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Abstract

:

Zeolites and zeolitic imidazolate frameworks (ZIFs) are crystalline aluminosilicates with porous structure, which are closely linked with nanomaterials. They are characterized by enhanced ion exchange capacity, physical–chemical stability, thermal stability and biocompatibility, making them a promising material for dental applications. This review aimed to provide an overview of the application of zeolites and ZIFs in dentistry. The common zeolite compounds for dental application include silver zeolite, zinc zeolite, calcium zeolite and strontium zeolite. The common ZIFs for dental application include ZIF-8 and ZIF-67. Zeolites and ZIFs have been employed in various areas of dentistry, such as restorative dentistry, endodontics, prosthodontics, implantology, periodontics, orthodontics and oral surgery. In restorative dentistry, zeolites and ZIFs are used as antimicrobial additives in dental adhesives and restorative materials. In endodontics, zeolites are used in root-end fillings, root canal irritants, root canal sealers and bone matrix scaffolds for peri-apical diseases. In prosthodontics, zeolites can be incorporated into denture bases, tissue conditioners, soft denture liners and dental prostheses. In implantology, zeolites and ZIFs are applied in dental implants, bone graft materials, bone adhesive hydrogels, drug delivery systems and electrospinning. In periodontics, zeolites can be applied as antibacterial agents for deep periodontal pockets, while ZIFs can be embedded in guided tissue regeneration membranes and guided bone regeneration membranes. In orthodontics, zeolites can be applied in orthodontic appliances. Additionally, for oral surgery, zeolites can be used in oral cancer diagnostic marker membranes, maxillofacial prosthesis silicone elastomer and tooth extraction medicines, while ZIFs can be incorporated to osteogenic glue or used as a carrier for antitumour drugs. In summary, zeolites have a broad application in dentistry and are receiving more attention from clinicians and researchers.
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1. Introduction


Zeolites are microporous aluminosilicate crystalline materials that can be naturally mined and synthesized. They possess pores and cavities that exchange water, ions and polar molecules with their surroundings [1]. These pores give zeolites ion exchange properties and absorption capacity, allowing them to combine with metal ions to exert antibacterial activities. Zeolites have high chemical stability, thermal stability and biocompatibility [2]. Because of these promising properties, they have been used in a wide range of industrial, agricultural, food and pharmaceutical applications.



Zeolites’ main elements include oxygen, silicon and aluminium. Their structure consists of a three-dimensional framework of silicate [SiO4]4− and sluminate. [AlO4]5− tetrahedra, connected by shared oxygen atoms [3]. Zeolites’ properties are related to their elemental composition and structure. Pure silica zeolites without aluminium contain silicon in all tetrahedra and have a neutral and stable framework [4]. In contrast, silica zeolite with aluminium components has tetrahedral frameworks that are unbalanced in charge. Zeolites’ polarity decreases with increasing silicon content. Therefore, high-silica zeolites tend to be more thermally and chemically stable and have more hydrophobic surfaces [5], tending to favour low-charge-density (large and monovalent) cations for ion exchange. Low-silica zeolites, on the other hand, are more likely to exchange with high-charge-density (small and multivalent) cations due to their high polarity. Zeolites can be classified based on their silica/aluminium ratio as low-silica zeolites (silica/aluminium ratio below 2), medium-silica zeolites (silica/aluminium ratio between 2~5) and high-silica zeolites (silica/aluminium ratio greater than 5) [6].



Zeolites present a three-dimensional molecular sieve skeleton structure. The [SiO4]4− and [AlO4]5− tetrahedral framework is the primary building unit, and these primary units can be arranged to form secondary building unit polycyclic structures, where the zeolite ring usually consists of 4, 5, 6, 8, 10 or 12 tetrahedra [7]. The greater the number of tetrahedra in a single ring, the larger the zeolite’s pore size. The secondary building units are arranged in various geometries to form a composite building unit’s molecular sieve cage structure. The type of skeleton structure of a molecular sieve determines the zeolites’ porosity, pore size and surface area. Structurally, zeolites are classified based on the size of the smallest pores present in the structure as small-pore zeolites (minimum pore size between 3~5 Å, SBU consisting of 8–9 tetrahedra), medium-pore zeolites (minimum pore size between 5~6 Å, SBU consisting of 10 tetrahedra), large-pore zeolites (minimum pore size between 6~7.5 Å, SBU consisting of 12 tetrahedra) and very-large-pore-size zeolites (minimum pore size > 7.5 Å, SBU consisting of >12 tetrahedra) [6]. Zeolites with larger pores and hence higher porosity have a greater ion exchange capacity. Small-pore zeolites include sodalite (SOD), clinoptilolite (HEU) and zeolite A (LTA); medium-pore zeolites include ZSM-5 (MFI) and ferrierite (FER); and large pore zeolites include zeolite X, Y (FAU), mordenite (MOR), zeolite beta (BEA) and EMC-2 (EMT) (Figure 1).



Zeolitic imidazolate frameworks (ZIFs) are a type of Metal–Organic Framework (MOF), which have nano-/microporous structures consisting of metal ions and organic units [9]. Compared with other MOFs, ZIFs have higher thermal, chemical, and water stability [10], and are suitable for biomaterial applications as a carrier for drugs or metal ions. ZIFs are composed of metal ions (e.g., Fe, Co, Cu, Zn) and organic units that are connected by imidazolates. The structure is topologically isomorphic to zeolites [11]. Their metal–imidazolium–metal angle is similar to the 145° Si-O-Si angle in zeolites [12].



ZIFs can be classified according to their topological zeolite-like structure into POZ (ZIF-95), RHO (ZIF-11, ZIF-12, ZIF-71), LTA (ZIF-20, ZIF-21, ZIF-76), SOD (ZIF-8, ZIF-67, ZIF-90, ZIF-91), GME (ZIF-68, ZIF-69, ZIF-70, ZIF-78, ZIF-80, ZIF-82), MER (ZIF-60), DFT (ZIF-3), ANA (ZIF-14), and GIS (ZIF-6, ZIF-74, ZIF-75) [13]. Different synthetic routes and experimental conditions allow the formation of ZIFs with different structures. These types of ZIFs combine the properties of MOFs and zeolites [14]. Taking the SOD-structured ZIF as an example, SOD-ZIF possesses the same structure as SOD-zeolite; however, the pore sizes of 11.6 Å [15] of SOD-ZIF are much larger than the 2.8 Å of SOD-zeolite [16]. The large pore size implies that ZIFs possess stronger ion exchange capacity and adsorption capacity, which make it a very promising material [17].



Due to the distinctive architecture of zeolites and ZIFs, these materials are closely linked with nanomaterials. The presence of micro- or nano-pores within their structure enables the encapsulation of nanoparticles, thereby providing a diverse array of functionalities. Zeolite and ZIFs’ physical and chemical properties and structure make them promising materials for dental applications. The research on the application of zeolites and ZIFs in dentistry has gradually increased in recent years. Previous reviews on application of zeolites in dentistry focused on the available materials and did not cover metal derivatives of zeolites. There is also a lack of discussion on the use of ZIFs in dentistry. Therefore, the aim of this review is to provide an overview of the application of zeolites and ZIFs in dentistry.




2. Literature Search


We performed a systematic search in five common databases, namely PubMed, Cochrane Library, EMBASE, Scopus and Web of Science. In the search, the keywords used were ((zeolite) OR (ZIF)) AND ((dentistry) OR (dental material)). This review includes all publications on the application of zeolites and ZIFs in dentistry. The included studies were limited to articles published in English on or before 1 October 2023. We removed duplicate articles. We excluded studies on zeolites in fields other than dentistry, microbial studies irrelevant to dentistry or oral health, abstracts, conference papers, literature reviews and systematic reviews. We ultimately included 61 articles in this narrative review. Figure 2 presents the study selection process.




3. Zeolites for Dental Application


Zeolite compounds for dental applications are mostly combined with metals or metal derivatives. The zeolite compounds in dental materials are silver zeolite, zinc zeolite, calcium zeolite and strontium zeolite.



