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With the deepening of research on condensed matter chemistry, artificially guided demineralized dentin remineralization has changed from a classical remineralization pathway of the thermodynamic deposition mode to a biomimetic mineralization mode. This new mode is more consistent with the biological mineralization process. The biomimetic mineralization model can successfully simulate natural mineralization and restore the microstructure and mechanical properties of demineralized dentin. Therefore, it has a good application value in the treatment of caries and dentin hypersensitivity and adhesive restorations. This paper analyzes the principles of guided tissue remineralization and describes new research findings related to the classical mineralization model and the novel biomaterials developed using the biomimetic mineralization mode in detail. It also describes the application of these principles to improve the dentin bonding system. It thus shares the new findings in guided tissue remineralization applied to dentin bonding systems. Finally, the existing problems in this field and future development directions are proposed.
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1 INTRODUCTION
Bonded restorative techniques are becoming increasingly crucial for restoring the morphology and function of dentition with the development of minimally invasive and aesthetic concepts in the dental discipline. Clinically, dental defect restoration is mainly accomplished through bonding techniques (Chen et al., 2021).
Enamel bonding with a low-viscosity bonding resin forms a reticular structure on the enamel surface after acid etching, which is the main factor for achieving micromechanical retention. At the same time, adhesive monomers form complexes with Ca2+ in the enamel to further improve the bond strength (Bernales Sender et al., 2020). However, the dentin produces a network of demineralized collagen fibrils after clinical acid etching, altering its structure because of its inherently non-homogeneous structure (Breschi et al., 2018). In addition, collagen fibrils exposed during the aging of the dentin bonding interface for various reasons are weak structures. These weak structures compromise the stability of the bonding interface (Xu et al., 2021). This makes dentin bonding a challenge even today.
The main components of biological hard tissues, such as teeth, constitute organic-inorganic composite multilayered structural materials made of mineral crystals in an ordered configuration, considered a special class of condensed biological matter. With the understanding of condensed matter, many researchers have designed and developed many organic-inorganic composite biomimetic materials similar to natural substances. Like natural substances, the developed biomimetic materials have multi-level ordered layered structures, controlled morphology, and excellent properties. Thus, they have good prospects for application as medical restorative materials (Sang et al., 2020). Some scholars have recently attempted to use the dentin remineralization technique to form mineral deposits in the gaps within and between the demineralized dentin collagen fibrils so that the exposed collagen is re-encapsulated by mineral deposits. This re-encapsulation protects the dentin collagen fibrils and improves the stability of the adhesive interface (Liang et al., 2018a). Some experiments have demonstrated that inducing remineralization of exposed collagen fibrils in a hybrid layer improves the durability of resin–dentin bonding (Toledano et al., 2021). The proposed method of dentin remineralization and related studies have provided a crucial experimental basis for enhancing the durability of resin–dentin bonding. This paper reviews novel findings in recent years concerning the effect of guided tissue remineralization and the promotion of dentin bonding.
2 MINERALIZATION OF DENTIN
Dentin remineralization is clinically important for treating dentin caries and dentin hypersensitivity and increasing the durability of the dentin–resin material bond. Three basic conditions must be met for dentin remineralization. First, an intact collagen fibril structure must be present as a scaffold for mineral crystal growth (Zhou et al., 2020). Second, residual mineral crystals in the growth center or, at least in the case of complete demineralization, a newly formed nucleation center must be present (Xiang et al., 2021). Third, a mineral source containing calcium and phosphorus must be provided (Dai et al., 2021). The complete spatial relationship between minerals, scaffolds, and the soluble matrix is essential for achieving the ultrastructure of the biomineral matrix required for restoring the demineralized dentin, which is the main challenge for successful restoration (He et al., 2019).
Most early studies on dentin remineralization were based on the classical crystallization pathway. This pathway involves the large-scale deposition of calcium phosphate (CaP) crystals in collagen in a liquid environment containing mineral ions (Wu et al., 2020). However, their results were poor because they did not mimic the hydroxyapatite (HAP) arrangement in natural dental collagen fibrils and were not suitable for clinical applications. Dentin biomimetic remineralization has become a popular research topic. This is because of the advances in the study of collagen and non-collagenous proteins (NCPs) and a shift toward exploring processes involving intrafibrillar remineralization that are more similar to natural tooth formation (Amornkitbamrung et al., 2022).
2.1 “Top-down” remineralization approach of dentin
Conventional remineralization methods rely on calcium supplementation and deposition of large crystals by phosphate ions on the collagen surface (Figure 1), based on the classical theory of ion-mediated crystallization (Tao et al., 2019).
[image: Figure 1]FIGURE 1 | Process of extrafibrous mineralization in the simulated body fluid (Bim-Junior et al., 2021).
Cao and Li (2016) successfully formed a dense remineralized layer consisting of well-defined hexagonal nanorod crystals with a diameter of approximately 100 nm on the demineralized dentin surface. The remineralized layer was formed using agar gels rich in Ca2+, F−, and PO43−. Other researchers have used resins pre-loaded with fluoride (Saxena et al., 2018; Reise et al., 2021) or bonding agents loaded with a bioactive glass (BAG) (Daneshpoor and Pishevar, 2020; Saffarpour et al., 2017) to promote the remineralization of bare collagen. The use of pre-loaded resins or bonding agents also enhanced the resistance of the bonding interface to secondary caries. Dickens et al. (2003) used a new resin-based Ca-PO4 cement composed of tetracalcium and dicalcium phosphate and carboxylated monomers and other monomers as a restoration support base or lining material to remineralize diseased dental hard tissues. Minimally invasive high-intensity focused ultrasound has recently been used to enhance dentin remineralization. In this technique, high-amplitude ultrasound energy is focused on the overlying tissue by using a transducer. This resulted in high tension waves that produce changes through bubble clouds to enhance the transfer and interaction of calcium and phosphorus ion donors within the demineralized dentin matrix to remineralize dentin collagen fibrils (Daood and Fawzy, 2020).
