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Abstract

:

Recently, silsesquioxanes (SSQ) and polyhedral oligomeric silsesquioxanes (POSS) have gained much interest in the area of biomaterials, mainly due to their intrinsic properties such as biocompatibility, complete non-toxicity, the ability to self-assemble and to form a porous structure, facilitating cell proliferation, creating a superhydrophobic surface, osteoinductivity, and ability to bind hydroxyapatite. All the above has resulted in new developments in medicine. However, the application of POSS-containing materials in dentistry is still at initial stage and deserves a systematic description to ensure future development. Significant problems, such as reduction of polymerization shrinkage, water absorption, hydrolysis rate, poor adhesion and strength, unsatisfactory biocompatibility, and corrosion resistance of dental alloys, can be addressed by the design of multifunctional POSS-containing materials. Because of the presence of silsesquioxanes, it is possible to obtain smart materials that allow the stimulation of phosphates deposition and repairing of micro-cracks in dental fillings. Hybrid composites result in materials exhibiting shape memory, as well as antibacterial, self-cleaning, and self-healing properties. Moreover, introducing POSS into polymer matrix allows for materials for bone reconstruction, and wound healing. This review covers the recent developments in the field of POSS application in dental materials and gives the future perspectives within a promising field of biomedical material science and chemical engineering.
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1. Introduction


For over twenty years, dentistry has been using composite polymeric materials, mainly methacrylate resins, that have outperformed amalgams, ceramics, and metals [1]. The primary use of polymeric materials was initially the construction of prosthetic appliances, such as denture bases [2]. However, nowadays, materials for dentistry consist mainly of polymeric matrixes with possible applications as dental adhesives (acrylic acid copolymers), dental pulp and denting regeneration (poly(lactic acid)) [3], drug delivery systems (polysaccharides, polyketals, polyethylene glycol) [4,5], friction-reducing coatings for biomaterials (zwitterionic polymers) [6], implants (chitosan-poly(methyl methacrylate) blends) [7], soft lining materials (silicone rubbers and soft acrylics), and prosthetics (polyetheretherketone) [2].



To meet the requirements for hydrolytic stability, bioactive/biomimetic and antibacterial capabilities, abrasion resistance, long-term mechanical strength, and other properties, modification of polymeric matrices is usually needed, e.g., by introducing fillers to form composites [1]. Thus, composite resins became the most extensively utilized materials in dental applications. Fillers used in dental composites comprise mainly silica-based materials [8,9]. Engineered silica nanomaterials, such as silica nanoparticles, silica-based nanoclusters [8], silica nanoplatelets, and polyhedral oligomeric silsesquioxanes exhibit biocompatibility and proper physical and mechanical properties, which render them suitable for dental applications [9,10].



Polyhedral oligomeric silsesquioxanes (POSS) are organosilicon hybrid materials with a three-dimensional, chemically substituted, and thermally stable inorganic silicon-oxygen core (cage) to which organic substituents are covalently bonded [11]. The substituent can be an inert group, e.g., H, alkyl, aryl, and other hydrocarbons, or potentially reactive group, e.g., hydroxyl, amino, and other reactive groups [12]. The general structures of closed-cage and partially opened-cage POSS are shown in Figure 1.



Polyhedral oligomeric silsesquioxanes exhibit unique properties, such as biocompatibility, non-toxicity, stability, tastelessness, well-defined structure, and hydrolytic degradation to neutral orthosilicic acid [12,13,14]. It is noteworthy that orthosilicic acid, in similarity to silica nanoplatelets, stimulates osteoblast differentiation [9,15]. Moreover, POSS exhibits long-term stability and low cytotoxicity in biological environments [16].



The most significant advantage of POSS is the ability to tailor their properties by selecting proper substituents [17,18]. Changing the size or type of attached molecules allows for obtaining POSS derivatives characterized by different properties, making POSS a useful nano-additive with a broad range of possible applications [19]. The type of organic substituents attached to the POSS cage core determines the properties of the silsesquioxanes themselves and the properties of the materials in which they will be incorporated [20]. Inert groups can improve the solubility of POSS in polymer systems to make it compatible and miscible with given polymer matrix, while reactive groups act as linkers for grafting or copolymerizing POSS into a polymer structure [12].



Introducing POSS particles into a polymer matrix may enhance the material’s toughness, strength, thermal stability, ultraviolet steadiness, abrasion resistance, hardness, and biocompatibility (improved cell attachment and cell proliferation) [21,22]. In addition, silsesquioxane-based composites show reduced flammability and enhanced oxidation resistance compared to unmodified matrices [16,23]. Incorporation of POSS into a polymeric matrix may facilitate in vivo hydroxyapatite formation and render bioactivity [16].



All the above explains considerable interest that POSS have gained in terms of application in biomedical fields (Figure 2), e.g., POSS particles and POSS-based composites are promising for their use in drug delivery, bioimaging, photodynamic therapy, tissue engineering, tissue regeneration, and dentistry [24,25,26,27].



Much of the attention devoted to POSS and POSS-based composites in biomedicine concerns the research in the field of dentistry. In this review we present and discuss the most recent advances in the area of POSS and POSS-based polymer composites as materials for dental applications. This work provides also an outlook for the future of POSS/polymer composites applications in dentistry and dental surgery.




2. POSS in Dental Materials


Methacryl-functionalized POSS (MA-POSS) has been widely studied as an anti-shrinkage additive for dental materials since Culberston et al. introduced MA-POSS to dental composites in 2001 [28]. The shrinkage occurring during photo-polymerization may cause secondary caries and repair failure [29]. Thus, developing compositions with minimal processing shrinkage is crucial for dentistry. Canellas et al. [30] showed incorporation of monofunctional MA-POSS into organic methacrylate-based dental matrixes resulted in decreased volumetric polymerization shrinkage, polymerization shrinkage stress, and wear. However, the resins’ flexural strength and modulus deteriorated upon the introduction of POSS.



As mentioned before, substituents linked to a silica cage in POSS particles strongly influence its properties and the impact of POSS addition to polymer matrices. However, the functionality of POSS is yet another factor that will impact the properties of the obtained composites. While incorporating monofunctionalized POSS often leads to poor mechanical properties of the dental resins, exchanging it for an analogous three-functional one [31] or even fully functionalized (octa-armed) one [32] allows it to overcome this effect. POSS-crosslinked materials exhibit good mechanical properties due to silsesquioxane cage acting as reinforcement polymer network [33]. However, the authors stressed that too-high loading of POSS might result in deteriorated mechanical properties due to agglomeration of POSS [32].



