confirmed the superior cell proliferations on the GO-coated membranes at days 14 and 28 (Li et al., 2015). Meanwhile, the expression of BMP2 on the GO-coated membranes showed higher at days 3 and 7, whereas the expression of RUNX2 and SP7 on the GO-coated membranes showed augmented after 21 and 28 days when compared with the uncoated membrane. Moreover, LDH assay also confirmed that there was no cytotoxicity of GO coating on the COL membrane. Although GO displayed superior effect on the cell growth, osteogenic differentiation, and inflammation response on the COL membrane, more studies in vitro and in vivo also needed to testify their definitive effect.
Drug Delivery
There is close interaction between bacteria and dental caries, and endodontic and periodontal diseases. Several groups of bacteria that require a common antibacterial strategy are usually involved. Amoxicillin (AMOX) is a kind of broad-spectrum antibiotic that is the first-choice antibiotic in the treatment of endodontic infection in Asian and European countries. In the conditional paste, the dose is not accurately controlled (Nan, 2016). Drug carrier can realize the gradual releasing of antibiotic drugs to easily achieve effective drug concentrations in the infected site. Trusek et al. found that GO had the potential in acting as a drug carrier especially in the therapy of dental inflammation (Trusek and Kijak, 2021). They linked the AMOX to GO using a peptide linker, which is Leu-Leu-Gly and then dispersed in the hydrogel. AMOX was released by enzymatic hydrolysis, showing the effective release of AMOX and the inhibition of bacteria strain growth.
CHALLENGES AND PERSPECTIVE
Graphene-based materials, the promising candidate for dentistry materials, have been widely used in dentistry research, owing to its cell differentiation and antibacterial property. This review summarized recent advances in expanding the types of graphene-based materials and the studies about dentistry-related properties, deepening the understanding of categories of graphene-based materials. Compared with other related studies, it displayed a quite comprehensive and detailed review about the great achievements in dental applications such as bone tissue engineering, coatings for dental implants, antibacterial properties, and COL membranes. Except for the usage in the tissue engineering, dental implant coatings, COL membrane, and adhesive, we also focused on some new fields such as drug delivery, prevention of enamel and dentin from demineralization, biosensor for oral biomarker detection, and inhibition of the growth of fungal. For the application of graphene nanomaterials in the biosensor, it could be used to detect bacterial and viral markers, drugs, and cancer markers. With the development of the application of graphene in dentistry, there are still some challenges remaining to be tackled until the final commercialized (Figure 9).
[image: Figure 9]FIGURE 9 | Challenges on the different applications in the dental fields.
The Long-Term Cytotoxicity in Vivo
The excellent biomaterials should have a good biocompatibility without long-term cytotoxicity in vitro and in vivo. Because of the limited understanding of graphene and its derivatives, a major challenge in clinical applications is the uncertainty of its cytotoxicity in vitro and in vivo and its potential mechanisms. Up to date, there is not an agreement on the cytotoxicity and potential hazards of graphene-based materials according to various studies. The factors that involved in the cytotoxicity include concentrations, surface functionalization, types of graphene family and synthetic methods, and the layer numbers. Many studies have focused on the dose dependent effect on the cytotoxicity, yet there is still no agreement for the upper limit concentration (Duch et al., 2011). When it comes to the mechanisms of cytotoxicity, ROS may play a critical role in it. When it comes to the synthetic methods, graphene films with CVD method were reckoned to be biocompatible without obvious cytotoxicity. However, when the graphene is dispersed in solution, the cytotoxicity of cells may increase, which may be caused by the accumulation or the sharp-edge penetration into the cells. Therefore, we expect to see more and more studies for long-term biocompatibility in vivo and in vitro.
The Method to Solve the Biodegradation
Another challenge of graphene-based materials is biodegradation, especially in the tissue engineering. With the formation of new tissue, the ideal biomaterial should be free of any toxic products. Up to date, there are limited literatures related to the biodegradation of graphene-based materials. Therefore, graphene-based material as an ideal biomaterial should be considered and explored to solve this problem.
The Defects Formed During the Production Process
Although the graphene used in the current study is a controlled and uncontaminated defect-free sample, the synthesis quality still should be highly examined when it was used in the clinic. Actually, the formed variety of unpredictable defects is mainly due to the differences in the synthesis methods. Once the defects occurred, the properties such as susceptibility and electronic structure will be changed (Riccardo et al., 2018). Therefore, the study of controlling the formation of defects during the graphene synthesis would be a big challenge but rewarding research areas.
Disturb the Cell Cycle
Little of the current studies are focused on the effect of GO on the cell cycle. Nowadays, Hashemi et al. innovatively focused on the effect of GO on the cell cycle (Hashemi et al., 2020). In the process of cell division, the synthesis of DNA is an important process. Certain mutagenic materials may cause the increased DNA synthesis in the S phase of cell cycle. In the study of Hashemi et al., GO increased the synthesis of DNA according to some underlying mechanisms such as damaged DNA, ROS production, and the double-strand breaks in the DNA. Cell apoptosis in mGO and nGO were greater, displaying a concentration and size-dependent effect. According to the result of cell cycle, there is a block occurred in the G2/M phase in the GO groups. Thus, the effect of GO on the cell cycle should be carefully considered and explored before the final clinical use.
The Delamination of Graphene Coatings
Although graphene has many advantages in the dental field, its clinical translation still needs to be carefully considered. Graphene-based materials had been used as coatings mostly in tissue engineering and dental implants surfaces. When used as the dental implant coatings, friction could cause the delamination of carbon-based coatings on the titanium with the loads over 400 mN (Rosa et al., 2021). Rosa et al. reported that there was no significant difference between the solid rigid polyurethane (SRP) and the control following the integrity of graphene nanocoatings by stimulating in the SRP and pig maxilla. However, there was a 35% decrease in the coverage area in ROI C from the bone group. Therefore, the delamination of graphene should be considered carefully (Agarwalla et al., 2019; Ming et al., 2018). How to improve the bonding strength of graphene-based materials and substracts is a question needed to be carefully investigated. Up to date, the methods of graphene-based materials coatings on the titanium surfaces are mainly based on the physical methods such as spin-coating techniques and layer-by-layer self-assembly methods. There are still technical difficulties in the chemical combinations with graphene and titanium. Compared with the chemical methods, the physical combination is weak and unstable. Therefore, the delamination of graphene coatings is a risk factor when used as coatings. Some researchers had reported that titanium nanoparticles released from dental implants could cause the chronic inflammation on the soft and bone tissue around the dental implants. Therefore, when used graphene-based nanomaterials as coatings of dental implants, we should focus on the delamination of graphene coatings on the surrounding tissue inflammation.
The Improved Methods About the Functionalization of Graphene Sensors
When used as a biosensor, the large surface of graphene-based nanomaterial provided good adhesive conformability and the functionalization of graphene could be achieved by AMP-graphene peptide for biological recognition. However, there are different kinds of bacteria in the mouth. Therefore, more strategies should be made to recognize more bacteria, and the methods for the functionalization of graphene biosensor are quite important.
Single-Antibiotic Carrier for Endodontic and Periodontal Diseases
GO had been successfully used as a drug carrier for AMOX, which is a broad-spectrum antibiotic and could be used to control dental infections. However, the limitation is that whether two or more different drugs could be carried simultaneously is not sure and more studies are needed.
Eventually, graphene and its derivatives will be of great interest for a long time in the dental field. Although there are some limitations in the real clinical usage of dentistry, graphene, as a more reliable and more friendly biomaterial, can prompt more effective dental treatments in the near future.
The Unfavorable Antibacterial Effect on the Polymicrobial Biofilms
Although there are many studies focused on the antibacterial effect of graphene-based materials on the single strain of bacteria or monoclonal biofilm, yet no study revealed the antibacterial effect on the mature polymicrobial biofilms. On the basis of the above limitations, there is still a long way before the final clinical usage of graphene-based materials in the dental fields.
CONCLUSION
All acronyms and abbreviation used in the text are explained in Table 2. Just as we know, there are many advantages of graphene-based materials for the dental fields. However, many challenges also existed and need to be solved. All in all, we should confirm that the usage of graphene-based nanomaterials in dental fields deserved to be deeply studied and it can bring a quite new dental treatment concept in the near future.
TABLE 2 | The abbreviations and full name used in this paper.
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Background: Finite element analysis (FEA) is one of the best methods for evaluating the stress distribution of restorations, such as fixed partial dentures. The development of resin cement has transformed prosthesis bonding and retention properties. Resin-bonded fixed partial dentures (RBFPD) have been considered minimally invasive treatment options for the prosthetic rehabilitation of single missing teeth.
Objectives: The aim of this study was to evaluate the stress load and distribution in four different designs of acid-etched RBFPDs using FEA.
Materials and Methods: The designs included standard tooth preparation principles and additional features. The first premolar and first molar abutments replaced the missing second premolar. Designs 1, 2, 3, and 4 included (1) lingual wings and occlusal rests; (2) wings and proximal slices; (3) wings, rests, and grooves; and (4) wings, rests, grooves, and occlusal coverage. The prepared models were restored with RBFPDs. A load of 100 N was applied to the central groove of the pontic to simulate occlusal forces. The materials used in the models were considered to be isotropic, homogeneous, and linearly elastic. FEA was used to reveal stresses acting on the abutment, bone, and connector in all prosthesis designs.
Results: The stresses transmitted to the abutment and bones were lowest for design 3, using wings, rests, and grooves. The stresses acting on the connector were the weakest in design 2. The stresses transmitted to the abutment and bone were highest in designs 1 and 4. The stresses transmitted to the connector were highest in design 3.
Conclusion: The wings, rests, and grooves design is possibly the ideal and conservative tooth preparation design to receive a posterior RBFPD. This design transmits less stress to the abutments and less bone resorption in the FEA. It is most likely to be successful in the clinical provision and ensures the longevity of the prosthesis.
Keywords: finite element analysis, resin-bonded, partial denture, stresses, prosthodontic
INTRODUCTION
Conventional resin-bonded fixed partial dentures (RBFPDs) offer a limited treatment option for prosthetic rehabilitation of a single edentulous space. With the advent of more contemporary designs and retention aids, RBFPDs can be incorporated into a broader range of edentulous positions (Tanaka et al., 2019). These include smaller-sized anterior teeth and premolars. The success of etched-cast RBFPDs is mainly dependent on tooth preparation (Arora et al., 2014). Various researchers have proposed designs with varying claims for enhancing retention and resistance form (Lin et al., 2005; Tanoue, 2016; Acharya et al., 2021). The standard preparations have wings and occlusal rests on the abutment teeth, while other patterns reportedly have proximal slices, grooves, and extensive coverage on occlusal surfaces. Nevertheless, clinicians have no general agreement about which design is best suited for a long-lasting service of RBFPDs (Lin et al., 2005). The conservative designs of RBFPD result in an excellent stress concentration in the abutment because of its geometry; the maximum stresses in restoration are known to be concentrated around the connector region (Tanoue, 2016). Excessive stress on the periodontal ligament leads to the resorption of supporting bone and weakening of the abutment teeth, leading to the restoration’s failure (Acharya et al., 2021). It becomes imperative to evaluate the stresses acting on the abutment, bone, and connector in various tooth preparation designs to determine the most suitable combination for enhancing the retention and clinical longevity of RBFPDs (Tanoue, 2016).
Finite element analysis (FEA) is a powerful tool to analyze the designed engineering parts for their strength. The developed features must be robust in design and sustainable against all kinds of loading conditions and work satisfactorily during their design life. For example, backhoe excavators work in severe working environments with cyclic operations. During the design stage, it is imperative to examine the strength of the various parts of the backhoe excavator for the maximum breakout force condition. This can be achieved through performing the FEA of all the parts of the backhoe excavator attachment. However, it is not enough to provide components with a safe design based on strength only, and it should also be light in weight, reliable, and economical. Structural weight optimization is the best solution to obtain the parts with reduced weight without compromising their strength. FEA is a quick and low-cost method to investigate stress distribution and strain patterns of complex restorations such as fixed partial dentures (FPDs) (Medina-Galvez et al., 2021). Many studies have compared the functional behavior of three-unit RBFPDs, two-unit cantilevered RBFPDs (Lin et al., 2005; Tanoue, 2016), and cantilevered RBFPDs (Acharya et al., 2021; Medina-Galvez et al., 2021). The three-dimensional assessments of the abutment teeth are necessary to accomplish more significant treatment outcomes using an RBFPD. Based on the three-dimensional information, clinicians would choose the types of frameworks, such as three- or two-unit RBFDPs supporting the tooth (abutment) axis, periodontal structure, and the possible preparation area. Few published studies reported using FEA in prosthodontics (Botelho, 2000; Zalkind et al., 2003; Aversa et al., 2009; Silva et al., 2009; Anweigi et al., 2020; Medina-Galvez et al., 2021), and among them, very few studies focused on the stress distribution of the components of RBFDs (Botelho, 2000; Chow et al., 2002; Zalkind et al., 2003). Understanding the mechanism of RBFPD failures and improved knowledge of the biomechanical behavior of these restorations is obligatory (Botelho et al., 2014; Robati Anaraki et al., 2019; Esquivel-Upshaw et al., 2020). Hence, there is a need to evaluate stress among the components of RBFDs. Therefore, the study assessed stress concentration and distribution on the abutment, bone, and connector in four different designs of acid-etched RBFPDs using FEA.
MATERIALS AND METHODS
A set of four models with four designs were prepared, in which the mandibular second premolar (pontic) was replaced using the mandibular first premolar and first molar as abutments. The abutments were prepared to receive the retainer of the RBFPDs. These retainer designs incorporated additional features along with standard tooth preparation principles. Design 1 (Figure 1) included lingual wings and occlusal rests distally on the premolar and mesially on the molar. A tooth reduction of up to 1 mm was made for wing preparation. Occlusal rests of the depth of 1 mm, buccolingual width of 2.5 mm, and mesiodistal width of 1.5 mm were prepared. In design 2 (Figure 1B), proximal slices began as an extension of the lingual wing preparation with a supragingival chamfer margin 0.5 mm occlusal to the gingival margin terminating 1.5 mm short of the facio-proximal line angle, without undermining the facial surface (Aversa et al., 2009). In design 3 (Figure 1C), along with the wings and proximal slice, grooves were added mid-lingually and proximally 1.5 mm short of the facio-proximal line angle, where the proximal slice preparation culminated. Grooves were prepared with a flat-end, tapered, fissured tungsten carbide bur up to a depth of 1 mm (Zalkind et al., 2003). In design 4 (Figure 1D), along with the wings, proximal slices, and grooves, the tooth had one occlusal coverage of 0.5 mm after a tooth preparation of 0.5 mm.
[image: Figure 1]FIGURE 1 | Geometry creation of four designs: (A) design 1 with lingual wings and occlusal rests; (B) design 2 with wings and proximal slices; (C) design 3 with wings, rests, and grooves; and (D) design 4 with wings, rests, grooves, and occlusal coverage used for finite element analysis.
The lingual cusps were involved in the preparation. The prepared teeth with wax patterns of the four designs were scanned using a computerized tomography scan. The tooth profile and profile of the restorations were obtained. This model scanning was made in a Dicom format file and converted to CAD (computer-aided design) geometry. This model was imported into the SOLIDWORKS software (Infid of Enhancing Engineering, India), and 3D models of the components were created and further edited (Figures 2, 3). Next, the meshing of the model (Figure 2) was carried out and divided into finite elements after importing it into ANSYS-11 workbench software. After meshing the components and maintaining the mesh criterion, the boundary conditions were determined to define the relationships between elements (Figure 3).
[image: Figure 2]FIGURE 2 | Finite element model used for the study for design 1 (A), design 2 (B), design 3 (C), and design 4 (D).
[image: Figure 3]FIGURE 3 | Showing load areas for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in the study.
Boundary constraints were applied onto the inferior margin of the mandible and the mesial and distal ends of the prosthesis. Without boundary constraints, the stresses applied to the model will act infinitely. The following assumptions were made: (1) the material was assumed to be linear elastic, (2) the load remained constant concerning time, (3) other loads were neglected except for the applied load, (4) the boundary conditions do not change during loading, and (5) surface-to-surface contact between different parts is assumed to be of a “bonded” type. The contact area does not change during the analysis.
After meshing and maintaining the mesh criteria, material properties were applied to the model’s various components. The corresponding properties of various materials were obtained from the literature (Table 1) (Chow et al., 2002). The component was then run to obtain the stresses and contact analysis of the structure and the partial dentures’ respective components. After the analysis run was completed, the stresses in the system were visualized and noted down. A vertical load of 100 N was applied to the pontic’s central groove (El Salam Shakal et al., 1997). Four types of analysis were conducted with a constant load (Figure 5). The model was fully constrained at the bottom of the abutment teeth. In post-processing, the stress concentration zones were analyzed and tabulated. The 3D model of the dental structure and prosthesis was generated using CATIA V5 package as per the given specifications. The model was imported into Ansys Workbench; the 3D component can mesh as a finite element body utilizing this software. Material properties are described as per the specifications, and the components were subjected to loading and boundary conditions. Static structural analysis was carried out to find stress and deformation in various components. The principal stress in megapascals (MPa) and displacement in millimeters (mm) as well as locations and magnitudes were identified and used to evaluate biomechanical behavior. Maximum principal stress describes the highest stress, and minimal stress describes the lowest stress and can be considered tensile stress.
TABLE 1 | Material properties used in the study.
[image: Table 1]RESULTS
The numerical analysis for Von Mises stresses occurring for the FEM models is summarized in Table 2. The maximum stress utilized for design 3 was the highest (45.427 MPa), followed by design 4 (38.279 MPa), design 1 (27.07 MPa), and design 2 (24.794 MPa). The maximum stress observed was in the prosthesis, and the magnitude among the study designs is shown in Figure 4. Design 3 showed the lowest stress on the abutment (6.7871 MPa); likewise, design 4 exhibited low stresses (6.6476 MPa), nearly the same as those on design 3. Both designs had more tooth surface coverage; hence, lower stresses acted on the abutment. Design 1 showed the highest stress (10.846 MPa) on the abutment among all four designs. The stress distribution on teeth is shown in Figure 5. It could be attributed to the rest as predominantly responsible for transferring stresses from the pontic to the abutment. Design 3 transferred the least amount of stress (11.24 MPa), while designs 1 (11.24 MPa), 2 (11.24 MPa), and 4 (14.95) transferred higher stresses onto the cortical bone (Figure 6). Similarly, design 3 transferred the least amount of stress (1.055 MPa), while designs 1 (1.29 MPa), 2 (1.25 MPa), and 4 transferred higher stresses (1.2717 MPa) onto the cancellous bone (Figure 7). The stresses acting on the connector were lowest in design 2 due to proximal extensions, which reduced the stress within the RBFPD. Design 2 (27.07 MPa) showed low stresses on the connector, almost comparable to design 1 (24.794 MPa). Higher stresses on the connector were observed in designs 3 and 4 due to the increased coverage area of the prosthesis on abutment teeth (Figure 8). Maximum deformation was observed in the prosthesis, a magnitude less for design 4 (0.0029146 mm) followed by design 3 (0.0031592 mm), design 2 (0.00172 mm), and design 1 (0.001741 mm). The prosthesis had a larger share of the total load, resulting in stresses in these designs (Figure 9). The distribution stresses on various components of the study’s different designs are shown in the scatter diagram (Figure 10).
TABLE 2 | Comparison of stress distribution on the abutment, cortical bone, cancellous bone, and connector in all designs of resin-bonded fixed partial dentures.
[image: Table 2][image: Figure 4]FIGURE 4 | Maximum stress observed is in prosthesis and the magnitude and stress concentration in prosthesis for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 5]FIGURE 5 | Stress distribution on abutments for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 6]FIGURE 6 | Stress distribution on the different designs of resin-bonded fixed dental prosthesis on cortical bone for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 7]FIGURE 7 | Stress distribution on cancellous bone for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 8]FIGURE 8 | Stress distribution in cortical bone, cancellous bone, and teeth for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 9]FIGURE 9 | Maximum deformation observed in prosthesis and the magnitude for design 1 (A), design 2 (B), design 3 (C), and design 4 (D) used in finite element analysis.
[image: Figure 10]FIGURE 10 | Scatter diagram showing distribution stresses (in megapascals) on various components of different designs studied in the study.
DISCUSSION
RBFPDs were first described in the 1970s and have evolved significantly (Medina-Galvez et al., 2021). The development of resin cement has revolutionized prosthesis retention and bonding. RBFPDs are reversible and minimally invasive treatment options for prosthetic rehabilitation of single missing teeth (Aversa et al., 2009; Silva et al., 2009; Acharya et al., 2021). They also serve a masticatory and aesthetic function without compromising the abutment (Zalkind et al., 2003; Aversa et al., 2009; Silva et al., 2009; Anweigi et al., 2020). This is important for young patients who may have endodontic complications following extensive tooth preparation. Despite the advantages, the use of RBFPDs as definitive restorations remains controversial due to a lack of long-term prospective data on prosthetic success. A recent systematic review has estimated 5-year survival rates of 87.7% for resin-bonded prostheses and greater than 90% for conventional fixed prostheses depending on the design (Lin et al., 2003).
Although there is a lower than 94.5% success rate reported for implant-retained single crowns over the same 5-year follow-up, resin-bonded bridgework has the advantages of being less invasive and requiring a shorter total treatment time and less financial commitment. Since the components in fixed prosthesis–bone systems are complex geometrically, FEA is the most suitable tool for analyzing them (Borcic et al., 2007). A key factor for the success or failure of a dental prosthesis is how stresses are transferred to the surrounding bone. FEA helps us predict the pattern, concentration, and stresses acting on the prosthesis and surrounding tissues. This helps us determine the failure mechanisms of the prosthesis. Excessive stresses acting on the surrounding bone and tissues cause tissue injury. The body then attempts to repair the injury and periodontium. This can occur if the forces are diminished or the tooth drifts away. The periodontium is remodeled to cushion its impact if the offending stress is chronic. This causes a widening of the periodontal ligament space due to the resorption of bone. It also results in angular bone defects without periodontal pockets and causes mobility of teeth. Subsequently, it might lead to the restoration’s failure due to the loss of the abutment tooth (Della Bona et al., 2013). Furthermore, undue stresses acting on the connector region can lead to fractures. The adequate thickness of the connector area is essential to prevent flexing and fracture, and a minimum thickness of 0.8 mm is recommended for fracture resistance (Pjetursson et al., 2007). The early design of the posterior Maryland Bridge included axial coverage and an occlusal rest. There was little proximal and lingual enamel preparation.
Posterior RBFPDs appeared to require a 180-degree-plus circumferential preparation of abutment teeth for predictable success (Toman et al., 2015). The design preparation was modified by incorporating mechanical retention features such as grooves for resistance. The L-shaped retainer covered one-half of the lingual cusps with a groove at the far side of the buccal line angle and another groove at the far opposite side to hold the abutment teeth firmly. Chow et al. presented an approach using a groove, a plate, and a strut, which involved minimal preparation of the posterior abutment to receive an RBFPD using a base metal alloy (Modi et al., 2015). Botelho (2000) recommended that the major retainer has a wraparound configuration on at least three abutment surfaces or has strategically placed opposing axial grooves or slots for long-span prostheses to replace two or more missing teeth. Another report described a methodical preparation for posterior partial veneered restorations that provided proper posterior occlusal function and isolated the enamel’s occlusal contact area to maintain the occlusion’s vertical dimension (Saad et al., 1995).
A long-term follow-up indicated that abutment teeth mobility is one of the decisive prognostic factors for the success of RBFPDs (Farshad et al., 2013). Furthermore, it was reported that an RBFPD without any retentive preparation design failed significantly at a higher rate (Sichi et al., 2021). Saad et al. suggested that the addition of retentive grooves made a statistically significant difference in resistance to debonding forces (Saad et al., 1995). The results demonstrated that design modifications were necessary to improve clinical longevity. Therefore, the application of resin-bonded retainers with additional retentive structures, such as a pinhole and grooves in the anterior region, was recommended. In addition to this, the retainer thickness also affects the retention of the prosthesis. Chun et al. concluded that a minimum retainer thickness of 0.8 mm was required for long-term RBFPD success (Pjetursson et al., 2007). Very few studies have assessed stress acting on various designs of RBFPDs. The present study was aimed to evaluate a design that transmits less stress to the prosthesis and supporting structures. In the present study, four different RBFPD designs for tooth preparation included retentive features such as rests, grooves, and occlusal coverage. The tooth preparation for the retainers incorporated all design patterns currently used for etched-cast RBFPDs. Design 1 was the conventional RBFPD design with lingual reduction and occlusal rests. Design 2 combined slices, which gave proximal extensions for the RBFPDs. The proximal extensions reduced stress around the connector and the rest areas. Design 3 consisted of grooves in addition to the rests, wings, and slices. The grooves provided additional retention against displacing and rotational forces (Botelho, 2000). Proximal grooves compensate for the lack of proximal wraparound, limited by aesthetic requirements. Vertical grooves were a particular feature that has been identified as reducing stresses on the cement bond and increasing resistance to debonding forces. The preparation involves irreversible damage to abutment teeth, and even when minimal preparation is intended, dentin exposure is likely during preparation. Design 4 added occlusal coverage to the features mentioned above. Occlusal coverage has improved the retention and resistance form of RBFPDs (Lin et al., 2005; Arora et al., 2014). In the present study, a vertical force of 100 N was applied to the pontic’s natural groove, about one-sixth of the maximum biting force (El Salam Shakal et al., 1997; Zalkind et al., 2003). This region was chosen since it occludes with the stamp cusp of the opposing tooth. The resultant stresses acting on each area of the four models were assessed and tabulated. In all designs, the maximum stresses on the prosthesis were seen in the area around the connector. The maximum stresses were concentrated at the cervical margin of the abutment margin around the pontic on the teeth. It can be seen that stresses were highly concentrated near the connector but were relatively uniformly stressed throughout the occlusogingival direction away from the connector sites. Design 1 is the conventional design used by the majority of clinicians. Lesser stress concentration on the connector makes it less susceptible to fracture. Nevertheless, high stresses are transmitted onto the abutment and bone, which can be attributed to the rests of the design. Design 2 showed the least amount of stress on the connector, but owing to the high stresses transmitted onto the abutment and bone, it becomes a less-preferred design of RBFPDs. Design 3, despite the high stress within the connector, transmits the least amount of stress into the abutment and bone. As a result, there is less bone resorption and no harm to the supporting structures, resulting in the least likelihood of failure of RBFPD. The grooves included in the design increase the surface area present for bonding, adding to the retentive ability of the prosthesis (AlShaarani et al., 2019). These features ensure the clinical longevity of the prosthesis. Design 4 offers added coverage for the prosthesis but transmits high stresses to the abutment and bone. It is a nonconservative design of tooth preparation. Additionally, high stresses act on the connector, which may increase fracture probability in this region. These factors make design 4 unsuitable for RBFPDs.
A recent systematic review (Reddy et al., 2019) suggested that FEA analysis enhances the validity of the models. A Swedish study (Bakitian et al., 2020) recommended that the framework designs play a significant role in stress distribution. A Japanese study (Tsouknidas et al., 2020) reported that ceramic veneers could restore the biomechanical behavior of prepared anterior teeth. In the present study, stress load was evaluated on the connector, abutment, and bone of four different RBFPDs. Posterior teeth were used for evaluation in the present study. The authors found that the use of wings, rests, and grooves was ideal for tooth preparation to receive RBFPD; it was evident that this was a more conservative design than other designs studied. FEA was not a practical method of assessing the failure of the restorations, and many different clinical situations need to be considered. The properties of dentin were considered for the whole tooth, and the periodontal ligament’s role was not considered a potential limitation of the present study. The methodology of the present study would offer the possibility of stress analysis in the restorative material, primarily. A stress analysis was not carried out in the present study, and it was not our objective; hence, this is also considered a limitation.
The FEA can provide detailed quantitative data at any location within the mathematical model. Thus, FEA has become a valuable analytical tool in assessing various dentistry systems (Pjetursson et al., 2008). Keulemans et al. (2015) used five framework materials (zirconia, glass-ceramic, gold alloy, indirect fiber-reinforced composite, and direct fiber-reinforced composite). They reported that there were differences in biomechanical behavior between various RBFPDs. The authors concluded that an RBFPD made of FRC achieved promising stress distribution. These findings were not comparable with the present study since the study designs used in the present study were different from the designs used by Keulemans et al. (2015). Various researchers investigated anterior RBFPDs exceptionally with regard to design and loading. The use of RBFPDs in the posterior region is less predictable than in the anterior region because of occlusal forces. However, there is a lacuna in the published evidence assessing the factors associated with success in replacing teeth with RBFPDs in the posterior region (Keulemans et al., 2015; King et al., 2015).
In the present study, design 3 was found to have transmitted the least stress through and around the abutment teeth, and this results in lesser bone resorption around the abutment teeth. The study also found that the stress acting on the connector area was minimal in design 3. Reducing the stress acting in this region reduces the likelihood of fracture occurring in the restoration and increases the longevity of the restoration. Based on the above findings, design 3 is the design that should be advocated in clinical practice because it has better retention compared to other designs. The limitations of the present study include the following: (1) FEA was not a practical method for assessing the failure of the restorations, and many other clinical situations need to be considered; (2) the properties of dentin were considered for the whole tooth; and (3) the role of the periodontal ligament was not considered. The present study within these limitations established the RBFPDs in the posterior region by using FEA. Although stress concentrations often appear in FEA, the linear assumption used in a linear FEA does not precisely depict what is occurring in areas of stress. It is very unusual to fail as a fundamental component based on a stress concentration in a linear analysis.
CONCLUSION
Within the limitations of this study, it can be concluded that the design with wings, rests, and grooves is possibly the ideal and conservative design of tooth preparation for receiving a posterior RBFPD. The design with wings, rests, and grooves transmits less stress to the abutments and results in lesser bone resorption. It is most likely to be successful in clinical service, ensuring the longevity of the prosthesis.
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Background: Immediate implant placement in the area of multirooted molars includes many anatomical challenges, particularly with osteotomy preparation in the interradicular bone.
Methods: In this article, we are reporting ten cases in which implant beds were prepared before root extraction. After coronectomy, pre-extractive interradicular implant bed preparations were performed through the retained root complexes. A dimple in the roof of the furcation was created using a no. 8 round surgical bur. The osteotomies were then completed through the tooth’s initially retained root complex in the regular sequence of drilling. Before implant placement, the remaining root segments were removed. The retained root parts guided the osteotomy drills and allowed for precise positioning and angulation of the implant bed preparation with respect to the emergence profile of the tooth.
Results: Data from a 3-year follow-up of the crestal bone showed good bone levels in relation to the implant platform.
Conclusion: The technique described permitted accurate implant placement in the prepared osteotomy, thus enabling immediate implant positioning in multirooted extraction sites.
Keywords: pre-extractive drilling, immediate implant, interradicular implant bed, clinical case, interradicular osteotomy
INTRODUCTION
Since the introduction of the immediate implant placement technique, placing implants in fresh extraction sockets became an acceptable procedure for more than two decades (Barone et al., 2015). Frequently, immediate implants are used for single-rooted teeth. In the case of immediate molar placement into molar sites, there are challenges involving site anatomy, occlusion, and biomechanical issues (Schropp and Isidor, 2008).
Immediate implants offer several advantages compared to the more conventional placement technique that requires 4 months following tooth extraction before implant installment (Bhola et al., 2008). Thus, significant reduction of the surgical phase coupled with a much shorter overall treatment time is achieved (Bhola et al., 2008). Today, immediate implants achieve long-term survival rates comparable to those of delayed implants placed in healed sites with a two-stage surgical approach (Quirynen et al., 2007; Becker and Goldstein, 2008; Schropp and Isidor, 2008; Chen and Buser, 2009). These favorable outcomes are not only important for single-tooth replacement in the esthetic zone but also for implant placement in the molar regions (Atieh et al., 2010).
With respect to maxillary and mandibular molar regions, immediate implant placement entails a series of clinical challenges related to site-specific anatomical aspects, such as comparatively larger socket than implant size, root length, height of the root trunk, and divergence of roots (Valenzuela et al., 2018).
It is essential to evaluate the anatomy of each patient’s posterior mandible, including the variability in the position of the inferior alveolar canal and the submandibular fossa. This step is critical because of the potential high risk for inferior alveolar nerve injury and lingual plate perforation when attempting to achieve primary implant stability using native bone apical to the extraction socket (Greenstein and Tarnow, 2006).
In molar extraction sockets, achieving initial implant stability can be challenging due to the width of the alveolar socket, poor bone quality, and critical anatomical structures beyond the apices of molar roots, such as the inferior alveolar nerve. Consequently, consideration should be given to placing implants within the mandibular molar extraction socket itself (Cafiero et al., 2008).
The protocol of immediate implant placement offers several advantages, including a reduction in the number of the surgical procedures, favorable esthetics, preservation of bone height and width, improved quality of life, and increased patient comfort and satisfaction (Chen et al., 2004).
Placing implants in an ideal prosthetic position without compromising their primary stability remains a key goal. Thus, directing the initial osteotomy into the interradicular bone would be preferred. However, there are circumstances in which the drill may slip, resulting in implant placement within the confines of the residual extraction socket (Scarano, 2017). In this study, we present ten cases with three-year follow-up in which interradicular implant bed preparation was performed before root extraction; thus, the osteotomy drills would be stabilized and guided by the retained root aspects.
MATERIALS AND METHODS
The study population consisted of ten patients, eight females and two males, all of whom were non-smokers, and none reported any history of any systemic diseases or conditions that would preclude surgical implant placement and subsequent restoration. The patients’ age ranged from 39 to 66 years.
All patients, after receiving a full description of the surgical procedure, signed informed consent in full accordance with the guidelines of the Helsinki World Medical Association Declaration and the revision of the 2013 Good Clinical Practice Guides, and ethical approval was obtained (IRB-2021-02-208).
Each patient had at least one molar tooth diagnosed as hopeless due to restorability or failed endodontic treatment (seven mandibular first molars, two mandibular second molars, and one maxillary first molar). These teeth were treatment-planned for extraction and immediate implant placement (Figure 2A, Figure 3A, Figure 4A,D). A Schematic presentation of the procedure is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Illustration of the surgical procedure steps. (A) Initial surgical is coronectomy using a high speed tapered diamond bur coronectomy; (B) after forming a dimple in the roof of the furcation, drilling through the tooth’s retained root complex is performed; (C) final drilling is performed; (D) root separation is carried out and then the remaining root segments are extracted followed by implant placement; (E) bone graft is placed in the mesial and distal sockets; (F) after 5 months postoperatively, screw-retained definitive restoration is delivered.
The Surgical Phase
All procedures were performed under local anesthesia using lidocaine 2% 1:100,000 epinephrine. Mucoperiosteal flap was made with minimal soft tissue reflection, and coronectomy was accomplished using a high-speed tapered diamond bur (Figures 1A and Figure 2B). Pre-extractive interradicular implant bed preparation was performed prior to root separation. A dimple in the roof of the furcation was created with a no. 8 round surgical bur to prevent skidding of the initial surgical drill (Figure 2C).
[image: Figure 2]FIGURE 2 | Clinical photographs of the steps in this surgical procedure. (A) Preoperative lateral view of the mandibular left first and second molars, which were unrestorable; (B) clinical view showing flap reflection and coronectomy; (C) occlusal view showing the dimple created with a #8 round bur; (D,E) lateral and occlusal views showing parallel pins; (F) occlusal view showing the final osteotomy in each molar tooth; (G,H) occlusal and lateral views showing implant placement in the pre-extractive drill; and (I) immediate postoperative lateral view of surgical sites with primary soft tissue closure.
The osteotomies were performed directly through each tooth’s retained root complex in the regular sequence of drilling starting with a point drill and finishing with the final drill before the roots were extracted and the implant was placed (Figures 1B,C).
The retained root components guided the osteotomy drills and aided precise positioning and angulation of the implant bed preparation with respect to the emergence profile of the tooth. The drilling depth was extended beyond the fundus of the socket in compliance with the preoperative radiographic assessment. After completion of the drilling protocol, according to the manufacturer’s instructions, the remaining root segments were separated. After root separation, periotomes were used to cut the periodontal ligament attachments to permit atraumatic extraction with the remaining root parts delicately removed using curved elevators (Figures 2D–H and Figure 3C–E).
[image: Figure 3]FIGURE 3 | Radiographic images of the surgical procedure. (A,B) Preoperative radiographs of mandibular left first and second molars; (C) pre-extractive interradicular implant bed preparation. The parallel pins inserted in the initial osteotomy directly through each molar’s initially retained root complex of the left first and second molars; (D,E) other osteotomy drills drilled directly through the root complex; (F) insertion of cylindrical screw-type implants after removal of the remaining roots; (G) healing abutments were placed and bone graft material filled the extraction socket around each implant; and (H) a periapical radiograph taken 6 months after placement of the definitive restorations.
For all cases, proper debridement of each socket was performed using a bone curette and saline irrigation. Screw-type dental implants D 4.5x L11 mm (Xive S Plus, Dentsply Sirona, United States, Figure 1D) were inserted in the interradicular bone, and the implant shoulder of each implant was positioned at 1–2 mm apical to facial/buccal CEJ of adjacent teeth (Figures 2H and Figure 3F).
All 10 implants exhibited primary implant stability and were inserted under 35 NW torque. The gap around the implant and the mesial and distal sockets were completely packed with xenograft bone particles (Figure 1E) (NuOss cancellous bovine bone, 0.25–1 mm, ACE Surgical Supply Co., Massachusetts, United States) After inserting the bone graft material, the extraction socket was covered with a resorbable collagen membrane (BioMend Membrane, Zimmer Biomet, Indiana, United States). The collagen membrane was stabilized, and each extraction socket was covered using horizontal mattress sutures using 3-0 Cytoplast™ non-absorbable PTFE sutures (Osteogenics, Lubbock, Texas, United States) (Figure 1I). Periapical radiographs were taken during the implant bed preparation and again immediately postoperative after completion of the surgical treatment (Figure 3).
The Postsurgical Phase
Healing was uneventful, and rinses were prescribed twice daily with 0.12% chlorhexidine digluconate (PerioAid®, Dentaid, Barcelona, Spain) for 2 weeks along with ibuprofen 600 mg (Abbott Laboratories, United States) to manage any postoperative inflammation and discomfort or pain. Postsurgical instructions and oral hygiene measures were explained to the patients. Sutures were removed 2 weeks after surgery.
Three months after implant placement, all patients were presented with healthy peri-implant tissues. A periapical radiograph was taken, and a second-stage surgery was performed by placing the healing abutment. The prosthetic treatment was initiated with provisional crown placement followed by placement of a screw-retained definitive restoration (Figure 1F). Annual radiographs were taken to evaluate the crestal bone level for each patient (Figure 4).
[image: Figure 4]FIGURE 4 | Clinical and radiographic images of the mandibular left first molar with failed endodontic treatment. (A) Preoperative clinical lateral view; (B) postoperative clinical lateral views after 3 months of implant placement; (C) clinical picture of definitive porcelain fused to the metal screw-retained implant crown at three-year follow-up; (D) Preoperative periapical radiograph; (E) periapical radiographs of the implant after 3 months; and (F) radiographic image at three-year follow-up showing the marginal bone level.
RESULTS
Healing was uneventful for all 10 patients with no complication during the follow-up period, thus giving a cumulative survival rate of 100% during the three-year follow-up period of this study. The change in the marginal bone level was 0.11 ± 0.08 mm in all patients at the 3-year examination.
ImageJ software version 1.47 (Wayne Rasband, National Institutes of Health, United States) was used to measure the crestal bone loss on both the mesial and distal aspects of the implants. To set the scale for the measurements, the known implant width was used to calibrate the measurements. Then, a straight line was delineated from the implant platform to the alveolar crest on the mesial as well as the distal side. The average of both mesial and distal measurements was used to represent the bone level of each implant. (Figure 4F).
DISCUSSION
This study describes an alternative method of preparing osteotomy for immediate implant placement of multirooted molars. Drilling was performed prior to root separation, followed by root extraction and finally implant placement. Using this technique, surgeons are expected to receive better guidance during implant preparation. The osteotomy drills were stabilized and guided by the retained roots.
This form of osteotomy preparation can be less complicated and a useful modification of the standard surgical procedure to achieve more ideal implant positioning during immediate implant placement for a multirooted molar.
Immediate implant placement has become more popular among dentists providing implant dentistry treatment. However, still, primary implant stability and lack of micromovements are the two main factors necessary for achieving predictable high success of osseointegration (Albrektsson et al., 1981). Some advocate that the use of some specific implant surface treatment is able to reduce the healing time (Roccuzzo et al., 2001).
Optimal implant placement is more likely to be achieved using various technical approaches, such as radiographic templates or cone-beam computed tomography (CBCT) along with computer-assisted three-dimensional implant planning software programs.
In this study, sulcular incision was made around the mandibular molar to be extracted, and periosteal-releasing incisions were used for better flap adaptation following implant placement (Hamouda et al., 2015).
It is crucial to cover the surgical site and the peri-implant gap after immediate implant placement in order to achieve a successful grafting consolidation around the implant. Several recommendations have been published in the literature for the management of socket seals including the use of non-resorbable polytetrafluoroethylene (PTFE) membranes and resorbable collagen membranes for immediate implant placement (Hoffmann et al., 2008; Matarasso et al., 2009).
Hoffmann et al. (2008) used the non-resorbable polytetrafluoroethylene (PTFE) membranes to cover the socket with a significant regeneration of the volume of the socket, but the potential complications include exposure and dehiscence.
Urban et al. (2012) used the Ossix® cross-linked collagen membrane (Dentsply Sirona, York, Pennsylvania, United States), which is a resorbable collagen membrane, however, chemically treated in order to prolong the period without resorption. The current implant survival rate was 100% with no failures observed during the three-year follow-up period, which was greater than the 95% survival rate reported by Hamouda et al. (2015).
In this study, drilling was initiated through the root trunk, after coronectomy and before root separation. Rebele et al. (2013) suggested using a sharp new drill to drill through the dentin and cementum at the furcation region. They also suggested that drilling through the dentin and retained root aspects appeared to be similar to drilling through tissues; however, it is slightly harder than dense cortical bone (Rebele et al., 2013).
In contrast, Hamouda et al. (2015), Scarano (2017), and Smith and Tarnow (2013) recommended drilling after root separation in order to make the drilling process easier as well as preventing dulling of the surgical drills.
In this study, immediate implant placement was achieved using a new pre-extraction implant bed preparation technique in ten patients. Prior to root separation, implants’ osteotomies were prepared, then roots were separated, and implants were inserted. This allows for accurate implant placement in the drilled osteotomy, and also the remaining root segments would be partially luxated during the osteotomy drilling process.
The previous study (Valenzuela et al., 2018) mentioned that this alternative drilling method might result in a deficient implant insertion since it would modify the socket wall’s morphology during the extraction procedure. Therefore, careful extraction using desmotomes or ultrasonic appliances should be conducted.
In order to avoid destroying the prepared implant bed and affecting the initial implant stability during the extraction operation, in this study, after osteotomy preparation, root separation was performed. Then, periotomes were used to sever the periodontal ligament surrounding the remaining roots. This eliminates the negative pressure present around the remaining roots as well as facilitates deeper insertion of the desmotomes and elevators to elevate the roots. Thus, atraumatic extraction operation was carried out to avoid altering the prepared implant bed.
This alternative drilling protocol will modify the socket wall’s morphology during the extraction procedure, leading to a deficient implant insertion. Therefore, careful extraction using desmotomes or ultrasonic appliances is advised.
Similar to previous studies, Rebele et al. (2013), and Scarano (2017) recommended placing the implant after root extraction to minimize the complications encountered with extracting the remaining root segments.
In order to achieve initial implant stability, the implant should be placed in native apical and/or lateral bone to the extraction socket. Based on the anatomy of the tooth, the morphology of the extraction socket is determined. Accordingly, the tooth anatomy will have an influence on implant stability in the socket. Various parameters should be considered, including the width of the root at the cementoenamel junction (CEJ), the length of the root, the degree of root divergence, and any anatomical limitations beyond the apices of the molar roots, such as the inferior alveolar nerve.
In this technique, the osteotomy was planned to engage the interradicular bone of the socket (type A and type B sockets) (Smith and Tarnow, 2013). Therefore, the presence of a sufficient amount of septal bone that adequately supports circumferentially the implant facilitates achieving primary stability.
There is much debate in the literature as to the appropriate implant design to be used for immediate implantation in the mandibular molar region. Rebele et al. (2013) and Scarano (2017) used a cylindrical implant design, while Hamouda et al. (2015) and Rohra et al. (2017) preferred implants with a tapered design. In this study, the cylindrical body with a tapered end implant similar to that of Urban et al. (2012) was used. We observed a 100% implant success rate after 3 years as well as minimal marginal bone changes.
In the literature, there have been diverse approaches to combining immediate implant placement with regenerative procedures despite reports that regenerative treatments are not essential to achieve more successful healing or osseointegration for immediate implant (Botticelli et al., 2004; Lang et al., 2012).
Several grafting materials have been suggested in order to fill the mesial and distal bony sockets around immediate implants. Hayacibara et al. (2013), Tallarico et al. (2016), Scarano (2017) used bovine xenograft particles that showed marginal bone loss of approximately 1 mm compared to nongrafted implant sockets. According to Araújo et al. (2011,) the placement of deproteinized bovine bone mineral in a model of fresh extraction sockets enhanced hard tissue formation and improved marginal bone height.
Similar to the current study, a natural bovine porous bone mineral matrix was used with a 100% survival rate and no marginal bone loss after a three-year follow-up. The natural structure of this bone substitute is physically and chemically comparable to the mineralized matrix of human bone. The results of this study support the hypothesis that a low-resorption particulate graft should be used to the gap surrounding peri-implant in case of immediate implant placement to retain the surrounding bony walls and reduce the risk of marginal bone loss.
Immediate implant placement in the molar extraction site using the described technique would be indicated in extraction sites with sufficient root divergence in which primary stability can be achieved. Contraindications are tooth mobility, due to severed bone, presence of advanced furcation involvement, and unfavorable root position, such as fused roots and ankylosed roots (Tizcareño and Bravo-Flores, 2009; Rebele et al., 2013).
The strength of this technique is to provide guidance for the surgeon during immediate implant placement by using the tooth structure as a stent or guide. This technique may raise concerns regarding the possibility of a deleterious reaction caused by drill debris that has become lodged in the socket or within an osteotomy. Accordingly, it is highly recommended that the site be thoroughly curetted prior to implant insertion. The limitation of this study is that it is a multiple case series of one technique, so a comparative study or clinical trial study would be recommended to further investigate the advantages of this technique. Also, more clinical parameters could be assessed in future studies.
CONCLUSION
The use of a modified pre-extractive interradicular implant bed preparation technique resulted in adequate primary implant stability and optimum implant location. After 3 years, implants placed using the pre-extraction interradicular implant bed preparation demonstrated a 100% success rate and less than 1 mm marginal bone loss (Hayacibara et al., 2013).
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors upon request.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Institutional Review Board of IAU (IRB-2021-02-208). The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
AA and MM: study concepts and study design. AA and MM: investigation, manuscript preparation, manuscript review, and manuscript editing. All authors approved the final manuscript for submission.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
Authors would like to acknowledge the assistance of W. Patrick Naylor, DDS, MPH, MS, for revising the manuscript and Rahaf Fahad Al Ghamdi for assisting in photography.
REFERENCES
 Albrektsson, T., Brånemark, P.-I., Hansson, H.-A., and Lindström, J. (1981). Osseointegrated Titanium Implants:Requirements for Ensuring a Long-Lasting, Direct Bone-To-Implant Anchorage in Man. Acta Orthopaedica Scand. 52 (2), 155–170. doi:10.3109/17453678108991776
 Araújo, M. G., Linder, E., and Lindhe, J. (2011). Bio-Oss Collagen in the Buccal gap at Immediate Implants: A 6-month Study in the Dog. Clin. Oral Implants Res. 22, 1–8. doi:10.1111/j.1600-0501.2010.01920.x
 Atieh, M. A., Payne, A. G., Duncan, W. J., de Silva, R. K., and Cullinan, M. P. (2010). Immediate Placement or Immediate Restoration/loading of Single Implants for Molar Tooth Replacement: A Systematic Review and Meta-Analysis. Int. J. Oral Maxillofac. Implants 25, 401–415.
 Barone, A., Toti, P., Quaranta, A., Derchi, G., and Covani, U. (2015). The Clinical Outcomes of Immediate versus Delayed Restoration Procedures on Immediate Implants: A Comparative Cohort Study for Single-Tooth Replacement. Clin. Implant Dent Relat. Res. 17, 1114–1126. doi:10.1111/cid.12225
 Becker, W., and Goldstein, M. (2008). Immediate Implant Placement: Treatment Planning and Surgical Steps for Successful Outcome. Periodontol. 2000 47, 79–89. doi:10.1111/j.1600-0757.2007.00242.x
 Bhola, M., Neely, A. L., and Kolhatkar, S. (2008). Immediate Implant Placement: Clinical Decisions, Advantages, and Disadvantages. J. Prosthodont. 17 (7), 576–581. doi:10.1111/j.1532-849x.2008.00359.x
 Botticelli, D., Berglundh, T., and Lindhe, J. (2004). Hard-tissue Alterations Following Immediate Implant Placement in Extraction Sites. J. Clin. Periodontol. 31, 820–828. doi:10.1111/j.1600-051x.2004.00565.x
 Cafiero, C., Annibali, S., Gherlone, E., Grassi, F. R., Gualini, F., Magliano, A., et al. (2008). Immediate Transmucosal Implant Placement in Molar Extraction Sites: A 12-month Prospective Multicenter Cohort Study. Clin. Oral Implants Res. 19 (5), 476–482. doi:10.1111/j.1600-0501.2008.01541.x
 Chen, S. T., and Buser, D. (2009). Clinical and Esthetic Outcomes of Implants Placed in Postextraction Sites. Int. J. Oral Maxillofac. Implants 24, 186–217.
 Chen, S. T., Wilson, T. G., and Hämmerle, C. H. (2004). Immediate or Early Placement of Implants Following Tooth Extraction: Review of Biologic Basis, Clinical Procedures, and Outcomes. Int. J. Oral Maxillofac. Implants 19, 12–25.
 Greenstein, G., and Tarnow, D. (2006). The Mental Foramen and Nerve: Clinical and Anatomical Factors Related to Dental Implant Placement: A Literature Review. J. Periodontol. 77 (12), 1933–1943. doi:10.1902/jop.2006.060197
 Hamouda, N. I., Mourad, S. I., El-Kenawy, M. H., and Maria, O. M. (2015). Immediate Implant Placement into Fresh Extraction Socket in the Mandibular Molar Sites: A Preliminary Study of a Modified Insertion Technique. Clin. Implant Dentistry Relat. Res. 17, e107–e116. doi:10.1111/cid.12135
 Hayacibara, R. M., Gonçalves, C. S., Garcez-Filho, J., Magro-Filho, O., Esper, H., and Hayacibara, M. F. (2013). The success Rate of Immediate Implant Placement of Mandibular Molars: A Clinical and Radiographic Retrospective Evaluation between 2 and 8 Years. Clin. Oral Impl. Res. 24 (7), 806–811. doi:10.1111/j.1600-0501.2012.02461.x
 Hoffmann, O., Bartee, B. K., Beaumont, C., Kasaj, A., Deli, G., and Zafiropoulos, G.-G. (2008). Alveolar Bone Preservation in Extraction Sockets Using Non-resorbable dPTFE Membranes: A Retrospective Non-randomized Study. J. Periodontol. 79 (8), 1355–1369. doi:10.1902/jop.2008.070502
 Lang, N. P., Pun, L., Lau, K. Y., Li, K. Y., and Wong, M. C. (2012). A Systematic Review on Survival and success Rates of Implants Placed Immediately into Fresh Extraction Sockets after at Least 1 Year. Clin. Oral Implants Res. 23 (5), 39–66. doi:10.1111/j.1600-0501.2011.02372.x
 Matarasso, S., Salvi, G. E., Siciliano, V. I., Cafiero, C., Blasi, A., and Lang, N. P. (2009). Dimensional ridge Alterations Following Immediate Implant Placement in Molar Extraction Sites: A Six-Month Prospective Cohort Study with Surgical Re-entry. Clin. Oral Implants Res. 20 (10), 1092–1098. doi:10.1111/j.1600-0501.2009.01803.x
 Quirynen, M., Van Assche, N., Botticelli, D., and Berglundh, T. (2007). How Does the Timing of Implant Placement to Extraction Affect Outcome?Int. J. Oral Maxillofac. Implants 22, 203–223.
 Rebele, S. F., Zuhr, O., and Hürzeler, M. B. (2013). Pre-extractive Interradicular Implant Bed Preparation: Case Presentations of a Novel Approach to Immediate Implant Placement at Multirooted Molar Sites. Int. J. Periodontics Restorative Dent 33 (1), 88–95. doi:10.11607/prd.1444
 Roccuzzo, M., Bunino, M., Prioglio, F., and Bianchi, S. D. (2001). Early Loading of Sandblasted and Acid-Etched (SLA) Implants: A Prospective Split-Mouth Comparative Study. Clin. Oral Implants Res. 12 (6), 572–578. doi:10.1034/j.1600-0501.2001.120604.x
 Rohra, D. E., Mistry, D. G., Joshi, D. T., and Khanvilkar, D. U. (2017). Implant Bed Preparation for Immediate Implantation in Molar Region: An Alternative Approach. Iosr Jdms 16 (05), 48–50. doi:10.9790/0853-1605064850
 Scarano, A. (2017). Traditional Postextractive Implant Site Preparation Compared with Pre-extractive Interradicular Implant Bed Preparation in the Mandibular Molar Region, Using an Ultrasonic Device: A Randomized Pilot Study. Int. J. Oral Maxillofac. Implants 32 (3), 655–660. doi:10.11607/jomi.5342
 Schropp, L., and Isidor, F. (2008). Timing of Implant Placement Relative to Tooth Extraction. J. Oral Rehabil. 35, 33–43. doi:10.1111/j.1365-2842.2007.01827.x
 Smith, R. B., and Tarnow, D. P. (2013). Classification of Molar Extraction Sites for Immediate Dental Implant Placement: Technical Note. Int. J. Oral Maxillofac. Implants 28 (3), 911–916. doi:10.11607/jomi.2627
 Tallarico, M., Xhanari, E., Pisano, M., De Riu, G., Tullio, A., and Meloni, S. M. (2016). Single post-extractive Ultra-wide 7 mm-Diameter Implants versus Implants Placed in Molar Healed Sites after Socket Preservation for Molar Replacement: 6-month post-loading Results from A randomised Controlled Trial. Eur. J. Oral Implantol. 9 (3), 263–275.
 Tizcareño, M. H., and Bravo-Flores, C. (2009). Anatomically Guided Implant Site Preparation Technique at Molar Sites. Implant Dentistry 18 (5), 393–401. doi:10.1097/ID.0b013e3181b4b205
 Urban, T., Kostopoulos, L., and Wenzel, A. (2012). Immediate Implant Placement in Molar Regions: A 12-month Prospective, Randomized Follow-Up Study. Clin. Oral Impl. Res. 23 (12), 1389–1397. doi:10.1111/j.1600-0501.2011.02319.x
 Valenzuela, S., Olivares, J. M., Weiss, N., and Benadof, D. (2018). Immediate Implant Placement by Interradicular Bone Drilling before Molar Extraction: Clinical Case Report with One-Year Follow-Up. Case Rep. Dentistry 2018, 1–5. doi:10.1155/2018/6412826
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Alagl and Madi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		MINI REVIEW
published: 13 May 2022
doi: 10.3389/fbioe.2022.853436