3.1. Silver Zeolite


Silver zeolite has an aluminosilicate framework containing silver. Its antibacterial properties are mainly derived from the release of silver [18]. The silver can be in various forms, namely silver ions, charged silver clusters and metallic silver nano ions [19]. The distribution pattern of silver depends on the zeolite’s structure and the silicon-to-aluminium ratio. Silver zeolite’s chemical stability contrasts with its cation exchange capacity. The stronger the cation exchange capacity, the easier it is for silver ions to dissociate from the zeolite framework for aggregation or exchange with other cations [19]. The amount of silver ion released is related to the zeolite’s specific surface area and pH value [20]. Silver zeolite has good biosafety and has been used in food preservation as well as disinfection of medical devices and materials [21].




3.2. Zinc Zeolite


Zinc zeolites include zinc-cationic zeolites and zinc-oxide zeolites. In general, zinc zeolites have strong stability because zinc has a stabilizing effect on the metal–zeolite system [22]. Zinc zeolites have antibacterial and anti-inflammatory properties and osteogenic activity. Zinc zeolites’ antibacterial properties come from the release of zinc ions [23]. The generation of reactive oxygen species (ROS), including hydrogen peroxide, hydroxyl radicals and superoxide ions [24], also contributes to zinc zeolites’ antibacterial properties.




3.3. Calcium Zeolite


Calcium zeolite has a stable particle size and molecular sieve shape and steadily releases calcium ions. In the oral environment, calcium zeolite can deliver calcium ions to the tooth surface, rebuild the hydroxyapatite structure of dentin and enamel, and fill in the gaps where hard tissue demineralization occurs due to bacteria-generated acid, thus showing remineralization potential [25]. In addition, the combination of calcium ions and zeolite can enhance the physical adsorption of zeolite [26]. Apart from the calcium ion zeolite, the zeolite–hydroxyapatite material also releases calcium ions and has a remineralization potential [27].




3.4. Strontium Zeolite


Strontium zeolite can release Sr2+ ions sustainably. It can promote dentin remineralization. Strontium ions (Sr2+) can replace Ca2+ in the apatite structure in the dental hard tissue and bone tissue to promote the proliferation and differentiation of human dental pulp stem cells [28].





4. ZIFs for Dental Application


The most commonly used ZIFs in dentistry are ZIF with SOD structures, including ZIF-8 and ZIF-67.



4.1. ZIF-8


ZIF-8 consists of zinc ions (Zn2+) and 2-methylimidazole (2-MIM). It has the advantages of a large surface area with a porous structure, low density, high thermal stability, strong resistance to hydrolysis [29], high biocompatibility [30,31], and stable release of zinc ions [32]. Zinc ions released from ZIF-8 promotes bone regeneration by up-regulating the expression of osteogenesis-related genes and osteogenic proteins [33], activates multiple osteogenesis pathways and activates growth factors [34]. ZIF-8 has pH-responsive properties. ZIF-8 is stable in water and alkaline solutions but breaks down rapidly in acidic environments [35].




4.2. ZIF-67


ZIF-67 consists of cobalt ions (Co2+) and 2-methylimidazole (2-MIM), which also has the advantages of large surface area, controlled pore size, good biocompatibility, and biodegradability [36]. ZIF-67 is also pH-responsive. ZIF-67 is stable under neutral conditions, whereas under acidic conditions, ZIF-67 can rapidly decompose and release Co2+ [37,38].





5. Dental Applications of Zeolites and ZIFs


Zeolites have been employed in various areas of dentistry, such as restorative dentistry, endodontics, prosthodontics, implantology, periodontics, orthodontics and oral surgery. In restorative dentistry, zeolites are used as antimicrobial additives in dental adhesives, temporary filling materials and restorative materials. In endodontics, they are used in root-end fillings, root canal irritants, root canal sealers and bone matrix scaffolds. In prosthodontics, zeolites can be incorporated into denture bases, tissue conditioners, soft denture liners and dental prostheses. In implantology, zeolites are applied in dental implants, bone graft materials, bone adhesive hydrogels, drug delivery systems and electrospinning. In periodontics, they can be applied as antibacterial agents for deep periodontal pockets, guided tissue regeneration membranes and guided bone regeneration membranes. Zeolites are also used in orthodontic appliances in orthodontics and in oral cancer diagnostic marker membranes, maxillofacial prosthesis silicone elastomer, osteogenic glue and tooth extraction medicines for oral surgery (Table 1).



5.1. Restorative Dentistry


Silver zeolite and zinc zeolite have been used to enhance the antimicrobial properties of adhesives and restorative materials. Calcium zeolite can be relied upon for its antimicrobial and remineralising properties, which protect the tooth structure by reducing the removal of deep carious tissue and minimising the risk of pulpal exposure. In addition, restorative materials modified with zeolites and ZIFs are mechanically stronger than conventional resin-based materials and are more conducive to bonding system stability.



5.1.1. Zeolite/ZIF-Modified Adhesives


Zeolites have been used to modify dental adhesives. Zeolites containing zinc and silver can be added with dental adhesive to improve their antibacterial properties, biocompatibility and wettability, thereby improving the long-term bonding strength between resin and dentin [39].



ZIFs have also been used to improve the dental adhesives’ viscoelasticity [40,41], adhesion strength [41] and thermal stability [42]. The zinc ions in ZIF-8 can inhibit the hydrolytic degradation of collagen fibres in dentine, which enhances the strength of the resin–dentin interface and prolongs the service life of adhesives and the bonded dental fillings [43].




5.1.2. Zeolite-Loaded Restorative Materials


Zeolites have been loaded into restorative materials to improve their antimicrobial and physical properties. The zeolite-loaded resin-based restorative material presented a lower amount of bacterial attachment than unmodified resin [44]. In addition, the wettability of zeolite-loaded restorative materials was lower, indicating decreased solubility [44]. Calcium zeolites can improve the restorative materials’ remineralising properties by providing calcium ions sustainably to the dental hard tissue [27,45]. Silver–zinc zeolite was added to the temporary filling material to inhibit the growth of Streptococcus pyogenes, Streptococcus pneumoniae, Streptococcus salivarius and Streptococcus haematogenic through the stable release of silver and zinc ions [46].





5.2. Endodontics


In endodontics, silver zeolite with antimicrobial properties can be added in root-end fillings, root canal irrigants, and root canal sealers. Zeolite compounds and ZIF-modified materials with antimicrobial and anti-inflammatory properties show potential in endodontic application. Further studies are needed to investigate the irritating effects of zeolite compounds and ZIFs on the dental pulp.



5.2.1. Zeolite-Incorporated Materials for Root-End Fillings


Silver zeolite-incorporated mineral trioxide aggregate, a root-end filling material, has shown antibacterial activity against Enterococcus faecalis [47]. However, the addition of zeolites decreases the material’s compressive strength and push-out bond strength [48,49].




5.2.2. Zeolite-Incorporated Materials for Root Canal Irrigants


Silver zeolite-incorporated root canal irrigants can inhibit the formation of biofilms of Enterococcus faecalis, Staphylococcus aureus and Candida albicans [50].




5.2.3. Zeolite-Incorporated Materials for Root Canal Sealers


Silver zeolite-incorporated root canal sealers increased adhesion to dentin [51] and can provide better filling capacity for complex anatomical root canal structures [52]. It can also effectively inhibit the adherence of Enterococcus faecalis [53], Streptococcus miller and Staphylococcus aureus [54,55].





5.3. Prosthodontics


In prosthodontics, silver zeolite and zinc zeolite can be added to dental prostheses, tissue conditioners, denture bases, and soft denture liners to exert antimicrobial effects, enhance the bond strength of restorations, and increase the surface hardness and smoothness of denture bases. However, the effect of zeolites on the physical properties of the materials has not been accurately determined, and further research is thus needed.



5.3.1. Zeolite-Infiltrated All-Ceramic Dental Prostheses


The zeolite-infiltrated all-ceramic prosthesis enhanced its aesthetic properties and adhesive properties [56]. This prosthesis showed better aesthetic performance because the alumina in the zeolite effectively intercepted the incoming light, weakening the light transmission [56]. Zeolite-infiltrated all-ceramic laminated veneers enhanced the bonding strength to the inner core and prevented the veneer from chipping off [57]. Because zeolite-infiltrated all-ceramic veneers present similar thermal expansion properties with the porcelain dental core, it reduces stress concentrations due to mismatches in the coefficients of thermal expansion, thereby increasing the bond strength of the two. In addition, zeolites do not affect the infiltrated prostheses’ inherent mechanical properties.