Decreasing the shrinkage of dental resins may also be achieved by incorporating POSS functionalized with oxirane rings, such as epoxy-cyclohexyl POSS (E-POSS) [34]. Additionally, modification of dental resin with small amounts of E-POSS resulted in increased double bond conversion, decreased water uptake, and enhanced flexural strength.



Additional modification of MA-POSS allows silsesquioxane to act as a co-initiator during the polymerization of dental materials. The most commonly used co-initiator for cement resins mixed with photoinitiators is dimethylaminoethyl methacrylate (DMAEMA) [35]. Abbasi et al. [31] showed that modifying methacrylate POSS by anchoring tertiary amines on the methacrylate branches allows for obtaining aminated methacryl-POSS (AMA-POSS) as a novel co-initiator/crosslinker/reinforcing agent for dental resins.



Although silsesquioxanes are mainly used as fillers or additives to dental resins, they can also act as reactive binding primers in restorative dentistry. For example, Raszewski and coworkers [36] used ethoxyhepta(isobutyl)octasilsesquioxane (iBU7-OEt POSS) to obtain fully substituted POSS (spherosilicates) functionalized with methacrylate and trimethoxysilyl groups. As shown by the authors, using spherosilicate-based coupling agents might allow for manufacturing restorative dental materials with improved bond strength and quality [36]. It is noteworthy that oligomeric silsesquioxanes, usually not used for dental materials, may constitute a group of precursors for the preparation of spherosilicates. A similar approach was taken by D. Wang et al. [37]—the authors used octavinyl-POSS as a precursor for the synthesis of acrylate-terminated octa-functionalized POSSPEGA macromonomer. The POSS-based macromonomer was used as a raw material for copolymerization with an acrylate-terminated triblock poly(ethylene glycol)-co-lactide (PEG-PLA) macromonomer to form POSS-PEG-PLA hydrogels for aiding alveolar bone repair adjacent to the periodontium. S. Burujeny et al. [38] used octakis-(3-glycidoxypropyl)-POSS (octaglycidyl-POSS) as a precursor for synthesizing triazolium-POSS. Triazolium-POSS, as an additive to dental resins, allowed not only for a higher conversion degree of methacrylate groups, but also led to composites that exhibited strong bactericidal properties and low hydrophilicity.



POSS particles were successfully used as reinforcement and cell-proliferation-promoting agents in scaffolds for bone regeneration, such as TMA-POSS [39], OEGn-POSS [40], octa-MA-POSS [41,42], and octamaleimic acid POSS [43]. It has been shown that POSS could also be used as additives to support the regeneration of skull bones [44] and facial bones, such as the mandible, maxilla, or alveolar bone. Chen et al. [41] showed that octamethacrylated silsesquioxanes could act as additives for biodegradable, bone-regenerative hydrogels. The authors showed that incorporating octa-MA-POSS enhanced the elastic modulus of studied hydrogels, allowed for higher water retention, and decreased the degradation rate. Later on, Chen and his group [45] presented scaffolds modified with octa-carboxyl POSS (OC-POSS) for repairing calvarial defects in rats where POSS acted as an agent promoting cell proliferation (3% POSS loading). Additionally, OC-POSS allowed for enhanced adhesion of vascular endothelial cells. POSS-based composites were also studied as promising materials for regenerating viscerocranium bones. Gong et al. [46] showed that incorporating octa-functionalized methacrylic POSS into scaffolds for alveolar bone regeneration allowed for obtaining material with enhanced mechanical properties due to additional crosslinking and the presence of a rigid silica-based cage. Moreover, composites exhibited higher hydrophilicity than the matrix, promoted cell adhesion, and cell regeneration, and enhanced apatite-forming bioactivity. In addition, composites modified with octa-MA-POSS were shown to reduce alveolar bone resorption induced by tooth extraction.



Types of POSS used in composites for dental applications are shown in Table 1.



Due to their versatility, POSS find various applications in dentistry (Figure 3). Moreover, the vast possibilities to modify already known POSS creates a wide range of new prospects.




3. POSS Composites in Medicine and Dentistry


POSS may be modified by various substituents: reactive functional groups enable reactions with other active groups, while inert substituents ensure solubility and compatibility with the polymer matrix. Because of active/inactive substituents, various architectures may be obtained: (1) bead-like [48,49,50,51,52] when there are two reactive groups protruding directly from the opposing corners of the inorganic core, or when the POSS with an open cage structure is used, (2) pendant-like [50,53,54,55] when the two reactive groups are placed on one chain attached to the nanocage corner. Furthermore, POSS may modify previously obtained polymeric chains and might act as (1) side groups [56,57], (2) end groups [58,59] when POSS molecules are attached on both polymer ends, (3) crosslinkers [60,61] bonding two polymer backbones, or (4) net nodes [54,62,63] when POSS cage acts as a crosslinker. Finally, unreactive POSS may be physically blended into the polymeric matrix [64,65].



Despite various possible architectures available with use of POSS, in dental applications we noted that mainly octa- and mono-functionalized POSS are in use. Here, three main approaches are applied for manufacturing POSS-based composites. The first one is based on single-step polymerization of dental monomers with POSS; the second approach is obtaining POSS-containing macromonomers, followed by co-polymerization with dental monomers; the third approach is manufacturing POSS copolymers for in situ polymerization with dental monomers [66].




4. Dental Applications of POSS Composites


4.1. Endodontics


In endodontics, polymer composites are used as dental fillings, and they are mainly based on methacrylates. However, polymer fillings are usually combined with various fillers to improve their mechanical properties, such as fracture resistance, shrinkage during polymerization, and hardness. Moreover, hydrolysis resistance, and water absorption are the key parameters to ensure the long life of the products used, especially in a wet environment and in the presence of high compressive forces that are common in the oral cavity. Thus, the research is conducted to either obtain materials with better characteristics, or to find methods of repairing the fillings previously applied in the patient oral cavity. Self-healing and caries-preventive properties are achieved when material in use induces the growth of hydroxyapatite, which fills microcavities in the dental filling, or the material possesses bactericidal properties. Different kinds of POSS were found to be a promising solution to abovementioned problems [28,36,67].