[image: image2]
Application of Amorphous Calcium Phosphate Agents in the Prevention and Treatment of Enamel Demineralization
Jiarong Yan1,2, Hongye Yang1,3, Ting Luo1,2, Fang Hua1,2,4,5* and Hong He1,2*
1The State Key Laboratory Breeding Base of Basic Science of Stomatology (Hubei-MOST) and Key Laboratory of Oral Biomedicine Ministry of Education, School and Hospital of Stomatology, Wuhan University, Wuhan, China
2Department of Orthodontics, School and Hospital of Stomatology, Wuhan University, Wuhan, China
3Department of Prosthodontics, School and Hospital of Stomatology, Wuhan University, Wuhan, China
4Center for Evidence-Based Stomatology, School and Hospital of Stomatology, Wuhan University, Wuhan, China
5Division of Dentistry, School of Medical Sciences, Faculty of Biology, Medicine and Health, University of Manchester, Manchester, United Kingdom
Edited by:
Kumar Chandan Srivastava, Al Jouf University, Saudi Arabia
Reviewed by:
Shanshan Liu, The first affiliated hospital of bengbu medical college, China
* Correspondence: Fang Hua, huafang@whu.edu.cn; Hong He, drhehong@whu.edu.cn
Specialty section: This article was submitted to Biomaterials, a section of the journal Frontiers in Bioengineering and Biotechnology
Received: 12 January 2022
Accepted: 15 April 2022
Published: 13 May 2022
Citation: Yan J, Yang H, Luo T, Hua F and He H (2022) Application of Amorphous Calcium Phosphate Agents in the Prevention and Treatment of Enamel Demineralization. Front. Bioeng. Biotechnol. 10:853436. doi: 10.3389/fbioe.2022.853436