However, this conventional remineralization approach focuses only on the supplementation of mineralized substrates to facilitate crystal deposition. It does not recognize the vital role of NCPs in regulating the deposition rate and orientation of nascent mineral crystals. Liu et al(2011) demonstrated that “top-down” mineralization occurs not by spontaneous nucleation of minerals on the organic matrix but by epitaxial growth on the existing seed lattice. The orientation of these mineral lattices is determined by the lattice of the seed microcrystals (Iijima et al., 2019). Similarly, Lima’s group (de Lima et al., 2020) immersed normal dentin discs and dentin discs demineralized with 37% phosphoric acid in a remineralizing solution (pH 7.6) enriched with calcium and phosphorus ions for 10 days at 37°C and observed through scanning electron microscopy (SEM). The SEM images showed a newly formed remineralized layer on the entire surface of the intact dentin, covering the originally exposed dentinal tubules. By contrast, the demineralized dentin discs exhibited almost no new mineral deposition on the dentin surface and the lumen of the tubules. They explained this finding based on the classical theory of remineralization that a pre-existing seed lattice can be used as a nucleation site to form new crystals (Aprillia et al., 2021). The surface cannot trigger remineralization of collagenous fibrils even in a supersaturated solution if no pre-existing crystal seeds are available.
Mineralization occurs mainly on scaffold substrates containing more seeded microcrystals. This means the mineral distribution of the demineralized surface layer influences the characteristics of subsequent mineralization, including the location and density of mineral deposition (El Gezawi et al., 2019). Furthermore, if the seed lattice is lacking or negligible, remineralization does not occur (Dai et al., 2011). The dentin mineralized in this manner is entirely different from the natural dentin in mechanical properties and the microstructure. Therefore, methods to achieve natural-like mineralization on fully demineralized dentin must be identified.
2.2 “Bottom-up” biomimetic remineralization approach of dentin
Biomineral condensed materials do not directly complete the final structure; their growth process involves, for example, a transformation between liquid to solid or amorphous to condensed crystalline states (Mao et al., 2020). With the continuous research on the dentin remineralization theory, the dentin biomimetic remineralization technique is gradually becoming a widely followed research direction. This is because of its advantages, such as controlled deposition of amorphous precursors on demineralized dentin collagen fibrils to form ordered apatite crystal structures and the absence of the need to rely on the remaining seed crystals on the dentin collagen fibrils as a starting point (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic illustration of dentine bioremineralization: (A) metastable amorphous calcium phosphate nanoprecursors with biomimetic moleculars (BM1) formation; (B) nanoprecursors penetrate into a demineralized collagen matrix; (C) nanospheres transform into apatite nanocrystals; (D) biomimetic molecules (BM2) simulating non-collagenous protein bind with specific sites of the collagen molecule and a large number of nanocrystals with BM1 array in an orderly fashion to form mesocrystals; (E) the mesocrystals fuse to form single crystals, and intrafibrillar and interfibrillar remineralization of dentine are obtained (Zhong et al., 2015).
The core of dentin biomimetic remineralization theory is the formation of metastable amorphous calcium phosphate (ACP) nanoprecursors by atoms or molecules under the stabilizing effect of NCPs in hard tissues (Figure 2A) (Nurrohman et al., 2017). Subsequently, ACP readily penetrates the demineralized collagen matrix by molecular sieving (Figure 2B) (Qu et al., 2020). ACP then gradually transforms into crystals due to its low interfacial energy (Figure 2C). NCPs with CaP binding and collagen-binding functions bind to specific sites of collagen molecules, and many nanocrystals can penetrate the demineralized dentin (Sadoon et al., 2020). These infiltrated nanocrystals are guided by anions in biomimetic molecules anchored to collagen binding sites. Apatite nanocrystals form intrafibrillar and interfibrillar remineralized crystals along the surface of dentin collagen microfibrils and dentin collagen fibrils (Figure 2D) (Niu et al., 2014). The formation of new nanocrystals induced by biomimetic molecules may guide other apatite nanocrystals through self-assembly to produce larger and more stable polymeric mesocrystals. These mesocrystals eventually transform into larger plates of apatite crystals within and along the surface of dentin collagen fibrils (Figure 2E). The mineralization process is “bottom-up,” culminating in intra- and interfibrillar mineralization of dentin.
In 2009, Tay and Pashley (2009) pioneered the use of ACP and non-collagen analogs (polyacrylic acid (PAA) and polyvinyl phosphonic acid) to mineralize the demineralized areas inside and outside the dentin collagen fibrils formed due to acid etching. This led to the restoration of the original structural features of the dentin collagen fibrils. According to the literature, intrafibrillar mineral crystals are the main source of mechanical strength of dentin collagen fibrils and a vital sign of successful biomimetic mineralization (Gargouri et al., 2020). Subsequently, Malacarne et al. (2006) found a significant increase in bond durability of remineralized dentin samples after bonding with resin. They thus provided an experimental basis for subsequent remineralization to enhance dentin bond durability. The current research direction of guided tissue remineralization mainly has three aspects: biomimetic molecules, collagen, and amorphous nanoprecursors.
2.2.1 Role of non-collagenous proteins and their analogs in remineralization
NCPs and their analogs have been widely studied, considering their key role in controlling mineralization during crystal nucleation and growth (Bachli et al., 2019). NCPs reduce the nucleation activation energy and the driving force required for apatite formation (Di Foggia et al., 2019). The contemporary concept of biomineralization describes that acidic NCPs (e.g., dentin matrix protein I) stabilize calcium and phosphate ions in solutions to form pre-nuclear clusters. The pre-nucleated clusters aggregate to form ACP nanoparticles (NACPs) and localize in the intrafibrillar regions of collagenous fibrils. Crystalline alignment occurs in these intrafibrillar regions, culminating in the formation of monoapatite crystals in the interstitial regions within the collagen molecules (Bacino et al., 2019). Crystal growth in these intrafibrillar interstitial regions is beneficial because the mechanical properties of the dentin extracellular matrix are enhanced with minerals occupying these regions (Toledano et al., 2022). This also protects collagen molecules from enzymatic and acidic “attacks” (Padovano et al., 2015). Although the role of NCPs in regulating dentin type I collagen fibrils’ biomimetic mineralization has long been discovered, the complex process of obtaining natural NCPs and the high cost of their use have limited further research and their development. Inspired by the polyelectrolyte properties of NCPs (including mechanisms such as capillary forces (Olszta et al., 2007), size exclusion, charge interactions (Nudelman et al., 2010; Liu et al., 2021), and osmotic and charge balance (Niu et al., 2017)), researchers have attempted to use NCP analogs to stabilize NACPs for intrafibrillar remineralization (Shen et al., 2019) (Figure 3; Table 1).