4.1.1. Marginal Integrity, Microleakage, and Shrinking Reduction


The most significant disadvantages of dental polymer composites are polymerization shrinkage and thermal expansion that is greater than the expansion of tooth tissues. The polymerization shrinkage of the composite material is responsible for forming internal stress in the material, leakage from between the filling and the cavity walls, and forming so-called postoperative hypersensitivity. Material shrinkage predominantly results in a leak at the gingival margin of a dentine or root cementum defect, since the adhesive forces to dentine and root cement are lower than those to the enamel. Regardless of the type of cavity and filling material, 80% to 90% of clinically diagnosed secondary caries are located in the gingival region of the tooth, and the finding of secondary caries is the most common reason for filling replacement [68]. Possible routes for shrinkage reduction may be divided into two categories: adjusting filler/matrix interaction (filler content, monomeric chemistry, monomeric structure, filler/matrix interactions, additives), and adjusting polymerization factors (polymerization rate, external constraint conditions, cavity geometry (C-factor), curing method, and placement technique) [69]. Hence, the important reason for introducing POSS as an additional component in a dental formulation is to address the problems of shrinkage and micro-leakage.



The presence of a bulky POSS molecules limits the matrix’s free volume during the reaction, while the volume of the POSS nanocage does not change after the reaction. Consequently, the shrinkage of resins incorporated with POSS is decreased. Among functionalized POSS, MA-POSS has excellent compatibility with the methacrylate-based polymeric matrix. The shrinkage, double bond conversion, hardness, and mechanical resistance of the compositions based on with bisphenol A-glycidyl methacrylate (Bis-GMA), triethylene glycol dimethacrylate (TEGDMA), camphorquinone (CQ), and 2-(Dimethylamino)ethyl methacrylate (DMAEMA) with 0, 2, 5, and 10 wt.%. MA-POSS have been examined by Liu et al. [32]. The presence of 10 wt.% MA-POSS reduced shrinkage by about 27% (from 10.65% to 7.81%). Furthermore, the hardness and conversion of double bonds have increased (from 42.1% to 55% for 5 wt.% MA-POSS). On the contrary, mono-functional methacrylethyl-POSS (ME-POSS) has reduced flexural strength, while the shrinkage was only slightly reduced. The degree of double bond conversion was also reduced. The reason could be formation of POSS agglomerates as evidenced by SEM/EDS and AFM techniques. It is also the experience of our research team that multi-functionalized POSS tends to agglomerate less than monofunctional one, even if the full conversion of multi-functionalized POSS is more difficult to achieve [70]. Octa-functional MA-POSS with another inorganic filler (surface modified nano SiO2) was tested and the shrinkage was as low as 2.54 wt.% for 10 wt.% of MA-POSS, and 60 wt.%. of SiO2. Apparently, as for the shrinkage, high loading of POSS slightly over 10 wt.% is required. However, the highest hardness, Young modulus, and scratch resistance were obtained for 5 wt% POSS content.



MA-POSS may also be converted into amine-methacrylate POSS (AMA-POSS) through the aza-Michael reaction to obtain co-initiator-like POSS [31]. The influence of various amounts of converted methacrylate groups on shrinkage, degree of conversion, water sorption, and Young’s modulus was tested. The shrinkage was mainly influenced when all groups were substituted. However, the change was insignificant, and the other tested parameters showed that the best properties were achieved for silsesquioxane containing three converted groups.



Besides MA-POSS and its modifications, AMA-POSS, the epoxycyclohexyl POSS (E-POSS), may also be used [34] (Figure 4). POSS might be bonded to the methacrylate matrix (Bis-GMA/TEGDMA) by the cationic ring-opening reaction. Its presence reduced the shrinkage to 2.91% for 5 wt. % of E-POSS (42% less compared to the reference material with no filler). A further increase in POSS loading had a lesser effect. Moreover, the water sorption has decreased, as well as the crosslink density, while the conversion of double bonds has increased. The lowest shrinkage (1.55%) was obtained for the composite containing only 2 wt.% E-POSS and 60 wt.% SiO2 filler.




4.1.2. Flexural Strength


Flexural strength is one of the essential properties of dental materials and a key value in product durability. Over the years, various fillers were used to increase flexural strength, and it was found that their amount, size, and distribution played a key role [71]. Among these fillers, nanosized additives with a hybrid organic–inorganic structure like POSS, show promising mechanical properties, as well as a positive contribution to esthetics [72].



By tailoring inert and reactive groups in POSS structure, it is possible to ensure good molecular solubility, and chemical bonding to the polymer matrix with exceptional distribution of nanosized molecules. Flexural strength was found to increase significantly for 10 wt.% of MA-POSS load, and to decrease at higher loadings, while the Young’s modulus was the highest for 2 wt.% of MA-POSS [28]. The reduction of flexural strength for higher POSS loadings originates from the lower conversion rate of the methacrylate double bonds. Lower conversion may result from the high functionality of MA-POSS, where some methacrylate groups could be inaccessible due to steric hindrances. Similar conclusions may be found in the works of Raszewski et al. [36], in which two kinds of POSS with four and two methacrylate substituents were used as a bonding material between an old, fractured composite and a new one. In both cases, the fracture induced in tests appeared in composites, not in the joint. POSS appear to be an excellent binder between methacrylates and filler surfaces. Chen et al. [73] synthesized materials with monodispersed SiO2 particles that were functionalized by MA-POSS, which greatly enhanced the flexural strength of obtained composite (Figure 5). Additionally, POSS may act as mechanical enhancement in other promising polymeric materials, such as non-isocyanate polyurethanes (NIPU). Incorporation of POSS resulted in an ~160% increase in tensile strength [74].




4.1.3. Hydrolysis Resistance and Water Sorption


Water absorption is a key factor regarding hydrolytic stability. Methacrylate resins may be hydrolyzed, and thus their mechanical properties are reduced over time. The resistance towards hydrolysis is a factor determining long-term resilience. Moreover, water sorption creates an environment that promotes bacterial growth and may induce unfavorable effects such as swelling, plasticization, and oxidation [75].



Upon proper selection of substituents, it is possible to obtain POSS of low surface energy. Such POSS molecules are often used to increase the wetting angle of the composites or to obtain barrier properties towards gasses [76,77]. Therefore, they are candidates to reduce water absorption and extend product life by hydrolysis inhibition. Rizk et al. [78], in their study on POSS/bioactive glass adhesive materials, applied two kinds of POSS: 8-POSS with eight methacrylate groups, and 1-POSS with one methacrylate group, while the rest constituted of isobutyl substituents. Obviously, materials containing 1-POSS equipped with a large number of isobutyl substituents were more hydrophobic, and therefore the water sorption was reduced. However, in composites based on 8-POSS, those properties were slightly reduced due to the sorption inhibition by the higher crosslink density, or by POSS’ hydrophobic character (however, it was less hydrophobic than for 1-POSS). A similar effect was noticed by Canellas et al. [30], who used methacrylethyl-POSS (ME-POSS).