Enamel demineralization, as a type of frequently-occurring dental problem that affects both the health and aesthetics of patients, is a concern for both dental professionals and patients. The main chemical composition of the enamel, hydroxyapatite, is easy to be dissolved under acid attack, resulting in the occurrence of enamel demineralization. Among agents for the preventing or treatment of enamel demineralization, amorphous calcium phosphate (ACP) has gradually become a focus of research. Based on the nonclassical crystallization theory, ACP can induce the formation of enamel-like hydroxyapatite and thereby achieve enamel remineralization. However, ACP has poor stability and tends to turn into hydroxyapatite in an aqueous solution resulting in the loss of remineralization ability. Therefore, ACP needs to be stabilized in an amorphous state before application. Herein, ACP stabilizers, including amelogenin and its analogs, casein phosphopeptides, polymers like chitosan derivatives, carboxymethylated PAMAM and polyelectrolytes, together with their mechanisms for stabilizing ACP are briefly reviewed. Scientific evidence supporting the remineralization ability of these ACP agents are introduced. Limitations of existing research and further prospects of ACP agents for clinical translation are also discussed.
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INTRODUCTION
Enamel demineralization is one of the most common dental problems which could appear as white spot lesions (WSLs) in the early stage and even progress into cavities if effective interventions are not taken in time (Julien et al., 2013). In the normal oral environment, hydroxyapatite on the enamel surface contacts saliva and maintains the balance of dissolution and redeposition (Sollböhmer et al., 1995; Featherstone, 2004), hydroxyapatite could be dissolved into calcium and phosphorus ions while calcium and phosphorus ions in saliva could crystallize directionally and orderly, forming the enamel-like hydroxyapatite structure on the surface of the enamel (Dorozhkin, 1997). When the oral hygiene condition is poor, plaque biofilms form and adhere onto the enamel surface decomposing sugars, producing organic acids, and resulting in an acidic pH environment around the enamel. Under this circumstance, the dissolution-redeposition balance of hydroxyapatite is broken. The dissolution of hydroxyapatite occurs faster than the deposition of calcium and phosphorus ions, which eventually leads to the occurrence of enamel demineralization.
Based on the etiology of enamel demineralization, the strategies to prevent or treat enamel demineralization include: 1) Using antibacterial agents such as mouthwash or toothpaste containing antibacterial drugs (Hefti and Huber, 1987; Afennich et al., 2011; Hossainian et al., 2011; Rösing et al., 2017; Ahmed et al., 2019; Bijle et al., 2019; Guven et al., 2019; Karadağlıoğlu et al., 2019; Shang et al., 2020) which could inhibit the accumulation and adhesion of cariogenic bacteria on the enamel surface to reduce the acid production from plaque biofilms; 2) Using fluorinated agents such as fluoride mouthwash (Chow et al., 2000; Songsiripradubboon et al., 2014; Larsson et al., 2020) and fluoride varnish (Gontijo et al., 2007; Marinho, 2009; Perrini et al., 2016), which could not only inhibit cariogenic bacteria but release fluorine, co-crystallize with calcium and phosphorus ions to form fluorapatite on the enamel surface (Margolis and Murphy, 1986; Zandim-Barcelos et al., 2011).
In addition to the above strategies, the enamel biomimetic remineralization strategy, which bases on the natural enamel crystallization process (Cölfen and Mann, 2003), is being studied extensively due to its biomimetic mineralization capability (Chen et al., 2015; Wang et al., 2017). According to the nonclassical crystallization theory, the crystallization processes of natural enamel could be interpreted as the following steps: 1) Calcium and phosphorus ions aggregating together to form amorphous calcium phosphate (ACP); 2) Amelogenin stabilizing ACP into clusters; 3) ACP then directionally arranging to form bundles of hydroxyapatite, then gradually forming enamel crystal, and finally forming enamel prism (Beniash et al., 2009; Yang et al., 2010; Kwak et al., 2016). To mimic the crystallization process of natural enamel and to achieve remineralization of demineralized enamel, ACP needs to be stabilized and then crystallizes directionally and orderly to form the enamel-like hydroxyapatite. In this review, we mainly focused on how different agents stabilize ACP and their remineralization effects on enamel demineralization.
AMELOGENIN AND ITS ANALOGS
Amelogenin (Amel) plays an important role in the formation of natural enamel (Wright et al., 2011; Moradian-Oldak, 2012; Ruan and Moradian-Oldak, 2015). Amelogenin could interact with calcium and phosphorus ions through the tyrosine enrichment segment on its N-terminal and stabilize calcium and phosphorus ions to an amorphous state (Figure 1A). The C-terminal of Amel could guide ACP to crystallize into hydroxyapatite directionally (Tsiourvas et al., 2015). There are studies using chitosan to load amelogenin and form the chitosan-amelogenin gel (CS-Amel gel) and using this gel system for reconstruction of demineralized enamel. The CS-Amel gel could stabilize calcium and phosphorus ions into ACP, guide ACP to form the enamel-like crystals which bind closely with natural enamel crystals (Ruan et al., 2013; Ruan et al., 2014). In addition to the direct application of amelogenin, there are studies focused on the remineralization effect of amelogenin analogs. Zhong et al., 2021 self-assembled the N-terminal tyrosine segment of amelogenin to form leucine-rich amelogenin peptide (LRAP) and evaluated the stabilizing and directional guiding abilities of LRAP to calcium and phosphorus ions in mineralizing solutions. LRAP could stabilize calcium and phosphorus ions into ACP effectively and guide ACP to grow along its C-axis into bundles of hydroxyapatite crystals. Wang combined a phase conversion lyase (PTL) which mimics the function of the N-terminal of amelogenin with a synthetic peptide chain which has the function of the C-terminal of amelogenin to form amyloid amelogenin analog (PTL/C-AMG) (Wang Y et al., 2020). The PTL/C-AMG could combine calcium and phosphorus ions to form hydroxyapatite and promote the extension growth of hydroxyapatite crystals on the surface of natural enamel and eventually forms a highly ordered hydroxyapatite structure with mechanical properties similar to that of natural enamel. Lv and colleagues synthesized a short-chain polypeptide (QP5) based on the amino sequence of amelogenin and proved the stabilizing ability of QP5 to calcium and phosphorus ions. They verified the remineralization ability of QP5 to initial enamel demineralization in an in vitro enamel demineralization model and further confirmed its remineralization ability and potential for clinical transformation in a rat caries model (Lv et al., 2015; Han et al., 2017).
[image: Figure 1]FIGURE 1 | Schematic diagram of ACP stabilizers and how they stabilize the ACP. (A) Amelogenin stabilizes calcium and phosphorus ions with its N-terminal; (B) Casein phosphopeptides stabilize calcium and phosphorus ions with the -Ser(P)- Ser(P)- Ser(P)-Glu-Glu- sequence; (C) Chitosan derivatives stabilize calcium and phosphorus ions with functional groups; (D) Carboxymethylated poly-amidoamine (PAMAM) stabilizes calcium and phosphorus ions with carboxyl groups; (E) Polyelectrolytes stabilize calcium and phosphorus ions with functional groups.
CASEIN PHOSPHOPEPTIDES
Casein phosphopeptides (CPP) are casein extracts from milk which could markedly increase the apparent solubility of calcium phosphate ions by forming ACP (Reeves and Latour, 1958). Researchers found that the main active sequence of CPP, the phosphoserine - glutamate cluster (-Ser(P)- Ser(P)- Ser(P)-Glu-Glu-), could stabilize calcium and phosphate ions and form the CPP stabilized ACP complex (CPP-ACP) (Adamson and Reynolds, 1996) to avoid the spontaneously crystallizing, phase conversing and precipitating of calcium and phosphorus ion (Shen et al., 2001) (Figure 1B). Reynolds soaked artificially demineralized enamel in CPP-ACP solution and found that CPP-ACP could remineralize the subsurface demineralization of enamel effectively. The mechanism may be that CPP can maintain a high concentration of calcium and phosphorus ions in the solution to infiltrate into the subsurface lesion area to achieve efficient enamel remineralization (Reynolds, 1997). The team further validated the preventive effect of CPP-ACP on enamel demineralization in a rat caries model (Reynolds et al., 1995). With the U.S. Food and Drug Administration and other regulatory agencies confirming the biosafety of CPP-ACP (Cochrane et al., 2010), CPP-ACP is added into oral health care products such as Tooth Mousse (GC, Tokyo, Japan) (Rees et al., 2007) and Tooth Mousse Plus (CPP-ACPF, GC, Tokyo, Japan) (Hamba et al., 2011; Bataineh et al., 2017; Olgen et al., 2021). These agents have been gradually used in clinical practice and have been studied in a number of clinical trials (Sitthisettapong et al., 2015; Güçlü et al., 2016; Munjal et al., 2016; Thierens et al., 2019). However, the remineralization ability of CPP-ACP and CPP-ACPF for WSLs remains unknown. Researchers suggested that CPP-ACP and CPP-ACPF may have the ability to prevent and treat WSLs, but their effects are not significantly greater than using fluoride agent alone (Pithon et al., 2019; Wang D et al., 2020). In addition, casein related allergy in certain populations also limits the clinical use of CPP-ACP and CPP-ACPF.
POLYMERS
In addition to the aforementioned amelogenin and its analogs and CPP, some kinds of polymers can also stabilize calcium and phosphate ions, including chitosan derivatives, poly-amidoamine and polyelectrolytes.
Chitosan Derivatives
Chitosan derivatives, such as carboxymethyl chitosan (CMC) and phosphorylated chitosan (Pchi) could bind calcium ions through chelation reaction of carboxyl groups and calcium ions and then bind phosphate ions to form ACP (Figure 1C). The recrystallization of demineralization enamel is realized by the ordered crystallization of ACP to form enamel-like hydroxyapatite crystals (Zhang et al., 2014; Zhang et al., 2018). Zhu combined carboxymethyl chitosan (CMC) and lysozyme (LYZ) to stabilize ACP and formed the CMC/LYZ-ACP nano-gel, which can regenerate prism-like remineralized enamel layer on the surface of eroded enamel to realize the remineralization (Zhu et al., 2021). Song successively added CaCl2 and K2HPO4 into Pchi solution to construct the Pchi-ACP nano-complex. X-ray diffraction and selective electron diffraction results confirmed the amorphous state of the nano-complex. And the results of scanning electron microscopy and micro-CT proved that the Pchi-ACP nano-complex could realize the remineralization of demineralized enamel (Song et al., 2021).
Poly-Amidoamine
Poly-amidoamine (PAMAM) was first synthesized by Tomalia in the 1980s (Tomalia et al., 1985). PAMAM contains a large number of amide groups that have the similar function to peptide bonds so that PAMAM could simulate functions of a variety of proteins and peptides (Svenson and Tomalia, 2012). PAMAM can have mineralization property through the modification of carboxyl groups. The carboxyl-modified PAMAM (PAMAM-COOH) could combine calcium ions through carboxyl groups and further attract phosphate ions to stabilize calcium and phosphate ions into ACP (Khopade et al., 2002; Zhou et al., 2007; Zhou et al., 2013) (Figure 1D). ACP could form enamel-like hydroxyapatite orderly on the surface of demineralized enamel through the crystallization guidance of PAMAM-COOH (Chen et al., 2013). Another study found that PAMAM-COOH can induce calcium and phosphorus ions to grow and crystallize along the z-axis on the surface of demineralized enamel, and the microhardness of the remineralized enamel is comparable to that of the natural enamel (Chen M et al., 2014).
Polyelectrolytes
Polyelectrolytes are a class of polymorphs with ionizable units, which could ionize into charged polymorphs and counter-ions with opposite charge in aqueous solution (Koetz and Kosmella, 2007) such as polyacrylic acid (PAA), polyallylamine (PAH), polyaspartic acid (PASP), et al. PAA has rich carboxyl groups to combine with calcium ions to form the -COO-/Ca2+ structure (Huang et al., 2008), so that PAA can stabilize ACP (Gower, 2008; Dey et al., 2010) (Figure 1E). Qi added calcium and phosphorus ions into the PAA solution to construct the PAA-ACP complex and verified the stability of the PAA-ACP complex by solution turbidity analysis and dynamic light scattering. Scanning electron microscopy, transmission electron microscopy, infrared spectroscopy and X-ray diffraction analyses proved the remineralization ability of PAA-ACP (Qi et al., 2018). Our group used PAA to stabilize amorphous calcium phosphate, and then loaded PAA-ACP with aminoated mesoporous silicon nanoparticle (aMSN) to form the PAA-ACP@aMSN delivery system. The PAA-ACP@aMSN was proved to have the ability to promote enamel remineralization and surface microhardness analysis and X-ray diffraction analysis showed that the remineralization layer induced by PAA-ACP@aMSN had comparable mechanical property and crystal texture to natural enamel (Hua et al., 2020). PAA-ACP could also act as a dental adhesive filler to endow adhesives with enamel remineralization ability (Wang et al., 2018). Other polyelectrolytes like polyallylamine (Niu et al., 2017; Yang et al., 2017), polyaspartic acid (Zhou, et al., 2021), polyglutamic acid (Sikirić, et al., 2009; Terauchi, et al., 2019) could alsostabilize calcium and phosphorus ions but the treatment or prevention effect of these polyelectrolyte-stabilized ACPs for enamel demineralization remains to be further investigated.
ACP PARTICLES
As a kind of amorphous substance, ACP is easy to spontaneously transform into apatite crystal in an aqueous solution from the thermodynamics point of view (Eanes et al., 1965; Chow et al., 1998). Therefore, in addition to the application of stabilizers to stabilize ACP in an amorphous state, another way to stabilize ACP is to store the prepared ACP in an anhydrous dry granular state to form ACP particles. Since the 1990s, ACP particle has been gradually used as a bioactive additive in the studies of tooth remineralization (Skrtic and Eanes, 1996). ACP particle could act as a bioactive filler of dental filling resin to endow the filling resin with the ability of continuous releasing of calcium and phosphorus ions to promote the formation of hydroxyapatite (Skrtic et al., 2004). However, the uncontrollable agglomeration of ACP particles in the resin affects the mechanical properties of resin such as bonding strength and bending strength, so that ACP particles are only suitable for materials with low requirements on mechanical properties, such as pit and fissure sealant (Skrtic et al., 2004; Dunn, 2007). In 2011, Xu synthesized nano ACP (NACP) by spray drying method for the first time and mixed it into dental resin as filler. The NACP modified dental resin could release calcium and phosphorus ions in an acidic environment, and the mechanical properties of the resin are even better than commercial dental resin materials (Xu et al., 2011). Since then, a large number of studies added NACP to dental materials such as orthodontic bonding resins, sealants, resin-modified glass ions and other materials, and verified their calcium and phosphorus ion release ability and enamel remineralization ability (Chen C et al., 2014; Ma et al., 2017; Liu et al., 2018; Xie et al., 2019; Gao et al., 2020; Ibrahim et al., 2020).
ACP AGENTS VERSUS OTHER REMINERALIZATION AGENTS
In addition to ACP agents, there are many other enamel remineralization agents such as fluorine containing agents, hydroxyapatite preparations and tricalcium phosphate. In vitro and in vivo studies have been conducted to compare the remineralization performance of ACP agents and other agents (Table 1). However, the conclusion varied among these studies. Some studies found that ACP agents have better remineralization effect than other agents, while others suggested that the remineralization effect of ACP agents is similar to or no better than other agents. Whether the ACP agents have better remineralization properties than other agents needs to be further investigated in the future research.
TABLE 1 | Comparison of the remineralization performance of ACP agents with other products.
[image: Table 1]DISCUSSION
ACP agents have outstanding preventive and therapeutic capacity to enamel demineralization due to their ability to form the enamel-like hydroxyapatite on the surface of demineralized enamel (Kwak et al., 2016). However, Since ACP is easy to agglomerate and is unstable in an aqueous solution (Chow et al., 1998), the main challenge in applying the ACP for enamel remineralization is its stabilization. Many different materials that could stabilize calcium and phosphorus ions, including amelogenin and its analogs (Tsiourvas et al., 2015; Wang Y et al., 2020), casein phosphopeptides (Cross et al., 2005), polymers like chitosan derivatives (Zhu et al., 2021), carboxymethylated PAMAM (Chen et al., 2013) and polyelectrolytes (Hua et al., 2020), have been used in studies to stabilize calcium and phosphorus ions into ACP. Another strategy is to store the ACP in a water-free state so that ACP particles and NACP particles are formed (Betts et al., 1975; Xu et al., 2011). The remineralization abilities of these ACP agents have been confirmed in previous studies. However, except for CPP-ACP and CPP-ACPF which has been commercialized (Reise et al., 2021), most of the other ACP agents are still at in vitro experimental stage. Tt is still uncertain whether these ACP agents can achieve the remineralization of demineralized enamel in vivo. In addition, most of the studies evaluated the remineralization ability of ACP agents by measuring the hardness recovery of demineralized enamel (Gokkaya et al., 2020), observing the mineral deposition on demineralized enamel (Hua et al., 2020), or measuring the lesion depth (Soares-Yoshikawa et al., 2021). None of the above-mentioned evaluation methods can directly confirm whether ACP agents could form the enamel-like hydroxyapatite. The biomimetic remineralization ability of ACP agents needs further investigation. To further promote the translation of ACP agents into clinical application, basic studies with adequate evaluation methods as well as relevant in vivo studies are still needed. In addition, whether ACP agents have better remineralization effects compared to other agents remains to be further explored.
ACP complexes are in the amorphous state of the liquid phase (Chen et al., 2013; Niu et al., 2017; Qi et al., 2018; Song et al., 2021), and ACP particles (Skrtic et al., 2004; Xu et al., 2011) are solid powders. Neither the liquid nor the solid form is convenient for storage and direct application in the oral environment. Studies has been conducted to address the storage and application challenges of ACP agents:
1) Mouthwash. Studies used carriers like chitosan (Ruan et al., 2013) and carboxymethyl chitosan (Zhu et al., 2021) to load ACP agents and these delivery systems can be applied in the oral environment in the form of mouthwash.
2) Toothpaste and tooth desensitizer. Another form of application of the ACP agents is to make them into pastes. Our group used mesoporous silicon nanoparticles to load ACP agents to achieve the enrichment and storage of ACP and this delivery system can be applied as the filler of toothpaste (Hua et al., 2020). CPP-ACP agents can be used as desensitizers in the form of pastes (Pei et al., 2013; Chandavarkar and Ram, 2015; Yang et al., 2018).
3) Resin product. Particulate forms of ACP have been incorporated into resin products, like adhesives (Wang et al., 2018), pit and fissure sealants (Utneja et al., 2018), varnishes (Schemehorn et al., 2011) to achieve convenient applications that do not depend on patient compliance.
Mouthwash form of the ACP agent is convenient to use, but the relatively low concentration of ACP and its inability to persist on the enamel surface for long periods lead to the limited effectiveness of ACP agents to enamel remineralization. The paste-like application form could effectively enhance the concentration of ACP and could maintain a high concentration of ACP on the enamel surface during application, but like mouthwash, it still has a short duration of hydroxyapatite formation due to the effect of saliva flushing. ACP agents modified resin products can release ACP on the enamel surface for a long period thus achieving the long-term prevention or treatment of enamel demineralization. However, the effect of ACP agent incorporation on the performance of these products like mechanical performance and biocompatibility needs further exploration. And the long-term stability of the ACP release from these products should be considered in future studies.
CONCLUSION
Herein we summarize the strategies of stabilizing ACP. Calcium and phosphorus ions can be stabilized to the ACP state using a variety of methods, but the preventive and therapeutic effects of these ACP agents on enamel demineralization still await further investigation. There are three main forms of storage and application of ACP agents, namely mouthwash, toothpaste/tooth desensitizer, resin product. However, due to the shortcomings of the above-mentioned forms of ACP agents, more easy-to-use and long-lasting forms of ACP agents remain to be further explored.
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Nanotechnology in modern material science is a research hot spot due to its ability to provide novel applications in the field of dentistry. Zinc Oxide Nanoparticles (ZnO NPs) are metal oxide nanoparticles that open new opportunities for biomedical applications that range from diagnosis to treatment. The domains of these nanoparticles are wide and diverse and include the effects brought about due to the anti-microbial, regenerative, and mechanical properties. The applications include enhancing the anti-bacterial properties of existing restorative materials, as an anti-sensitivity agent in toothpastes, as an anti-microbial and anti-fungal agent against pathogenic oral microflora, as a dental implant coating, to improve the anti-fungal effect of denture bases in rehabilitative dentistry, remineralizing cervical dentinal lesions, increasing the stability of local drug delivery agents and other applications.
Keywords: zinc oxide nanoparticles, biomedical application, nanodentistry, dental applications, restorative material
1 INTRODUCTION
Nanotechnology, wherein matter is manipulated on a molecular scale, has revolutionized modern dentistry. “Nanodentistry” is the amalgamation of nanotechnology and dentistry and provides the scope for the formulation of innovative materials that can have many potential applications in clinical practice. The nano size confers a larger surface area, allows the controlled synthesis and is also capable of altering the desired physical and chemical properties that enables them for unique interactions with biomolecules. They also have a higher percentage of surface atoms, which maximized their ability due to an increase in surface reactivity (Rasmussen et al., 2010).
Zinc is an essential trace element which is found in the muscle, bone, skin and also in the hard tissues of the tooth. Zinc Oxide Nanoparticle (ZnO NP) is a white colored odorless powder and has a molecular weight of 81.38 g/mol. FDA considers it as a generally recognized as safe (GRAS) substance. Its extensive applications in dentistry are credited to the unique optical, magnetic, morphological, electrical, catalytic, mechanical, and photochemical properties which can be easily altered as per the requirements: by modifying the size, doping with supplementary compounds, or adjusting the conditions of synthesis. As the size of the particles decrease, the desirable characteristics improve (Baek et al., 2012).
In the present, ZnO NPs are being investigated as associates of anti-microbial agents which are one of the most important reasons for its use. A recent theory that explains this is the “Trojan Horse effect”, which states that the acidic lysosomal environment promotes nanoparticle degradation, that in turn brings about conversion of core metals to ions and the release of substances that are toxic and in turn interrupt cell reproduction. Other mechanisms of their anti-microbial action are by locally changing the microenvironments near the microbes and by producing reactive oxygen species (ROS) or by increasing solubility of these nanoparticles. This can induce interplay with -SH group of the enzymes in the microbes and cause malfunction of organelles causing denaturation of the proteins and resulting in damage to DNA. This in turn alters the DNA replication of the microorganisms. Another possible anti-microbial mechanismis by the release of H2O2 (Şuhani et al., 2018) and by the displacement of Magnesium ions which interferes with the metabolism of the bacteria. The enhanced effect against microbes is attributed to the increased ratio of surface/volume. Hence, the incorporation of ZnO NPs in dental restorative materials, luting materials, tissue conditioners, intracanal medicaments, irrigants, adhesives and other materials can have beneficial anti-microbial effects.
Further research is also being done on this nanoparticle, due to the unlimited fields of application such as regarding its anti-inflammatory activity in response to pathogens, its anti-demineralizing and remineralizing effect on the hard tissues of the tooth, its potential as an anti-cancer agent and many others (Carrouel et al., 2020; Wiesmann et al., 2020). ZnO NPs hence have widespread applications in the field of restorative dentistry, endodontics, regenerative endodontics, prosthetic dentistry, orthodontics, preventive dentistry, implantology and periodontology (Moradpoor et al., 2021). Although ZnO NPs are considered to be a biologically safe material that does not exhibit cell toxicity, however, further research into the regulatory and safety concerns in oral care products on long term use must be discussed, questioned and further researched upon. Majority of the research regarding these NPs are limited to in-vitro studies and few animal studies. Therefore, further investigations and clinical trials must be carried out in order to utilize it to its full potential.
2 APPLICATIONS OF ZINC OXIDE NANOPARTICLES IN DENTISTRY
Zinc Oxide Nanoparticles have a wide range of applications in the various branches of dentistry, such as in the field of restorative dentistry, endodontics, regenerative endodontics, periodontics, prosthodontics, orthodontics, oral medicine, cancer diagnosis, dental implantology, preventive dentistry and biomedical waste management. The research performed using these nanoparticles are summarized in Table1 and Figure 1.
TABLE 1 | Studies focussing on the Applications of ZnO NPs in dentistry.
[image: Table 1][image: Figure 1]FIGURE 1 | Applications of ZnO NPs in Dentistry.
2.1 Restorative Dentistry
ZnO NPs have been found to improve the mechanical and anti-bacterial properties of dental restorative materials. According to a study by Wang et al., it was reported that when ZnO NPs were incorporated in dental resin composites, there was inhibition in the growth and adhesion of S. mutans, and in small amounts did not affect the mechanical properties. This is extremely beneficial in not only in the prevention of secondary caries but also in the interception of bulk fracture of the material (Wang et al., 2019). Similarly, in a study done by Teymoornezhad et al., it was reported that incorporation of 3% ZnO NPs on flowable resin composite lowered the microleakage (Teymoornezhad et al., 2016). A comparable outcome was reported in the study by Hojati et al. (2013), on flowable resin composite (Tavassoli Hojati et al., 2013). When 10% ZnO NPs was added to resin-based dental composites, it showed anti-bacterial effectiveness against S. Sobrinus (Aydin Sevinç and Hanley 2010). These NPs were also found to exhibit anti-bacterial activity against S. mutans and Lactobacillus (Kasraei et al., 2014). ZnO NPs when incorporated in Glass Ionomer Cement (GIC) was also found to significantly improve the anti-bacterial properties against S. mutans without altering the mechanical properties (Vanajassun et al., 2014).
In various studies, it has been reported that incorporation of ZnO NPs into dental adhesive systems significantly improved the anti-microbial properties without affecting the bond strength adversely (Saffarpour et al., 2016; Jowkar et al., 2018; Gutiérrez et al., 2019). Zinc particles have proven to produce a strong bond at the interface of the dentin and resin by bringing about a decrease in the degeneration of collagen. The hardness of amalgam alloy was found to increase in proportion with the percentage loading of ZnO NPs (Yahya et al., 2013).
ZnO NPs when added to interim cements also exhibited anti-bacterial activity against S. mutans (Andrade et al., 2018). ZnO NPs were found to alter the lipid and protein contents of the cell membranes of E. coli, which caused distortion leading to leakage of cellular components, ultimately resulting in death (Liu et al., 2009). These properties are extremely beneficial in preventing the occurrence of secondary caries.
However, it was reported that the addition of 1% and 2% by weight of ZnO NPs into GIC did not exhibit anti-microbial activity against strains of S. mutans. This might be attributed to the inherent anti-bacterial property of the cement (Garcia et al., 2017). The incorporation of nano-spherical and nano-flower ZnO NPs to GIC was found to decrease the surface hardness, without affecting the flexural strength while incorporation of nano-rod ZnO NPs had no effect on the mechanical properties (Panahandeh et al., 2018). In another study done by Wang et al., it was reported that with the increase in the quantity of ZnO NPs, there was a decrease in the mechanical properties of dental composite resins, with the exception of flexural strength, which may be attributed to the agglomeration of the nanoparticles (Wang et al., 2019). In a systematic review by Arun et al., on the anti-bacterial properties of composite material incorporated with ZnO NPs, it was concluded that the material is unlikely to present a clinical advantage due to the short lifetime of anti-bacterial properties and the poor results against multi-species biofilms (Arun et al., 2021).
2.2 Endodontics
The applications of ZnO NPs in endodontics are diverse. In a study by Jowkar et al., When incorporated in EDTA solution for irrigation, the fracture resistance of the roots was enhanced (Jowkar et al., 2020a). In a study done by Aguiar et al., it was reported that these NPs promoted alkalinization and action against E. faecalis when used as an intracanal medicament along with calcium hydroxide NPs and chlorhexidine (Aguiar et al., 2015). ZnO NPs when used as an sealer after endodontic therapy was found to exhibit excellent sealing efficacy along with remineralization of the radicular dentin thereby strengthening the tooth (Toledano et al., 2020). It was also reported that ZnO NPs brought about a reduction in the apical microleakage when used as a nano-sealer in endodontics (Javidi et al., 2014). It also significantly improved the penetration depth into the dentinal tubules (Elkateb et al., 2015). Pristine gutta percha cones that were pre-treated argon plasma treatment and coated with ZnO NPs were found to exhibit antibacterial activity against S. aureus and E. fecalis which provides an excellent hermetic seal thereby reducing chances of reinfection and subsequent endodontic failure (Alves et al., 2018).
However, a study done by Jowkar et al., showed that push-out bond strength of the fiber posts did not improve on the addition of ZnO NPs (Jowkar et al., 2020b). When incorporated into Portland cement (PC) along with ZrO2, it was found not to impede with the anti-biofilm activity and to provide radiopacity to the cement. Also, the presence of ZnO NPs significantly reduced the compressive strength of the material (Guerreiro-Tanomaru et al., 2014).
2.3 Regenerative Endodontics
Incorporation of these NPs along with SiO2, Na2O, CaO and P2O5 to formulate Zinc-Bioglass, was reported to induce the differentiation of human Dental Pulp Stem Cells (hDPSCs) by bringing about an increase in the ALP activity (Huang et al., 2017). Similarly, it was reported that Zinc-Bioglass when incorporated with Calcium Phosphate Cement brought about odontogenic differentiation and also promoted angiogenesis by activating the Wnt, integrin, NF-kB, and MAPK pathways (Zhang et al., 2015). These play a pivotal role in the regeneration of the dentin-pulp tissues.
2.4 Periodontics
In the field of periodontal regeneration using guided tissue regeneration, the loading of ZnO NPs into composite membranes of polycaprolactone (PCL) and gelatin (GEL) which were electrospun, brought about reduction in the planktonic and the biofilm growth of the S. aureus significantly. These local anti-bacterial properties brought about enhancement in the clinical prognosis of treatments (Prado-Prone et al., 2020). Similarly, when ZnO NPs were incorporated in electrospun membranes made of PCL and PCL/GEL, it showed anti-bacterial activity against P. gingivalis and F. nucleatum species which in turn brought about an enhanced and better predictable periodontal regeneration (Münchow et al., 2015). ZnO NPs and serum albumin microspheres containing minocycline when incorporated in a Carbopol hydrogel exhibited enhancement of properties such as the anti-microbial spectrum, pH-responsiveness, sustained release, tissue-repairing and adhesion, and also enhanced controlled drug delivery that can increase stability of the drug (Mou et al., 2019).
2.5 Prosthodontics
The incorporation of ZnO NPs into the PMMA in denture bases was found to prevent biofilm development by C. albicans without exerting a cytotoxic effect on the host cells. Further research can advocate its application as a novel denture base material (Cierech et al., 2019). ZnO NPs in concentrations of 1wt% and 2wt% when incorporated in auto-polymerized acrylic resins was found to improve the flexural strength significantly (Kati 2019). In a study wherein 15 wt% ZnO NPs were incorporated into the tissue conditioner was also found to exhibit an anti-fungal effect (Homsiang et al., 2020). In another study, it was assessed that ZnO NPs along with chitosan and Silver NPs in the concentration of 2.5% inhibited the growth of C. albicans, and at a concentration of 5% inhibited the growth of S. mutans, P. aeruginosa and E. faecalis (Mousavi et al., 2020). The incorporation of 1.5% of ZnO NPs was found to improve the colour stability of silicone prosthesis (Charoenkijkajorn and Sanohkan 2020).
2.6 Orthodontics
Nanoparticles have been used in orthodontics to improve the quality of orthodontic treatment either in the form of nano-coated archwires, orthodontic adhesives, and orthodontic brackets (Tahmasbi et al., 2019; Moradpoor et al., 2021). The zinc oxide nanoparticles coated orthodontic appliances minimise bacterial adhesion and enamel demineralization due to its antimicrobial and remineralization potential. Even attempts are made to add ZNO NPs into both orthodontic attachments and bonding materials since they provide a platform for bacterial attachment (Jatania and Shivalinga 2014; Riad et al., 2015; Reddy et al., 2016; Tahmasbi et al., 2019).