5.3.2. Zeolite-Incorporated Tissue Conditioners


Silver-zeolite-incorporated tissue conditioners present an antibacterial effect against Candida albicans, Staphylococcus aureus and Pseudomonas aeruginosa [58]. The addition of silver zeolite does not affect the inherent dynamics of viscoelasticity tissue conditioners [59].




5.3.3. Zeolite-Loaded Denture Bases


The acrylic resin denture base loaded with silver–zinc zeolite has a stronger antibacterial effect [60,61], a higher surface hardness and a smoother surface than the conventional denture base [62]. In addition, zeolites increase the denture base’s opacity, which may have an aesthetic impact [60]. However, the addition of zeolites reduces the denture base’s deformation resistance and impact strength [63].




5.3.4. Zeolite-Incorporated Soft Denture Liners


The addition of silver–zinc zeolites to the soft denture liner enhances its antimicrobial effect and physical strength [64]. Soft denture liners loaded with Ag-Zn zeolite nanoparticles have a long-term antifungal effect than those with fluconazole [65].





5.4. Implantology


In implantology, strontium zeolite, ZIF-8 and ZIF-67 can provide antimicrobial and osteogenic properties in dental implant-related materials. Current materials used for bone regeneration and reconstruction have limitations that prevent them from combining mechanical strength, biocompatibility and osteogenic activity at the same time. ZIFs present corrosion resistance, good antimicrobial properties, high biocompatibility, and the ability to induce bone mineralisation and regeneration, making them suitable when used as coatings on implants and scaffolds. The application of zeolites and ZIFs in implantology brings more options for clinical treatments.



5.4.1. Zeolite/ZIF-Coated Implants


Titanium dental implants coated with strontium zeolite show enhanced biocompatibility, corrosion resistance, osteogenesis and osseointegration [66]. Zinc zeolite-coated implants showed enhanced bone cell activity and promoted osteogenesis and bone integration [67], reducing the risk of implant loosening [68,69]. In addition, zeolites combined with silver ions, zinc ions or other metal ions have strong antibacterial properties and great potential when applied in dental and bone implants [70]. ZIF-8- and ZIF-67-coated dental and orthopaedic titanium implants have strong antimicrobial properties, corrosion resistance and biocompatibility [71,72].




5.4.2. ZIF-Coated Bone Graft Materials


ZIF-8 can modify biphasic calcium phosphate ceramics (BCP), a bone graft material, by coating the surface. The ZIF-8-coated BCP altered the ceramics’ surface chemistry and can effectively promote cell attachment, proliferation, osteogenic differentiation and bone regeneration [73].




5.4.3. ZIF-Modified Bone Adhesives


The bone adhesive modified with ZIF-8 nanoparticles has strong antibacterial properties, wet adhesion, crosslinking density and mechanical strength. It performs better than normal bone adhesives in stabilizing the environment of bone grafts, promoting osteogenic differentiation and preventing the deformation and collapse of bone grafts under external forces [74].




5.4.4. ZIF-Loaded Drug Delivery System


The drug delivery system loaded with ZIF-8 nanoparticles more effectively promoted periosteum vascularization and vascular coupling than drugs not loaded with zeolites in the treatment of extensive bone defects. The half-life of the drug such as desferriamine or dimethyloxallyl glycine in the system was prolonged, preventing its rapid clearance in plasma [75,76].




5.4.5. ZIF-Modified PCL Electrospinning


The electrospinning of polycaprolactone (PCL) modified with ZIF-8 nanoparticles has the potential to promote bone regeneration in implant surgery by inducing neovascularization. Moreover, it has the advantages of high porosity, stable physical properties, slow release of zinc ions and a controlled degradation rate [77].




5.4.6. ZIF-Modified Post-Implantation Drugs


The manganese-doped ZIF-8 can inhibit over-reactive inflammation and prevent wound infections after implant surgery [78]. It releases manganese ions and zinc ions simultaneously, presenting both bactericidal and anti-inflammatory functions.





5.5. Periodontics


In periodontics, silver zeolite and ZIF-8-loaded deep periodontal pocket drugs can reduce the bacterial load and alleviate inflammation. They are promising in both the basic and surgical treatment stages of periodontal disease. ZIF-embedded guided tissue/bone regeneration membranes can promote periodontal tissue and alveolar bone regeneration.



5.5.1. Zeolite/ZIF-Loaded Drugs for Deep Periodontal Pockets


The silver-zeolite-loaded drug for deep periodontal pockets inhibited common Gram-negative bacteria, including Pseudomonas gingivalis, Pseudomonas intermedia and Pseudomonas actinomyces, and Gram-positive bacteria pathogenic bacteria under anaerobic conditions. Therefore, it can be used as an antibacterial drug for patients with periodontitis [79].



ZIF-8-loaded deep periodontal pocket drugs have antibacterial and anti-inflammatory effects [80,81] and osteogenic properties, which can promote alveolar bone regeneration in patients with periodontal bone loss [82].




5.5.2. ZIF-Embedded Guided Tissue/Bone Regeneration Membranes


A functional guided tissue regeneration (GTR) membrane coated with ZIF-8 nanoparticles has a porous structure and randomly oriented nanofibers, which can effectively prevent cell migration across the membrane barrier [83]. Zinc ions’ antibacterial action can prevent bacterial infection after GTR.



A guided bone regeneration (GBR) membrane coated with ZIF-8 nanoparticles has good antibacterial properties, an asymmetric porous structure and suitable porosity and pore size, which are conducive to the growth of bone tissue [84]. In addition, the ZIF-8 nanoparticles’ modified GBR membrane is conducive to the primary attachment, growth and proliferation of dental pulp stem cells [85]. However, the modified film’s mechanical properties were slightly reduced.





5.6. Orthodontics


In orthodontics, zinc-oxide zeolite is used to modify orthodontic brackets to provide an antibacterial effect and prevent dental plaque attachment around the brackets.



5.6.1. Zeolite-Modified Orthodontic Brackets


Zeolite can be used to modify the orthodontic bracket in orthodontic treatment, mainly as an antibacterial agent. The orthodontic bracket modified with zinc-oxide zeolite has a strong antibacterial effect against Klebsiella pneumoniae and Escherichia coli [86]. However, the bracket’s bending strength decreases with the increase in zinc-oxide zeolite concentration.




5.6.2. Zeolite-Based aPDT Photosensitizer


Antimicrobial photodynamic therapy (aPDT) is a method for orthodontic bracket cleaning. This method uses light to activate photosensitizers that produce ROS to kill bacteria. Zinc-oxide zeolite-based aPDT photosensitizers have a strong bactericidal effect on the cariogenic microbial biofilm formed on the orthodontic bracket. Additionally, they promote remineralisation on the demineralised enamel around the bracket [87].





5.7. Oral Surgery


In oral surgery, zeolite and ZIFs are mainly used for post-extraction treatment, cranial and maxillofacial bone restoration, and oral oncology. Zeolites can be used to promote resorption and bone healing in post-extraction sockets. Zeolites and ZIF-8 can be added to bone glue and maxillofacial silicone elastomers to increase their mechanical strength and promote bone regeneration. ZIF-8 can be used to transport antitumour drugs. In addition, currently ZIFs have the potential to be designed as stimulus-responsive drug delivery systems to stimuli including light, heat, and magnetism [88]. They can also be used as immune checkpoint inhibitors, immune adjuvants or carriers of cancer vaccines for the immunotherapy of tumours [89].



5.7.1. Zeolite-Modified Bone Matrix Scaffold


A bone matrix scaffold modified by nano-zeolites has improved osteogenic properties, compressive strength and surface hardness compared to an unmodified scaffold [90,91]. A bone matrix scaffold modified by nano-zeolites promotes bone formation by promoting the adhesion of calcium and phosphate ions and apatite crystallization [92]. Zeolite nanoparticles have strong interaction with plasma proteins [93]. Silicon in zeolites plays an important role in the formation of hard tissue in the early stage of bone calcification [94]. Some zeolites can also increase intracellular ALP activity, thereby enhancing the proliferation and osteogenic reaction of human dental pulp stem cells [90].