4.1.4. Antibacterial Materials


Considering the present, resin composite materials are the most commonly used materials for restoring hard tissue, i.e., enamel and dentin. Unfortunately, they are more prone to secondary caries, as the resin composites accumulate more dental plaque than other restorations and even the enamel [79]. Introducing antimicrobial properties allows for extending the life of resin composites. Polycationic antimicrobials are very efficient since they possess intense antimicrobial activity upon contact, which does not diminish or affect materials’ biocompatibility [80]. However, due to the addition of ionic compounds, water penetration between polymer chains increases, weakening the intermolecular interactions of the polymer network and causing plasticization, and as a result deterioration of mechanical properties is observed [81]. Deterioration of the mechanical strength of dental composites modified with ionic bactericidal compounds limits the broad application of this class of biomedical materials.



As mentioned above, POSS might be used as a hydrophobicity-inducing agent, which reduces the water sorption and degradation of the material in water conditions [30,37,82]. This approach guided Burujeny and co-workers, who modified standard polymer fillings with triazolium-POSS. The obtained nanocomposites were compared with quaternized dimethyl aminoethyl methacrylate monomer (DMAEMA-BC)-filled composites that are commonly used to obtain antimicrobial properties [38]. Such quaternized POSS, even with methacrylate units, have been present in literature for some time. However, they were not applied in dentistry [83,84,85]. Higher bactericidal activity of POSS-containing composites with simultaneous lower water uptake and higher flexural strength in wet conditions were observed. Nevertheless, the wet non-modified composite exhibited higher flexural strength, so there is still room for future advances. The exchange of some triazolium groups for more hydrophobic substituents would probably prove efficient, mainly if the POSS surface free energy decreased. Therefore, POSS would float more to the surface where they are mainly needed, becoming a hydrophobic layer with antimicrobial properties and not interfering with the polymeric chains. This modification may increase both the strength and bactericidal properties.



The antibacterial properties may also be obtained by formation of a superhydrophilic surface using silsesquioxane and branched polyethylenimine (BPEI) (Figure 6 [86]). The layer-by-layer surface exhibited enhanced tensile load, while its water angle contact was lower than 1° and did not increase the expression of the inflammatory cytokines.




4.1.5. Ca/P Ratio Stimulation


For better adhesion of dental fillings, adhesives are used, which form the so-called hybrid layer by diffusing and impregnating the subsurface of the pre-prepared dentin substrates. As mentioned earlier, dental composite materials (and the abovementioned layer) are susceptible to water sorption and hydrolytic/enzymatic degradation. It is possible to counteract this phenomenon by using calcium phosphate, hydroxyapatite, and bioactive glass nanoparticles to initiate the deposition of minerals on the hybrid layer and the remineralization of its surface. Unfortunately, such fillers increase the adhesive’s viscosity, causing limited wettability and promoting diffusion into the dentine. Additionally, unbound fillers are prone to leaching out and cause adverse effects [87].



POSS are known for their osteoinductive properties [39,41,46,54,70,88,89,90]. The silicon in the POSS core enables binding of calcium ions and triggers HAp deposition [44]. Additionally, they can be chemically bonded to the material by using appropriate substituents. Chemical bonding and the use of non-reactive substituents (consistent with the chemical nature of the matrix) enable straightforward homogenization of these materials. Therefore, POSS introduction might be a solution to hybrid layer demineralization.



Rizk et al. [78] used two kinds of MA-POSS: octa- (POSS-8), and mono-functional (POSS-1) to examine the osteoinductive properties of POSS in dental composites through SEM/EDS spectroscopy after a 28-day incubation in artificial saliva. Moreover, a bioactive glass (BG-Bi) was tested, and the control was an unfilled sample. However, the BG-Bi particles were strongly aggregated in acetone up to micrometer sizes with various sizes, which were visible on DLS profiles. Unlike bioglass, both POSS types revealed good solubility in acetone dispersed in nanometric sizes POSS-1 and bioglass increased the viscosity. However, POSS-8 showed an increase in viscosity only at 20 wt.% loading. Most probably, the increase in viscosity was due to agglomeration. Moreover, the FTIR-measured conversion of double bonds was significantly reduced by POSS-1. Interestingly, all the fillers induced calcium phosphate deposition in the form of plate-like crystals.



Further tests were carried out with different commercial adhesives [82], since all of them—except for one—contained inorganic fillers. Calcium phosphates deposited on them regardless of POSS-8 presence, except for the one that did not contain inorganic filler. POSS-8 presence in the later had successfully induced phosphate deposition in the adhesive without inorganic filler. Unfortunately, the calcium content was lower than that of HAp. The calcium ratio may increase when the material was in contact with simulated body fluid (SBF) [91]. All crystals had the appearance of cauliflower or plates—the structure of HAp present in enamel [91,92,93]. Recently, a similar study was conducted utilizing POSS-8 as a resin additive. POSS-8 induced osteoinductive properties, while the unmodified adhesive was not active [94].





4.2. Prosthodontics


The environment in which prosthetic is being placed, may give a rise to additional requirements for its properties. Direct contact with living organisms demands not only proper physicochemical properties but, above all, biological ones. Dentures are regarded as foreign bodies and may cause an undesired reaction from the organism. Thus, biocompatibility is one of most important requirements for such prostheses. POSS may find an application as a coating for various alloys used in prosthodontics or as a bone substituent and osteoblasts growth promoter.



4.2.1. Corrosion Resistance


Corrosion of alloys in the oral cavity environment may be a pathogenic factor operating in various parts of the body. Therefore, dental alloys are subjected to high requirements: mechanical, physical, technological (which are essential from the point of view of their functional strength), and biological (necessary for their functioning in a living organism) ones. When two metals or metal alloys with different electrochemical potentials are present in the oral cavity, the dissolution of the metal alloy with lower potential may occur. Corrosion also occurs in the presence of one type of alloy due to the formation of the so-called local cell. It is a type of galvanic cell that takes place between different crystal systems of the alloy—the above is mainly observed for inhomogeneous (heterogeneous) alloys. The existence of galvanic currents in the oral cavity, related to the corrosion processes of the metals and their alloys, disturbs the physiological conditions of the functioning of living tissues and results in pathological changes called electrometalloses, which are one of the forms of prosthetic stomatopathies. Particularly undesirable are galvanochemical reactions of nickel-containing alloys, such as chromium–nickel alloy which is used for casting permanent dentures and for fusing porcelain. However, chromium–nickel alloys are prohibited in many countries, since a growing part of the population is allergic to nickel (from 16% in the USA to 22% in China [95,96]). Nickel allergy may manifest as stomatitis, lichen, gingivitis or periodontitis, burning tongue, tooth and jaw pain, and ailments when chewing food. It can also be more secretive and involve areas outside the mouth [97]. Therefore, if nickel alloys are to be used, they must be coated to protect against corrosion.