[image: Figure 3]FIGURE 3 | Remineralization of demineralized dentin with non-collagenous protein analogs through guided continuous crystallization of amorphous nanoprecursive bodies between collagen.
TABLE 1 | Application of different NCP analogs.
[image: Table 1]2.2.1.1 Polyanions
Polyacrylic acid, polyglutamic acid, polyaspartic acid (pAsp), and carboxylated polyethylene glycols are often used to simulate the negative charge properties of the deprotonated active form of NCP. Bryan D. Quan and Sone (2018) showed that both pAsp and polyglutamic acid acted as HAP nucleating agents in the same remineralization solution, inhibiting the formation of HAP from ACP in the solution. Zhao et al(2021) added aspartic acid (Asp) to a mineralization solution containing PAA and used transmission electron microscopy (TEM) and SEM to evaluate the remineralized layer of the demineralized dentin. Asp promoted the crystallization kinetics of PAA-stabilized ACP to HAP and accelerated the remineralization time to 2 days, equivalent to 7 days of mineralization without Asp. Wang’s group (Wang et al., 2021) prepared mineralized membranes composed of hydroxypropyl methylcellulose (HPMC) and pAsp-stabilized NACPs. HPMC, which contains multiple hydroxyl groups, is a film-forming material that forms a film when dried and gradually becomes a gel in a humid environment. HPMC was used as a carrier for pAsp-NACPs to provide biomimetic mineralization. The results showed that the mineralized film exhibited remineralization after 24 h, and the entire demineralized dentin thickness increased by 3–4 μm after 72–96 h.
Polydopamine (PDA), inspired by mussel proteins, can be used as a biomimetic analog to introduce functional groups on the surface of type I collagen as nucleation sites for CaP crystals (Amornkitbamrung et al., 2022). The main effect of PDA on the mineralized layer is due to its surface charged groups, such as catechol or amino groups. These groups can strongly interact with the surrounding calcium and phosphorus ions (Ryu et al., 2010). PDA added to primers can induce CaP mineral deposition on the surface of samples by forming irreversible deposits through the oxidative polymerization of dopamine under slightly alkaline conditions (Murari et al., 2020). Qu et al. (2020) significantly improved the mineralization degree and mechanical properties of remineralized dentin by using PDA. Moreover, they found that PDA could accelerate mineralization by reducing the interface between collagen and liquid ACP. This thus provided a new understanding for further shortening the time required for remineralization treatment. Zhou et al. (2012) also accomplished the sealing of dentin tubules through PDA-induced tooth remineralization, signifying that PDA may be used as a potential treatment for dentin hypersensitivity.
2.2.1.2 Active peptides
Chien et al. (2017) demonstrated that pretreatment with amphiphilic peptides enhanced collagen sorting and mineralization and induced functional remineralization of dentin damage in vitro. In the vicinity of dentinal tubules, newly formed apatite nanocrystals were co-linearly aligned with the c-axis parallel to the tubule perimeter. Restoration of the tissue ultrastructure resulted in high mechanical strength. The observation that aromatic groups interact with collagen while hydrophilic side chains bind to mineralized components highlights the potential of synthetic sequence-defined biomimetic polymers to mimic tissue remineralization as NCPs. Liang et al. (2015b) utilized an aspartate-serine-serine (DSS) peptide containing eight repeats (8DSS) to demonstrate that the 8DSS peptide has good binding strength to demineralized dentin. Moreover, the revealed that 8DSS induces nanocrystal precipitation on the dentin surface and in dentin tubules. The mechanical properties of 8DSS-coated samples were also significantly improved. All the aforementioned experiments showed that active peptides could mineralize dentin collagen fibril surfaces and interstitial areas of microfibrils. However, according to the literature, the active peptide structure may affect the morphology of the generated and deposited HA crystals (Mannem et al., 2020). In the experiments conducted by Xiu Peng’s group, the deposits formed after remineralization of active and inactive peptides showed two different crystalline forms, namely flakes and needles (Peng et al., 2021). Therefore, in future studies, we should focus on the new HA morphology after remineralization of each active peptide to identify the most suitable active peptide for restoring the original morphology and function of dentin.
2.2.1.3 Dendrimers
Some researchers have used polyamide-amine dendrimers to model the crucial role of NCP in biomineralization. Polyamide-amine polymers (PAMAM) have become a research hotspot because of their superior biomineralization ability. Moreover, they are characterized by their internal cavities and relatively low toxicity, better biocompatibility, and wider surface area (Bae et al., 2019). In addition, they show excellent performance by loading many reactive end groups on their surface (Liang et al., 2018b). For example, hydroxyl-terminated PAMAM (PAMAM-OH) (Liang et al., 2022), phosphate-terminated PAMAM (PAMAM-PO3H2) (Zhang et al., 2015), amine-terminated PAMAM (PAMAM-NH2) (Liang et al., 2015a), and carboxyl-terminated PAMAM (PAMAM-COOH) (Xie et al., 2016) have demonstrated functionally rich remineralization ability in their respective experiments. These structures and features enable PAMAM to mimic the biomineralization of the natural organic matrix on the tooth tissue surface. This allows PAMAM to act as an organic template to control mineral nucleation and crystal growth for better dentin biomineralization (Wen et al., 2020; Liang et al., 2016).
Zhu et al. (2018) successfully induced dentin remineralization and plugged dentinal tubules with phosphorylated poly (amide-amine) dendrimers containing apigenin. Incorporation of apigenin enhanced resistance to bacteria. Liang et al. (2019a) showed that even after up to 77 days of acidic fluid stimulation, the PAMAM experimental group still underwent moderate dentin remineralization. This suggested that most PAMAM macromolecules are firmly attached to demineralized dentin depending on electrostatic interactions and the size repulsion characteristics of collagen fibrils. Liang’s group (2017b) demonstrated for the first time the remineralization function of PAMAM with NACPs on demineralized dentin in acidic solutions without calcium and phosphorus ions.
PAMAM with high plasticity is increasingly used in dental tissue biomimetic restoration. Its inherent cytotoxicity is reduced by loading negatively charged groups that attenuate the positive surface charge of dendritic macromolecules (Wang et al., 2015). However, further studies are warranted to determine whether cytotoxicity will act as a barrier to the clinical use of this method for tissue remineralization.
Several other substances have been shown to have a good role in guided tissue remineralization. Agarose is a biopolysaccharide extracted from marine red algae that can be prepared into thermally reversible gels. Agarose and its derivatives and mixtures have been widely used in tissue engineering and regenerative medicine (Beaumont et al., 2021). In agarose hydrogel systems, agarose can be used as an organic template for biomimetic mineralization to form agarose fiber-nanoscale-ACP complex precursors (Han et al., 2017). By observing the SEM image of the sample after the agarose gel was used for remineralization, a prismatic structure similar to enamel was formed on the sample surface through crystallization of amorphous particles. Thus, remineralization of demineralized dentin collagen fibrils can be realized with agarose (Zarrintaj et al., 2018).