5.7.2. Zeolite-Loaded Oral Cancer Detection Membrane


A detection membrane loaded with zeolites can be used for the diagnosis of oral cancer [95]. The detection membrane analyses the volatile organic compound (VOC) spectrum of the patient’s saliva and diagnoses the condition based on the potential markers of oral squamous cell carcinoma displayed on the VOC spectrum. However, the authors of this study did not explain the role of zeolites in the detection membrane.




5.7.3. Zeolites Act as a Drug after Tooth Extraction


Zeolites (clinoptilolite) can be used as a drug after tooth extraction to promote wound healing and new bone formation [96]. Due to zeolites’ ion exchange and absorption properties, they can detoxicate the socket by irreversibly absorbing bacteria, histamine and other inflammatory proteins and exudates in the socket. They can also attract blood clots in the socket and promote the formation of granulation tissue, thus easing wound inflammation and promoting healing. Zeolites also provide calcium and silica, which are essential minerals for bone formation.




5.7.4. Zeolite-Modified Maxillofacial Silicone Elastomers


The incorporation of silver–zinc zeolite into maxillofacial silicone elastomers enhances their mechanical properties, allowing the material to better withstand mechanical loading [97].




5.7.5. ZIF-Incorporated Osteogenic Glue


Osteogenic glue is used to repair fractured bone or dislocated teeth. The ZIF-8-incorporated osteogenic glue and its osteogenic effect was conducive to an increase in bone thickness at the fracture site and the growth of new bone tissue [98].




5.7.6. ZIF-Coated Antitumour Drugs


Antitumour drugs coated with ZIF-8 nanoparticles have a higher tumour inhibition rate than uncoated drugs. ZIF-8 can be degraded in the acidic tumour microenvironment, thereby providing better drug delivery [99].






6. Conclusions


Zeolites and ZIFs are crystalline aluminosilicates with porous structure, which are closely linked with nanomaterials. Their structure enhances ion exchange capacity, physical–chemical stability and biocompatibility, making them promising materials for dental applications. The common zeolite compounds for dental applications include silver zeolite, zinc zeolite, calcium zeolite and strontium zeolite, while the common ZIFs for dentistry include ZIF-8 and ZIF-67. Zeolites and ZIFs have been applied in multiple areas of dentistry and show great potential in their application in clinical dental practice.







Author Contributions


Conceptualization, O.Y.Y.; methodology, L.J.L. and O.Y.Y.; writing—original draft preparation, L.J.L.; analysis, L.J.L.; writing—review and editing, C.-H.C. and O.Y.Y.; visualization, L.J.L.; supervision, O.Y.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, Q.; Mayoral, A.; Li, J.; Ruan, J.; Alfredsson, V.; Ma, Y.; Yu, J.; Terasaki, O. Electron Microscopy Studies of Local Structural Modulations in Zeolite Crystals. Angew. Chem. 2020, 59, 19403–19413. [Google Scholar] [CrossRef] [PubMed]

	



Heard, C.J.; Grajciar, L.; Uhlík, F.; Shamzhy, M.; Opanasenko, M.; Čejka, J.; Nachtigall, P. Zeolite (In)Stability under Aqueous or Steaming Conditions. Adv. Mater. 2020, 32, e2003264. [Google Scholar] [CrossRef]

	



Boscoboinik, J.; Yu, X.; Yang, B.; Shaikhutdinov, S.; Freund, H.-J. Building blocks of zeolites on an aluminosilicate ultra-thin film. Microporous Mesoporous Mater. 2013, 165, 158–162. [Google Scholar] [CrossRef]

	



Derbe, T.; Temesgen, S.; Bitew, M. A Short Review on Synthesis, Characterization, and Applications of Zeolites. Adv. Mater. Sci. Eng. 2021, 2021, 6637898. [Google Scholar] [CrossRef]

	



Saint-Cricq, P.; Kamimura, Y.; Itabashi, K.; Sugawara-Narutaki, A.; Shimojima, A.; Okubo, T. Antibacterial Activity of Silver-Loaded “Green Zeolites”. Eur. J. Inorg. Chem. 2012, 2012, 3398–3402. [Google Scholar] [CrossRef]

	



Pérez-Botella, E.; Valencia, S.; Rey, F. Zeolites in Adsorption Processes: State of the Art and Future Prospects. Chem. Rev. 2022, 122, 17647–17695. [Google Scholar] [CrossRef] [PubMed]

	



Moshoeshoe, M.; Nadiye-Tabbiruka, M.S.; Obuseng, V. A Review of the Chemistry, Structure, Properties and Applications of Zeolites. Am. J. Mater. Sci. 2017, 7, 196–221. [Google Scholar] [CrossRef]

	



Baerlocher, C.; McCusker, L.B. Database of Zeolite Structures. Available online: http://www.iza-structure.org/databases/ (accessed on 10 July 2023).

	



Furukawa, H.; Cordova, K.E.; O’Keeffe, M.; Yaghi, O.M. The Chemistry and Applications of Metal-Organic Frameworks. Science 2013, 341, 1230444. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, S.; Tanaka, Y. A Simple Step toward Enhancing Hydrothermal Stability of ZIF-8. ACS Omega 2019, 4, 19905–19912. [Google Scholar] [CrossRef]

	



Park, K.S.; Ni, Z.; Côté, A.P.; Choi, J.Y.; Huang, R.; Uribe-Romo, F.J.; Chae, H.K.; O’Keeffe, M.; Yaghi, O.M. Exceptional Chemical and Thermal Stability of Zeolitic Imidazolate Frameworks. Proc. Natl. Acad. Sci. USA 2006, 103, 10186–10191. [Google Scholar] [CrossRef]

	



Paul, A.; Banga, I.K.; Muthukumar, S.; Prasad, S. Engineering the ZIF-8 Pore for Electrochemical Sensor Applications—A Mini Review. ACS Omega 2022, 7, 26993–27003. [Google Scholar] [CrossRef] [PubMed]

	



Ganiyu, S.A.; Suleiman, M.A.; Al-Amrani, W.A.; Usman, A.K.; Onaizi, S.A. Adsorptive removal of organic pollutants from contaminated waters using zeolitic imidazolate framework Composites: A comprehensive and Up-to-date review. Sep. Purif. Technol. 2023, 318, 123765. [Google Scholar] [CrossRef]

	



Bergaoui, M.; Khalfaoui, M.; Awadallah-F, A.; Al-Muhtaseb, S. A review of the features and applications of ZIF-8 and its derivatives for separating CO2 and isomers of C3- and C4- hydrocarbons. J. Nat. Gas Sci. Eng. 2021, 96, 104289. [Google Scholar] [CrossRef]

	



Daniel, M.; Arianee, S.-V.; Isabel, G.; Eduardo, F.; Carles, C.; José, S. Improving Sensitivity of a Chemoresistive Hydrogen Sensor by Combining ZIF-8 and ZIF-67 Nanocrystals. Proceedings 2017, 1, 462. [Google Scholar] [CrossRef]

	



Cui, L.; Han, R.; Yang, L.; Wu, Y.; Pei, R.; Li, F. Synthesis and characterization of mesoporous sodalite and investigation of the effects of inorganic salts on its structure and properties. Microporous Mesoporous Mater. 2020, 306, 110385. [Google Scholar] [CrossRef]

	



Lin, K.-Y.A.; Chang, H.-A. Ultra-high adsorption capacity of zeolitic imidazole framework-67 (ZIF-67) for removal of malachite green from water. Chemosphere 2015, 139, 624–631. [Google Scholar] [CrossRef]

	



Tan, L.; Yuan, G.; Wang, P.; Feng, S.; Tong, Y.; Wang, C. pH-responsive Ag-Phy@ZIF-8 nanoparticles modified by hyaluronate for efficient synergistic bacteria disinfection. Int. J. Biol. Macromol. 2022, 206, 605–613. [Google Scholar] [CrossRef]

	



Chebbi, M.; Azambre, B.; Cantrel, L.; Huvé, M.; Albiol, T. Influence of structural, textural and chemical parameters of silver zeolites on the retention of methyl iodide. Microporous Mesoporous Mater. 2017, 244, 137–150. [Google Scholar] [CrossRef]

	



Saengmee-anupharb, S.; Srikhirin, T.; Thaweboon, B.; Thaweboon, S.; Amornsakchai, T.; Dechkunakorn, S.; Suddhasthira, T. Antimicrobial effects of silver zeolite, silver zirconium phosphate silicate and silver zirconium phosphate against oral microorganisms. Asian Pac. J. Trop. Biomed. 2013, 3, 47–52. [Google Scholar] [CrossRef]