It was reported that coating of the NiTi wires with ZnO NPs brought about reduction in the frictional forces by 21% and exhibited anti-bacterial activity against S. mutans. It was also reported that ZnO NPs exhibited anti-corrosion effect that enhanced the corrosion resistance propertiesin the orthodontic wires (Kachoei et al., 2016). When a mixture of 10% weight each of ZnO NPs and chitosan NPs was incorporated into are resin-based dental composite bonding agents for the placement of brackets, it exhibited anti-bacterial activity against S. mutans, S. sanguis and L. acidophilus. This can significantly bring about reduction in the incidence of white-spot lesions during orthodontic therapy (Mirhashemi et al., 2013). Another study investigated that ZNO and CuO NPs coated orthodontic brackets showed better antibacterial activity against S. mutans, thus reducing the incidence of dental caries (Ramazanzadeh et al., 2015). It has been reported that when both orthodontic wires and brackets were coated with ZnO NPs the antibacterial potential against S. mutans was enhanced and reduced the frictional forces of coated wires (Behroozian et al., 2016). Similarly the stainless steel wires and orthodontic brackets coated with chitosan NPs or ZnO NPs reduced the friction between orthodontic brackets and a Stainless steel wire thus enhances the anchorage control and root resorption risk (Elhelbawy and Ellaithy 2021). Europium ions doped ZnO NPs were incorporated has orthodontic nanoadhesive enhanced the visibility of material for thorough removal of orthodontic adhesive after completion of treatment (Yamagata et al., 2012). It has been reported that orthodontic adhesive with less titanium dioxide, zinc oxide, and silver NPs causes bracket failure because the combination reduces shear bond strength (Reddy et al., 2016). The addition of ZnO to a light cure resin modified GIC as an orthodontic bonding agent improved the original compound’s antimicrobial, physical, and flexural properties (Nuri Sari et al., 2015). Hence ZnO NPs have the potential to be widely used in orthodontic applications to improve treatment outcomes, including increased strength of materials and reduced bacterial count around the orthodontic appliance.
2.7 Oral Medicine
ZnO NPs have an inhibitory effect on C. albicans in saliva and hence can be used in the treatment of oral thrush, starting from a concentration of 0.05 mg/ml. It was also reported that ZnO NPs along with Silver NPs exhibited enhanced anti-bacterial effect in human and artificial saliva, which can have widespread applications in clinical scenarios (Pokrowiecki et al., 2019). ZnO NPs which are biosynthesized from Beta vulgaris was found to exhibit anti-fungal effect on pathogens such as Aspergillus niger and C. albicans (Pillai et al., 2020). ZnO NPs that are synthesized from Aloe vera leaf extract have been demonstrated to exhibit pronounced sensitivity to E. coli, P. aeruginosa and Methicillin Resistant S. aureus, and hence can be considered as a promising candidate for nano-antibiotics, which deals with the enhancement of the effect against the bacterial strains that are resilient to conventional antibiotics (Ali et al., 2016). These NPs when conjugated with drugs such as Quercetin, Ceftriaxone, Ampicillin, Naringin and Amphotericin B showed enhanced drug efficacy against Methicillin resistant S. aureus, S. pneumoniae, S. pyogenes, E. coli, Serratia marcescens and P. aeruginosa. Hence, they provide a propitious approach in the combat against disease resistant pathogens (Akbar et al., 2021).
2.8 Cancer Diagnosis
ZnO NPs can be implicated in the diagnosis of cancers as it is proven to detect low-level expression of biomarkers which are used for early cancer detection. In vitro, it exhibits an inherent preferential cytotoxicity against cancer cells. It also possesses the ability to induce the generation of Reactive Oxygen Species (ROS) due to its semiconductor properties, as the electrons within the NPs can react with O2 or hydroxyl ions or water after migrating to the surface to form superoxide and hydroxyl radicals (Manthe et al., 2010). These can set about cell death when the anti-oxidative capacity of the cell is exceeded. Research is being carried out on the utilization of ZnO NPs for gene silencing and targeted gene delivery, which can be utilized to combat cancer (Rasmussen et al., 2010). ZnO NPs that were coated with polyethylene glycol (PEG) were found to exhibit enhanced anti-bacterial activity against E. coleus and S. aureus by bringing about damage to the cell membrane. They were also found to exhibit a low concentration threshold for cytotoxic action, with a which is due to the upregulation of the Fas ligand on the cell membrane which brings about apoptosis of the cancer cells (Nair et al., 2008). ZnO NPs also exhibits an efficient role in non-surgical tumor ablation method used in cancer therapy. It was demonstrated that ZNO NPs when combined with anti-cancer drug daunorubicin, along with Ultra Violet irradiation, exhibited synergistic cytotoxic effects on the leukemic cells (Guo et al., 2008).
2.9 Biomedical Waste Management
The ZnO NPs are found to selectively remove heavy metal ions such as Chromium by adsorption by virtue of their hydroxyl ions. It can therefore be used in dental waste water purification treatment as a green pollutant-diminishing strategy (Gu et al., 2020). Other studies have proven the efficacy of ZnO NPs which can be used in nano-composite membranes used for the purification of water. This is due to its antibacterial activity against S. aureus and the favourable photocatalytic activity, which enhances the adsorption of organic pollutants, pesticides and microbes that are found in the wastewaterrendering it safe (Spoială et al., 2021).
2.10 Implantology
Chemical modifications of dental implant surfaces with ZNO NPs, which are effective antimicrobial agents, have been carried out in order to reduce the risk of dental implant failure and improve osteointegration. On coating the implant surface with ZnO NPs, the underlying osteoblast cells exhibited an enhanced proliferation after 5 and 10 days. They also exhibited anti-microbial properties against S. aureus. These properties are useful to promote bone growth and in the inhibition of infection at the implant site (Memarzadeh et al., 2015). Similar results were reported in studies by Abdulkareem et al. and Kulshrestha et al., on the effect of ZnO NPs against S. mutans biofilm on dental implant surfaces (Kulshrestha et al., 2014; Abdulkareem et al., 2015). According to the findings, ZNO bio-functionalized thin films containing DMP1 peptides can improve the physicochemical, osteogenic, apatite nucleation and corrosion resistance properties of this material suggesting promising applications in dental implant (Trino et al., 2018).
Titania (Ti)-zinc (Zn)-oxide nanocomposite-(nC) thin films were co-sputtered to strengthen the cohesiveness of metallic fixtures with bone. The developed thin film also exhibited strong antibacterial activity against S. aureus and E. coli (Goel et al., 2019). Modified titanium implant materials developed using N-halamine and ZnO nanoparticles demonstrated remarkable antibacterial activity against P. aeruginosa, E. coli, and S. aureus without using antibiotics (Li et al., 2017). Titanium implants with coatings of Poly (lactic-co-glycolic acid)/Silver/ZnO nanorods demonstrated long-lasting antibacterial activity against S. aureus and E. coli, as well as excellent cytocompatibility and biocompatibility (Xiang et al., 2017).
2.11 Preventive Dentistry
ZnO NPs incorporated in a dentifrice was found to cause dentinal tubule occlusion. These can also be incorporated as preservatives in dentifrices as it not only brings about inhibition of dentin demineralization but also exhibits enhanced anti-microbial effects (Khan et al., 2020). Its incorporation and in nanogels and application on eroded cervical dentin, was found to promote dentin mineralization (Toledano et al., 2019). These can be utilized in achieving an anti-sensitivity effect. Studies have shown that dentin which is treated with ZnO NPs exhibited greater ability to produce dentinal tubule occlusion which makes it an effective agent in the treatment of dentinal hypersensitivity 67]. The ZnO NPs treated dentin was found to have higher levels of proteoglycans that act as bonding agents between the HAp crystals and collagen network. Further, they enhance the release small integrin-binding ligand N-linked glycoproteins and small leucine-rich proteoglycans from dentin through Matrix Metalloproteinase-3 activity. These proteins take part in the mineralization of dentin, and the immobilized phosphorylated proteins induce formation of mineral. Zinc NPs also reduces the collagen degradation which is mediated by Matrix Metalloproteinase-3 in dentin that is partially demineralized and hence promotes dentin re-mineralization (Toledano-Osorio et al., 2018; Toledano et al., 2019).
3 CONCLUSION
Nano-dentistry has opened a new standpoint for revolution in oral care and portrays a growing field with the capability to address the new and improved applications in dentistry. ZnO NPs have a broad spectrum of applications the various fields of dentistry such as restorative dentistry, endodontics, regenerative endodontics, periodontology, prosthodontics, orthodontics, implantology, preventive dentistry among other fields. The use of ZnO NPs represents a broadening horizon for the diagnosis, treatment, and prevention of various oral conditions, and in enhancing the characteristics of existing dental materials. It is hence crucial to strengthen the symbiosis between cliniciansand materials scientists asnano-dentistry is still technologydriven, with many roadblocks ahead. However, most of the research is still in the development pipeline and for realizing the complete in vivo potential in dentistry, further research that focus on its clinical implications should be carried out.
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Sufficient alveolar bone is a safeguard for achieving desired outcomes in orthodontic treatment. Moving a tooth into an alveolar bony defect may result in a periodontal defect or worse–tooth loss. Therefore, when facing a pathologic situation such as periodontal bone loss, alveolar clefts, long-term tooth loss, trauma, and thin phenotype, bone grafting is often necessary to augment bone for orthodontic treatment purposes. Currently, diverse bone grafts are used in clinical practice, but no single grafting material shows absolutely superior results over the others. All available materials demonstrate pros and cons, most notably donor morbidity and adverse effects on orthodontic treatment. Here, we review newly developed graft materials that are still in the pre-clinical stage, as well as new combinations of existing materials, by highlighting their effects on alveolar bone regeneration and orthodontic tooth movement. In addition, novel manufacturing techniques, such as bioprinting, will be discussed. This mini-review article will provide state-of-the-art information to assist clinicians in selecting grafting material(s) that enhance alveolar bone augmentation while avoiding unfavorable side effects during orthodontic treatment.
Keywords: orthodontic tooth movement, alveolar bone graft, novel material, BMP-2, platelet-rich fibrin (PRF), bioactive glass, stem cell
INTRODUCTION
To avoid fenestrations or dehiscences during orthodontic tooth movement, it is critical for alveolar bone to possess adequate contour, thickness, and quality (Atwood and Coy, 1971; Abrams et al., 1987; Seifi and Ghoraishian, 2012). Orthodontically moving teeth into a region with reduced alveolar bone can worsen the periodontal status, slow down tooth movement, and cause root resorption or even tooth loss (Reichert et al., 2010). Clinical scenarios such as severe periodontitis, congenital alveolar clefts, long-term tooth loss, and trauma can induce alveolar bone loss (McAllister and Haghighat, 2007). Thus, augmentation of insufficient bone volume is often indicated prior to the initiation of orthodontic treatment.
In addition, patients with a thin phenotype have narrow alveolar bone support, which significantly limits the range of orthodontic tooth movement. To address this issue, the periodontally accelerated osteogenic orthodontics (PAOO) technique has been developed to broaden the biological range of orthodontic treatment by adding bone grafting material to the alveolar cortical surface (Wilcko et al., 2008). Pre-orthodontic bone grafting can also promote easier and less detrimental tooth movement through primary woven bone (Diedrich, 1996). Ideally, bone graft materials for orthodontic treatment should protect the teeth from complications and enhance the alveolar bone phenotype.
Based on where bone grafts are sourced, they may be categorized as autografts, allografts, xenografts, or synthetics. Autografts prevail amongst these categories in the maxillofacial region and are the current gold standard as they [1] consist of an abundance of spongy bone that is close to the alveolar bone structure, [2] display osteoconductive and osteoinductive potential (Boyne and Sands, 1972; Enemark et al., 1987; Ozaki and Buchman, 1998), and [3] promote periodontal regeneration (Ivanovic et al., 2014) without significantly unfavorable sequelae when teeth are orthodontically moved into grafted areas (Lu et al., 2021). However, the drawbacks of autografts are substantial, including but not limited to inadequate availability, expensive cost, mismatched size, and inevitable additional surgery for autograft harvest (Sharif et al., 2016). These limitations lend support to the use of substitute graft materials.
Allografts, such as decalcified freeze-dried bone allogeneic grafts (DFDBA) and freeze-dried bone allogeneic grafts (FDBA), are orthodontic-friendly (Lu et al., 2021); however, their osteoinductive potency is not conclusive (Schwartz et al., 1998). Xenografts, such as Bio-Oss® and Gen-Tech®, are the most common alveolar grafting materials for clinical use. They are successful when used for alveolar bone augmentation (da Silva et al., 2020), but can severely impair orthodontic treatment and cause substantial root resorption when teeth are moved into the grafted region (Lu et al., 2021). Although synthetic bone grafts, such as NanoBone® and BoneCeramic®, also promote bone augmentation, major adverse effects (namely root resorption and gingival invagination) make them an unfavorable choice for pre-orthodontic alveolar bone grafting (Lu et al., 2021). Therefore, there is an emerging need for new grafting materials to be not only osteoinductive and osteoconductive but also supportive of highly active bone metabolism during orthodontic tooth movement without adverse effects.
In this review, we highlight recent research advances in novel alveolar graft materials, as well as new combinations of previously developed materials, with a focus on orthodontic applications supported by pre-clinical and clinical evidence (Table 1).
TABLE 1 | The alveolar bone regeneration efficiency and the orthodontic impactions of the alveolar bone grafting materials.
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Growth factors, cytokines, and chemokines that potentially enhance osteoblast proliferation and function as well as facilitate orthodontic tooth movement have been investigated for use as bone graft materials. For example, recombinant human BMP2 (rhBMP2), a potent osteogenic growth factor, is currently the only Food and Drug Administration (FDA)-approved osteoinductive growth factor for bone graft substitutes (James et al., 2016). In the alveolar region, animal studies show that rhBMP2 with a poly [D,L-(lactide-co-glycolide)]/gelatin sponge complex has superior osteoinductive activity compared to spongiosa from the tibia, and the newly generated bone in both groups shows a similar histological response to orthodontic force as that of normal alveolar bone (Kawamoto et al., 2002). However, root resorption was observed over the 6-months course of tooth movement when the rhBMP2-based graft was used, while no significant resorption was observed in the autograft and control groups (Kawamoto et al., 2002). Moreover, Hammoudeh’s group showed comparable bone regrowth and density values following secondary alveolar cleft repair in humans using a rhBMP2/DBM scaffold with an autologous iliac bone graft (Hammoudeh et al., 2017; Liang et al., 2017). The spontaneous canine eruption rate was similar among different grafting groups (Hammoudeh et al., 2017). In addition, applying rhBMP2 during PAOO procedures increased bone density around corticotomy sites and shortened orthodontic treatment time compared to conventional corticotomy alone (Chandra et al., 2019).
It is worth noting that although the osteoinductive activity of rhBMP2 increases with dose (El Bialy et al., 2017), high-dose rhBMP2 may not be favorable for orthodontic tooth movement. Kawamoto et al. found that high-dose rhBMP2 delays bone remodeling compared to low-dose rhBMP2 (Kawamoto et al., 2003). Moreover, high-dose rhBMP2 induces root resorption, while low-dose rhBMP2 causes only partial cementum resorption on the pressure side (Kawamoto et al., 2003).
To minimize the adverse effects of high-dose rhBMP2 while reducing the cost of this expensive material, rhBMP2-functionalized biomimetic calcium phosphate (BioCap) granules have been developed to achieve controlled and sustained rhBMP2 release. BioCap granules robustly enhanced bone regeneration and graft degradation over deproteinized bovine bone in an animal study (Jiang et al., 2020). In addition, due to its low immunogenicity and high angiogenic potency, BioCap graft reduces inflammation and periodontal probing depth during orthodontic treatment, while only slightly reducing the rate of orthodontic tooth movement (Jiang et al., 2020).
A synergistic effect was observed when rhBMP2 and vascular endothelial growth factor (VEGF) were used together to enhance bone generation around implant sites via an insoluble collagenous bone matrix (Schorn et al., 2017). In this combination, VEGF promotes angiogenesis and enhances osteoblastic differentiation, thereby facilitating craniofacial ossification (Duan et al., 2016), while the matrix acts as a scaffold for migrating osteoblasts. This combination product can reduce surgery time and minimize donor site morbidity while maintaining bone stability, as little resorption was observed over time (Schorn et al., 2017).
Despite its advantages, clinical complications such as significant postoperative facial swelling were observed in patients grafted with rhBMP2 (Hammoudeh et al., 2017). Along with increasing clinical use of rhBMP2 in orthopedics, a growing side-effect profile has emerged, including postoperative inflammation, ectopic bone formation, osteoclast-mediated bone resorption, and inappropriate adipogenesis (James et al., 2016). BMP2 has also been associated with osteosarcoma growth (Tian et al., 2019); this complication has cast doubt on its application after tumor resection. Safe application of rhBMP2 therefore remains an inherent issue to conquer.
SYNTHETIC INORGANIC MATERIALS
Unlike autografts, allografts, and xenografts, synthetic materials are free from cross-infection and disease transmission and are not associated with donor site sacrifice. However, synthetic materials, particularly inorganic ones, are often osteoconductive without any osteoinductive or osteogenic potential. β-tricalcium phosphate (β-TCP), hydroxyapatite, and bioactive glasses are the most commonly used inorganic graft materials in periodontal regeneration (Sheikh et al., 2017).
β-tricalcium Phosphate (β-TCP)
TCPs were the first generation of calcium compounds used as bone grafts (Bohner et al., 2020). They are osteoconductive and have a similar composition to bone minerals. TCP has two crystallographic forms, α-TCP and β-TCP (Bohner et al., 2020), with the latter exhibiting good biocompatibility and osteoconductivity. As a graft material for alveolar cleft repair in animals, β-TCP promotes bone regeneration as effectively as autologous iliac crest bone (de Ruiter et al., 2011) and allograft from long bones (Klein et al., 2019). Moreover, no difference in orthodontic movement is observed between β-TCP and autograft (de Ruiter et al., 2011) or allograft (Klein et al., 2019). Since β-TCP shows no significant adverse effects on tooth movement in grafted sites, it is a promising material for further clinical investigation.
Bioactive Glasses
First introduced as a bone graft in early 1970, biocompatible tissue-bonding bioactive glasses are another synthesized inorganic graft material that has received clinical attention. After implantation, a hydroxycarbonate apatite layer and silicon-rich gel layer form on the surface of the bioactive glass. The roles of these layers are to attach to the surrounding bone and attract osteoprogenitor cells and osteoblasts, respectively (Hench, 1991). The composition of a particular bioactive glass (i.e. a combination of silicon dioxide, calcium oxide, sodium oxide, and phosphorus pentoxide) will determine its bioactivity (Shue et al., 2012). For instance, increasing silicon dioxide, decreasing alkali, and supplementing aluminum oxide modulates the durability and water resistance of bioactive glass, thereby altering its reliability and success (Pereira et al., 1994).
Different types of bioactive glass have been tested for alveolar bone grafting and novel modifications have been developed to improve biocompatibility of the material. For example, a novel bioactive glass scaffold, tailored amorphous multiparous (TAMP), was introduced in 2016 for extraction socket preservation (El Shazley et al., 2016). Distinct from non-grafted sockets that showed corticalization after healing, the TAMP-grafted sockets healed with vertical trabeculae and large vascularized marrow spaces (El Shazley et al., 2016). Better preservation of socket contour was also observed with TAMP grafts (El Shazley et al., 2016). In addition, GlassBONE™ (Noraker, France), a synthetic resorbable bioactive glass 45S5 ceramic, has been successfully used for alveolar cleft reconstruction, with satisfactory healing found in two-thirds of tested patients (Graillon et al., 2018).
When bioactive glass is grafted, a significant increase in bone density is noted 6 months after the cessation of tooth movement; this finding may be attributed to the beneficial effects of alkalization on collagen synthesis and hydroxyapatite formation (Shoreibah et al., 2012). In addition, a marked reduction in orthodontic treatment duration was associated with bioactive glass grafting. Periodontal health was also enhanced with negligible apical root resorption and improved probing depth (Shoreibah et al., 2012). Although bioactive glass does not provide the same level of bone density as bovine-derived xenograft, both materials decrease the duration of orthodontic treatment and reduce the risk of root resorption (Bahammam, 2016).
Bioactive glass has also been applied with other grafting materials. For example, a case report from 2000 described how grafting a DFDBA-granular bioactive glass (1:1) mixture in the buccal aspect of the edentulous cleft region of a patient with cleft lip and palate resulted in good bone regeneration and successful orthodontic tooth movement into the grafted site (Yilmaz et al., 2000). However, these results should be interpreted with caution as they are derived from a single case report.
PLATELET-RICH FIBRIN (PRF)
Endogenous biomaterials have been developed to overcome the limitations associated with current clinical approaches for autografting. PRF is a cost-effective material (Miron and Choukroun, 2017) that is increasingly being used for regenerative dentistry, specifically next-generation autologous platelet therapy (Liu et al., 2019). PRF contains stem cells, growth factors, and cytokines and is obtained through a minimally invasive procedure that centrifuges whole blood without additives (Choukroun et al., 2006). It can modulate inflammation and enhance the healing process, thereby promoting the regenerative capacity of the periosteum (Miron and Choukroun, 2017). In addition, its dense, protein-rich fibrin mesh functions as a three-dimensional fibrous scaffold for cell migration and a retainer for sustained growth factor release (Karimi and Rockwell, 2019).
Both animal (Sar et al., 2019) and clinical studies (Tehranchi et al., 2018) show that PRF significantly accelerates alveolar bone turnover and orthodontic tooth movement, especially at the beginning of orthodontic treatment (Tehranchi et al., 2018). However, 15% of grafted patients experience severe pain attributable to PRF application (Tehranchi et al., 2018), highlighting the need for further investigation. Although the clinical applications of PRF in regenerative dentistry have grown in recent years (Miron and Choukroun, 2017), its application in orthodontics is limited. It is largely unknown if the content variation of PRF from different patients or the same patient at different health statuses will impact its outcome as a graft in orthodontic treatment. Additionally, since PRF contains donor cells, it is not suitable to be used as an allograft. Its usage as an autograft material is also limited by availability when extracted from the patient’s blood (Choukroun et al., 2006).
PLURI AND MULTIPOTENT CELLS
Over the last few decades, multiple pluri- and multi-potent cells have been explored for use in bone augmentation (Li C. et al., 2021; Holly et al., 2021). Bone marrow is the main source of MSCs for clinical applications; in fact, bone marrow-derived mesenchymal stromal cells (BM-MSCs) were the first MSCs to be discovered (Strioga et al., 2012). Compared to iliac crest bone grafts, resorbable collagen sponges combined with BM-MSCs provide similar bone healing results in the closure of alveolar cleft defects with reduced donor site morbidity and decreased donor site pain intensity and frequency (Gimbel et al., 2007).
Recently, successful bone regeneration has been reported using autogenous BM-MSCs in a dog model of an artificial alveolar cleft. In this study, new bone formation was achieved, thereby allowing orthodontic tooth movement beyond the anatomical limit (Tanimoto et al., 2015). Furthermore, a consistent rate of orthodontic tooth movement was observed in the experimental group compared to varied rates in the control group (Tanimoto et al., 2015), suggesting that MSCs in bone graft materials may have a modulatory effect on the bone remodeling process during orthodontic treatment. In alignment with this observation, the expression of RANKL, a molecule that regulates osteoclastic differentiation, was significantly increased in BM-MSCs under compressive stress (Wang et al., 2021). This finding suggests that BM-MSCs may accelerate tooth movement by expressing cytokines that promote osteoclastogenesis.
Due to ease of accessibility, dental-derived MSCs have gained attention in the past few years and have entered clinical trials (Paz et al., 2018). First isolated from the dental pulp of extracted third molars, dental-derived MSCs have now been purified from various dental tissues, including pulp tissue of permanent teeth and exfoliated deciduous teeth, apical papilla, periodontal ligament, gingiva, dental follicle, tooth germ, and alveolar bone (Gan et al., 2020). Dental-derived MSCs not only display the same characteristics as BM-MSCs but also possess immunomodulatory and anti-inflammatory advantages in the local dental tissue environment (Spagnuolo et al., 2018). Tanikawa et al. utilized autologous deciduous dental pulp stem cells for maxillary alveolar reconstruction and achieved progressive alveolar bone union without grafting site complications in cleft lip and palate patients (Tanikawa et al., 2020). Previous studies have also suggested that gingival-derived MSCs have great potential for repairing alveolar bone defects (Gao and Cao, 2020; Kandalam et al., 2021). However, the impact of dental-derived MSCs on orthodontic tooth movement is not yet well understood.
MATERIALS WITH 3D PRINTED SCAFFOLDS
Conventional bone grafts, such as allografts and xenografts, often fail to provide the support necessary to maintain the desired generated tissue volume, especially under the mechanical forces in the oral cavity (Seciu et al., 2019). This is particularly challenging for vertical bone augmentation or personalized esthetic bone reconstruction, where highly tailored bone contours and structural stability are required. To overcome this obstacle, materials with three-dimensional architecture mimicking the anatomical and histological arrangement of natural bone have been developed (Kim et al., 2010).
Recent advances in microfabrication, particularly 3D bio-printing, support the construction of complex structures from bioactive/biodegradable materials, including polymers, bioceramics, and composites [as reviewed in (Asa’ad et al., 2016)]. In a recent study, a 3D-printed calcium phosphate scaffold was fabricated according to the geometry of artificial alveolar clefts in rats and showed promising scaffolding and osteoconductive properties (Korn et al., 2020). A 3D-printed custom hydroxyapatite/TCP graft supplied with rhBMP2 also achieved bone regeneration to the same level of rhBMP2-coupled deproteinized bovine bone material (Bio-Oss®) (Ryu et al., 2021). Although the exact mechanism of how 3D-printed scaffolds benefit orthodontic tooth movement remains unmapped, evidence suggests that grafting with 3D-printed scaffolds may offer enhanced orthodontic outcomes.
CONCLUSION AND FUTURE DIRECTIONS
Optimizing esthetics, providing functional and comfortable occlusion, and improving overall health are all goals of successful orthodontic treatment, for which preservation of the alveolar bone is a crucial limiting factor. Most materials reviewed in this article mediate accelerated orthodontic tooth movement and thus can reduce treatment duration and cost. These features are particularly attractive to patients facing extended treatment times, such as those in need of tooth extractions and additional periodontal support. Although a quantitative report is not currently realistic due to the limited available research to date, qualitatively analyzing pre-clinical novel materials will provide insight for their future usage in regenerative orthodontics. High-quality randomized controlled trials with larger sample sizes and longer follow-up periods are nevertheless warranted for translating these novel biological concepts into clinical practice. In our opinion, future exploration should also aim to reveal the potential long-term complications of these materials, as well as their impacts on growth and development in adolescents.
A rising number of reports suggest that adjunct treatments can support grafting and have the potential to improve orthodontic treatment. For example, the possibility of vibration accelerating orthodontic tooth movement has been a hot study topic over the last decade (Telatar and Gungor, 2021; Mayama et al., 2022). At the same time, studies have shown that high-frequency vibration treatment increases osteogenic differentiation of human BM-MSCs in vitro (Pre et al., 2013) and low-level mechanical vibration stimulates osteogenesis and osteointegration of porous titanium implants in the repair of long bone defects (Jing et al., 2015). In addition, low-intensity pulsed ultrasound (LIPUS) has been proven to accelerate new alveolar bone formation in a periodontal injury animal model (Wang et al., 2018) and enhance BM-MSCs-based periodontal regenerative therapies (Wang et al., 2022). Moreover, LIPUS can shorten the overall duration of orthodontic treatment (Kaur and El-Bialy, 2020) and minimize orthodontically-induced tooth root resorption (El-Bialy et al., 2020). Last but not least, laser photobiomodulation in combination with PRF demonstrated better bone healing than PRF alone in an iliac crest critical-sized bone defect sheep model (Surmeli Baran et al., 2021). Photobiomodulation was also found to enhance bone formation of hydroxyapatite biomaterial in the dental alveolus in an experimental extraction rat model (Dalapria et al., 2022). On the other hand, the effects of photobiomodulation on orthodontic treatment have started to attract attention (Li J. et al., 2021; Yavagal et al., 2021). In all, a detailed assessment of the influence of adjunct treatments with different grafting materials on orthodontic tooth movement is warranted to further optimize treatment outcomes.
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Dental caries is a common chronic disease, and anyone can be at threat of it throughout their lifespan. In school-aged children, dental caries is the most frequent disease related with oral health. Contemporary dental caries management focuses on non-restorative, non-invasive, and micro-invasive therapeutic techniques that effectively eliminate the caries progression at the lesion level and decrease the loss of healthy tooth structure. One of these strategies is to use caries apprehending agents with antibacterial and remineralizing characteristics. Due to recent regulatory approval in the United States, the use of silver diamine fluoride (SDF) for the therapy of dental caries has received substantial interest. SDF has successfully prevented and reversed both primary tooth caries and permanent teeth root caries. Even though SDF is an effective anti-caries agent, but it is associated with certain drawbacks like gum irritation, metallic taste, and irreversible dark stains on applying on cavities. As an alternative agent Nano Silver Fluoride (NSF) is preferable because it performs like SDF without tooth staining. It has comparable preventive and antibacterial activities as SDF. Further, it is ergonomic, economic and safe in children and adults. The current article aims to highlight the superior properties of NSF as a better anti-caries agent outstripping the limitations of discoloration of SDF.
Keywords: nano silver fluoride, silver diamine fluoride, anticaries agent, varnish, colloid
INTRODUCTION