2.2.2 Importance of collagen in biomineralization
Dentin collagen fibrils provide a scaffold for mineral deposition. Therefore, a deeper understanding of the hierarchical self-assembly of mineralized collagen is indispensable for inducing dentin remineralization. Collagen constitutes 90% of the organic matrix, with the predominant protein being type I collagen (Zhao et al., 2020).
In early studies, collagen was considered to be unable to induce apatite formation and NCPs or their analogs had to be added. However, many studies have demonstrated that the collagen structure is necessary for directing apatite alignment and growth (Liang et al., 2019b). Qin et al(2021) concluded that type I collagen, which provides the three-dimensional structural framework for dentin remineralization, cannot by itself induce nucleation of carbonate apatite in the ACP phase. However, an in vitro study (Wang et al., 2012) showed that type I collagen could nucleate apatite in the absence of any other vertebrate calcified tissue extracellular matrix molecules to initiate and orient the growth of carbonate apatite minerals. They similarly concluded that the collagen matrix influenced the structural features of apatite at the atomic scale and controlled the size and three-dimensional distribution of apatite at a larger scale. The results showed that charged groups in collagen provide nucleation sites for inducing apatite nucleation. The experimental results of Su et al. (2021) suggested that type I collagen has a complex and ordered structure and plays a positive role in guiding the penetration of minerals into nucleation. Nevertheless, whether collagen alone can form intrafibrillar mineralization remains controversial. Wu et al. (2015) used DC electric fields to promote the mineralization of collagenous fibrils in the absence of NCPs or their analogs. This provides a novel idea on whether collagen can induce mineralization alone.
2.2.3 Role of amorphous nanoprecursors
Experiments have demonstrated that nanostructured CaPs in various forms of biomimetic CaPs are more effective in remineralization treatments than their macroscopic-sized counterpart. This is because of their biomimetic nature, higher surface area, reactivity, and better ability to adhere and penetrate the dentin. Compared with other crystalline CaP phases such as octacalcium phosphate [Ca8H2(PO4)6·5H2O] and tricalcium phosphate [Ca3(PO4)2], NACPs are widely used in the oral field because of their ability to release large amounts of Ca2+ and PO43- ions (Figure 4) (Iafisco et al., 2018).
[image: Figure 4]FIGURE 4 | I: TEM (A) and SEM (B) images and FTIR characterization (C) of the synthetic NACPs (Zhang et al., 2019). II: Schematic representation of the different stages of surface-directed mineralization of CaP from SBF at 37°C. Stage 1: loose aggregation of prenucleation clusters in the equilibrium with ions in the solution. Stage 2: aggregation of prenucleation clusters in the presence of the monolayer with loose aggregates still present in the solution. Stage 3: aggregation leads to densification near the monolayer. Stage 4: nucleation of amorphous spherical particles only at the monolayer surface. Stage 5: development of crystallinity following oriented nucleation directed by the monolayer (Dey et al., 2010).
The amorphous phase strategy is also used by numerous organisms for mineralization, and its advantages can be explained in three ways (Tang et al., 2021). First, the highly hydrated amorphous phase has a liquid-like fluidity and plasticity, considered the basis for constructing complex minerals, especially in extremely small compartments (Athanasiadou Carneiro, 2021). Second, ACP is a concentrated phase of calcium and phosphate with higher mineralization efficiency and is easily transported compared with ionic solutions (Lotsari et al., 2018). Third, ACP is more soluble than HAP and therefore has more flexible and controllable properties in terms of recombination and fusion (Mu et al., 2021).
Apatite is the main inorganic component of dentin; therefore, the ordered redeposition of apatite is essential for the biomimetic remineralization of dentin (Cao et al., 2015). ACP particles are nanosized with a range of 20–300 nm. When observed through TEM, the morphology of dried CaP solids is usually curvilinear rather than the polyhedral angular shape of crystalline CaP (Wang et al., 2017).
ACP is a precursor of HAP (Wu et al., 2017) and slowly releases calcium ions into aqueous media to form HAP on hard tissues (Toledano et al., 2021). However, the instability of ACP limits its application for remineralization. By exploring natural dentin biomineralization, researchers have demonstrated that NCPs, such as dentin matrix protein 1 (DMP-1) and dentin salivary phosphoprotein (DSPP), can bind Ca2+ to stabilize ACP at the nanoscale and slow down the formation of large crystals (de Melo Pereira and Habibovic, 2018; Niu et al., 2021a; Saxena et al., 2019). ACP is a sub-stable phase that lacks long-range atomic organization and readily transforms into a thermodynamically stable crystalline phase such as octacalcium phosphate or apatite under supersaturated conditions (Braga, 2019; Xie et al., 2022). Under in vivo conditions or in the presence of certain ions, ACP may persist for some time due to kinetic stabilization. However, ACP is sub-stable in its wet state, and the exact mechanism of ACP stabilization remains unclear.
During remineralization, nanoprecursors are first introduced as a transitional stage in the formation of mineralized collagen fibrils (Lotsari et al., 2018), finally forming a well-crystallized apatite phase. ACP nanoprecursors are fluid, permeate demineralized collagen, and stabilize their transformation by adding NCP analogs to CaP medium (Yang et al., 2022). Therefore, the ACP particles could not be automatically converted into apatite crystals before entering the collagen fibrils. These nanoscale ACP particles are then electrostatically attracted to the collagen interstitial region that serves as the entry site. Finally, the alignment of charged amino acids within the interstitial and overlapping regions produces nucleation sites that guide the rearrangement and crystallization of ACP clusters along the collagen microfibrils and the collagen fibril surface.
Remineralized dentin collagen has good mechanical properties and is resistant to collagen degradation, bridging nano-microleakage gaps and significantly affecting the long-term bonding performance of the dentin‒adhesive resin interface. This suggests that biomimetic remineralization can be used as a long-term strategy for improving the durability of the dentin‒adhesive resin interface (Chen et al., 2020).
3 APPLICATION OF GUIDED TISSUE REMINERALIZATION IN DENTIN BONDING
3.1 Factors influencing dentin bonding failure