	



Milenkovic, J.; Hrenovic, J.; Matijasevic, D.; Niksic, M.; Rajic, N. Bactericidal activity of Cu-, Zn-, and Ag-containing zeolites toward Escherichia coli isolates. Environ. Sci. Pollut. Res. Int. 2017, 24, 20273–20281. [Google Scholar] [CrossRef]

	



Mallette, A.J.; Hong, S.; Freeman, E.E.; Saslow, S.A.; Mergelsberg, S.; Motkuri, R.K.; Neeway, J.J.; Mpourmpakis, G.; Rimer, J.D. Heteroatom Manipulation of Zeolite Crystallization: Stabilizing Zn-FAU against Interzeolite Transformation. JACS Au 2022, 2, 2295–2306. [Google Scholar] [CrossRef]

	



Singh, S. Zinc oxide nanoparticles impacts: Cytotoxicity, genotoxicity, developmental toxicity, and neurotoxicity. Toxicol. Mech. Methods 2019, 29, 300–311. [Google Scholar] [CrossRef] [PubMed]

	



Sirelkhatim, A.; Mahmud, S.; Seeni, A.; Kaus, N.H.M.; Ann, L.C.; Bakhori, S.K.M.; Hasan, H.; Mohamad, D. Review on Zinc Oxide Nanoparticles: Antibacterial Activity and Toxicity Mechanism. Nano-Micro Lett. 2015, 7, 219–242. [Google Scholar] [CrossRef] [PubMed]

	



Buchwald, Z.; Sandomierski, M.; Voelkel, A. Calcium-Rich 13X Zeolite as a Filler with Remineralizing Potential for Dental Composites. ACS Biomater. Sci. Eng. 2020, 6, 3843–3854. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Z.; Cai, X.; Feltrin, A.C.; Feng, P.; Kaiser, A.; Akhtar, F. Calcium/strontium chloride impregnated zeolite A and X granules as optimized ammonia sorbents. RSC Adv. 2022, 12, 3491–34917. [Google Scholar] [CrossRef] [PubMed]

	



Okulus, Z.; Sandomierski, M.; Zielińska, M.; Buchwald, T.; Voelkel, A. Zeolite fillers for resin-based composites with remineralizing potential. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2019, 210, 126–135. [Google Scholar] [CrossRef] [PubMed]

	



Dotta, T.C.; Hayann, L.; de Padua Andrade Almeida, L.; Nogueira, L.F.B.; Arnez, M.M.; Castelo, R.; Cassiano, A.F.B.; Faria, G.; Martelli-Tosi, M.; Bottini, M.; et al. Strontium Carbonate and Strontium-Substituted Calcium Carbonate Nanoparticles Form Protective Deposits on Dentin Surface and Enhance Human Dental Pulp Stem Cells Mineralization. J. Funct. Biomater. 2022, 13, 250. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Zhai, X.; Zhao, L. Synthesis of ZIF-8 and ZIF-67 nanocrystals with well-controllable size distribution through reverse microemulsions. Chem. Eng. J. 2016, 289, 59–64. [Google Scholar] [CrossRef]

	



Kaur, H.; Mohanta, G.C.; Gupta, V.; Kukkar, D.; Tyagi, S. Synthesis and characterization of ZIF-8 nanoparticles for controlled release of 6-mercaptopurine drug. J. Drug Deliv. Sci. Technol. 2017, 41, 106–112. [Google Scholar] [CrossRef]

	



Kolmykov, O.; Commenge, J.-M.; Alem, H.; Girot, E.; Mozet, K.; Medjahdi, G.; Schneider, R. Microfluidic reactors for the size-controlled synthesis of ZIF-8 crystals in aqueous phase. Mater. Des. 2017, 122, 31–41. [Google Scholar] [CrossRef]

	



Shuai, C.; Zan, J.; Deng, F.; Yang, Y.; Peng, S.; Zhao, Z. Core–shell-Structured ZIF-8@PDA-HA with Controllable Zinc Ion Release and Superior Bioactivity for Improving a Poly-l-lactic Acid Scaffold. ACS Sustain. Chem. Eng. 2021, 9, 1814–1825. [Google Scholar] [CrossRef]

	



Zhong, L.; Chen, J.; Ma, Z.; Feng, H.; Chen, S.; Cai, H.; Xue, Y.; Pei, X.; Wang, J.; Wan, Q. 3D printing of metal-organic framework incorporated porous scaffolds to promote osteogenic differentiation and bone regeneration. Nanoscale 2020, 12, 24437–24449. [Google Scholar] [CrossRef] [PubMed]

	



Gao, X.; Xue, Y.; Zhu, Z.; Chen, J.; Liu, Y.; Cheng, X.; Zhang, X.; Wang, J.; Pei, X.; Wan, Q. Nanoscale Zeolitic Imidazolate Framework-8 Activator of Canonical MAPK Signaling for Bone Repair. ACS Appl. Mater. Interfaces 2021, 13, 97–111. [Google Scholar] [CrossRef] [PubMed]

	



Cai, W.; Chu, C.-C.; Liu, G.; Wáng, Y.-X.J. Metal-Organic Framework-Based Nanomedicine Platforms for Drug Delivery and Molecular Imaging. Small 2015, 11, 4806–4822. [Google Scholar] [CrossRef]

	



Zhong, G.; Liu, D.; Zhang, J. The application of ZIF-67 and its derivatives: Adsorption, separation, electrochemistry and catalysts. J. Mater. Chem. 2018, 6, 1887–1899. [Google Scholar] [CrossRef]

	



Zhang, X.; Tang, X.; Zhao, C.; Yuan, Z.; Zhang, D.; Zhao, H.; Yang, N.; Guo, K.; He, Y.; He, Y.; et al. A pH-responsive MOF for site-specific delivery of fungicide to control citrus disease of Botrytis cinerea. Chem. Eng. J. 2022, 431, 133351. [Google Scholar] [CrossRef]

	



Pan, Y.; Sun, K.; Liu, S.; Cao, X.; Wu, K.; Cheong, W.-C.; Chen, Z.; Wang, Y.; Li, Y.; Liu, Y.; et al. Core–Shell ZIF-8@ZIF-67-Derived CoP Nanoparticle-Embedded N-Doped Carbon Nanotube Hollow Polyhedron for Efficient Overall Water Splitting. J. Am. Chem. Soc. 2018, 140, 2610–2618. [Google Scholar] [CrossRef]

	



Li, H.; Wang, Y.; Wang, S.; Wang, B.; Wang, X.; Mi, Z.; Fu, J.; Zhang, Z.; Yan, W. Enhancing the Stability of the Resin-Dentin Bonding Interface with Ag+- and Zn2+-Exchanged Zeolite A. ACS Biomater. Sci. Eng. 2022, 8, 1717–1725. [Google Scholar] [CrossRef]

	



Reddy, Y.N.; De, A.; Paul, S.; Pujari, A.K.; Bhaumik, J. In Situ Nanoarchitectonics of a MOF Hydrogel: A Self-Adhesive and pH-Responsive Smart Platform for Phototherapeutic Delivery. Biomacromolecules 2023, 24, 1717–1730. [Google Scholar] [CrossRef]

	



El-Guindy, J.; Selim, M.; El-Agroudi, M. Alternative pretreatment modalities with a self-adhesive system to promote dentin/alloy shear bond strength. J. Prosthodont. Off. J. Am. Coll. Prosthodont. 2010, 19, 205–211. [Google Scholar] [CrossRef]

	



Bim-Júnior, O.; Gaglieri, C.; Bedran-Russo, A.K.; Bueno-Silva, B.; Bannach, G.; Frem, R.; Ximenes, V.F.; Lisboa-Filho, P.N. MOF-Based Erodible System for On-Demand Release of Bioactive Flavonoid at the Polymer-Tissue Interface. ACS Biomater. Sci. Eng. 2020, 6, 4539–4550. [Google Scholar] [CrossRef] [PubMed]

	



Bim-Junior, O.; Alania, Y.; Tabatabaei, F.S.; Frem, R.; Bedran-Russo, A.K.; Lisboa-Filho, P.N. Biomimetic Growth of Metal-Organic Frameworks for the Stabilization of the Dentin Matrix and Control of Collagenolysis. Langmuir 2022, 38, 1600–1610. [Google Scholar] [CrossRef] [PubMed]