Regardless of whether nickel is released or if there is a likelihood of galvanic currents, one should limit the contact between the metal alloy used and the saliva. The team that investigated this topic used standard dental alloy Ni-Cr (Wirolloy) and coated it with polyvinylsilsesquioxane (PVS) and nano-hydroxyapatite (nHAp) [98]. nHAp was deposited only electrochemically (with a current of ~1400 mV for two hours, and with a continuous CO2 stream to prevent the formation of carbonates on deposited film), while PVS was deposited electrochemically and through dip coating. The deposited vinyltrimethoxysilane (VTMS) was cured at 100 °C for 15 min to obtain the PVS layer. Then, dip coating was performed by immersing the alloy for the 30 s in pre-hydrolyzed VTMS solution. The electrochemical deposition was undergone in the same solution with a potential of −0.8 V for 200 s. SEM and EDS confirmed the even and homogeneous coating obtained using the electrochemical method. Finally, the obtained coated alloy behavior was examined in artificial saliva using Open Circuit Potential (OCP), Electrochemical Impedance Spectroscopy (EIS), and polarization techniques. PVS-dip-coated alloy exhibited superior corrosion resistance for the first three days of measurement; however, later it started to drop rapidly, and the film lost its protective properties. Conversely, electrochemically deposited layers showed high stability and corrosion protection, while SEM/EDS proved the formation of uniform surface of coating films on the electrode surface (Figure 7). The better adhesion of an obtained silsesquioxane layer could be achieved by the method that is used for the coating of stents [99]. Firstly, hydroxyl groups are introduced electrochemically on a metal surface, and after that a triethoxysilane functionalized with reactive groups bonding it to the next coat layer is applied. The over-layer may consist of octavinylsilsesquioxane or another kind of POSS that allows for a fine impenetrable layer.




4.2.2. Suppression of Alveolar Ridge Resorption


After tooth extraction, the alveolar walls undergo physiological resorption and remodeling, resulting in a variable dimension reduction. If the socket is not provided with augmentation material, the connective tissue undergoes increased proliferation, leading to a bone defect [100].



Additionally, alveolar trauma—which occurs as a result of tooth extraction, the inflammatory process, or a mechanical injury—results in the acceleration and increase of the bone resorption process [101]. Complete physiological regeneration of the post-extraction defect, consisting of filling with properly woven new bone, is rare. Excessive alveolar bone loss resulting from the performed extraction, exceeding the limits of physiological regeneration, may occur when vertical post-traumatic or post-inflammatory bone defects occur in the extraction area.



Therefore, the techniques to preserve optimum dimensions and the alveolar ridge are needed. A powerful technique to prevent alveolar ridge resorption is to graft a bone substitute after tooth extraction. However, bone substitution materials are required to possess appropriate properties, such as mechanical strength, bioactivity, and osteoinductivity, simultaneously with tooth-like morphology. Many reports show non-toxicity of POSS [102] and POSS-containing materials [103,104,105,106,107,108,109] and drugs [49,110,111,112], or reduced cytotoxicity after POSS addition [54]. Moreover, POSS introduction is reported to induce hydroxyapatite (HAp) deposition, which results in osteoinductive properties [19,46,113,114,115,116]. Those osteoinductive properties may result from the self-organization of POSS-containing materials, resulting in porous morphology that facilitates cell proliferation [88,117].



Wang et al. [37] investigated POSS as a hydrophobicity modifier to reduce the degradation rate of hydrophilic, and thus degradation-prone, PEG/PLA (poly(ethylene glycol/polylactide) hydrogel designed to repair alveolar bone. Spontaneously emerged pores that varied between 0.4 µm and 4 µm were associated with POSS presence and its self-organization. The material was obtained starting from octavinyl-POSS that was converted into POSSCOOH by thiol-click reaction with 3-mercaptopro-pionic acid (MPA), its further esterification with PEG to produce POSSPEG, and finally via reaction with acryloyl chloride (ACC) to obtain reactive vinyl-ended star macromonomer POSSPEGA. The obtained macromonomer was then reacted with PEG, PLA/PEG copolymer, and diacrylate macromonomer to form an injectable, biodegradable hydrogel. Since it can be polymerized in situ, the surgical interference is minimal. Six materials with various POSS macromonomer concentrations were obtained, with POSS molar fraction ranging from 0 to 1. The presence of POSS resulted in improved swelling, reduced hydrolysis rate, and enlarged number of deposited fibroblasts.



Gong et al. [46] obtained a 3D-printed scaffold for alveolar ridge preservation. The filament for the 3D print consisted of nacre, polyurethane, and POSS (NPP). The polyurethane was obtained from isophorone diisocyanate (IPDI), polycaprolactone diol (PCL), and 2-hydroxyl methacrylate (HEMA). Therefore, it possessed reactive vinyl end-groups that were prone to UV-induced radical polymerization. The molar ratio PCL:IPDI:HEMA was kept constant at 1:2:2. The nacre was added as it contains signal molecules—bioactive agents that may facilitate bone growth—while MA-POSS was added in 0, 5, and 10 wt.% amounts. The incorporation of POSS in the system resulted in the reduction of the water contact angle. Since the used POSS possesses eight functional groups, it should increase the viscosity, yet the authors noticed decrease of viscosity in POSS-containing samples. Both properties are desirable in this application and for the planned 3D printing. Although they seem counterintuitive to how POSS behave in composites, it may occur when POSS have not yet undergone a radical reaction with methacrylates. POSS may influence the resin viscosity differently, depending on the type of functional groups, how POSS interact with the surrounding solvent, and the degree of POSS agglomeration [70,118]. Moreover, the presence of a small amount of POSS allowed for enhancement of composites’ compressive modulus. However, further loadings of POSS (up to 10 wt.%) resulted in reduced mechanical properties. The above may originate from formation of POSS agglomerates. Thus, POSS seem to be a good modifier of mechanical properties. This is crucial, as the mechanical properties should be tailored to the surrounding tissue to avoid mechanical mismatch [119,120,121]. Furthermore, the biocompatibility was also enhanced. The POSS-containing composites had accelerated growth of hydroxyapatite (HAp), as silicon in POSS may bind to Ca2+ ions and induce the deposition of HAp [44], which resulted in better MC3T3-E1 cells proliferation, and spindle-shaped morphology (Figure 8). Importantly, higher POSS loadings resulted in enhanced cell differentiation. Finally, the in vivo tests using rat models showed that the obtained scaffolds could effectively minimize the alveolar ridge resorption rate, as the labial width and height resorption rate were significantly reduced for materials incorporated with POSS.