Dental caries is a challenge since it is pervasive among children and has a detrimental influence on their quality of life. Dental caries is a worldwide public health concern that is consistently surveyed and reported in several countries. In 2020, the worldwide prevalence rate of dental caries in primary and permanent teeth was 46.2% and 53.8%, respectively, which was regarded as excessive (Kazeminia et al., 2020). A complicated interplay between acid-producing tooth-adherent bacteria and fermentable carbohydrates causes the dental caries. The acids in dental plaque may demineralize enamel and dentin in fissures and smooth surfaces of teeth over time. The so-called white spot lesion is the first visible symptom of dental caries. If demineralization continues, the white spot’s surfaces will cavitate, resulting in a cavity. White spot lesions may remineralize and not progress if the demineralization environment is decreased or removed. Therefore, effective measures should be undertaken to improve the condition described above, as well as to reconfigure and manage at all levels (Kazeminia et al., 2020). To achieve the objective of minimizing dental caries, it is necessary to seek for effective treatment and preventive treatment strategies. SDF has been used globally to combat dental caries in children, especially 38% solution. The presence of 38% SDF may decrease the demineralization of dentine and enamel and hinder the growth of cariogenic bacteria. Additionally, it prevents collagen breakdown in demineralized dentin (Mei et al., 2013a). SDF has a preventive impact on the complete dentition when just applied on carious anterior teeth and also proved successful in preventing cavities in permanent teeth (Chu et al., 2002; Mei et al., 2013a). Hence SDF therapy is considered as an indispensable component of caries prevention. According to published scientific clinical cases involving more than 4,000 young children globally, there is currently no indication of fatality or systemic detrimental consequences. SDF comprises approximately 24% and 28% (w/v) silver and 5%–6% (w/v) fluoride (Mei et al., 2013b). Oral exposure to one drop of SDF would result in a lower fluoride ion concentration than a 0.25 ml application of fluoride varnish (Crystal et al., 2017). Despite the benefits of SDF, there are disadvantages like as tooth discoloration, ulceration, and staining of tissues (Targino et al., 2014). These side effects instigated the researchers to find a material of equal efficacy while not compromising the esthetics. The application of nanoscience and technology in dentistry resulted in the emergence of Nano Silver Fluoride as a new anti-caries agent. Targino et al. (2014) first made NSF by chemically reducing silver nitrate, using chitosan as carrier and fluoride as stabilizing agent, while Haghgoo et al. (2014) made a varnish by mixing nanosilver with sodium fluoride varnish. Colloidal solution and varnish were the two most widely studied types of NSF. This novel anti-caries agent is safe for humans to use and has exceptionally significant antibacterial activity against Mutans streptococci and Lactobacilli, the primary microorganisms implicated in the formation of dental caries. The main composition of NSF proposed by Targino et al. (2014), was silver nanoparticles (376.5 μg/ml), chitosan (28,585 μg/ml), and sodium fluoride (5,028.3 μg/ml). The synergic components present in NSF formulation such as chitosan, AgNPs, and fluoride demonstrates that they are effective in caries prevention. The chitosan added into the formulation acts as stabilizing agent of the colloid with both antibacterial and anti-demineralizing effect. Fluoride incorporated into NSF also inhibits enamel mineral loss and has shown substantial capacity to suppress bacterial biofilm growth by its anti-adherence as well as anticariogenic activity. Silver is commonly used in the form of nitrates to achieve antibacterial effects. But when AgNPs are used, the surface area accessible for exposure to the microbial community is significantly increased. The antimicrobial effectiveness of nano silver particles is inversely related to their size. Sodium borohydride is frequently added as a reducing agent in preparing NSF formulations. In 2014, Haghgoo et al. (2014) prepared 5% NSF which was composed of Silver nanoparticle powder and polyvinyl pyridoline as a dispersant. It contained 22,600 ppm of slow release Sodium fluoride varnish stored in light proof brown bottle. Some researchers have used thiolated polyethylene glycol (PEG) as a reducing and capping agent in the formulation instead of sodium borohydride to lessen its toxicity. The PEG-coated AgNPs added into formulation enhances AgNPs stability even at high ionic concentrations. This modified formulation was shown to be less hazardous and less likely to oxidize (Zhao et al., 2020). NSF is available in the form of a yellow solution that has been shown to be stable over a three-year period. This material is both ecofriendly and affordable. The aim of this literature review is to present a brief narrative review of the existing literature on the anticariogenic efficacy of Nano Silver Fluoride.
ANTICARIOGENIC ACTION OF NANO SILVER FLUORIDE
Anticariogenic action of NSF is associated with several processes, including reduced demineralization, accelerated remineralization, interference with pellicle and plaque development, and suppression of bacterial growth and metabolism. The cumulative effect of Chitosan, Silver nanoparticles, and Sodium fluoride added to the Nano Silver Fluoride formulation is responsible for the NSF anticariogenic action. The NSF colloidal formulation inhibits cariogenic biofilm formation, has antibacterial properties, and helps to remineralize teeth (Waikhom et al., 2022; Ahmed et al., 2019; Vieira Costa e Silva et al., 2018; dos Santos et al., 2014; dos Santos Junior et al., 2017). The anticariogenic effects of NSF have been surveyed through in-vitro and in-vivo studies against cariogenic microorganisms, as well as its remineralizing capability in both animal and human models which are discussed in the following headings.
Anti-Bacterial Effect of Nano Silver Fluoride
Studies reports that NSF is an excellent oral antibacterial agent because it is effective against cariogenic pathogens, primarily Streptococcus mutans, and also inhibits oral biofilm formation (Vieira Costa e Silva et al., 2018; Ahmed et al., 2019; Waikhom et al., 2022). Silver nanomaterials incorporated into NSF formulation are mainly necessary for the antibacterial property. The antibacterial activity of silver nanoparticles against Streptococcus mutans is 25 times stronger than chlorhexidine, particularly at diameters between 80 and 100 nm, while cytotoxicity has been found to rise at dimensions smaller than 20 nm (dos Santos Junior et al., 2017). Few studies have found AgNPs in NSF formulations with diameters of ranging from 2.56 ± 0.43 nm, 3.2 ± 1.2 nm and 5.9 ± 3.8 nm to favour antibacterial activity against Streptococcus mutans (Targino et al., 2014; dos Santos et al., 2014; Zhao et al., 2020). Studies reports that Silver nanoparticles (AgNPs) exhibits the antibacterial action by different mechanism. One such mechanism is by interrupting the bacterial cell wall and membrane integrity, encouraging the cell membrane permeability and loss of cell constituents, and ultimately inducing cell death (Shrivastava et al., 2007). AgNPs can inhibit the respiratory cascade by combining the sulfhydryl, causing lipid peroxidation, oxidative damage to DNA and proteins, and ultimately cell death (Hamed et al., 2017). AgNPs has a potential to attach to sulphur and phosphorous groups in DNA, resulting in DNA damage, aggregation, and disruption of transcription and translation (Durán et al., 2010). AgNPs promote dephosphorylation of phosphotyrosines, therefore interfering with cell signal transmission and thus damaging the cells (Shrivastava et al., 2007). When AgNPs are subjected to aerobic conditions, Ag+ may be released from the particles’ surface. The released Ag+ exerts powerful antimicrobial effects by direct interaction with the cell membrane and bacterial cell wall components, which is one of the most important mechanisms of AgNPs toxicity (Figure 1) (Xiu et al., 2012). Kim suggests that the production of free radicals by AgNPs could be assumed as one more way for AgNPs biocidal action (Kim et al., 2007). According to electron spin resonance spectroscopy study, when AgNPs come into contact with bacteria, they produce free radicals, which can damage the cellular membranes and make it porous, ultimately resulting in cell death (Sharma et al., 2018). According to Moronez’s research, the antibacterial activity of silver nanoparticles is size sensitive, with nanoparticles in the 1–10 nm range being more effective (Morones et al., 2005; Martínez-Castañon et al., 2008). Due to the fact that contact area and surface energy are inversely proportional to size, the smaller the silver nanoparticle, the greater its antibacterial activity. The antibacterial action of Chitosan, a potential agent used in the NSF formulation with polycation, is soluble in aqueous solutions of small organic acids like acetic acid and lactic acid and it can be linked in the mere existence of polyvalent anions like phosphates. This chitosan during cellular adherence process inhibits Streptococcus mutans and demonstrated significant antibacterial and plaque reduction activity at subsequent phases of accumulation, indicating that chitosan is effective in preventing dental caries (Hamed et al., 2017). Fluoride present in NSF formulation is effective at controlling cariogenic biofilms and reduces bacterial extracellular polysaccharide formation significantly. They are indeed effective at reducing acidogenicity in cariogenic biofilms and also inhibit collagenases, which slows the breakdown of dentin collagen (Gao et al., 2016).
[image: Figure 1]FIGURE 1 | Highlights on Nano Silver Fluoride.
Remineralization of Enamel Carious Lesion by Nano Silver Fluoride
Fluoride added into the NSF formulation is mainly necessary for remineralizing early enamel carious lesion. Fluoride prevents caries largely through topical processes, such as preventing dental mineral dissolution by adsorbing onto crystal surfaces, encouraging remineralization at the crystal surfaces, and forming a fluorapatite coating that is acid resistant. The caries preventive effect of fluoride ions by its potency to establish the balance between demineralization and remineralization is crucial followed by the mitigation in the solubility of calcium hydroxyapatite (Oliveira et al., 2019). Silver nanoparticles can infiltrate into demineralized area and precipitate at that particular site resulting in an increase in the enamel hardness and resistance to acid attack (Rosenblatt et al., 2009). Chitosan, which is present in NSF formulations, has the potential to prevent tooth enamel demineralization by interfering with the release of enamel mineral elements. As a result, researchers suggested using nano silver fluoride containing silver NPs, Fluoride and chitosan is effective in enamel and dentin remineralization. Using optical coherence tomography and the microhardness test, researchers have found that nano silver fluoride seems to have a remineralizing effect on enamel caries. In addition, a clinical study revealed that nano silver fluoride is almost as efficient as silver diamine fluoride in preventing caries (Nozari et al., 2017; Teixeira et al., 2018; Silva et al., 2019). Another study also suggested that NSF could halt active dentine caries without causing tooth discoloration (Tirupathi et al., 2019). The silver and fluoride concentrations used in Dos Santos Jr.’s study were approximately 400 ppm and 2,275 ppm, respectively for remineralizing the demineralized dentine (dos Santos Junior et al., 2017).
THERAPEUTIC USE OF NANO SILVER FLUORIDE IN DENTAL CARIES MANAGEMENT
NSF is an anticaries agent that, when administered to enamel or dentin caries lesions, provides a non-invasive approach for caries arrest and treatment. Traditional dental therapy for the management of carious lesions may be time consuming and costly, and in some situations may not be practical owing to inability to afford or tolerate invasive treatment. NSF application is affordable, non-invasive and non-toxic and hence most communitis can afford it. The treatment approach is very simple; just two drops may be administered yearly to children without any risk. According to studies, NSF formulation is as effective as SDF in preventing and arresting dental caries (Nagireddy et al., 2019). NSF was compared to conventional antibacterial materials and SDF for its antibacterial efficiency against Streptococcus mutans, and it was found that NSF had lower Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) values than Chlorhexidine and SDF. As a result, lower NSF concentrations may be as effective as conventional products (Teixeira et al., 2018; Ahmed et al., 2019). Furthermore, NSF interfered with Streptococcus mutans adherence to the surface of enamel and inhibited the ability of Streptococcus mutans to produce acids more than Sodium Fluoride (Martínez-Castañon et al., 2008). Multidrug-resistant bacteria could be controlled by silver nanoparticles–fluoride colloids, which pose no significant hazard to human health. Nano-silver has a potential to inhibit biofilm formation by restricting biofilm-forming bacteria’s development. According to research, Nano-silver in varnishes has been found to have improved antibacterial effects against cariogenic microbes such Streptococcus mutans and Streptococcus salivarius (Di Giulio et al., 2013). NSF has been identified as an effective Streptococcus mutans biofilm inhibitor since it can lower the CFU counts (Teixeira et al., 2018; Vieira Costa e Silva et al., 2018; Espíndola-Castro et al., 2020a). As a result, the NSF formulation may be a more biocompatible antibacterial agent for Streptococcus mutans.
In-vitro studies have also proven that NSF has the greatest remineralization effect when compared against Nanohydroxyapatite serum and Fluoride varnish (Nozari et al., 2017). In a study analyzing the remineralization potential using Optical Coherence Tomography (OCT) assay found that NSF outperforms NaF and has established that silver nanoparticles added to NaF for enamel remineralization of primary dentition may augment fluoride performance because of their antibacterial effect (Vieira Costa e Silva et al., 2018). Further, NSF with 600 and 1,500 ppm were shown to create very little dentin staining than commercially available SDF in a digital spectrophotometric investigation comparing dentine staining induced by NSF and SDF (Espíndola-Castro et al., 2020a). Hence NSF may be a plausible substitute to SDF because it does not compromise esthetics. Moreover, NSF preparations maintain the collagen morphology and can induce mostly intrafibrillar mineral deposition with little extrafibrillar precipitation, characteristic of biomimetic remineralization and does not cause dentin discoloration while SDF caused a change in collagen morphology because of its high pH and dentin staining (Sayed et al., 2020).
According to Asmaa Aly Abo El Soud (2020), Nano silver fluoride (NSF) is more efficient than Silver Diamine Fluoride (SDF) on demineralized enamel surfaces of human premolars extracted for orthodontic reasons (Abo El Soud et al., 2020). NSF boosts remineralization by improving the intensity and quality of apatite crystal components. Nanosilver remineralized deciduous dental enamel and improved bactericidal activity without darkening the demineralized teeth with one exposure per year. In comparison to the usual sealant, AgNPs added to the sealant improved remineralization in permanent first molars’ and nano silver-based fluoride varnish preparation formulation were compared in an in-vitro study done by Targino et al. They found that antimicrobial efficacy of Nano silver based fluoride varnish formulation was superior to SDF. However, the cytotoxicity of Nano silver-based fluoride varnish preparation was lower than silver diamine fluoride (Targino et al., 2014). NSF at 10,147 ppm was not found to be as effective as sodium fluoride varnish (22,600 ppm) and SDF (44,800 ppm) on surface microhardness of enamel with artificial caries lesions (Akyildiz and Sönmez, 2019). The remineralization effectiveness of NSF in solution form was greater with increased surface microhardness values after enamel remineralization in comparison with NaF varnish and nano-Hydroxyapatite Serum group (Nozari et al., 2017). Zhao et al. (2020) suggested that NSF formulation containing 2.5% NaF and PEG-AgNPs had same remineralizing potential of dentinal caries in comparison to 12% SDF.
In underdeveloped countries, Nano Silver Fluoride (NSF) was a successful agent for preventing and reversing dental caries, but its influence on caries must be examined using alternate evaluation methods as well. The dental biofilm adhered to enamel treated with NSF had decreased numbers of Streptococcus mutans viability (absorbance) and colony forming units (CFU), and there was also a substantial distinction between the OHI-S mean values at baseline in a pilot randomised double blind crossover clinical study to evaluate the antimicrobial properties of NSF in 12 school children with their teeth treated with NSF in the experimental group and saline in the control group. Nanosilver fluoride was shown to be an efficient dental biofilm suppressor since it lowered Streptococcus mutans CFU counts and absorbance values, had no impact on biofilm pH, and decreased OHI-S values (Freire et al., 2017). Another study conducted in 130 decayed deciduous teeth of children treated with NSF and control (water), 81% of teeth in the NSF group had halted carious lesions on day 7, 72.7% after 5 months and 66.7% of lesions were still arrested after a year, whereas the control group had 0%, 27.4% and 34.7% respectively (dos Santos et al., 2014). In yet another study conducted in 22 children aged 1–6 years with white spot lesions detected by baseline DIAGNOdent values were treated with the fluoride plus 0.1% AgNPs and the children in control group were treated with commercial fluoride varnish once a week for a 3 weeks and after 3 months follow-up DIAGNOdent measurements were taken and it was found that teeth coated with AgNPs varnish exhibited lower mean fluorescence intensity than those treated generic varnish, indicating that dental remineralization was higher in this group (Butrón-Téllez Girón et al., 2017). Tirupathi et al. tested the therapeutic caries arresting potency of a prepared 5% silver nanoparticles introduced Sodium fluoride (NSF) varnish with commercially available thirty eight percent SDF in 159 primary molars in 50 children for a year and showed similar number of active and arrested caries. In primary molars, the authors discovered that a 5% NSSF therapy administered yearly is superior to or similar to a 38% SDF treatment in preventing dentinal caries (Tirupathi et al., 2019). In one of the double blinded randomized controlled trial done to compare the efficacy of different concentrations of NSF it was disclosed that higher concentrations of AgNPs in NSF attributed to the superior antibacterial efficacy. NSF when administered straight to dentinal caries, resulted in stoppage of cavities in 65.21% of teeth, and hence provides a minimally invasive approach for decay stoppage and cure (Nagireddy et al., 2019). Hence, from these in-vivo investigations, it can be concluded that NSF application can prevent tooth caries in around 65%–70% of instances, with no significant difference between NSF and SDF and has comparable clinical effectiveness as SDF in reducing the advancement of dentinal carious lesions in primary posterior teeth when applied once a year.In-vitro comparison of different fluoride-based varnishes such as SDF, NSF and propolis fluoride showed significantly increased level of calcium, phosphate, and fluoride ions on the treated human dentin discs surface. This suggests that NSF is a promising anticariogenic agent (Soekanto et al., 2017).
Table 1 highlights the in-vitro research and clinical trials exploring at NSF’s antibacterial impact, whereas Table 2 provides in-vitro and in-vivo remineralizing potential studies for caries management. Table 3 overviews in-vivo randomized controlled studies using NSF for caries management.
TABLE 1 | Studies related to anti-microbial activity of NSF against cariogenic pathogens.
[image: Table 1]TABLE 2 | Studies related to remineralization potential of NSF for caries prevention.
[image: Table 2]TABLE 3 | In-Vivo randomized controlled studies related to NSF for caries management.
[image: Table 3]BENEFITS OF NANO SILVER FLUORIDE
NSF can be used with minimal armamentarium even in peripheral community treatment camps. Since NSF is a non-invasive treatment for the management of early carious lesions, it will not create uncooperative behavior in very young children. It is safe to use in the anterior teeth without fear of tooth discoloration. NSF formulations do not oxidize when it comes in contact with the oxygen of the medium, hence is stable. There was no colour change noticed over time because of size of the AgNPs. Espíndola-Castro et al reported that yellowish stains are noticed after 2 weeks of NSF application mainly due the chitosan present in the formulation. However, these stains can be easily removed by gauze or by tooth brushing (Espíndola-Castro et al., 2020b). It does not irritate soft tissues since it has a lower pH and is more biocompatible. NSF is more cost effective than SDF and do not have metallic taste (Yin et al., 2020). Also, it has a very simple technique of application which can be learned by paramedical staffs at a Primary Health Center who can provide this treatment under a Dentist’s supervision. Nano silver particles have the ability to remineralize enamel, particularly in deciduous teeth even at a lower concentration. It is bactericidal to wide range of organisms like Streptococcus mutans, Enterococcus faecalis, and Escherichia coli. It has anti-biofilm properties as well. Nano silver fluoride is not toxic to living cells since majority of NSF formulations are prepared at a very low concentration (Akyildiz and Sönmez, 2019).
FUTURE SCOPE
To generalize the results, a multicenter investigation with a bigger sample size may be done. NSF concentration and composition can be standardized and made accessible as a readymade product. Primary health care personnel can be taught how to use NSF on children with high caries risk and from underserved populations. Research with different concentrations and frequencies of applications with larger sample size can be conducted to determine the best protocol for Nano-Silver Fluoride with natural extract application. Future in vitro and in vivo research can be conducted by integrating NSF into dental restorative materials to provide both antibacterial and remineralization advantages in a single material. This unique dental restorative material may prevent secondary caries, which is one of the most significant shortcomings in conventional restorative materials. Since NSF has excellent antibacterial property against wide range of pathogens it may be used in periodontal therapy to prevent and treat periodontal infections.
CONCLUSION
NSF is an economic, ergonomic, non-invasive agent that is safer in children and adults. Also, it is biocompatible, non-discoloring, non-caustic and more efficient than the conventional fluorides and SDF. NSF can be used to treat decayed primary teeth in underdeveloped countries since it is simple, cheap, and does not require a sensitive application method. Thus, NSF is a better anticaries agent outstripping the limitations of SDF.
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Mineral Trioxide Aggregate (MTA) has been a material of revolution in the field of dentistry since its introduction in the 1990s. It is being extensively used for perforation repairs, apexification, root-end filling, obturation, tooth fracture repair, regenerative procedures, apexogenesis, pulpotomies, and as a pulp-capping material because of its desired features such as biocompatibility, bioactivity, hydrophilicity, sealing ability, and low solubility. Even though its application is wide, it has its own drawbacks that prevent it from reaching its full potential as a comprehensive replacement material, including a long setting time, discoloration, mud-like consistency, and poor handling characteristics. MTA is a material of research interest currently, and many ongoing studies are still in process. In this review, the newer advancements of this versatile material by modification of its physical, chemical, and biological properties, such as change in its setting time, addressing the discoloration issue, inclusion of antimicrobial property, improved strength, regenerative ability, and biocompatibility will be discussed. Hence, it is important to have knowledge of the traditional and newer advancements of MTA to fulfill the shortcomings associated with the material.
Keywords: Mineral Trioxide Aggregate, MTA, Modified MTA, Drug Delivery, Dicoloration
INTRODUCTION
The practice of endodontic treatment has changed significantly over the past 200 years, with considerable advancements in technology and techniques. The conventional approach has undergone various changes, owing to rising patient demand for tooth preservation and improvements in material science and novel technology. Mineral Trioxide Aggregate (MTA) is a potent material in endodontics that has changed the prognosis of patients with the worst clinical condition of their teeth (Kaur et al., 2017). Despite the fact that the oral environment is typically damp, all dental products perform best in a dry environment. MTA is a Product developed using Portland cement and bismuth oxide (Camilleri, 2015).
The MTA was designed for certain clinical applications where maintaining a dry field is problematic, such as retrograde endodontic filling and the repair of perforated areas. Extended usage includes apexification, dressing over pulpotomies (PP), as a pulp-capping (PC) material, and sealer cement. The versatile nature of the MTA’s application demanded the necessity for new preparations that included additives with cement, which is an original or combination of radiopacifiers. These modifications are intended to improve the material’s properties and functionality (Figure1).
[image: Figure 1]FIGURE 1 | Properties that make modified MTA a versatile dental material.
MTA is composed of Portland cement with bismuth oxide and gypsum. Calcium, silicon, and aluminum are the other constituents of cement. Tricalcium and dicalcium silicates and tricalcium aluminate are the primary component (Figure2). MTA is made of 50–75% calcium oxide (CaO) and 15–25% silicon dioxide (SiO2) by weight. They make up 70–95% of cement (Camilleri, 2015). When the aforementioned raw ingredients are combined, then tricalcium silicate, dicalcium silicate, tricalcium aluminate, and tetracalcium aluminoferrite are formed. MTA is Type 1 Portland cement (American Society for Testing Materials), with a fineness (Blaine number) ranging from 4,500 to 4,600 cm2/g. For easier dental radiographic diagnosis, bismuth oxide is added to the cement (Camilleri, 2008).
[image: Figure 2]FIGURE 2 | Composition of modified MTA.
X-ray diffraction analysis is used to determine the phases formed in MTA. Tricalcium silicate, dicalcium silicate, and bismuth oxide exhibited peaks in unhydrated MTA. Other phases, such as dicalcium silicate and tricalcium aluminate, are present in trace amounts (Camilleri, 2015). The original Portland cement formulation was replaced with tricalcium silicate to avoid the inclusion of an aluminum phase and to eliminate trace elements. Bismuth oxide was replaced with alternative radiopacifiers. Because of its many functions, MTA can come into contact with a range of oral environmental factors, including blood, saliva, tissue fluids, dental restorative materials, tooth structure, and even air. The quality and setting of the material are affected under these conditions (Tawil et al., 2015).
The setting time, mechanical properties, discoloration, manipulation, and mud-like consistency of cements have been a major technical concern of traditional MTA for a long time. More recently, these practical issues have emerged as a key source of concern for applications in the field of dentistry, particularly when it comes to the setting time, which should be maintained to a minimum. The goal of this review is to use an evidence-based dental approach to systematically evaluate the literature of modified MTA in order to overcome these shortcomings when compared to commercially available MTA.
HISTORY
Portland cement was first used in dental literature in 1878 by Dr. Witte in Germany, who published a case report on utilizing the material to plug root canals. Joseph Aspdin, an Englishman, invented Portland cement in 1824. Over a century later, Dr. Mahmoud Torabinejad and his co-inventor, Dean White, received two US patents for MTA.
MTA was originally published in the dental literature in 1993 and was approved by the FDA in 1998. In 1998, Dentsply, Tulsa Dental, Johnson City, TN, United States, commercialized the original MTA as ProRoot MTA. The “Tooth-colored ProRoot MTA” was first introduced in 2002 and was later patented. ProRoot MTA gray and white versions had comparable compositions, while the tooth-colored versions use white Portland cement, which has less iron content.
Following the ProRoot, Dentsply introduced more MTA formulations. MTA Angelus (Angelus, Londrina, Brazil/Clinician’s Choice, New Milford, CT) was first introduced in Brazil in 2001 and acquired FDA approval in 2011, allowing it to be sold in the United States (Tawil et al., 2015). Angelus was the first to introduce it, and it included both gray and white formulations. Bismuth oxide with Portland cement was used in MTA Angelus. It contained different amounts of tricalcium and dicalcium silicate than ProRoot MTA and other cements (Camilleri, 2008). According to the manufacturer, the absence of gypsum decreased the material’s setting time. Hence, MTA Angelus was found to set in less than 50 min, compared to that of ProRoot MTA, which has been claimed to take over 2 h to set (Camilleri, 2015). When compared to ProRoot MTA, MTA Angelus had a lower level of bismuth oxide, which explains the reduced radiopacity of the material. The first MTA products were gray, and this formulation was the focus of much of the early research. The white form of MTA was introduced to the market in 2002 in response to staining problems raised when MTA residues were left in the clinical crown (Tawil et al., 2015).
Next, MTA Plus was introduced by Avalon Biomed, a firm based in the United States. The specific surface area of MTA Plus is 1.537 m2/g, which is larger than the other MTAs’ values. Because the specific surface area is greater, more surface is available for the cement reaction, resulting in a faster reaction rate. Using the Brunauer–Emmett–Teller (BET) gas adsorption method, ProRoot MTA and MTA Angelus were shown to have a similar fineness of 1 m2/g (Camilleri, 2015).
The categorization of calcium silicate (CS)-based materials has been proposed based on chemistry (Zafar et al., 2020) (Table 1). Despite numerous studies on the various materials available for the procedure, no material has yet been discovered that meets all of the criteria for an ideal material, such as biocompatibility, apical seal, and microleakage, and research is still ongoing.
TABLE 1 | Classification of MTA as bioactive materials (Zafar et al., 2020).
[image: Table 1]Setting Reaction of MTA
MTA, being hydrophilic, requires moisture to set. Therefore, it is unhindered by blood or water, as moisture is required for a better setting of the material. The required hydration for setting is provided by a moist cotton pellet placed temporarily (until the next appointment) in indirect contact and/or on the surrounding tissues. The hydration reaction during setting occurs between tricalcium silicate and dicalcium silicate to form calcium hydroxide and calcium silicate hydrate gel, producing an alkaline pH. The released calcium ions diffuse through the dentinal tubules and increase their concentration over time as the material sets. The setting reaction of MTA is shown in the following reaction (Camilleri, 2015).
2(3CaO.SiO₂) + 6H₂O → 3CaO.2SiO2.3H2O + 3Ca(OH)2,
2(2CaO.SiO₂) + 4H₂O → 3CaO.2SiO₂.3HO + Ca(OH)2,
3CaO.Al₂O₃ + CaSO₄ + H₂O → 3CaO.Al₂O₃.3CaSO₄.31H₂O.
CHALLENGES ATTRIBUTED TO MTA USAGE IN CLINICAL SETTINGS
Evidence-based practice is essential for dental practitioners in the new millennium. MTA is a biomaterial that has a significant impact in the dental field. Though MTA has a wide range of applications, it has limitations like discoloration, mud-like consistency, long setting time, leakage, solubility, and difficulty in manipulation that hinder it from achieving its full potential. Evidence-based practitioners who desire to adopt the most recent and best available evidence into their practices are sometimes perplexed by MTA research’s exponential expansion since 1993, which has resulted in the existence of various modified materials and multiple randomized clinical trials with inhomogeneous findings.
Modifications to MTA and items with different compositions but comparable applications are addressed here in order to assist dentists in selecting the proper material for fixing difficult instances with maximum competence. Many researchers suggested that changes to MTA and the introduction of new biomaterials for use in perforation repair, root-end filling, pulp capping, and other procedures necessitated testing for biocompatibility, cytotoxicity, genotoxicity, sealing ability, inductivity or conductivity of hard tissue formation, and insolubility before recommending them for clinical use. In the following text, the shortcomings of MTA and its modified aspects are discussed (Figure3).
[image: Figure 3]FIGURE 3 | Pitfalls of modified MTA.
Discoloration
Tooth discoloration has been linked to bismuth oxide and calcium silicate (Parirokh and Torabinejad, 2010a; Krastl et al., 2013). The usage of both gray MTA (GMTA) and white MTA (WMTA) has also been linked to tooth discoloration. Reports indicate that gray MTA, white MTA Angelus, and white ProRoot MTA have strong staining potential, whereas Retro MTA, MM-MTA, and MTA Ledermix have least staining potential (Możyńska et al., 2017). Some clinical cases report dark discolorations of the teeth and gums after the MTA use (Karabucak et al., 2005; Berger et al., 2014; D’mello and Moloney, 2017). Tooth discoloration was also observed after using MTA in primary molars for pulpotomy. Nearly 60% of the cases have been reported with tooth discoloration (Naik and Hegde, 2005; Belobrov and Parashos, 2011).
GMTA caused clinically noticeable crown discoloration after 1 month, whereas the total color change caused by WMTA exceeded the perceptible threshold for the human eye after 3 months, implying that GMTA should be avoided in the esthetic zone and WMTA should be used with caution when filling pulp chambers with the materials (Camilleri, 2015). WMTA samples showed discoloration 3 days after inserting the material into a mold that was in contact with phosphate buffer solution (PBS). The reason for discoloration is debatable, linked mainly to interaction between bismuth oxide and the collagen of the tooth tissue and sodium hypochlorite, which is usually used in root canal therapy. When Boutsioukis et al. studied the removal efficiency of MTA as a root canal filler material in 2008, they detected deep root discoloration in the majority of the specimens filled with Angelus gray MTA (AWMTA). Arsenic present in many Portland cements and MTA can present discoloration. Iron and manganese have also been proposed as possible causes of discoloration (Boutsioukis et al., 2008). In a 2005 study on arsenic release from MTA, Duarte et al. found that the amount of arsenic emitted from MTA is extremely low. The presence of ferric oxides in MTA and their stabilising effect on arsenic in this material, as well as MTA's insolubility and use of modest doses of MTA for therapeutic purposes, may limit arsenic release into tissue fluids, which could cause toxicity (Duarte et al., 2005). However, the solubility of some Portland cements and the release of arsenic from these materials have raised concerns. A comparative study was carried out to evaluate the tooth discoloration using calcium-enriched mixture cement, Portland cement, and MTA mixed with propylene glycol (MTA-PG) in comparison to WMTA. The results showed that after 6 months, Portland cement had the most discoloration and MTA and MTA-PG had the least discoloration effect (Salem-Milani et al., 2017).
Difficulty in Manipulation of MTA
MTA is a difficult cement to handle due to its granular consistency (Kogan et al., 2006), reduced setting time (Camilleri et al., 2005), and initial looseness of the material (Fridland and Rosado, 2003; Kogan et al., 2006; Coomaraswamy et al., 2007). When the mixture begins to dry, it loses its cohesiveness and becomes very difficult to handle the cement (Lee, 2000). The consistency of the freshly mixed material, which is commonly described as gritty or sandy, is another issue with the original MTA formulation. The original formulation is hand spatulated, making distribution to the surgical site challenging. To make handling easier, Teflon sleeves and pluggers particularly intended for placing MTA, mainly developed carriers for dispersing MTA, and scooping MTA out of grooves in a plastic block have all been employed. In one study, the hand and ultrasonic installation of varying thicknesses of MTA in high density polyethylene (HDPE) tubes were compared. Radiographic and microscopic analyses revealed that the manual method produced superior adaptation with fewer voids than the ultrasonic method for all thicknesses (Parirokh and Torabinejad, 2010b).