	



Rüttermann, S.; Trellenkamp, T.; Bergmann, N.; Raab, W.H.; Ritter, H.; Janda, R. A new approach to influence contact angle and surface free energy of resin-based dental restorative materials. Acta Biomater. 2011, 7, 1160–1165. [Google Scholar] [CrossRef]

	



Sandomierski, M.; Buchwald, Z.; Koczorowski, W.; Voelkel, A. Calcium forms of zeolites A and X as fillers in dental restorative materials with remineralizing potential. Microporous Mesoporous Mater. 2020, 294, 109899. [Google Scholar] [CrossRef]

	



Hotta, M.; Nakajima, H.; Yamamoto, K.; Aono, M. Antibacterial temporary filling materials: The effect of adding various ratios of Ag-Zn-Zeolite. J. Oral Rehabil. 1998, 25, 485–489. [Google Scholar] [CrossRef]

	



Ghatole, K.; Patil, A.; Giriyappa, R.H.; Singh, T.V.; Jyotsna, S.V.; Rairam, S. Evaluation of Antibacterial Efficacy of MTA with and without Additives Like Silver Zeolite and Chlorhexidine. J. Clin. Diagn. Res. JCDR 2016, 10, Zc11–Zc14. [Google Scholar] [CrossRef]

	



Ghasemi, N.; Rahimi, S.; Samiei, M.; Mohamadi, M.; Rezaei, Y.; Divband, B.; Farhangi, N. Effect of the of Zeolite Containing Silver-Zinc Nanoparticles on the Push out Bond Strength of Mineral Trioxide Aggregate in Simulated Furcation Perforation. J. Dent. 2019, 20, 102–106. [Google Scholar] [CrossRef]

	



Samiei, M.; Ghasemi, N.; Asl-Aminabadi, N.; Divband, B.; Golparvar-Dashti, Y.; Shirazi, S. Zeolite-silver-zinc nanoparticles: Biocompatibility and their effect on the compressive strength of mineral trioxide aggregate. J. Clin. Exp. Dent. 2017, 9, e356–e360. [Google Scholar] [CrossRef]

	



Ghivari, S.B.; Bhattacharya, H.; Bhat, K.G.; Pujar, M.A. Antimicrobial activity of root canal irrigants against biofilm forming pathogens- An in vitro study. J. Conserv. Dent. JCD 2017, 20, 147–151. [Google Scholar] [CrossRef]

	



Chung, H.A.; Titley, K.; Torneck, C.D.; Lawrence, H.P.; Friedman, S. Adhesion of glass-ionomer cement sealers to bovine dentin conditioned with intracanal medications. J. Endod. 2001, 27, 85–88. [Google Scholar] [CrossRef]

	



Saghiri, M.A.; Vakhnovetsky, J.; Vakhnovetsky, A.; Samadi, E.; Samadi, F. Volume and Power of Expansion of Novel Polyurethane-based Sealers. J. Endod. 2023, 49, 1020–1026. [Google Scholar] [CrossRef]

	



Patel, V.; Santerre, J.P.; Friedman, S. Suppression of bacterial adherence by experimental root canal sealers. J. Endod. 2000, 26, 20–24. [Google Scholar] [CrossRef] [PubMed]

	



Cinar, C.; Ulusu, T.; Ozçelik, B.; Karamüftüoğlu, N.; Yücel, H. Antibacterial effect of silver-zeolite containing root-canal filling material. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 90, 592–595. [Google Scholar] [CrossRef] [PubMed]

	



Padachey, N.; Patel, V.; Santerre, P.; Cvitkovitch, D.; Lawrence, H.P.; Friedman, S. Resistance of a novel root canal sealer to bacterial ingress in vitro. J. Endod. 2000, 26, 656–659. [Google Scholar] [CrossRef] [PubMed]

	



Naji, G.A.-H.; Omar, R.A.; Yahya, R. The effect of sodalite zeolite infiltrated material on the fracture toughness, elastic modulus and optical properties of all-ceramic dental prostheses. Ceram. Int. 2016, 42, 18737–18746. [Google Scholar] [CrossRef]

	



Naji, G.A.; Omar, R.A.; Yahya, R. Influence of sodalite zeolite infiltration on the coefficient of thermal expansion and bond strength of all-ceramic dental prostheses. J. Mech. Behav. Biomed. Mater. 2017, 67, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Matsuura, T.; Abe, Y.; Sato, Y.; Okamoto, K.; Ueshige, M.; Akagawa, Y. Prolonged antimicrobial effect of tissue conditioners containing silver-zeolite. J. Dent. 1997, 25, 373–377. [Google Scholar] [CrossRef]

	



Ueshige, M.; Abe, Y.; Sato, Y.; Tsuga, K.; Akagawa, Y.; Ishii, M. Dynamic viscoelastic properties of antimicrobial tissue conditioners containing silver-zeolite. J. Dent. 1999, 27, 517–522. [Google Scholar] [CrossRef]

	



Casemiro, L.A.; Martins, C.H.G.; Pires-de-Souza, F.d.C.P.; Panzeri, H. Antimicrobial and mechanical properties of acrylic resins with incorporated silver-zinc zeolite-part I. Gerodontology 2008, 25, 187–194. [Google Scholar] [CrossRef]

	



Malic, S.; Rai, S.; Redfern, J.; Pritchett, J.; Liauw, C.M.; Verran, J.; Tosheva, L. Zeolite-embedded silver extends antimicrobial activity of dental acrylics. Colloids Surf. B Biointerfaces 2019, 173, 52–57. [Google Scholar] [CrossRef]

	



Aljafery, A.M.; Al-Jubouri, O.M.; Wally, Z.J.; Almusawi, R.M.; Abdulrudha, N.H.; Haider, J. The Effects of Incorporating Ag-Zn Zeolite on the Surface Roughness and Hardness of Heat and Cold Cure Acrylic Resins. J. Compos. Sci. 2022, 6, 85. [Google Scholar] [CrossRef]

	



Yadav, N.S.; Saraf, S.; Mishra, S.K.; Hazari, P. Effects of fluconazole, chlorhexidine gluconate, and silver-zinc zeolite on flexural strength of heat-cured polymethyl methacrylate resin. J. Nat. Sci. Biol. Med. 2015, 6, 340–342. [Google Scholar] [CrossRef] [PubMed]

	



Hummudi, I.M.; Sadeq, H.A.A. Influence of Silver-Zinc Zeolite Incorporation on Shear Bond Strength of Silicon Cold Cure Soft Liner. J. Tech. 2021, 3, 31–36. [Google Scholar] [CrossRef]

	



Ferreira, A.N.; D’Souza, K.; Aras, M.; Chitre, V.; Parsekar, S.; Pinto, M.J.W. Long term antifungal efficacy of silver-zinc zeolite nanoparticles incorporated in two soft denture liners—An in vitro assessment. Dent. Res. J. 2022, 19, 12. [Google Scholar] [CrossRef]

	



Wang, S.; Li, R.; Li, D.; Zhang, Z.Y.; Liu, G.; Liang, H.; Qin, Y.; Yu, J.; Li, Y. Fabrication of bioactive 3D printed porous titanium implants with Sr ion-incorporated zeolite coatings for bone ingrowth. J. Mater. Chem. B 2018, 6, 3254–3261. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, J.; Pei, X.; Wang, J.; Wan, Q.; Jiang, S.; Huang, C.; Pei, X. Enhanced Osseointegration of Porous Titanium Modified with Zeolitic Imidazolate Framework-8. ACS Appl. Mater. Interfaces 2017, 9, 25171–25183. [Google Scholar] [CrossRef]

	



Bedi, R.S.; Beving, D.E.; Zanello, L.P.; Yan, Y. Biocompatibility of corrosion-resistant zeolite coatings for titanium alloy biomedical implants. Acta Biomater. 2009, 5, 3265–3271. [Google Scholar] [CrossRef]

	



Li, X.; Xu, M.; Geng, Z.; Xu, X.; Han, X.; Chen, L.; Ji, P.; Liu, Y. Novel pH-Responsive CaO2@ZIF-67-HA-ADH Coating That Efficiently Enhances the Antimicrobial, Osteogenic, and Angiogenic Properties of Titanium Implants. ACS Appl. Mater. Interfaces 2023, 15, 42965–42980. [Google Scholar] [CrossRef]