4.3. Orthodontics


Orthodontics is an emerging field in which polymer composites are attracting growing attention. Thermoplastic materials are believed to have a great future utility in orthodontics, both as aligners and retainer appliances. In addition, orthodontists believe that smart materials with shape memory and self-cleaning or bactericidal properties are promising as materials for dentistry. Many of those properties were induced by incorporation of POSS into polymer matrix.



4.3.1. Self-Cleaning Materials


One of the major concerns in orthodontics is plaque retention on brackets and microbial attachments onto biofilm [122]. One of the approaches to limit the plaque retention is to obtain the biocidal properties discussed before (in Section 4.1.4). Moreover, it is possible to prepare material that can clean itself of organic and inorganic precipitations. The “lotus effect” obtained with the microscopic bumps and superhydrophobic properties acquired this way is one of the most common ideas for self-cleaning materials. However, self-cleaning may also be induced by the presence of a superhydrophilic surface or through catalytic chemical reactions [123]. Microscopic bumps may be obtained by POSS’ self-organization on a material’s surface.



In self-cleaning materials, POSS have been recognized to provide desired properties. Perfluoro/amino/isooctyl-POSS were found to act as a water and oil repellent in paints/lacquers [124]. The superhydrophobic surface was obtained by grafting poly(methyl silsesquioxane) PMSQ with long chains of ethyl 10-undecenoate [125], and finally, the tiny portions of OV-POSS were added to produce fabric with wetting angle as high as 168° [126]. The current state of art indicates that such composites merit further research.



Self-healing materials are also demanded in orthodontics [123], as confirmed by a recent review article [127].




4.3.2. Shape Memory Materials


Shape memory is the ability of a material to regain its original shape under the influence of a stimulus such as temperature, light, electric field, magnetic field, and chemical factors (i.e., pH, ionic strength, selective solvents, or chemical compounds). The mechanism of thermal shape memory in polymer composites results from thermal transitions of polymers, i.e., glass transition, characterized by the glass transition temperature (Tg), or the melting process of the crystalline phase at a melting temperature (Tm). Thermal shape memory in block copolymers is connected with existence of two microphases (two-blocks) of different thermal properties. The shape memory of POSS materials may be attributed to formation of the POSS microdomains via POSS mutual interactions that promote physically crosslinked networks in the material [51,128,129,130,131,132,133,134,135,136,137,138]. Materials with such properties can be used to produce transparent arch wires that have an initial minimal stiffness for easy handling, and for which the modulus of elasticity can change to a predetermined one upon exposure to light or body temperature [139]. However, there are none of these applications with the usage of POSS in dental applications described in the literature. It may be an interesting direction of research, especially as it is known in other fields of medicine [129,138,140,141]. It is worth mentioning that inducing a shape memory effect by POSS incorporation was reported previously for non-isocyanate polyurethanes (NIPU). Shape memory was obtained by chemical introduction of difunctional, double decker POSS, armed with cyclic carbonate groups, and thus obtaining the organic–inorganic poly(hydroxyl urethanes) (PHUs) with POSS bead-like cages stringed on the PHU chains [142]. Obtained composites exhibited improved thermomechanical properties and the ability to self-assemble into nanodomains in the size of 10–30 nm. The formation of the abovementioned microdomains allowed for physical crosslinking and shape memory properties. The strength loss due to programming the original shape at an elevated temperature is minimal (around ~10%).





4.4. Surgery


Facial bone surgery lies at the interface between surgery and dentistry. POSS osteoinductivity has received a lot of attention recently and has generated a large number of articles on tissue scaffolds and materials aiding bone healing. The wound healing aids, for example hydrogel dressings containing POSS, may also be interesting for dentistry.



4.4.1. Bone Reconstruction


POSS are well known for their complete non harm to biological systems, good biocompatibility, and osteoinductivity [46,55,70,88,102,132,143,144]. Therefore, it was only a matter of time until they found multiple applications in the field of bone regeneration. According to Scopus, the first article about POSS in the field of bone regeneration was written in the year 2013 [145]. It reported poly(vinyl acetate)/POSS (PVAc/POSS) electrospun nanofibers that were examined via scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM/EDS), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), electron probe microanalyzer (EPMA), X-ray powder diffraction (XRD), and thermogravimetric analysis (TGA). The analysis of deposited phosphates after SBF immersion and in vitro cytotoxicity on mouse myoblasts C2C1 was conducted. The unique porous morphology of the obtained electrospun mats was revealed, as well as their excellent biocompatibility and potential use as a substrate for proliferation and mineralization of osteoblasts.