Complexity as an Obturating Material
MTA could provide significant benefits like superior physiochemical and bioactive properties, when used as a root canal obturation material. MTA is an effective obturating material for retreatment; obturation is combined with root-end resection, apexification, internal resorption, dens in dente, and in conventional endodontic therapy. Obturating with MTA enhances the prognosis and retention of the natural teeth in both conventional and complex therapies.
Although MTA presents significant advantages, it has some disadvantages when used as obturating material. GMTA can discolor teeth if it is placed in the coronal part or near the cementoenamel junction (CEJ) in anterior teeth. This is due to the reduction of ferrous ions (FeO) in the dentinal tubules, which may increase over time (Asgary et al., 2005). It could be a significant issue in anterior aesthetics without PFM restorations and if ceramic crowns and veneers are not properly opaqued in the laboratory. Obturation of MTA in case of curved canals after placement is challenging for curing and removal of the material. Hence, MTA obturation is considered as a permanent filling material and therefore treated in the possible event of failure by surgical resection of the root end. Another relatively insignificant disadvantage is ProRoot MTA that has slow setting time and might take 2.5–4.0 h to set and 21 days to cure completely. Restoration using MTA in the curved canal should be considered a permanent filling for root canal obturation. The difficulty in obturating curved root canals, the potential for discoloration, and the extended setting time are all disadvantages of utilizing MTA as a root canal filling material (Torabinejad et al., 1995; Boutsioukis et al., 2008; Mathew et al., 2021).
Long Setting Time
GMTA’s initial and final setting times are much longer than that of WMTA. The lower amounts of sulfur and tricalcium aluminate in WMTA account for the longer setting time when compared to Portland cement (Parirokh and Torabinejad, 2010b). One of the reasons why MTA should not be implemented in a single visit is its extended setting time. In comparison to other retrograde filling materials such as amalgam, Super-EBA, and Intermediate restorative material, MTA has a longer setting time (2 h and 45 min). MTA is unsuitable for most clinical applications due to its extended setting time. Different powder-to-water ratios are common in clinical practice because the quantity given is rarely used in a single application and have an impact on MTA’s characteristics, resulting in a prolonged setting time (Camilleri, 2015). This has been mentioned as one of the material’s flaws. According to researchers, WMTA has a much shorter setting time than GMTA. When samples are maintained under dry conditions, they affect MTA setting time and bacterial leakage. MTA should not be placed in one visit without external moisture since two-sided hydration results in greater flexural strength than one-sided hydration (Parirokh and Torabinejad, 2010b).
Washout Effect
One of MTA’s disadvantages is washout or the tendency of freshly made cement paste to breakdown when it comes into contact with blood or other fluids. When cleaning an osteotomy site, a root-end filling material can washout, resulting in a weakened root-end seal and its consequences. It has been demonstrated that adding carboxymethyl chitosan or gelatin to cement based on calcium silicates (the primary components of Portland cement in MTA) improves washout resistance (Kim et al., 2011; Formosa et al., 2013).
Solubility
MTA’s solubility is a point of contention among researchers. MTA solubility is found to be minimal or non-existent in most investigations. However, a long-term study, which found enhanced solubility, suggests that the powder-to-water ratio may alter the degree of solubility. MTA porosity and solubility increase with larger water-to-powder ratios. More water would boost calcium release from MTA, according to the authors. Another factor contributing to MTA’s insolubility is the presence of bismuth oxide, which is insoluble in water (Parirokh and Torabinejad, 2010b).
Affordability of the Material
MTA is a dental material that has a variety of endodontic uses. According to a study, MTA is commonly used in postgraduate endodontic training programs in the United Kingdom, and its expensive cost is seen as the main barrier to its utilization. In the United Kingdom study, nearly half of the respondents said they wanted more information on how to utilize MTA in clinical practice. In case of direct pulp capping MTA is found to be more cost effective than calcium hydroxide. According to consultant pediatric dentist surveys, the majority of pediatric dentists do not use MTA due to its high cost (Ha et al., 2016).
MTA MODIFICATIONS WITH IMPROVED CHARACTERISTICS AND APPLICATIONS
Despite the fact that MTA is a hydraulic material, it is never exposed to water in clinical dentistry. The substance has been recommended for usage as a filling material for root ends, as well as for repair in perforation areas, apexification, pulpotomy treatments, and for pulp capping. MTA has recently been introduced as a sealant for root canals. The generation of by products, that is, calcium hydroxide and the hydraulic nature of MTA, is responsible for all of its beneficial properties (Camilleri, 2015). MTA interacts with a variety of environments depending on the material application. When MTA is employed for repair of the perforation area, as a material for root-end filling, and to a lesser extent, in the case of direct pulp capping (DPC), blood comes into contact with it. Blood obstructs the hydration of the material and lowers MTA microhardness (Camilleri, 2015). Material characteristics and failure to set are also influenced by tissue fluids, including serum.
The mixing and administration technique is the key problem in the clinical setting with initial MTA preparation (Camilleri, 2015). MTA is traditionally blended by manipulating the powder on a mixing pad by combining the solid and liquid components. Alternative techniques for mixing, such as the use of an amalgamator, have also been studied. There is a widely held idea among researchers about powder and cement that is the surface area and initial setting time are inversely proportional. In other words, as the surface area of the powder increases, the likelihood of the particles reacting with water increases, resulting in a faster hydration process and a shorter initial setting time.
MTA Modification to Improve Setting Time
Another clinical problem is the setting time of the initial MTA formulation, which was reported to be greater than 3 h (Camilleri, 2015). When the material is utilized for root-end filling and repair of the perforation area, a long setting time is not a concern. When utilized as a PC or as a dressing over PP, however, faster setting time is required. A huge number of reports have surfaced involving the addition or substitution of various chemicals to the mixing liquid for water. The most common compounds are CaCl2, Ca(NO3)2/nitrate, and Ca(HOO)2. These additives are frequently used in the building industry to help Portland cement set faster. Setting accelerators affect both tricalcium silicate and tricalcium aluminate’s setting reactions. Mechanically mixed MTA uses the CaCl2 accelerator and has a faster setting time.
A study conducted by Saghiri et al., in 2020 on the evaluation of mechanical activation and chemical synthesis for particle size modification of WMTA showed that the use of the finer particle size in WMTA reduced the initial setting time that had previously been mentioned as a major drawback. When data from milling for 10 and 30 min was compared, 10 min was regarded as the optimal milling time for the powder (Saghiri et al., 2020). Further grinding resulted in a considerable increase in the surface area based on the Scanning Electron Microscope (SEM) particle size test. There was also a minor reduction in the setting time. The results showed that when compared to milling and control groups, the sol–gel approach produced finer powder with a smaller range of particles and normal powder particle distribution, resulting in higher compressive strength, pH, and calcium release rate of the powder (Saghiri et al., 2020). Both modification procedures had a considerable impact on powder quality, although the effect of the sol–gel process was significantly greater than milling, according to statistical analysis. The sol–gel method’s result was found to be finer, with a shorter distribution range and more homogeneous particles, than the other groups. As a result, both approaches investigated increased the surface area. Mechanical activation, on the other hand, was not as successful as the sol–gel technique in lowering the initial setting time (Saghiri et al., 2020). Furthermore, the sol–gel technique produced finer particles with a narrower size distribution range.
According to a study conducted by Kharouf et al., in 2021 titled “Tannic acid speeds up the setting of MTA cement and improves its surface and bulk properties.” Tannic acid (TA) can deposit on the grains’ surfaces (calcium oxide, calcium silicates, and trisilicates) and it can also be incorporated between the grains to change the porosity of the composite. The fact that the grains are coated with a polyphenol-based coating results in a much smaller pH increase when the cement is placed in water, which could also explain the cement’s faster setting kinetics. The presence of TA on the grain surface and in the pores explains the increase in compressive stiffness and stress in the dry state because TA molecules form strong intramolecular hydrogen bonds and hydrogen bonds/ionic interactions with the grain surface. As a result, adding TA to MTA cements reduces the setting time and grain size of the resulting cement while increasing the hydrophilicity of the composite materials (Kharouf et al., 2021).
Modified MTA With Enhanced Compressive Strength and Microhardness
A study conducted by Eskandarinezhad et al., in 2021 on the effects of hydroxyapatite (HA) and zinc oxide (ZnO) nanoparticles on compressive strength of WMTA showed that the compressive strength of MTA was unaffected by HA or ZnO nanoparticles (Figure 4). As a result of the advantages of these nanoparticles, they can be used in cases where compressive strength is important, such as the repair of furcal perforations, pulp capping, and apexogenesis, or in cases where compressive strength is not important, such as the apical plug and as a retrograde material in surgery (Eskandarinezhad et al., 2020).
[image: Figure 4]FIGURE 4 | Advantages of modified MTA.
Kucukyildiz et al. conducted an in-vitro comparison of the physical, chemical, and mechanical properties of graphene nanoplatelet (GNP) with Angelus MTA. According to the Fourier transform infrared spectroscopy (FTIR) analysis, adding GNP to MTA did not change the binding structure of the material's atoms. According to energy dispersive X-ray spectroscopy (EDX) analysis, adding GNP to MTA did not change the crystal structure of the material but did result in an increase in the carbon ratio. By adding GNP to pulp capping materials to enhance hard tissue formation potential, the material’s microhardness can be increased, providing superior resilience under permanent restoration. The particle size of the MTA material is reduced, and its microhardness is increased as a result of adding GNP to the material; thus, GNP contributes to the MTA material’s strength. In vivo and in vitro research studies are needed to see how the GNP addition affects the biological effect on pulp (Kucukyildiz et al., 2021).
Modification of MTA to Overcome Fracture
Endodontically treated teeth were long thought to be more susceptible to fracture than healthy teeth. This is because endodontic procedures can cause chemical and structural changes in the root canal dentin, making the tooth vulnerable to vertical root fracture (VRF). A variety of factors influence the brittleness of endodontically treated teeth. The use of root canal filler material to fortify the remaining tooth structure is one method of preventing VRF in endodontically treated teeth. Despite their poor adherence to the dentinal walls of the root canal system, gutta-percha and sealers have remained the standard of care for obturating root canals in endodontics (Fridland and Rosado, 2003). MTA has been proposed as having the ability to form a tighter seal with root dentin walls than many other available materials (Camilleri, 2015). Ballal et al. conducted a study to compare the fracture resistance of teeth obturated with two different types of MTA, ProRoot MTA and OrthoMTA and discovered that teeth obturated with OrthoMTA III had significantly higher fracture resistance than teeth obturated with ProRoot MTA. The difference in setting mechanisms could explain OrthoMTA III’s superior performance and pH neutralization during the reaction. As a result, enough H2O is produced to supply humidity to the dentin via dentinal tubules (Ballal et al., 2020).
The toughness of dentin is substantially higher in a hydrated state than in a dehydrated state. Another factor contributing to OrthoMTA III’s higher fracture resistance when compared to control and groups of ProRoot MTA is the interfacial adhesion between RC dentin walls and MTA. However, when compared to ProRoot MTA, the precipitate was more visible in the OrthoMTA III group. The toughness of dentin is substantially higher in a hydrated state than in a dehydrated state. Another factor contributing to OrthoMTA III’s higher fracture resistance when compared to control and groups of ProRoot MTA is the interfacial adhesion between RC dentin walls and MTA. Under current conditions, OrthoMTA III had a stronger biomineralization impact. Stronger interfacial bonding may be induced by this improved biomineralization impact. Within the dentinal tubules, petals-like precipitate are formed in the experimental groups. However, when compared to ProRoot MTA, the precipitate was more visible in the OrthoMTA III group. A study conducted by Żuk-Grajewska et al., in 2020 on the fracture resistance of MTA mixed with PBS in human roots filled with and without CaOH pre-medication showed that even when short-term calcium hydroxide pre-medication was utilized, MTA mixed with Ca and Mg free phosphate-buffered saline had a considerable strengthening impact on the fracture resistance of structurally weak roots. When MTA was mixed with water and pre-treated with calcium hydroxide for 2 or 12 weeks, the strengthening effect on human roots was lost (Żuk-Grajewska et al., 2021).
Modification of MTA to Minimize Root Perforation
Root perforations are openings in the external root surfaces that allow communication between the root canal system and the root surface. It can be considered as pathogenic if it arises from defects in the resorptive area or caries, although the majority of them are because of iatrogenic causes during and after RC procedures. Perforations in the roots are one of the reasons for failure in endodontics, and if they are not detected and corrected promptly, they can result in the loss of the affected teeth. MTA has several desirable properties for endodontic repair, including strong sealing ability, biocompatibility, antibacterial properties, and hydrophilic behavior (Shin et al., 2021).
A study conducted by Adl et al., in 2019 on evaluation of the absence and presence of blood contamination, dislodgement resistance in a new pozzolan-containing calcium silicate-based substance when compared to ProRoot MTA and Biodentine showed that higher bond strength was seen in Biodentine and ProRoot MTA than in EndoSeal MTA (Adl et al., 2019). This result could be explained by the fact that pozzolan-based materials have a much lower releasing ability of Ca/P ratio and calcium of the apatite-like crystalline precipitate when compared to other calcium silicate cements. This viewpoint is supported by the fact that the concentration of accessible ions influences the nucleation and growth of the apatite layer, suggesting that they may be superior alternatives for furcal perforation repair (Shin et al., 2021). The final restoration should be placed within 7 days while using ProRoot MTA.
MTA Modification to Improve Radiopacity and Reduce Tooth Discoloration
Bismuth oxide, the radiopacifying agent in MTA, becomes unstable when it interacts with strong oxidizing agents such as sodium hypochlorite or amino acids found in dentin collagen, resulting in tooth discoloration. Tooth discoloration occurs when this cement is used for additional treatment techniques such as vital pulp therapy, sealing root canal perforations, and root resorptions.
In a study conducted in 2020 by Bolhari et al. to evaluate the characteristics of different environmental conditions of MTA mixed with ZnO, it was discovered that the addition of 5% ZnO prevented tooth discoloration and decreased the compressive strength of both MTA Angelus and ProRoot MTA cement significantly in all exposure settings. Zinc hydroxide creates an impenetrable barrier around tricalcium silicate, preventing hydration of the cement. Because the composition and hydration of Portland cement and MTA are similar, this negative effect may occur in MTA as well, resulting in a reduction in compressive strength values. ZnO had no effect on the microhardness of these cements and was discovered on the surface of the cements to which it was added. Although adding 5% ZnO to MTA prevents tooth discoloration, it has a negative impact on the hydration and compressive strength of the tested cements but has no effect on the surface microhardness of Angelus and ProRoot MTA (Bolhari et al., 2020).
A study conducted by Peng et al., in 2021 on the spray pyrolysis of Zr-doped Bi2O3 radiopacifier on MTA showed bismuth oxide (Bi2O3) and zirconium (Zr)-doped Bi2O3 compounds were almost spherically produced. The particles had a tiny agglomeration on their surface, with the bigger particles (about 2 μm) having a small number of microscopic particles (0.5 μm) on their surface. Radiopacifiers made by spray pyrolysis had a faster setting time than those made by the sol–gel method. Furthermore, when compared to Bi2O3 and other ratios of Zr-doped Bi2O3 mixed with Portland cement, Bi2O3 with 15 mol% Zr doping had significantly better radiopacity and mechanical strength under X-ray excitation. The results support the use of Zr-doped Bi2O3 as a novel radiopacifier in future dental filling and pulp-capping applications via spray pyrolysis. Future research should concentrate on the effects of Zr in conjunction with Portland cement and the impact of tooth discoloration (Peng et al., 2021).
Modification of MTA With Enhanced Antibacterial Activity
The success of endodontic treatment is intimately linked to the control of bacterial infection in the root canal. Various studies have linked five– seven bacterial species to root canal infection, with Porphyromonas gingivalis, Porphyromonas endodontalis, and Enterococcus faecalis being the most often isolated bacterial species from pulpitis. Apical periodontitis is linked to Enterococcus faecalis in RC-treated teeth, whereas Porphyromonas endodontalis and Porphyromonas gingivalis are related to the infection of the root canal (RC) (Shin et al., 2021). Because the root canal system is anatomically complex, the complete elimination of pathogenic microorganisms in the root canal is challenging.
A study conducted by Shin et al., in 2020 evaluated the antibacterial activity of a mixture of MTA and nitric oxide (NO)-releasing molecules against bacteria like Enterococcus faecalis and Porphyromonas endodontalis and the physical features of MTA and MTA-NO mixture to determine the efficacy of these techniques. When a NO-releasing molecule, such as diethylenetriamine-NO (DETA-NO), is mixed with powder of MTA, NO gets released quickly from DETA-NO before the mixture sets or during the initial phase, but the process slows down after the mixture sets (Shin et al., 2021). As a result, the high concentration of NO and mineral oxide and the mixture of MTA and NO had significant antibacterial action in the early stages and proved useful in eliminating oral microorganisms. Furthermore, bone formation and wound healing following endodontic treatment is due to NO released from the mixture at a low concentration.
Modification of MTA With Regenerative Ability
Calcium silicate–based materials (CSBMs) have been used in a variety of endodontic procedures, including regenerative endodontics, root-end closure, vital pulp therapy, and perforation repair. These bioactive compounds have the ability to stimulate stem cell proliferation and differentiation into odontogenic/osteogenic cells. MTA, the first CSBM produced, was widely used in endodontic procedures. Angiogenesis is required for the mineralization of stem cells and the formation of extracellular matrix to recruit stem cells for oxygen and nutrient provision. Previous research has shown that angiogenic signaling molecules can aid stem cell proliferation and differentiation. Despite its high clinical success rate, a study discovered that MTA has decreased proangiogenic activity, which may influence the first cell-material contact and regeneration qualities (Almeshari et al., 2021).
To improve the angiogenic properties, a study was conducted by Almeshari et al., in 2021 to evaluate the additive effect of iloprost on the biological properties of MTA on mesenchymal stem cells. On day 7, MTA reduced cell viability. This result was explained by iloprost’s capacity to upregulate the proangiogenic factors and initiate proliferation of cells. In addition, MTA’s setting time, which is longer, may have also allowed for a more regulated and gradual release of iloprost. The cell morphological alterations on the material surfaces revealed human bone marrow-derived mesenchymal stem cells (hMSCs) had less spread of cells on the dentin disc, which was consistent with the assay of cell viability (Almeshari et al., 2021).The appearance of cells that were round on the material surface could be due to the leak of compounds, which influenced interaction between the cell and materials. On days 7 and 14, however, the substrate’s surface was covered with flat cells, demonstrating that the materials were biocompatible. hMSC migration throughout the first 24 h, resulting in a nearly 50% reduction in cell migration. When compared to MTA alone, iloprost had no effect on cell migration, which could be related to the grown cells due to the 2D environment. The results revealed that markers of osteogenic expression were dramatically elevated in MTA-iloprost-treated cells when compared to MTA-treated cells. This could be due to iloprost’s elevation of VEGF, which causes the production of osteogenic and odontogenic markers. Thus, adding iloprost to MTA increased the cell vitality and differentiation of osteogenic potential capability of mesenchymal stem cells, suggesting that it could be used as a biomaterial in the future.
A study conducted by Tien et al., in 2021 on additive manufacturing of caffeic acid-inspired MTA/poly-caprolactone scaffold for regulating vascular induction and osteogenic regeneration of dental pulp stem cells showed that the physicochemical and biological responses were caused by the surfaces of the various scaffolds that had been coated with caffeic acid (CA). The CA 20 scaffold not only had strong mechanical strength but also had apatite precipitate immersed in stimulated body fluid, indicating that this was the ideal physical and chemical microenvironment for human dental pulp stem cell (hDPSC) activities (Tien et al., 2021). Cell adhesion, proliferation, and osteogenic differentiation were all improved when the MTA scaffold was coated with a CA concentration of 20 mg/ml. Furthermore, VEGF adsorption resulted in an increase in CA coating on hDPSC osteogenesis differentiation. Most notably, in vivo, the MTA scaffold with CA covering demonstrated good bone regeneration. Furthermore, the CA 20 scaffold appeared to have better osteogenesis ability than the CA 0 scaffold, as determined by CT and histological analyses. These results could be related to the CA coating’s augmentation of bone-like apatite production and VEGF adsorption. Because CA is a bioinspired polymer, it can be used as a highly functional bioactive covering for various scaffolds in bone tissue creation and other biomedical applications. A study conducted by Ghasemi et al. (2021)on the effect of Ze–Ag–Zn on MTA on the odontogenic activity of hDPSCs showed that the incorporation of Ze–Ag–Zn particles into AMTA had no effect on the material’s biomineralization ability, and further research is needed to assess the underlying molecular interaction between HDPSCs and these types of particles, based on the findings of previous studies and their limitations.
A study conducted by Lim et al., in 2021 on in vitro evaluation of the mineralization and biocompatibility potential of MTA that included CaF2 showed that the addition of more than 5% calcium fluoride (CaF2) could be considered to increase pulp cell regeneration ability without compromising physical properties. However, clinical circumstances such as long-term irritation and inflammation following pulp contact may result in a different outcome (Lim et al., 2021).
Matrix metalloproteinases (MMPs), enzymes involved in bone remodeling, cells generated by osteoclasts, and other cells such as fibroblasts and macrophages, are all known to play a role in the restoration of the dental matrix. The main components of the extracellular matrix (ECM) act as metalloproteinases’ primary substrates. The MMP-induced catalysis causes structural changes in the matrix. MMPs have been found to perform a variety of roles, including regulating cell activity and participating in inflammatory reactions. MMPs have been shown to play an important regulatory role in cell differentiation and migration, growth factors, angiogenesis, and inflammation development.
Modified MTA That Accelerates Biocompatibility
The introduction of tricalcium silicate materials that are resin modified has resulted in the development of a command cure material that may be used for PC. Resins improve the flow of material, making it acceptable for use as a sealer for RC. The liquid water mixing has been replaced by a variety of resins. As a result of these improvements, MTA that is light activated and MTA that is resin modified have been developed for the use in RC sealing cements. A variety of resin systems have been examined. The most common are light-curing systems, containing Bis-GMA and a resin that is biocompatible and contains HEMA, TEGDMA, camphorquinone, and EDMAB, with or without polyacrylic co-maleic acid, Bis-TEGDMA, Bis-GMA, PMDM, and HEMA (Camilleri, 2015).
TheraCal is a tricalcium silicate compound that is light curable and is used for PC. Environmental circumstances and fluid availability have an impact on TheraCal hydration. In reality, the restricted fluid availability limits material hydration when employed as a pulp-capping material. TheraCal’s ability to release calcium is controversial; in a study, it was shown to be comparable to CaOH, but later studies showed no calcium generated, and leaching of the calcium ion was found to be extremely low. When extracts of TheraCal came into contact with pulp cells, they were found to be cytotoxic. Angelus sells Fillapex of MTA is a modified MTA-based resin. MTA is a salicylate resin, and additional ingredients make up this mixture (Camilleri, 2015).
The inclusion of polymers that are soluble in water showed that in prototype materials it can improve material flow. ProRoot Endo Sealer is a commercially available product that contains particles that make up the cement suspended in a polymer that is soluble in water. At low water/cement ratios, the polymer that is soluble in water puts the cement particles on charge. The resultant charged particles repel each other, resulting in less flocculation and enhanced flow of material. Another soluble polymer, propylene glycol, has been utilized to increase MTA flow.
In a study conducted by Toida et al., in 2021 on pulp response to capping material flow that is phosphorylated pullulan-based in MTA (MTAPPL), it was shown that the group had reduced inflammatory cell infiltration, whereas the Nex-Cem MTA (NX) and Dycal (DY) groups had more inflammatory cells with infiltration of polymorphonuclear leucocytes at the exposed site of pulp (Kim et al., 2011). According to the findings, MTAPPL had lower inflammatory responses than the other experimental groups at all time points. The study also revealed that with the exception of the DY group, the deposition of tissue that was mineralized was seen in the MTAPPL, NX, and TheraCal LC (TH) groups. This finding can improve the sealing ability, inhibit bacterial leakage, and boost the reparative capacity of pulp cells by depositing calcium phosphate minerals along the dentin-material contact. After 70 days, the MTAPPL, TH, and NX groups showed more mineralized tissue formation than the DY group. Tubular dentin grew under the osteodentin and was also identified as layers of odontoblast that were well arranged with odontoblast-like cells. There were no tunnel defects in any groups. However, some pulp-like tissue was found at the tissue barrier that was mineralized in the MTAPPL group. This could be due to the faster formation of mineralized tissue. MTAPPL’s ability to adhere to human dentin was compared to NX, TH, and DY. There was no separation between MTAPPL and dentin in the experiment, even under the high-vacuum conditions of the SEM sample chamber, indicating that it has outstanding sealing ability as a pulp-capping material. On the other hand, NX, TH, and DY did not stick well to dentin and demonstrated separation from dentin interface. Leakage and bacterial infection may occur as a result of these holes. As a result, MTAPPL biomaterials have good dentin sealing ability and pulpal responsiveness (Toida et al., 2021). MMP-2 and MMP-9 protein expressions in cultured monocytes/macrophages are unaffected by MTA Repair HP, according to a study conducted by Barczak et al. (2021) to investigate the MTA Repair HP formula’s effect on the inflammation process, involving the tooth and periodontal tissues using the THP-1 monocyte/macrophage model with biomaterial applied in direct contact with the cells.A study conducted by Tabari et al., in 2020 on an animal study on the biocompatibility of MTA mixed with different accelerators showed the inflammatory response diminished over time for all of the accelerators, that is, sodium hypochlorite (Na2HPo4), citric acid, and calcium lactate gluconate (CLG) studied in this investigation. The inflammatory responses caused by MTA combined with 0.1 percent citric acid and MTA mixed with 15 percent Na2HP04 were equivalent to those induced by MTA mixed with pure water, according to the findings of this investigation. Despite the lack of substantial differences in histological reactions between control MTA and MTA mixed with CLG, the latter cement elicited a moderate-to-severe inflammatory response on the 7th day after implantation (Tabari et al., 2020).
In another study, pulpal response to the combined use of mineral trioxide aggregate and iloprost for direct pulp capping, conducted by Adl et al., in 2021 found that when used as pulp-capping materials, iloprost, MTA, and MTA-iloprost all produced positive results. All materials demonstrated biocompatibility and the formation of hard tissue. Because it increases the mRNA expression of VEGF, fibroblast growth factor-2, and platelet-derived growth factor in human dental pulp stem cells (Adl et al., 2019). As a result, the combination of MTA and iloprost may have a little therapeutic value. A study conducted by Kim et al., in 2020 on the investigation of properties of an unique experimental elastin-like polypeptide-based MTA as an endodontic sealer showed that the experimental elastin-like polypeptide (ELP)-based MTA sealer performed better in binding strength to dentin and flow rate than the other experimental groups at a 0.4 L/P ratio (Kim et al., 2021). In addition, when compared to commercial MTA sealers, it has the same or better quality in terms of dentinal tubule penetration and outstanding washout resistance. As a result, if additional research and clinical trials confirm its qualities, the ELP-based MTA sealer may be approved for clinical use. Incorporating V125E8 a 125 times-repeated structure of a valine–proline–glycine–valine–glycine unit with eight glutamates added on the C-terminus into MTA could be a promising way to develop functionally advanced bioactive sealers for endodontic therapy and regenerative endodontics.
Modified MTA as a Drug Delivery
MM-MTA is manufactured by Micro-Mega (Besancon, Cedex, France), and it uses MTA capsules that can be blended using an amalgamator. The MM-MTA delivery system has the advantage of including a delivery method comparable to glass ionomer cements. The compressive strength of the set material was proven to be increased, but the efficiency of mechanical mixing remains unknown. Another study found that mixing different processes had no significant effect on the resulting MTA mixtures, despite increased material microhardness (Camilleri, 2015). Incorporation of amoxicillin-loaded microspheres in MTA cement: an in vitro study, conducted by Bohns et al., in 2020, demonstrated the development of bioactive cement using polymeric microspheres to provide antibiotics with delayed release as a viable drug delivery mechanism for treating local tooth infections. The synthesis result is simple, repeatable, and extremely reliable. The use of polymeric microspheres at a concentration of 5% results in delayed release with a minimal impact on the physical and mechanical properties of the material. Limiting the release of antibiotics administered at local infection sites could have applications in dental materials that come into close contact with tooth tissues (Bohns et al., 2020). Table 2 summarizes the changes made to the MTA to address flaws of conventional MTA.
TABLE 2 | Summary of studies relevant to modifications of MTA.
[image: Table 2]CONCLUSION
MTA’s introduction was recognized as a watershed moment in material science, and its properties have since been improved to maximize its benefits. It is the most widely used endodontic material by dentists because it has been demonstrated to be effective in a variety of clinical settings. However, this substance has always had a few limitations that have prompted researchers all over the world to look for alternatives. The majority of newer formulations contain additives that improve material properties. With the recent introduction of new, improved MTA products, novel tricalcium silicate-based materials have surpassed MTA’s major applications. MTA-based materials are still widely used due to their outstanding properties and regeneration capacity. Although more long-term research is needed to confirm this concept, the novel materials could still be viewed as a possible alternative to MTA.
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Shin et al. (2021), Lee, (2000)