	



Oheix, E.; Reicher, C.; Nouali, H.; Michelin, L.; Josien, L.; Daou, T.J.; Pieuchot, L. Rational Design and Characterisation of Novel Mono- and Bimetallic Antibacterial Linde Type A Zeolite Materials. J. Funct. Biomater. 2022, 13, 73. [Google Scholar] [CrossRef]

	



Wang, L.; Dai, F.; Yang, Y.; Zhang, Z. Zeolitic Imidazolate Framework-8 with Encapsulated Naringin Synergistically Improves Antibacterial and Osteogenic Properties of Ti Implants for Osseointegration. ACS Biomater. Sci. Eng. 2022, 8, 3797–3809. [Google Scholar] [CrossRef]

	



Si, Y.; Liu, H.; Li, M.; Jiang, X.; Yu, H.; Sun, D. An efficient metal-organic framework-based drug delivery platform for synergistic antibacterial activity and osteogenesis. J. Colloid Interface Sci. 2023, 640, 521–539. [Google Scholar] [CrossRef]

	



Fardjahromi, M.A.; Ejeian, F.; Razmjou, A.; Vesey, G.; Mukhopadhyay, S.C.; Derakhshan, A.; Warkiani, M.E. Enhancing osteoregenerative potential of biphasic calcium phosphates by using bioinspired ZIF8 coating. Mater. Sci. Eng. C 2021, 123, 111972. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhu, Z.; Pei, X.; Zhang, X.; Cheng, X.; Hu, S.; Gao, X.; Wang, J.; Chen, J.; Wan, Q. ZIF-8-Modified Multifunctional Bone-Adhesive Hydrogels Promoting Angiogenesis and Osteogenesis for Bone Regeneration. ACS Appl. Mater. Interfaces 2020, 12, 36978–36995. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Zhu, J.; Zhang, X.; Li, Y.; Zhang, S.; Yang, L.; Li, R.; Wan, Q.; Pei, X.; Chen, J.; et al. Drug-Delivery Nanoplatform with Synergistic Regulation of Angiogenesis-Osteogenesis Coupling for Promoting Vascularized Bone Regeneration. ACS Appl. Mater. Interfaces 2023, 15, 17543–17561. [Google Scholar] [CrossRef]

	



Zhang, X.; Chen, J.Y.; Pei, X.; Li, Y.H.; Feng, H.; He, Z.H.; Xie, W.J.; Pei, X.B.; Zhu, Z.; Wan, Q.B.; et al. One-Pot Facile Encapsulation of Dimethyloxallyl Glycine by Nanoscale Zeolitic Imidazolate Frameworks-8 for Enhancing Vascularized Bone Regeneration. Adv. Healthc. Mater. 2023, 12, e2202317. [Google Scholar] [CrossRef] [PubMed]

	



Xue, Y.; Zhu, Z.; Zhang, X.; Chen, J.; Yang, X.; Gao, X.; Zhang, S.; Luo, F.; Wang, J.; Zhao, W.; et al. Accelerated Bone Regeneration by MOF Modified Multifunctional Membranes through Enhancement of Osteogenic and Angiogenic Performance. Adv. Healthc. Mater. 2021, 10, e2001369. [Google Scholar] [CrossRef] [PubMed]

	



Wan, Y.; Fang, J.; Wang, Y.; Sun, J.; Sun, Y.; Sun, X.; Qi, M.; Li, W.; Li, C.; Zhou, Y.; et al. Antibacterial Zeolite Imidazole Frameworks with Manganese Doping for Immunomodulation to Accelerate Infected Wound Healing. Adv. Healthc. Mater. 2021, 10, e2101515. [Google Scholar] [CrossRef] [PubMed]

	



Kawahara, K.; Tsuruda, K.; Morishita, M.; Uchida, M. Antibacterial effect of silver-zeolite on oral bacteria under anaerobic conditions. Dent. Mater. 2000, 16, 452–455. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Xie, L.; Wu, Y.; Wu, Y.; Liu, Y.; Gao, Y.; Yang, J.; Zhang, X.; Jiang, L. Dexamethasone-loaded zeolitic imidazolate frameworks nanocomposite hydrogel with antibacterial and anti-inflammatory effects for periodontitis treatment. Mater. Today Bio 2022, 16, 100360. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Qi, M.; Li, C.; Dong, B.; Wang, J.; Weir, M.D.; Imazato, S.; Du, L.; Lynch, C.D.; Xu, L.; et al. Novel nanoparticles of cerium-doped zeolitic imidazolate frameworks with dual benefits of antibacterial and anti-inflammatory functions against periodontitis. J. Mater. Chem. B 2019, 7, 6955–6971. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, T.; Sun, M.; Cheng, Z.; Jia, W.; Jiao, K.; Wang, S.; Jiang, K.; Yang, Y.; Dai, Z.; et al. ZIF-8 modified multifunctional injectable photopolymerizable GelMA hydrogel for the treatment of periodontitis. Acta Biomater. 2022, 146, 37–48. [Google Scholar] [CrossRef] [PubMed]

	



Sun, M.; Liu, Y.; Jiao, K.; Jia, W.; Jiang, K.; Cheng, Z.; Liu, G.; Luo, Y. A periodontal tissue regeneration strategy via biphasic release of zeolitic imidazolate framework-8 and FK506 using a uniaxial electrospun Janus nanofiber. J. Mater. Chem. B Mater. Biol. Med. 2022, 10, 765–778. [Google Scholar] [CrossRef]

	



Shu, Z.; Zhang, C.; Yan, L.; Lei, H.; Peng, C.; Liu, S.; Fan, L.; Chu, Y. Antibacterial and osteoconductive polycaprolactone/polylactic acid/nano-hydroxyapatite/Cu@ZIF-8 GBR membrane with asymmetric porous structure. Int. J. Biol. Macromol. 2023, 224, 1040–1051. [Google Scholar] [CrossRef] [PubMed]

	



Ejeian, F.; Razmjou, A.; Nasr-Esfahani, M.H.; Mohammad, M.; Karamali, F.; Ebrahimi Warkiani, M.; Asadnia, M.; Chen, V. ZIF-8 Modified Polypropylene Membrane: A Biomimetic Cell Culture Platform with a View to the Improvement of Guided Bone Regeneration. Int. J. Nanomed. 2020, 15, 10029–10043. [Google Scholar] [CrossRef]

	



Esmaeilzadeh, M.; Divband, B.; Ranjkesh, B.; Pournaghi Azar, F.; Yeganeh Sefidan, F.; Kachoei, M.; Karimzadeh, B. Antimicrobial and Mechanical Properties of Orthodontic Acrylic Resin Containing Zinc Oxide and Titanium Dioxide Nanoparticles Supported on 4A Zeolite. Int. J. Dent. 2022, 2022, 8155971. [Google Scholar] [CrossRef] [PubMed]

	



Pourhajibagher, M.; Bahador, A. Enhanced reduction of polymicrobial biofilms on the orthodontic brackets and enamel surface remineralization using zeolite-zinc oxide nanoparticles-based antimicrobial photodynamic therapy. BMC Microbiol. 2021, 21, 273. [Google Scholar] [CrossRef]

	



Wang, Q.; Sun, Y.; Li, S.; Zhang, P.; Yao, Q. Synthesis and modification of ZIF-8 and its application in drug delivery and tumor therapy. RSC Adv. 2020, 1, 376–3762. [Google Scholar] [CrossRef]

	



Xie, H.; Liu, X.; Huang, Z.; Xu, L.; Bai, R.; He, F.; Wang, M.; Han, L.; Bao, Z.; Wu, Y.; et al. Nanoscale Zeolitic Imidazolate Framework (ZIF)–8 in Cancer Theranostics: Current Challenges and Prospects. Cancers 2022, 14, 3935. [Google Scholar] [CrossRef]

	



Alshemary, A.Z.; Pazarçeviren, A.E.; Keskin, D.; Tezcaner, A.; Hussain, R.; Evis, Z. Porous clinoptilolite-nano biphasic calcium phosphate scaffolds loaded with human dental pulp stem cells for load bearing orthopedic applications. Biomed. Mater. 2019, 14, 055010. [Google Scholar] [CrossRef]