Since then, numerous articles about POSS in bone regeneration have been published [12,40,41,44,89,90,145,146]. Octa-TMA POSS were evenly dispersed with chitosan (CS) in water and acetic acid (1% v/v) [39]. Subsequently, the solutions were mixed, ultrasonicated, freeze-dried for 48 h, and finally neutralized and washed with distilled water. The obtained scaffolds were investigated for cytocompatibility, cell proliferation, alkaline phosphatase activity, osteocalcin production, and biomineralization assays. Results showed that the studied composites were cytocompatible with various cell lines, adhered and proliferated osteoblasts, and increased alkaline phosphatase (ALP) activity, osteocalcin secretion, and cell biomineralization. Another porous scaffold was obtained from poly-l-lactic acid (PLLA) doped with POSS-(PLLA)8 using thermally induced phase separation (TIPS) [147]. The bulk material, obtained by solvent casting and containing only 4 wt.% of POSS, was characterized by a six-fold increase of elongation at break, a 48% improvement of Young’s modulus, and a 56% increase of tensile strength, accompanied by excellent cell attachment, spreading, and proliferation [21]. In the next paper, the same material was cultured as a porous scaffold with miR-19b-3p-modified bone marrow mesenchymal stem cells (BMSCs) [147]. By transplanting, the scaffold was used for healing a critical-sized calvarial defect. After three months of recovery, immunohistochemical, pathology, and Micro-CT results showed that the BMSCs/PLLA/POSS scaffold had significantly facilitated the osteogenesis differentiation, enhanced the bone density of the defect area, and accelerated bone repair by suppressing the expression of ubiquitin enzyme, Smurf1. Suppressing of Smurf1is a new strategy for bone tissue engineering. Chitosan with POSS-(OH)32 was also studied in a gelatin methacryloyl (GelMA) matrix with in situ obtained calcium phosphate [44]. POSS served as a physical-chemical crosslinker to reinforce the hydrogel network and to improve mineralization capacity through bonding calcium ions to the silica cage. Therefore, mechanical properties, cell adhesion, and osteodifferentiation were enhanced. The same type of POSS (POH-POSS) was tested in an aqueous environment in the presence of human endothelial cells (HUVEC) [26]. Compared to the control group, the survival of cells incubated with 300 ppm POH-POSS was significantly increased (p < 0.05). Enlarged angiogenesis was observed in HUVEC treated with POH-POSS, which coincides with an intensification of the exosomal secretory pathway. POSS may also be used as macromonomers. The POSS core was surrounded by PEG substituents connected by disulfide bonds and two 2-ureido-4[1H]-pyrimidinone (UPy) groups and then crosslinked by thiol-click chemistry [90]. Compared to a non-filled sample, the improved mechanical properties of the obtained hydrogel and high biocompatibility, proliferation, adhesion, and osteogenesis of periodontal ligament stem cells (PDLSC) were noted. Importantly, a biological mechanism for improving PDLSC osteogenesis was also determined.



Combining chitosan and POSS-1 appears to be beneficial. Celesti et al. tested different concentrations of POSS-1 in CS-POSS hybrid hydrogels that were doped with ketoprofen to test drug release [148]. The positive effect of POSS-1 molecules on improving the drug release properties was revealed. Moreover, biological in vitro tests performed on human fetal osteoblastic cells (hFOB 1.19) demonstrated high biocompatibility, which was improved proportionally to POSS-1 concentration (0.5, 1, and 1.5 wt.%). Importantly, POSS-1 was attached by a covalent bond to chitosan by the Michael reaction.



Similarly, covalent attachment of POSS were used in another work [146] in which POSS bearing one isoxazolidinyl group (isoxazolidinyl-POSS) had been grafted to chitosan by tert-butoxide-assisted amidation reaction; grafted chitosan was then crosslinked by genipin to obtain a hydrogel scaffold. Again, the drug release was determined, revealing a lower wt.% of ketoprofen released in time. Without POSS, the rate of the released drug was declining after 50 h. Both control and POSS-modified chitosan were biocompatible to hFOB1.19 cells; however, the hybrid material increased the percentage of dead cells by 12% on average.



Finally, a macroporous polyetheretherketone (PEEK) scaffold modified with methacrylated chitosan and MA-POSS was obtained [47]. PEEK is a promising material considered a steel substitute in tooth implants; however, its interfacial bioactivity is poor. Macropores were obtained by PEEK sulfonation and 3D printing, while CS/MA-POSS presence contributed to micropores that promoted protein adsorption and apatite formation (Figure 9). In vitro and in vivo evaluation of the scaffold was performed using rat bone marrow mesenchymal stem cells (rBMSCs) and by further implantation into rat skulls. The results of the biological tests showed that the obtained structure and bioactive surface of the modified PEEK scaffolds provided suitable conditions for cell adhesion and proliferation, and promoted in vivo osteogenesis compared to scaffolds made of unmodified PEEK.




4.4.2. Wound Healing


In recent years, many publications have been devoted to hydrogels as materials for wound dressing. The above originates from hydrogel properties, such as adjustable mechanical properties that mimic natural tissue, good water absorption and retention capacity, controlled oxygen and nutrient permeability, easy and inexpensive processing, good wear resistance, and comfort. Modification of hydrogels with POSS allowed for obtaining bio-materials with superior properties.



One of the first hydrogel systems containing POSS was obtained in the year 2005 [149] and then further developed [150,151]. Silver-containing hydrogels formed from diol-POSS, PEG, and LDI offer a prolonged antibacterial effect, preventing biofilm formation and infection. Materials with different properties were obtained. For example, dry cast films swell when immersed in water, while electrospun nanofiber mats shrink.



Such shrinking hydrogels were described by Bu et al. [152]. They are based on tetra-PEG modified with POSS and dopamine, as promising materials for closing wounds. High adhesive strength, a reduced swelling coefficient, and increased cell adhesion and growth were confirmed. Obtained hydrogels were tested in vivo on pigs. The incisions were quickly closed within 2 min, and the hydrogel layer remained stable after this time, proving to be less invasive and more comfortable than commonly used suturing methods. In addition, after 28 days, a significant acceleration of wound healing and complete degradation of the materials was demonstrated, which makes them even more attractive for clinical applications. The adhesion and shrinking properties played a key role here. It was reported that hydrogels that are crosslinked via hydrophobic crosslinkers, such as here with POSS, generally exhibit advantageous adhesive performance to tissues, especially those under wet conditions, such as lungs and blood vessels [153].






5. Conclusions and Future Outlooks


Polyhedral oligomeric silsesquioxanes are promising fillers for dental polymer composites. POSS incorporation not only may enhance resin properties, but also give rise to new ones, e.g., osteoinductivity. The latest works showed that POSS may be successfully incorporated into a polymer matrix to promote hydroxyapatite formation, reduce shrinkage during curing, increase the mechanical performance of the fillings, or ensure antimicrobial properties. Simultaneously, silsesquioxanes may act as co-initiators, which creates additional opportunities to combine the role of filler and a crosslinking agent. Selecting the proper POSS type and its content allows for tailoring the properties of dental composites.



Among all studied POSS for dental materials, POSS functionalized with methacrylate groups receive the most attention. Out of methacrylate silsesquioxanes, octamethacrylate POSS (MA-POSS) seems to be the most examined one. Its incorporation in dental resins reduces water sorption, enhances strength, and promotes osseointegration, reducing either the emerging cavities or microleakage, and may be used for bone reconstruction. Multiple reactive groups secure high homogeneity, and since the POSS nanocage is surrounded by long polymeric chains, the agglomeration effects are reduced. POSS concentration also plays an important role—most materials remained homogeneous or self-assembled into nanodomains when POSS concentration was less than 10 wt.%. Exceeding this content most often results in deterioration of mechanical properties such as flexural strength, hardness, Young’s modulus, and scratch resistance, which are a key properties in dental fillings. With these properties in mind, it would be good to use even 5 wt.% POSS. However, if controlling the shrinkage is the only issue to address, the amount of POSS may be increased up to 10 wt.%.