Dentin bonding systems have evolved from the all-acid etching bonding theory (Fusayama et al., 1979) to the self-etching bonding theory (Kimochi et al., 1999; Chen et al., 2021). The bond strength has improved completely compared with the previous ones. Although immediate dentin bonding strength has improved, the durability of dentin bonding remains limited (Yamauchi et al., 2020). The annual failure rate of direct restorations is as high as 7.9% (Laske et al., 2016). Moreover, resin dentin bonding relies on the penetration of adhesive monomers into demineralized collagen fibrils, which are entangled and cured to form a hybrid layer for micromechanical retention (Zhou et al., 2019). However, due to the limited penetration of the resin monomer, many dentin collagen fibrils in the hybrid layer are not encapsulated by the resin monomer after demineralization (Sauro et al., 2015). Incorporating hydrophilic groups into the resin allows the bonding resin to continue to absorb water molecules for a long period, exerting a hydrolytic effect on the resin (Ito et al., 2005). Because of repeated mechanical stimulation induced by mastication and endogenous hydrolytic enzymes (Ye et al., 2017; Perdigao et al., 2013), the dentin collagen fibrils not encapsulated by the resin monomer hydrolyze (Hashimoto et al., 2003). After hydrolysis, these dentin collagen fibrils gradually undergo creep and cyclic fatigue fracture. This fracture destroys the structure of the original dentin bonding interface and significantly increases the uncertainty of dentin bond strength and durability (Zhang et al., 2020; Porto et al., 2018). Many cariogenic bacteria, represented by Streptococcus mutans, exist in the complex microenvironment of the oral cavity. When active, they produce large amounts of acid. This acid can demineralize the hard tissue of teeth and activate endogenous protease to decompose collagen fibril (Niu et al., 2021b). Thus, dentin bonding in the carious state is more complex, and the presence of bacteria further reduces the stability of the hybrid layer (Ekambaram et al., 2015).
Protection of the hybrid layer from attack by internal and external risk factors is essential for strengthening the dentin‒resin bond. Minerals play an extremely crucial role in protecting the stability of the hybrid layer. The guided tissue remineralization technique remineralizes demineralized dentin collagen fibrils. It can replace water in the hybrid layer, and the newly synthesized minerals can encapsulate the exposed collagen so that endogenous enzymes are not activated. This circumvents the challenges affecting dentin bonding in terms of residual water and the insufficient performance of resin in the hybrid layer (Lin et al., 2016). This technique partially or completely restores the mechanical strength and natural structure of naturally mineralized dentin. Researchers have added more ingredients, such as silver ions, chlorhexidine, and NaF (Barbosa-Martins et al., 2018), to the remineralization system to increase the stability of the bonding interface. Additional ingredients also inhibited the activity of various cariogenic bacteria in the oral cavity (Tao et al., 2020) or the activity of hydrolytic enzymes, such as matrix metalloproteases, in the bonding interface (Liang et al., 2017a). This significantly solves the problems of current dentin bonding systems and has a good application prospect (Figure 5; Table 2).
[image: Figure 5]FIGURE 5 | Schematic diagram of the principle of guiding tissue remineralization to promote dentin bonding. HL is the hybrid layer; RT is the resin tag.
TABLE 2 | Research results on the promotion of the bonding effect after dentin remineralization treatment.
[image: Table 2]3.2 Application of remineralization in an acid etch-and-rinse bonding system
Acid etching is the first step in resin dentin bonding. Using 32%–37% phosphoric acid in the etch-and-rinse bonding system, this step removes the smear layer and completely demineralizes the area within 5‒8 μm of the dentin. Therefore, in etch-and-rinse systems, the remineralization treatment should ensure that the remineralized material fills the area with the resin monomer. In addition, it should ensure that the remineralized material completely covers the deeper demineralized dentin not infiltrated by the resin monomer to prevent problems such as nanoleakage and collagen hydrolysis. Researchers have confirmed through continuous experiments that dentin samples, after biomimetic remineralization, still exhibit nascent nanocrystal deposits on the completely demineralized collagen fibrils under a transmission electron microscope. These deposits are observed even after applying etch-and-rinse bonding systems (Sauro et al., 2015). In addition, microtensile bond strength tests of dentin-bonded samples after long-term aging have demonstrated that the stability and durability of the resin–dentin bond could be effectively increased through biomimetic remineralization (Niu et al., 2014).
In the last decade, satisfactory results have been achieved in remineralizing dentin surfaces using BAG to form a CaP-rich layer (Bakry et al., 2011). The ability of fluorinated BAGs (FBGs) to form apatite in simulated body fluids has been previously demonstrated experimentally (Lusvardi et al., 2009). The addition of fluoride inhibits the increase in pH in the aqueous solution and forms fluorapatite (FAP). FAP is more chemically stable than HAP or carbonated HAP compared with fluoride-free glass (Brauer et al., 2010). Characterization of various studies showed that FBG pastes improved the acid resistance of the edges of demineralized dentin cavity surfaces without affecting the shear bond strength of dentin-bonded specimens (Abbassy et al., 2021). In addition, the FBG paste remineralized the demineralized dentin surface in a short time. This may be due to the nature of the paste that releases unstable calcium and phosphate ions without forming stable HAP crystals (Brauer et al., 2010).
3.3 Application of remineralization in a self-etch bonding system
Unlike etch-and-rinse bonding agents, self-etch bonding agents contain polymerizable methacrylate-based acidic resin monomers that simultaneously acid etch and penetrate the dentin matrix. Their efficacy varies widely, as does the depth of dentin demineralization. Because of the limited penetration capacity of the resin monomer, electron microscopy of the bonded samples treated with a self-etch bonding system revealed the presence of water channels extending from the hybrid layer to the adhesive layer after bonding. This indicated the presence of some demineralized collagen not encapsulated by the resin, which is one of the main factors causing bond failure (Braga and Fronza, 2020). Bonded samples treated with different self-etch systems showed different results after prolonged immersion in simulated body fluids rich in Ca2+ and PO43- without the involvement of NCP. The dentin samples treated with a highly acidic self-etch bonding system with the greatest mineralization depth did not even undergo new crystal deposition. This is because remineralization in the absence of NCP, the classical crystallization model, must be based on seed microcrystals remaining in the matrix as the core for new mineral crystallization. However, seed microcrystals are no longer present in the area of complete demineralization caused by acid etching in this group (Babaie et al., 2021). After the biomimetic remineralization treatment, under the microscope, all appear as continuous, tightly arranged mineral crystals following the collagen fibril arrangement. Because the space within the collagenous fibrils is occupied, intrafibrillar mineralization can be assumed to have occurred (Figure 6) (Kim et al., 2010).