	



Alipour, M.; Aghazadeh, M.; Akbarzadeh, A.; Vafajoo, Z.; Aghazadeh, Z.; Raeisdasteh Hokmabad, V. Towards osteogenic differentiation of human dental pulp stem cells on PCL-PEG-PCL/zeolite nanofibrous scaffolds. Artif. Cells Nanomed. Biotechnol. 2019, 47, 3431–3437. [Google Scholar] [CrossRef]

	



Ninan, N.; Grohens, Y.; Elain, A.; Kalarikkal, N.; Thomas, S. Synthesis and characterisation of gelatin/zeolite porous scaffold. Eur. Polym. J. 2013, 49, 2433–2445. [Google Scholar] [CrossRef]

	



Derakhshankhah, H.; Hosseini, A.; Taghavi, F.; Jafari, S.; Lotfabadi, A.; Ejtehadi, M.R.; Shahbazi, S.; Fattahi, A.; Ghasemi, A.; Barzegari, E.; et al. Molecular interaction of fibrinogen with zeolite nanoparticles. Sci. Rep. 2019, 9, 1558. [Google Scholar] [CrossRef] [PubMed]

	



Kavya, K.C.; Dixit, R.; Jayakumar, R.; Nair, S.V.; Chennazhi, K.P. Synthesis and characterization of chitosan/chondroitin sulfate/nano-SiO2 composite scaffold for bone tissue engineering. J. Biomed. Nanotechnol. 2012, 8, 149–160. [Google Scholar] [CrossRef]

	



Shigeyama, H.; Wang, T.; Ichinose, M.; Ansai, T.; Lee, S.W. Identification of volatile metabolites in human saliva from patients with oral squamous cell carcinoma via zeolite-based thin-film microextraction coupled with GC-MS. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2019, 1104, 49–58. [Google Scholar] [CrossRef]

	



Çelikbaş, İ.; Mavi, E.; Hepokur, C. The evaluation of the effects of natural zeolite (Clinoptilolite) in diabetic rats on bone healing in dental extracting socket. J. Oral Biol. Craniofacial Res. 2023, 13, 36–40. [Google Scholar] [CrossRef]

	



Barman, A.; Rashid, F.; Farook, T.H.; Jamayet, N.B.; Dudley, J.; Yhaya, M.F.B.; Alam, M.K. The Influence of Filler Particles on the Mechanical Properties of Maxillofacial Prosthetic Silicone Elastomers: A Systematic Review and Meta-Analysis. Polymers 2020, 12, 1536. [Google Scholar] [CrossRef]

	



Hu, S.; Wang, S.; He, Q.; Li, D.; Xin, L.; Xu, C.; Zhu, X.; Mei, L.; Cannon, R.D.; Ji, P.; et al. A Mechanically Reinforced Super Bone Glue Makes a Leap in Hard Tissue Strong Adhesion and Augmented Bone Regeneration. Adv. Sci. 2023, 10, e2206450. [Google Scholar] [CrossRef] [PubMed]

	



Su, L.; Wu, Q.; Tan, L.; Huang, Z.; Fu, C.; Ren, X.; Xia, N.; Chen, Z.; Ma, X.; Lan, X.; et al. High Biocompatible ZIF-8 Coated by ZrO2 for Chemo-microwave Thermal Tumor Synergistic Therapy. ACS Appl. Mater. Interfaces 2019, 11, 10520–10531. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 02973 g001] 





Figure 1. The structure of zeolites [8]. This schematic diagram was made by the authors of the review. 
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Figure 2. Flow diagram of the literature search and study selection. 






Figure 2. Flow diagram of the literature search and study selection.



[image: Nanomaterials 13 02973 g002]







 





Table 1. Types, properties, functions and applications of zeolites/ZIFs in dentistry.
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Dental Application of Zeolites

	
Type of Zeolite/ZIF

	
Properties of Zeolites in Materials

	
Functions of Zeolites in Materials






	
Restorative Dentistry




	
Zeolite/ZIF-modified adhesives

	

	
Silver–zinc zeolite



	
ZIF-8






	

	
Offer antimicrobial properties



	
Improve bonding strength and shear strength






	

	
Prevent secondary caries



	
Prolong lifespan of restoration









	
Zeolite-loaded restorative materials

	

	
Silver–zinc zeolite



	
Calcium zeolite






	

	
Offer antimicrobial properties



	
Improve bonding strength



	
Improve corrosion resistance






	

	
Prevent secondary caries



	
Promote the remineralization of demineralized tooth tissue









	
Endodontics




	
Zeolite-incorporated root filling

	

	
Silver zeolite






	

	
Offer antimicrobial properties






	

	
Prevent root canal reinfection









	
Zeolite-incorporated irrigants

	

	
Silver zeolite






	

	
Offer antimicrobial properties






	

	
Prevent root canal reinfection









	
Zeolite-incorporated sealers

	

	
Silver zeolite






	

	
Offer antimicrobial properties






	

	
Prevent root canal reinfection









	
Prosthodontics




	
Zeolite-infiltrated all-ceramic dental prostheses

	

	
Zeolite (sodalite)






	

	
Enhance material aesthetics



	
Improve bonding strength






	

	
Improve material optical properties



	
Prevent the veneer chipping off









	
Zeolite-incorporated tissue conditioners

	

	
Silver zeolite






	

	
Offer antimicrobial properties






	

	
Prevent candida stomatitis









	
Zeolite-loaded denture bases

	

	
Silver–zinc zeolite






	

	
Offer antimicrobial properties



	
Improve surface hardness and smoothness






	

	
Prevent denture stomatitis









	
Zeolite-incorporated denture liners

	

	
Silver–zinc zeolite






	

	
Offer antimicrobial properties






	

	
Prevent denture stomatitis









	
Implantology




	
Zeolite/ZIF-coated implant

	

	
Strontium zeolite



	
ZIF-8



	
ZIF-67






	

	
Offer antimicrobial properties



	
Enhance osteogenic activity






	

	
Prevent infection after implant surgery



	
Promote bone differentiation and regeneration



	
Prevent implant loosening









	
ZIF-coated bone graft materials

	

	
ZIF-8






	

	
Enhance osteogenic activity






	

	
Promote bone differentiation and regeneration









	
ZIF-modified bone adhesive

	

	
ZIF-8






	

	
Offer antimicrobial properties



	
Improve wet adhesion and mechanical strength



	
Enhance osteogenic activity






	

	
Prevent infection after implant surgery



	
Prevent the deformation of bone graft



	
Promote bone differentiation and regeneration









	
ZIF-loaded drug delivery system

	

	
ZIF-8






	

	
Enhance osteogenic activity



	
Prolong half-life period of drug






	

	
Promote periosteal vascularization



	
Promote bone differentiation and regeneration









	
ZIF-modified PCL electrospinning

	

	
ZIF-8






	

	
Enhance osteogenic activity






	

	
Promote angiogenesis



	
Promote bone differentiation and regeneration









	
ZIF-modified post-implantation drug

	

	
ZIF-8






	

	
Offer antimicrobial properties






	

	
Prevent wound infections after implant surgery









	
Periodontics




	
Zeolite/ZIF-loaded deep periodontal pocket drugs

	

	
Silver zeolite



	
ZIF-8






	

	
Offer antimicrobial properties



	
Enhance osteogenic activity






	

	
Prevent and treat periodontitis



	
Promote bone differentiation and regeneration









	
ZIF-embedded guided tissue regeneration membranes

	

	
ZIF-8






	

	
Offer antimicrobial properties



	
Enhanced barrier action



	
Enhance osteogenic activity






	

	
Prevent infection after GTR



	
Promote periodontal tissue regeneration









	
ZIF-embedded guided bone regeneration membranes

	

	
ZIF-8






	

	
Offer antimicrobial properties



	
Enhance osteogenic activity






	

	
Prevent infection after GBR



	
Promote bone differentiation and regeneration









	
Orthodontics




	
Zeolite-modified orthodontic bracket

	

	
Zinc-oxide zeolite






	

	
Offer antimicrobial properties






	

	
Reduce plaque attachment around brackets









	
Zeolite-based PDT photosensitizer

	

	
Zinc-oxide zeolite






	

	
Offer antimicrobial 