POSS hydrophobicity allows for the reduction of hydrolysis in both methacrylate dental fillings and PEG hydrogels composites. The above results in delaying their bio-degradation, e.g., until the alveolar bone is recovered. Thus, POSS may also act as a factor regulating the in vivo lifespan of dental materials. Moreover, hydrophobicity plays an important role in the case of tissue adhesives. Silsequioxanes might therefore be used as adhesives, since the strong adhesive effect on living tissue occurs due to the presence of the hydrophobic POSS segments.



The future perspectives of POSS-containing materials in dentistry include new developments in the design of materials exhibiting shape memory, self-cleaning, and bactericidal properties. Another class of promising hybrid materials with POSS are injectable or 3D-printed scaffolds in which silsesquioxanes may ensure controlled microporous morphology and facilitate cell proliferation. Since the research focused mostly on octa-functional MA-POSS, many possible architectures that may be interesting due to various substituents (such as double-decker or open-cage POSS) have not been tested. One POSS molecule may play two or more different roles in a composite if equipped with different substituents. Combining POSS with chitosan, or HAp seems to be also attractive for self-repairing fillings, where osteoinductivity plays an important role. POSS self-assembling abilities may be used for drug release systems or enhancing the bactericidal properties of composites. Such approaches seem to be more advanced in other fields of medicine; therefore, taking advantage of these achievements and introducing them in dentistry might prove beneficial.
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Figure 1. The general structure of closed-cage POSS (left) and partially opened-cage POSS (right). R represents organic substituents functionalizing the POSS cage, while R1 represents organic or silica-organic substituents. 
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Figure 2. Possible applications of POSS in biomedical fields. 
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Figure 3. Application of POSS in dentistry. 






Figure 3. Application of POSS in dentistry.



[image: Ijms 24 04493 g003]







[image: Ijms 24 04493 g004 550] 





Figure 4. Schematic representation of dental composites system. Reprinted with permission from Li, Z.; Zhang, H.; Xiong, G.; Zhang, J.; Guo, R.; Li, L.; Zhou, H.; Chen, G.; Zhou, Z.; Li, Q. J. Mech. Behav. Biomed. Mater. 2020, 103, 103515 [34]. 
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Figure 5. Schematic illustration of the fabrication of hybrid p-SiO2 particles and stress–strain curves of obtained composites. Reprinted with permission from Chen, H.; Wei, S.; Wang, R.; Zhu, M. ACS Biomater. Sci. Eng. 2021, 7, 1428–1437 [73]. 
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Figure 6. Characteristics of (BPEI/SiSQ)n films. (A) Thickness growth curve of (BPEI/SiSQ)n film (number of layers, n = 0, 10, 20, 30, 40, and 50). Static contact angle of (B) the bare silicon wafer as a control, (C) the (BPEI/SiSQ)20 film. (D) FE-SEM cross-sectional image of (BPEI/SiSQ)20 film. Reprinted with permission from Lin, X.; Hwangbo, S.; Jeong, H.; Cho, Y.A.; Ahn, H.W.; Hong, J. J. Ind. Eng. Chem. 2016, 36, 30–34 [86]. 
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Figure 7. SEM images for (A) non-coated, (B) chemically coated, and (C) electrochemically coated Wirolloy with PVS, and (D) electrochemically nHAP coated alloy after immersion in artificial saliva for 14 days at 37 °C. Reprinted with permission from: Ghoneim, A.A.; Abdellatif, A.; Ameer, M.A. Zeitschrift fur Anorg. und Allg. Chemie 2019, 645 [98]. 
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Figure 8. Cytocompatibility of different NPP scaffolds by co-culturing with MC3T3-E1 cells: live/dead staining; green fluorescence indicates viable cells and red fluorescence indicates dead cells. SEM images of the NPP-0%, NPP-5% and NPP-10% scaffolds after soaking in SBF for 7 days. Ca/P ratio obtained via EDS analysis. Reprinted with permission from Haihuan Gong; Yanyan Zhao; Qiwei Chen; Yilin Wang; Hong Zhao; Jing Zhong; Qing Lan; Ying Jiang; Wenhua Huang J. Mater. Chem. B 2022, 10, 8502–8513 [46]. 
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Figure 9. Schematic illustration of PEEK/POSS fabrication procedure. Reprinted with permission from: Liu, Z.; Zhang, M.; Wang, Z.; Wang, Y.; Dong, W.; Ma, W.; Zhao, S.; Sun, D. Compos. Part B Eng. 2022, 230, 109512 [47]. 
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Table 1. POSS in dental applications.
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Type of POSS

	
Structure

	
Properties/Application

	
Ref.






	
Methacryl POSS (MA-POSS)

	
[image: Ijms 24 04493 i001]

	

	
reduces the polymerization shrinkage in dental composites



	
reduces water sorption and hydrolysis






	
[30,31,32,46,47]




	
[image: Ijms 24 04493 i002]

	

	
reduces the polymerization shrinkage in dental composites



	
enhances mechanical properties in dental composites
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enhances mechanical properties of scaffold for bone regeneration



	
enhances hydrophobicity



	
promotes apatite-forming bioactivity in scaffolds









	
Aminated

methacryl-POSS

(AMA-POSS)

	
[image: Ijms 24 04493 i004]

	

	
co-initiator, crosslinker, reinforcing agent






	
[31]




	
Epoxycyclohexyl POSS (E-POSS)

	
[image: Ijms 24 04493 i005]

	

	
reduces shrinkage in dental composites



	
decreases water uptake



	
increases flexural strength






	
[34]




	
Octa-carboxyl POSS

(OC-POSS)
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promotes cell proliferation in scaffolds for calvarial bone regeneration



	
enhances adhesion of vascular endothelial cells






	
[45]




	
Octavinyl-POSS

(OV-POSS)
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macromonomer in synthesis of hydrogels for aiding alveolar bone repair adjacent to the periodontium






	
[37]




	
Triazole-POSS
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provides biocidal properties to the material, exhibits cytocompatibility



	
reduces water sorption



	
ensures higher flexural properties in wet conditions



	
increases methacrylate conversion



	
shows no effect on shrinkage






	
[38]




	
Fully functionalized POSS with

methacrylate and

trimethoxysilyl groups
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reactive binding primer






	
[36]
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