[image: Figure 6]FIGURE 6 | A schematic summarizing the features of biomimetic intrafibrillar remineralization observed in the completely demineralized resin-infiltrated collagen matrices created in human dentin. (A) Demineralized collagen fibril. (B) Rope-like microfibril infiltrated with fluidic ACP droplets generated by the biomimetic remineralization system. (C1) A view of a microfibril at the molecular level. ACP can be seen infiltrating the spaces around the collagen molecules through capillary action. (C2) Coalescence of the ACP in the microfibril. (D1,D2) Transformation of continuous braided amorphous precursors into nanocrystals, and their assembly into metastable mesocrystals. (E) Hypothetical fusion of mesocrystals into larger, single-crystalline platelets (Kim et al., 2010).
The function of acidic monomers in self-etch bonding systems is not limited to acid etching and penetration of the dentin matrix; however, with the increasing understanding of their properties, acidic monomers can also play a greater role. Acid functional monomers, such as methacryloyloxydecyl phosphate (MDP), can be chemically bonded to HAP to form a periodic nanolayer structure (Yoshihara et al., 2011). After bonding to the composite resin by the self-etch bonding system, the microtensile strength of dentin discs pretreated with the prefabricated ACP-MDP suspension increased by 59.1% compared with that of untreated bonded samples (Zhang et al., 2019).
In the clinical treatment process, the high technique sensitivity of dentin bonding or the dislodging of restoration caused by the long-term aging of the bonding agent is also among the main causes of secondary caries. The operator cannot directly observe the presence of the bonding agent; therefore, the condition cannot be detected and treated in time in the self-etch bonding system. Thus, incorporating fluorescein into the self-etching adhesive is a novel idea (Wang et al., 2018). Sodium fluorescein and PAA-NACPs were incorporated into the adhesive in the self-etch system to produce a new fluorescent adhesive and maintain the fluorescence intensity for a long period. The fluorescence facilitates the operator’s observation of the bonding interface while remineralizing it. This is a new approach for improving the bond durability of dentin and preventing secondary caries.
4 CONCLUSION AND PROSPECTS
In summary, guided tissue remineralization enhances the deposition of mineral crystals within and between the collagen fibrils. This solves the problems of decreased collagen strength due to demineralization, nano-penetration due to insufficient resin infiltration, enzymatic digestion due to endogenous enzyme activation, and hydrolysis of resin within the hybrid layer of the dentin bonding system. Furthermore, the enhanced hybrid layer mineralization can effectively solve the aforementioned problems, improving the bond strength performance of the dentin bonding system. Products based on remineralization theory have been applied commercially. For example, MI Paste (GC Comp, Japan), whose main active ingredient is casein phosphopeptide-ACP (CPP-ACP), can remineralize dentin and enhance bonding strength (Dos Santos et al., 2016). However, because of the relatively complex oral environment in which dentin is located, such products have few clinical applications and lack long-term follow-up investigation. Further clinical data collection is required to explore whether these products play an active role in the durability of dentin bonding. However, guided tissue remineralization is still a promising solution for clinical applications.
Condensed matter chemistry studies have improved the understanding of the processes of organic substrates regulating nucleation, transformation, and growth in inorganic mineralized substances in biomineralization. As a special class of condensed matter, the theoretical mechanism of mineralization in dentin has progressed from the classical mineralization theory to the biomimetic remineralization theory. The biomimetic remineralization theory emphasizes the orderly deposition and interaction of collagen fibril scaffolds, NCPs and their analogs, and calcium and phosphorus substrates. Biomimetic remineralization mimics the natural biomineralization process by modifying and directing the self-assembly of calcium and phosphorus substrates in the collagen fibril framework through NCPs. Accordingly, biomimetic remineralization achieves an orderly cascade of crystal growth until mineralization is complete. Although these studies have yielded good results, many defects and shortcomings remain: 1) Although new mineralized deposits were formed in the remineralized dentin, the deposition thickness was still between tens and hundreds of microns. In addition, most studies have not considered the involvement of bacteria, and most cariogenic bacteria in the oral cavity produce high amounts of acid, which may affect the results of biomimetic remineralization (Tao et al., 2021). 2) For most dental restorations, biomineralization of the restorative material itself is not desirable. The restorative material should have a minimal or even zero biomineralization tendency. However, the enamel or dentin beneath the restoration may benefit from interfacial biomineralization. This tendency may lead to calculus formation (Vallittu et al., 2018). 3) Since current in vitro studies of dentin remineralization rely on the immersion of isolated teeth in a remineralizing solution (Tan et al., 2020), remineralization takes a long time (Cai et al., 2017) and cannot be effectively applied in clinical practice. 4) The cytotoxicity of remineralized materials should also be considered in the clinical application of tissue remineralization materials. Pure Portland-based cements commonly used in remineralization experiments may be potentially cytotoxic due to their high alkalinity (pH = 12) and the presence of arsenic ions, which is unacceptable for clinical applications. Remineralizing materials should have no cytotoxicity or should have no adverse effects on humans.
Future research on biomimetic mineralization should focus on deepening the understanding of mineral nucleation, aggregation, crystallization, and transformation processes in biomineralization. The mineralization precursor ACP can be converted to mineral crystals by adding the precursors to solid composite resins or dissolving them in remineralizing solutions. However, the optimal ACP phase for guiding tissue remineralization needs to be further investigated. This would allow us to find the best way for ACP participation in the mineralization process and achieve the most efficient mineralization deposition of calcium and phosphorus substrates. As a key component of guided tissue remineralization, NCPs and their analogs should be designed and formed into more diverse organic-inorganic composite biomaterials that promote bionanomineralization with the development of condensed matter chemistry. Bionanomineralization would facilitate finding the most suitable concentration for participation, the best biocompatibility, and the best mineralization effect. Furthermore, guided tissue remineralization should be explored from the perspective of clinical convenience and rapid response. This can be done by moving beyond the in vitro guidance phase in the laboratory and focusing on the complex oral microenvironment and the long guidance time in practical applications. We believe that with the continuous enrichment and understanding of the biomimetic mineralization principle, the fruitful results of guided tissue remineralization can become a new type of treatment in dentistry. This new treatment would provide more efficient solutions for caries, dentin hypersensitivity, and adhesive restoration.
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Remineralization model