Almeshari et al. (2021), Boutsioukis
et al. (2008)

Tien et al. (2021), Mathew etal. (2021)

Ghasemi et al. (2021), Formosa et al.
(2013)

Lim et al. (2021), Kim et al. (2011)
Toida et al. (2021), Ha et al. (2016)

Barczak et al. (2021), Saghii et al.
(2020)

Tabari et al. (2020), Kharouf et al.
(2021)

Almeshari et al. (2021), Boutsioukis
et al. (2008)

Kim et al. (2021), Eskandarinezhad
et al. (2020)

Bohns et al. (2020), Kucukyildiz et al.
(2021)

Almeida et al. (2018), Ballal et al.
(2020)

Hernandez-Delgadilo et al. (2017),
Zuk-Grajewska et al. (2021)

Nagas et al. (2016), Shin et al. (2021)

Marciano et al. (2019), Adi et al.
(2019)

Siboni et al. (2017), Bokhari et al.
(2020)

Dianat et al. (2017), Peng et al. (2021)

Agents incorporated
Particle size modification of WMTA using the
sol-gel method

Incorporation of tannic acid

Hydroxyapatite (HA) and ZnO nanoparticles in
WMTA
Graphene nanoplatelet in Angelus MTA

Ortho MTA Il

MTA mixed with PBS in human roots filed with
and without CaOH pre-medication

New pozzolan-containing calcium silicate-based

material
MTA mixed with different concentration of ZnO

Spray pyrolysis of zirconium-doped bismuth
oxide radiopacifier

Mixture of MTA and NO-releasing molecule

Additive effect of iloprost with MTA

Caffeic acid-inspired MTA

Ze-Ag-Zn to MTA

Addition of calcium fluoride to MTA
Addition of phosphorylated pulluian and TheraCal
in MTA

MTA Repair HP with application of the THP-1
monocyte/macrophage model

MTA mixed with different accelerators such as
sodium hypochiorite, citrc acid, calcium lactate
gluconate

MTA with iloprost

MTA with elastin-lie polypeptide

Incorporation of amoxicilin-loaded microspheres
in MTA

MTA-based endodontic sealer with calcium
aluminate (C3A) and silver-containing C3A
particles

MTA mixed with bismuth lipophilic nanoparticles
(BisBAL NPs)

Mixing alkaline resistant(AR) glass fibers in
ProRoot MTA

Mixing MTA Angelus with aluminum fluoride

Incorporation of povidine and polycarbonate

MTA with methy! cellulose as liquid

Properties

modified

Setting time

Setting time

Compressive

strength
Microhardness

Fracture resistance

Fracture resistance

Dislodgement
resistance
Tooth discoloration

Radiopacity

Antibacterial activity

Regenerative abilty

Regenerative abilty

Regenerative abilty

Mineralization
Biocompatibility

Biocompatibilty

Biocompatibility

Biocompatibility

Biocompatibility

Drug delivery

Antibiofilm

Antibiofilm and
antimicrobial

Fracture resistance

Tooth discoloration

Radiopacity

Mechanical
properties

ceee se e o

.

.

e oo e e e

Result

Reduction in the setting time

Higher compressive strength

Increased the surface area

Strong intramolecular hydrogen bonds

Increase in compressive stifiness and peak
compressive stress in the dry state

Reduces the setting time and grain size

Increases composite materials’ hydrophilicity
Compressive strength of MTA was unaffected by HA
or ZnO nanoparticies

No modification in the binding structure of the
material’s atoms observed

No change in crystal structure noticed

Increase in microhardness and strength

Superior resiience under permanent restoration
Higher fracture resistance

Superior performance and neutralization of elevated
pH during the reaction

Stronger biomineralization

Higher compressive and flexural strengths than
ProRoot MTA

MTA mixed with Ca and Mg free phosphate-buffered
saline had a strengthening impact on the fracture
resistance

Higher bond strength

5% ZnO prevented tooth from discoloration
Reduction in compressive strength

Negative impacts on the hydration

Faster setting time

Bi:0s with 15 mol% Zr doping exhibited significantly
better radiopacity

Increased mechanical strength

Significant antibacterial action in the early stages and
useful in eliminating oral microorganisms

Bone formation and wound healing property
Capacity to upreguiate the proangiogenic factors and
initiate proliferation of cell

Biocompatible

Marker of osteogenic expression dramaticaly elevated
in MTA-loprost-treated cells

MTA increased the cell vitality and differentiation of
osteogenic potential capabiity

Strong mechanical strength

Ideal physical and chemical microenvironment for
hDPSC activities

Cell adhesion, prolferation, and osteogenic
differentiation improved

Improved osteogenesis differentiation

Good bone regeneration

No effect on the material’s biomineralization

Further research is needed to assess the underlying
molecular interaction

Increase pulp cell regeneration

Reduced inflammatory cell inftration

Deposition of tissue that was mineralized was seen
Improve the sealing ability, inhibit bacterial leakage,
and boost the reparative capacity of pulp cells
Mineralized tissue formation

Layers of odontoblast seen

Protein expression in cultured monocytes/
macrophages is unaffected by MTA Repair HP
Inflammatory responses of sodium hypochiorite and
citric acid was similar to conventional MTA

Calcium Lactate Gluconate elicited moderate-to-
severe inflammatory response

Showed biocompatibility and the development of hard
tissue

It upregulates the MRNA expression of vascular
endothelial growth factor, fibroblast growth factor-2,
and platelet-derived growth factor in human dental
pulp stem cells

Better in binding strength to dentin and flow rate
Same or better quality of sealer in terms of dentinal
tubule penetration and washout resistance

Delayed release with minimal impact on the material'
physical and mechanical properties

Antibiofim effect was improved in the presence of C3A
particles, while the biofilm inhibition was lower in the
presence of Ag

Physicochemical properties of the modified MTA-
based sealer were similar to the commercial materia
Significant increase in Ca* release

MTA-BisBAL NPs inhibited the growth of
Enterococcus faecalis, Escherichia col, and Candid
albicans, and also detached the biofim of fluorescent
Enterococcus faecalis after 24 h of treatment
Cytotoxicity was not observed when MTA-BisBAL
NPs was added on human gingival fibroblasts
Highest fracture strength

Higher diametral tensile strength and compressive
strength

Did not significantly alter the radiopacity, setting time,
and volume change

pH and calcium ion release significantly increased
Prevented discoloration

Did ot interfere in inflammatory response

Had bioactivity with calcium release

Strong alkalizing activity and apatite-forming ability
Adequate radiopacity

Using methyl cellulose as the hydrating liquid enhance
some mechanical properties but does not
‘compromise pH of white ProRoot MTA
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GAPDH
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CD206
Arg-1
NOS

Forward primer sequence
5'-3)

TGTATCTGTTGTGGATCTGA
AGAACAGCGTAGCCT
GGACCCTCTCTCTGCTCACTCTG
TGGCAGTGGTTTGCTTTTGC
TAAGCAAGGATACCCGAAAC
AGACGAAATCCCGGCTACGG
CTCCAAGCCAAAGCCCATAGAG
AGACCCAGTGCCCTGCTTT

Reverse primer sequence
(5'-3)

TTGCTGTTGAAGTCGCAGGAG
TCCGGTGTGACTCGT
ACCTTACTGCCCTCCTGCTTGG
TGTGGTCATGGCTTTCATTG
AGAATACACACAATGGTCATATT
CACCCATTCGAAGGCACTC
AGGGGCTGTCATTGGGGACATC
CACCAAGGTCATGCGGCCT
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Materials

Animal study- New Zealand
White Rabbits (1 = 10)

Animal study- New Zealand
White Rabbits (1 = 24)

Animal study- Ovariectomized
rats (n = 18)

Animal study- Spraque Dawley
rats (n = 50) ¢. Ovariectomy (n =
45) d. Sham operation (n-5)

In vitro study and Animal study
New Zealand White Rabbits (n
=15)

Groups

1. Control group- Machine turned
impiants (n = 10)

2. Test group- Magnesium ion-
incorporated oxidised implants

=10

1. Control- Screw-type RBM implant
(8.3 x 3.8 mm) (n = 24) Resorbable
biasting materials (RBM)-
Hydroxyapatite, Beta-tricalcium
phosphate

2. Test groups- Differential Mg ion
dosage a. Mg-1 (Concn-9.24%) (
24) b. Mg-2 (Concn-10.13%) (n = 24)
©. Mg-3 (Conen-11.74%) (n = 24)

1. Rod-shaped Ti implants (12 x

1.1 mm) (1 = 36) and Ti discs
(Diameter-9mm) (0 = 12) a.
Magnesium-incorporated HA (MgHA)
coating b. HA coating

1. Titanium implants (20 x 1rmm) a.
Pure HA coating b. HA incorporated
with 10% Zinc, Mg, and Strontium. i)
ZnHA i) MgHA i) StHA

1. Screw titanium implants (8 x
4.1 mm) (n = 30) 2. Titanium plates
(26 mm x 1.5 mm) (1= 12); (10 x 10 x
1mm) (n = 72) a. EDHA coating b.
EDMHA coating

Surface coating

Magnesium oxide- Micro-arc
oxidation process

Mg-Plasma Source fon
Implantation Method

MgHA) and HA coating on
implant using Sok-gel-dip-
coating method

Blectrochemical deposition for
coatings

Pure hydroxyapatite (EDHA) or
Mg-substituted HA (EDMHA)-
Blectrochemical deposition

MICRO-CT/HISTOMETRIC
analysis

Osseointegration speed between 3 and
6 weeks: Test Mg implants- 2.5 Nom/
week

Control Machine tumed implants- 2.0
Nem/week (o-value<0.008)

Removal Torque value: Mg-1 implants
higher RTQ value when compared to
Mg-2 and control implants. (p < 0.05)
Bone-Implant contact values: Highest-
Mg-1(36.1 + 12.3%) Lowest-Mg-2
(26.29%9%x10.1%) (p < 0.05) Bone Fill
Area: Mg-1 (74.1 + 12.3%) Mg-2
(68.1 + 24.1%) Mg-3 (72.4 + 11%)
Control (63.3 + 18.3%) (p < 0.05)
New bone formation: Mg-1 (510.8% +
167.2 im) Other groups (330-370 i)
(p=0.109)

Bone Area ratio ¢. MgHA = 36.76%

d. HA = 27.26% (p < 0.01)

Bone implant contact c. MgHA =
52.57%

d. HA = 34.06% (p < 0.01)

Micro-CT analysis

Trabecular bone architecture and
osseointegration was significantly
improved with MgHA compared to HA
group.