Synthesized collagen/hydroxyapatite

‘nanocomposite

Niobium containing bioactive glasses
(BAGs) as a remineralizing filler for
adhesive resins

A novel adhesive containing an
antibacterial monomer and
nanoparticles of amorphous calcium
phosphate (NACPs)

A self-healing adhesive containing
dimethylaminohexadecyl
methacrylate (DMAHDM) and
NACPs

Incorporation of niobium silicate
particles into dental adhesive resins

A novel dental adhesive containing
Ag/polydopamine-modified HA
fllers

Calcium phosphate ion cluster
(CPIC) or sub-stable calcium
phosphate (CaP)

Chlorhexidine-loaded poly (amido
amine) dendrimer and a dental
adhesive containing amorphous
calcium phosphate nanofillers

A novel bioactive adhesive containing
dimethylaminohexadecyl
methacrylate and CaP nanoparticles

A novel crown cement containing
dimethylaminohexadecyl
‘methacrylate (DMAHDM) and
nano-sized amorphous calcium
phosphate (NACP)

Fluorine-containing BAG (BiominF")
paste

MI Paste™)/Curodont™ repair

Self-etch adhesive containing sodium
fluorescein and polyacrylic acid-
stabilized PAA-NACPs

A novel magnetic nanoparticle-
containing adhesive

Remineralization
treatment

The demineralized dentin surface
was coated with multiple layers of a

phosphate-buffered experimental
‘material and left for 10 min and 1 h

Dentin samples were treated with a
commercial primer and then
‘bonded to the composite resin using
an experimental bonding resin in
37°C distilled water for 24 h

Dentin discs were bonded to
composite resin using an
experimental adhesive and then
stored in artificial saliva and HEPES
buffer at 37°C for 24 h

Demineralized dentin was bonded
to composite resin using
experimental bonding agents and
stored in distilled water at 37°C for
1day, and 1, 3, 6, and 12 months

Dentin discs were stored in distilled
water at 37°C for 24 h after bonding
with the experimental adhesive

Dentin discs were bonded to
composite resin by an experimental
adhesive and then stored in
deionized water at 37°C for 24 h

Demineralized dentin discs were
placed in a CPIC solution or sub-
stable CaP solution for 1 min

Dentin discs were bonded to
composite resin using an
experimental adhesive and then
stored in deionized water at 37°C
for24h

Dentin discs were bonded to
composite resin using an
experimental adhesive and then
stored in artificial saliva and HEPES
buffer at 37°C for 24 h

Dentin discs were acid-etched and
coated with a bonding agent. Then,
they were bonded to experimental
cemented posts, and the samples

were kept in distilled water for 24 h

Fluoride-containing BAG paste was
applied to the surface of
demineralized dentin discs and left
for 24 h;

Pretreatment on dentin discs with
different demineralization methods:
MI Paste™ group pre-treated on the
sample surface for 1 min;
Curodont™ repair group pre-
treated on the sample surface for
5 min and immersed in a solution
containing calcium and phosphorus
ions for 1 min

The experimental adhesive was
repeatedly applied to the dentin
discs for 20 s, air-dried for 10 s, and
cured for 10 s using a light-curing
device

The acid-ctched dentin samples
were primed and blown dry for 55,
and a commercial magnet was
applied to the underside of the
dentin sample for 3 min before
removing the magnet and light-
curing the experimental adhesive

Bonding systems

3M™ single bond universal adhesive,
3M ESPE

Bisphenol A ethylene glycol
dimethacrylate; ethyl methacrylate
hydroxy-2; camphorquinone; ethyl
dimethyl-4-aminobenzoate; butylated
hydroxytoluene; primer scotch bond
MultiPurpose, 3M ESPE, Maplewood,
MN, United States

Contains dimethylaminohexadecyl
methacrylate (DMAHDM) and
NACPs incorporated into the scotch
bond multi-purpose adhesive and
primer (3M, st. Paul, MN)

Pyromellitic glycerol dimethacrylate;
2-hydroxyethyl methacrylate
(HEMA); acetone solvent; Bis-GMA;
TEGDMA; phenyl-bis (2,46~
trimethylbenzoyl); phosphine oxide;
benzoyl peroxide

Niobium silicate particles; bisphenol
A-glycidyl methacrylate; HEMA;
trimethyl benzoyl-
diphenylphosphine oxide; butylated
hydroxytoluene

HA-polydopamine-Ag-
polydopamine (HA-PDA-Ag-PDA)
filler; hydroxyethyl-methacrylate
(HEMAY); triethylene-glycol
dimethacrylate (TEGDMA);
urethane-dimethacrylate (UDMAY;
bisphenol-A glycol dimethacrylate
(Bis-GMAY); ethanol;
camphorquinone; ethyl 4-
dimethylaminobenzoate

Adper ScotchBond multi-purpose
plus, 3M, Nonrovia, Ca, United States

Chlorhexidine-loaded poly (amido
amine) dendrimer; ACP
nanoparticles; prime and bond Elect
(PBE, Dentsply Caulk, DE,

United States)

DMAHDM + NACP + Adper™
single bond 2 adhesive (SB2)

DMAHDM; NAPC; pyromellitic
glycerol dimethacrylate; ethoxylated
bisphenol-A-dimethacrylate;
hydroxyethyl methacrylate (HEMA);
bisphenol A-glycidyl methacrylate
(BisGMA); camphorquinone; ethyl 4-
N,N-dimethylaminobenzoate;
Cumene hydroperoxide;
benzoylthiourea; 2,6-ditertbutyl-4-
‘methylphenol

Clearfil universal bond Quick,
Kuraray medical; Tokyo, Japan

Adper™ single bond 2 adhesive
system

Experimental nanoparticles; Clearfil
$3 bond ($3, Kuraray-Noritake,
Japan)

Dimethylaminohexadecyl
methacrylate (DMAHDM); NACPs;
magnetic nanoparticles; scotchbond™
‘multi-purpose adhesive and primer
(3M, st. Paul, MN)

findings

The 30/70 wt% Col/HAP
‘nanocomposite had the most
significant effect on improving
WTBS at both application
times (10 min and 1 h) before
and after the aging test
Sol-gel-derived BAG
promoted mineral deposition
and cell viability of the
experimental bonding agent,
thereby increasing phosphate
content and microtensile
strength of the experimental
group

The incorporation of
DMAHDM + NACP into the
adhesive led to no significant
difference on day 1 and higher
Tong-term dentin bond
strength after 6 months of
aging. No decreases in
antimicrobial efficacy,
remineralization, and acid
neutralization capacity were
observed

The new self-repairing
adhesive containing
DMAHDMA and NACP
exhibited long-term fracture
healing and antibacterial and
anti-cariogenic properties,
and distilled water aging for
12 months did not reduce the
dentin bond strength

‘The incorporation of 2 wt%
niobium silicate into dental
adhesive resins promoted
‘mineral deposition while
increasing bond strength
without affecting other
‘material properties
Functional adhesives
containing HA-PDA-Ag-
PDA fillers exhibited excellent
antimicrobial and
‘mineralization properties,
indicating the potential of this
‘material for enhancing bond
stability and durability

A 1-min pretreatment of
CPIC or sub-stable CaP in
etched dentin collagen fibrils
could achieve biomimetic
remineralization and increase
‘microtensile bond strength
This treatment effectively
induced remineralization of
dentin and inhibited MMP
activity, maintaining
‘microtensile strength after the
aging tests

DMAHDM + NACP adhesive
greatly inhibited MMP
activity in demineralized
dentin, induced
remineralization of the
adhesive-dentin interface,
and maintained dentin bond
strength after aging

The new NACP + DMAHDM
cement had an excellent
ability to promote dentin
‘remineralization and
exhibited an excellent
antibacterial ability to inhibit
the development of secondary
caries and increase bond
stability

The paste remineralized the
demineralized dentin surface,
provided a seal for the
resin-dentin interface, and
increased the stability of the
bond

The MI Paste™ and
Curodon™ treated bonded
samples provided higher WTBS
values in the experimental
group then in the normal
dentin bonded samples

The experimental adhesive
induced recombination of
type I collagen, remineralized
dentin outside and inside the
dentin collagen fibrils, and
improved bond strength. The
degree of preservation of the
adhesive interface was also
understood by observing the
fluorescence

The experimental bonding
agent enhanced the
penetration ability of the
bonding agent and
considerably improved the
dentin bond strength by
achieving dentin
remineralization. DMAHDM
significantly reduced the
biofilm metabolic activity
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Author Types Biomimetic Remineralization methods Main findings
of non- mineralization
collagen materials
analogs
Quanand  Polyanions Polyaspartate (pAsp) ‘The samples were characterized by adding pAsp to  pAsp can inhibit the formation of apatite
Sone (2018) the prepared remineralization solution after 2 and ~ crystals in remineralized liquids
4h, respectively
Zhao etal.  Polyanions Aspartic acid (Asp) and Asp and PAA were added to the prepared The newly formed remineralized dentin has
(2021) polyacrylic acid (PAA) remineralization solution and stored in a constant  similar morphology and biological stability to
temperature water bath at 37°C the natural dentin layer
Wangetal.  Polyanions Hydroxypropyl HPMC and pAsp were mixed to form a HPMC films can promote the biomimetic
(2021) methylcellulose (HPMC) and ~ remineralization membrane, which was covered on  mineralization of dentin by acting as a carrier
PAsp the dentin for novel amorphous precursors
Qu et al. Polyanions Polydopamine The prepared polydopamine was made to adhere to  The remineralized dentin surface formed a new
(2020) the surface of the demineralized dentin and stored  remineralized layer and improved the
in a remineralization solution at 37°C mechanical properties of the dentin discs
Zhou etal.  Polyanions Polydopamine The etched dentin discs were loaded with a The demineralized dentin discs achieved
(2012) polydopamine coating, immersed in a significant remineralization, and the dentin
remineralization solution at 37°C, and continuously  tubules were closed by dense HA.
stirred in a shaking incubator with daily
replacement of the remineralization solution
Chien etal.  Active peptides Amphiphilic peptides The amphoteric peptides were added to the Newly formed apatite nanocrystals can be
(2017) remineralization solution and stored at 37°C for  observed next to the dentin tubules

Liang et al.
(2015b)

Zhu et al.
(2018)

Liang et al.
(20192)

Liang et al.
(2017b)

Han et al.
(2017)

Active peptides

Dendrimers

Dendrimers

Dendrimers

Natural
polysaccharide
polymer

Contains 8 repeats of
aspartate-serine-serine
(8DSS)

Poly (amide-amine)

Poly (amide-amine)

Poly (amide-amine)

Agarose

14 days

Demineralized dentin discs were pretreated using
8DSS for 1 h and then stored in artificial saliva at
37°C for 3 weeks

‘The surface of the demineralized dentin was
pretreated with poly (amide-amine), and the
samples were preserved in artificial saliva at 37°C

‘The dentin discs were pretreated with poly (amide-
amine) for 1 h, rinsed with clean water, and
immersed in the prepared remineralization solution

The samples were preserved in an acidic solution
containing poly (amide-amine) complexed with
nanoparticles of amorphous calcium phosphate
(NACPs)

A new agarose hydrogel biomimetic mineralization
system containing calcium and phosphorus was
composed and preserved using custom trays to
cover the rabbit teeth

‘The 8DSS successfully remineralized dentin
and exhibited good biocompatibility

Demineralized dentin discs achieve
remineralization, and the dentin tubules are
closed by newly mineralized crystals

Demineralized dentin is remineralized, and the
hardness of the dentin is restored after
treatment

Dentin remineralization in the absence of
calcium and phosphorus ions in the solution

Remineralization of dentin was induced, and a

parallel accumulation of HA layers was
observed on the dentin surface
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