MicroCT

Bone volumertotal volume

Sr-HA = 402 £ 2.4
MgHA=303+15

Zn-HA =286 £ 1.2
HA=238:12

Bone area ratio

At 12 weeks, Increased by Sr-HA =
1.51 fold

Mg-HA = 1.28 fold

Zn-HA = 1.28 fold

Compared to HA (p < 0.0)

Bone implant contact

At 12 weeks, Increased by Sr-HA =
1.81 fold

Mg-HA = 1.61 fold

Zn-HA = 1.54 fold

Compared to HA (p < 0.0)

Bone implant contact (%)

At 2 weeks

EDMHA group: 61.77 + 8.53
EDHA

44.17 + 12.35 (p = 0.086)
Bone area (%)

At 2 weeks

EDMHA group: 4030 + 10.67
EDHA

38.39 + 28.25 (0 = 0.831)
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S. Author and

NO year

1 Gorerietal
(2006)

2 Suetal
(2006)

3 Choetal
(2010)

4 Jangetad.
(2014)

5  Lieta
(2014)

6 Miallescu
etal. (2016)

7 Onder et al.
(2018)

8 Pardun et al.

(2015)

9 Parketal.
(2013)

10 Teoetal.
(2016)

11 Wonetal.
(2017)

12 Xeetal
(2009)

13 Yuetal.
(2016)

14 Zhaoetal.
(2013)

Type of
study

In vitro

Animal study-
New Zealand White
Rabbits (n = 10)

Animal study-
New Zealand White
Rabbits (1 = 24)

In- vitro

Animal study-
Ovariectomized rats
n=18)

In vitro study

In vitro study

In vitro study

In-vitro

Animal study- Spraque
Dawley rats (n = 50) a.
Ovariectomy (n = 45) b.
Sham operation (n-5)

In vitro study

In vitro study

In vitro study

In vitro study and Animal
study New Zealand
White Rabbits (1 = 15)

Type of
implant

1. Rectangular Ti test
specimens
(13x 4x 0.5 mm)

2. Tiimplants
(18 x 4 1 mm)

3. Ti mini implants
(11 x 3mm)

1. Control group- Machine
tumed implants (1 = 10)

2. Test group- Magnesium
fon-incorporated
oxidised implants
=10

1. Control- Screw-type
RBM implant (8.3 x
38 mm) (n = 24)

2. 3 Test groups-
Differential Mg ion
dosage a. Mg-1
(Conen-9.24%) (n = 24)
b. Mg-2 (Conen-
10.13%) (1 = 24)¢. Mg~
3 (Conen-11.74%)
(=24

1. Commercially pure
Grade 2 Ti plates
Mg30 (30 min plasma
immersion) b. Mg 60
(60 min plasma
immersion)

1. Rod-shaped Tiimplants
(12x 1.1 mm) (= 36) and
T discs (Diameter-9 mm)
(= 12) a. Magnesium-
incorporated HA (MgHA)
coating b. HA coating

1. Bovine derived HA
(BHA) coating
2. BHA:MgF2
3. BHAMGO

1. Titanium Grade Il piates
a.Low (Mg < 10at%; Mgl
b. High (Mg > 10t

2. Ti plates

3. Tinitride plates

1. Yitria-stabilized zirconia
and HA incorporated with
MgO or MgF2

2. TZCP, Thermanox-
Reference samples

1. Titanium-Grade Il discs
(12 mm, 25 mm diameter/
1 mm thickness) a. TiS-
Non-coated Ti surface b.
Ti-Mg- Ti coated with Mg
c. T-MgHA- Ti surface
coated with Mg and HA.

1. Titanium implants (20 x
1 mm) a. Pure HA coating
b. HA incorporated with
10% Zinc, Mg, and
Strontium. i) ZnHA i)
MgHA i) StHA

1. Titanium Surfaces a.
Resorbable Blast Media
(RBM)b. Ca-ionimplanted
surface c. Mg-ion
implanted surface

1. Titanium alloy cylinders
(25.4x254mm)(n=2)a.
Magnesium silicate (MS)
coating. b. Grit blasted
and roughened-HA

1. Titanium plates (10 x 10
x 1 mm; 20 x 20 x 1 mm)
2. Titanium cylinders (2 x
7 mm)a. ZMg Plllb. Zn-
Pl c. Mg-PIll d. Ti

1. Sorew titanium implants
(8x 4.1 mm) (0= 30) 2.

Titanium plates (25 mm x
1.5mm) (0= 12; (10 10
x1mm) (n=72) a. EDHA
coatingb. EDMHA coating

Surface coating

Caloium magnesium
carbonate- Sand blasting

Magnesium oxide- Micro-
arc oxidation process

Resorbable blasting
materials (RBM)-
Hydroxyapatite, Beta-
tricalcium phosphate

Magnesium- Plasma
immersion ion-
implantation method

MgHA) and HA coating
on implant using Sol-gel-
dip-coating method

MgF2 or MgO- Puised
laser deposition

Mg- Arc-PVD technique

MgO or MgF2-Wet
powder spraying

Mg coating- Direct
current magnetron
sputtering. MgHA-
Radiofrequency
magnetron sputtering

Electrochemical
deposition for coatings

Plasma immersion ion
implantation method

MS coating- Plasma
spraying method

ZnMyg ion co-implanted
Ti- Plasma ion
implantation method

Pure hydroxyapatite
(EDHA) or Mg-substituted
HA (EDMHA)-
Electrochernical

deposition

Osteogenic markers
and cell bioactivity

Alkaline phosphatase acihity
assay-increased insandblasted
implants but not signficant
Flurescence phallodin staining
Sand-blasted surface:

MG63 osteoblast-ke cell
exhibit spindle-shaped
morphology with irregular
surface. Actin expression was
localized suggestive of
migration front

No sandblasting: Polygonal
morphology with prevalent
actin sub-membrane
expression

Rat bone marrow
mesenchymal stem cells

Cell morphology and
proliferation

Cels exhibited spindle-shaped
morphology withactin flaments
showing improved spread on
Mg-teated Ti surace,
especally in Mg 60 group
ALP activity

Increased activty in Mg-treated
sutaces and it was sigrificantly
higher in Mg60 graup

Highest expression of
Osteocacin (OCN) and
Osteopontin (OPN) in Mg60
group

Western biot analysis

Protein expression of ALP,
OCN, and OPN was highest in
Mg60 group compared to
other groups

Upregulation of osteogenic
differentiation-related genes
ke ALP, OPN, and OCN.

Epithelial cells type 2 (HeP-2).
Cel viability: Human Genes of
arrestin beta 1 (ARRB1),
mannosidase alpha class 2B
(MAN2B1), and transient
receptor potential channel 1
(TRPC1) expression
increased in the following
order: BHA > BHAMgF2
>BHA:MgO. Antimicrobial
activity BHAMgO and BHA:
MgF2 extibit 4 times higher
anti-bacterial activity against
the tested strains:
Enterococcus sp. Candida
albicans Micrococcus sp

Rat bone-marrow-derived
stem cells Cell proliferation: All
surfaces supported call
attachment and proliferation
and it was observed on day
1,5, and 8. Cell numbers
ineased on allthe surfaces for
frst 5 days At day 8, cel
numbers decreased in Tiand
TiN, whereas it continued to
remainconstart orincreased for
magnesium doped Ti implarts
Collagen deposition: More
Type | collagen was deposited
on TiN and Mg-doped
implants (Low). The
deposition decreased when
Mg content was increased.
ALP activity At day 5, activity
was lowest with Ti implants
and highest on Mg-doped Ti
implants (Low). Mg-doped Ti
implants (High) ALP activity
was significantly lower than
that of the low counterpart at
day 5

Cell density and
mineralization: Higher on Mg
containing surfaces. Calcium
deposition: Was higher with
Mg-containing surfaces
Human osteoblasts (HOB)
Cell proliferation: Higher in
Mg-coatings with constant
increase of formazan over

9 days. Reference samples
had the lowest activity

Gell differentiation: ALP
activity was increased in all
samples and it was reduced in
TZCP and increased in
Thermanox. Cell growth,
morphology, and spreading.
TZGP- round morphology
Thermanox- Flat and
extensively spread. Mg-
containing coating- Flat cells
and spread extensively.
Highest cell viability, ALP
activity, and cell number in
Thermanox. Similar resuts in
Mg-containing surfaces

Mouse MC3T3-E1 cels
Cel prolferation: Ti-Mg and
Ti-MgHA had higher
prolferation rate of 112 and
124% respectively when
compared to Ti-S (p > 0.05)
ALP activity: Cells on Ti-Mg
and Ti-MgHA showed
50-60% higher ALP activity
than those on Ti-S (p < 0.05)
Osteogenic markers: Bone
sialoprotein (BSP)- mRNA
expression increased 1.8 and
2.1-fold in Ti-Mg and Ti-MgHA
respectively. Osteocalcin
(OCN) mRNA expression
increased 1.5 and 1.4-fold in
Ti-Mg and TiMgHA
respectively BSP and OCN
expression more than Ti-S
surface

Extracelular matrix: COL-|
gene: There was expression
of this gene in both Ti-Mg and
Ti-MgHA surfaces

Human bone marrow
Mesenchymal stem cells
(hBM-MSC)

Cell attachment morphology
Mg-ion implanted surface-
Flattened morphology with
wide extracellular membrane
bridge compared to RBM.

Ca ion-implanted surface-
More extended filopodia
compared to RBM and Mg-
fon implanted surface

Cell proliferation

Cell proliferation on all surfeces
signiicantly increased but
there was no difference
between three surfaces
Osteogenic differentiation
RUNX-2-Higher expression in
Mgrion implanted surface
COL-Type I: Higher
expression in Mg-ion
implanted surface

(OON: Lowerin Carionimplanted
surface compared to RBM and
Mgion implanted surface

ALP activity: Higher in RBM
surface

Canine bone marrow stem
cels

Cel adhesion and
morphology

Polygonal shape with
cytoplasmic processes
adhering to coated surface.
They spread to reach larger
sizes on the coating with
compact bodies and short
cellular extensions. Cells were
closely adherent to coated
surface

Cell proliferation

Number of cells increased
with culture time and similar to
that of HA coating

ALP activity

Remained high whereas HA
coating surface began to
decrease. MSC's on MS
coating had higher
differentiation level compared
to those of HA.

Rat bone marrow
Mesenchymal stem cells
(BMSC's): Cell density and
morphology: Increased cel
density and fiopodia
extension in Z/Mg Plll— can
promote initial adhesion and
spreading. Zn/Mg Plll— Can
upregulate integrin-alphat
and integrin-betat than ZnPlll
and MgPIll.

Cellviabilty: Higher with Zn/
MPIl. Osteogenic markers:
RUNX-2, OCN, OPN, ALP was
higher with ZrvMgPll
Conconitant protein levels of
ALP, OCN were significantly
enhanced than other three
surfaces. Human Umblical Vein
Endothelial cells (HUVECS) Zn/
MgPllland MgPllimprovedthe
viabilty of HUVECs

ZVMgPIll Increased
expression of VEGF (Vasuclar
endothelial growth factor) and
KDR (kinase domain receptor)
with increased protein
expression of Hypoxia-
inducible factor (HIF-1aipha)

Antibacteria: P gingivalis, F
nucleatum, Strep. Mutans Zn/
MPIlland ZnPll surfaces had
the highest inhibitory rates with
bactera counting method

compared to MgPIll. (o < 0.01)

Mouse MCST3-E1
preosteoblasts

Cell growth

Significantly more viable cells
were found on EDMHA
coated surface than EDHA
(0 =0.02)at 7 days of culture
ALP activity

EDMHA group: 0.78 +

0.13 nmoliugh

EDHA

041 £ 0.1 nmol/ug/h (o =
0.004)

OCN levels

EDMHA group: 116.42 +
7.64 ng/mg

EDHA

94.7 +13.1 no/ma (o = 0.004)

Histometric/micro-ct
analysis

Osseointegration speed
between 3and 6 weeks: Test
Mg implants- 2.5 Nem/week
Control Machine turmed
implants- 2.0 Nom/week
(0-value<0.005)

Removal Torque value: Mg-1
implants higher RTQ value
when compared to Mg-2 and
control implants. (p < 0.05)
Bone-Implant contact values:
Highest- Mg-1 (36.1 +
12.3%) Lowest-Mg-2 (26.2%
9:210.1%) (0 < 0.05) Bone Fil
Avea: Mg-1 (74.1 + 12.3%)
Mg-2 (68.1 + 24.1%) Mg-3
(72.4  11%) Control (63.3
18.3%) (0 < 0.05) New bone
formation: Mg-1 (510.8% +
167.2 um) Other groups.
(830-370 pm) (p = 0.109)

Bone Area ratio a. MgHA =
36.76% b. HA = 27.26%

(p <0.01)

Bone implant contact a.
MgHA = 52.57% b. HA =
34.06% (o < 0.01)

Micro-CT analysis
Trabeoular bone architecture
and osseointegration was
significantly improved with
MgHA compared to HA
group

MicroGT

Bone volume/total volume:
Sr-HA = 40.2 + 2. Mg-HA =
303+ 157n-HA =286+
12HA=238+12

Bone area ratio: At 12 weeks,
Increased by Sr-HA = 1.51
fold Mg-HA = 1.28 fold Zn-HA
= 1.23 fold Compared to HA
(0 <0.05)

Bone implant contact: At 12
weeks, Increased by Sr-HA =
1.81 fold Mg-HA = 1.61 fold
Zn-HA = 154 fold Compared
to HA (0 < 0.05)

Bone implant contact (%) At 2
weeks: EDMHA group:
61.77 £ 8.53 EDHA: 44.17
12.35 (p = 0.086) Bone area
(%) At 2 weeks: EDMHA
group: 40.30 + 10.67 EDHA:
38.39 + 23.25 (p = 0.831)
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No

Author, year/
Cell type

Gorrieri et al.
(2006)/MG63-
Osteoblast like
cells

Jiang et al.
(2014)(BMSCs

Mihailescu et al.
(2016)/Hep-2
epithelial cells

Onder et al.
(2018)rBMSCs

Pardun et al.
(2015)/Human
Osteoblast

Parketal. (2013)/
MC3T3-E1 cells

Wonetal. (2017)/
hBM-MSCs

Xie et al. (2000)/
BMSCs

Yuet al. (2016)/
rBMSCss

Zhao et dl.
(2013/MC3T3-
E1 cells

Type of
coating

Calcium Mg
carbonate

Mg30
Mg60*

BHA MgF2*

BHA MgO

Low Mg%"
High Mg%

Mgo

MgF2

Ti-Mg
T-MgHA

Mg-ion
implanted
surface

Mg siicate

Zn-MgPIl*

MgPli

EDMHA

Cell morphology

Spindle-shaped and
actin expression was
localized

Spindle-shaped
Spindle-shaped with
actin filaments.

Flat cells and spread
extensively
Flat cells and spread
extensively

Flattened cells with wide
extracellular membrane
bridge

Polygonal shape with
compact bodies and
short celular extension

Increased cell density
and fiopodia extension
promoting initial
adhesion and spreading
Increased cell density
and fiopodia extension
promoting initial
adhesion and spreading

Cell
proliferation

Osteogenic markers Collagen
ALP OCN OPN BSP ARB-1/ RUNX coL-1
MAN2B1 -2
T = = s . .
P . = =
L R R - - -
. . T . .
. N . .
1 - - 1
o - - )
o . . .
VI . . .
[ - - T
T - - - T
T E T T
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Anti-
bacterial
activity
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Design Abutment (MPa) Cortical bone (MPa) Cancellous bone (MPa) Connector (MPa)

1 10.84 11.48 1.29 27.07
2 8.05 11.32 1.25 24.79
3 6.24 11.24 1.05 45.42
4 6.64 14.95 127 38.27
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Author

Teixeira et al.
(2018)

Vieira Costa e
Siva et al. (2018)

Haghgoo et al.
(2014)

Soekanto et al.
(2017)

Sayed et al.
(2020)

Gultom et al.
(2019)

Pathogens studied

Streptococcus mutans

Streptococcus mutans

Streptococcus mutans and
Streptococcus salivarius

Streptococcus mutans and
Enterococcus faecalis

Streptococcus mutans and
Streptococcus salivarius

Streptococcus mutans and
Enterobacter faecalis

Comparator

NaF toothpaste

NaF and Deionized water

Different concentrations of NSF
(0.1%, 0.5%, 1%, 2.5%, and 5%)

Propolis fluoride and SDF

NaF vamnish

SDF

Tests done

Microdilution tests, Anti-
adherence and anti-acid
effects

Enamel adhesion and acid
production

Bacteria per millimeter

MIC, MBC

Agar diffusion test

Viabilty of Biofiim in various
stages of maturation

Research findings

NSF had a MIC of 30 ppm against Streptococcus
mutans. NSF-containing dentifrices out performed
NaF-containing dentifrices in inhibiting bacterial
attachment to the tooth surface (MIC of NaF
dentifiice 180 pprm). NSF-containing dentifrices
were able to avoid the pH drop

When compared to the negative control, NaF
(positive control) and NSF were helpful at averting pH
reduction, with NSF outperforming both the positive
and negative controls

Streptococcus mutans and Streptococcus salivarius
were both vulnerable to nanosiver vamish, with
Streptococcus salivarius being more susceptible
than Streptococcus mutans. In the presence of
varishes containing 1% nanosiver or higher, the
population of microorganisms was reduced

PPF had a 3% MIC for Streptococcus mutans and a
10% minimum bactericidal concentration (MBC).
PPF had a MIC of 6% for Enterobacter faecalis.
NSF’s MIC and MBC for Streptococcus mutans
were 3.16% and 4.16%, respectively. For
Enterobacter faecalis, the NSF MIC was 3.16%,
whereas the MBC was 4.16%. Apparently NSF and
PPF reduced biofim development in a dose-
dependent manner

When the concentration of NSF was raised, the
mean value of inhibition zone size (mm) rose. As the
concentration of NSF was increased, the mean value
of the inhibitory zone (mm) for Streptococcus
salivarius decreased. In both bacterial strains,
traditional fluoride varnish had no inhibitory zones

NSF was comparable with Silver Diamine Fluoride in
inhibiting formation of Enterobacter faecalis and
Streptococcus mutans biofim
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Author, Year

Zhao et al.
(2020)

Teixeira et al
(2018)

Nozari et al.
(2017)

Siva et al,
(2019)

Ata (2019)

Nanda and Naik
(2020)

Akyildiz and
Stnmez (2019)

El-Desouky
et al. (2021)

Samples

Third molars

Deciduous
teeth

Primary
anterior teeth

Human teeth

Premolars

Premolars

Sound Third
molars

Primary teeth

Experimental group

19%-12% SDF, 2%-2.5% NaF
+ AgNps

NSF NaF

Group 1: 5% NaF vamish
Group 2: n-HAP serum Group
3:NSF

Group 1: NSF Group 2: NaF

Group 1: Control Group 2: NSF
Group 3: N-HAP Group 4:CPP-
ACP paste

Group 3: NSF + GIC Group 4:
NSF + composite

NSF group Sodium Fluoride
group SDF group

NSF group (1a) Fluoride Varnish
Group (lla)

Control group

Deionized water

Deionized water

Group 4: no
agent

No agent

No treatment

Group 1: GIC
Group 2:
Composite

No treatment

No treatment
(Ib, llb)

Tests done

SEM, Micro CT

Vickers microhardness, OCT

Vickers microhardness Atomic
Force microscopy

Optic coherence Tomography,
Vickers microhardness,
Fluoresence spectroscopy

Vickers Microhardness

Vickers microhardness

Vickers Microhardness, SEM
images

Vickers Microhardness, Polarized
Light microscopy

Research findings

NSF and NaF proved equally successful in
remineralizing enamel, with a statistically
significant difference (o 0.001) when

compared to deionized water, but no
distinction is made between them

There is no statistically sigrificant difference
in VHN between the NSF and NaF

dentifiices. OCT analysis demonstrates that
the NaF and NSF dentifrices behave similarly

NSF is perhaps the most effective in
remineralization. In terms of remineralizing
early caries, both NaF vamish and n-HAP
serum performed similarly

The extinction coefficients of the NaF and
nanosilver fluoride groups were similar, but
the negative group had a lower extinction
coefficient

The highest SMH values were observed in
NSF group (mean: 238.84 + 20.31)

The mean microhardness value of GIC and
composite groups pretreated with NSF was
more than the non-treated group, indicating
lesser demineralization

NSF group showed maximum mineral
deposit on enamel surface

Both NSF and Fluoride vamish is equally
effective
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Author, Year

Amaud et al. (2021)

Freire et . (2017)

Nagireddy et al,
(2019)

Tirupathi et al. (2019)

Butron-Téllez Girén
etal. (2017)

dos Santos et .
(2014)

Al-Nerabieah et al,
(2020)

Study sample
337 chidren aged between 5 and

7 years

12 school children of both genders,
between 7 and 8 years

100 deciduous molars from 60
children

159 active dentinal carious lesions
in primary molars (fom 50 childrer)

22 chidren aged from 1 to 6 years

Primary teeth (130) in chidren

83 preschoolers with 164 active
lesions

Comparison

NSF 600—Intervention and NSF 400 —Positive
control

NSF- Experimental group Saline- Control group

NSF- Experimental group Saline- Control group

5% Nano-siver fluoride varnish - Experimental group
SDF—Control group

Experimental group- Fluoride varnish added with
0.1% AgNPs Control group- Commercial fluoride
varnish

NSF —Experimental group Water- Control group

Combination of Nano-Silver Fluoride and Green Tea
Extract (NSF-GTE) with SDF

Research findings

When compared to NSF 400 (56.5%), NSF 600 had
greater performance level in preventing caries (72.7%,
p=0025)

In comparisonto the other groups, NSF had lower CFU
numbers. Streptococcus mutans growth in enamel
treated with NSF is reduced

After 7 days, 78% of teeth in the NSF group exhibited
arrest of dentine caries, whereas 72.91% showed
arrested caries after 5 months and 65.21% after

12 months

Success rate of 7% at the end of twelve-month follow
up with Nano-silver fluoride varnish

Teeth that had been lacquered with AgNPs showed a
lower mean fluorescence intensity than those that had
been painted with commercial varnish

72.7% of the NSF group had halted decay, whereas
27.4% of the control group had 66.7% of lesions
treated with NSF were stil arrested after a year

At the end of 6 months, NSF-GTE and SDF had total
arrest rates of 67.4% and 796
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27
28
29
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34

35

36

37
38
39
40

4
42
43

44
45

Modification

Dental resin composite containing ZnO NP
Flowable resin composite with ZnO NP

Flowable resin composite with ZnO NP

Zn0 NP + resin-based dental composites

Zn0 NP

Zn0 NP and GIC

ZnO NP added into dental adhesive systems

ZnO NP added into dental adhesive systems

ZnO NP added into dental adhesive systems

ZnO NP used as interim cements

Zn0 NP

‘Combination of ZnO NP and EDTA solution as irrigant
Addition of ZnO NP, calcium hydroxide NPs and
chlorhexidine as intracanal medicament

Zn0 NP as sealer

ZnO NP as nanosealer

Zn0 NP

ZnONP added into gutta percha cones

ZnO NP in Zinc-Bioglass

Zn0 NP in Zinc-Bioglass and Calcium Phosphate
Cement

Zn0 NP containing composite membranes of
PCL/GEL

Zn0 NP containingelectrospun membranes of
PCL/GEL

ZnO NP and serum albumin microspheres with
minocycine

Zn0O NP added into PMMA in denture bases
Zn0 NP incorporated into Auto-polymerized acrylic
resins

ZnO NP added into Tissue conditioner
Combination of ZnONP, chitosan and Ag NP

2ZnO NP in silicone prosthesis
ZnO NP coating in NiTi wires

ZnO NP and citosan NPs in resin-based dental
composite bonding agents

ZnO NP

ZnO NPs and Ag NPs

ZnO NPs

ZnO NPs

Combination of ZnO NPs, Quercetin, Ceftriaxone,
Ampicilin, Naringin and Amphotericin B

ZnO NPs
2ZnO NPs and PEG

ZnO NPs and daunorubicin for UV irradiation
ZnO NPs

ZnO NPs

ZnO NPs on implant surface

ZnO NP on implant surface
Zn0 NPs on implant surface
Zn0 NPs incorporated into dentifrice

Zn0 NPs nanogels
ZnO NPs.

Effect

Inhibition of adhesion of S. mutans
Decreased microleakage

Decreased microleakage

Anti-bacterial activity against . sobrinus
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