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Abstract

:

The distinct architecture of native enamel gives it its exquisite appearance and excellent intrinsic-extrinsic fracture toughening properties. However, damage to the enamel is irreversible. At present, the clinical treatment for enamel lesion is an invasive method; besides, its limitations, caused by the chemical and physical difference between restorative materials and dental hard tissue, makes the restorative effects far from ideal. With more investigations on the mechanism of amelogenesis, biomimetic mineralization techniques for enamel regeneration have been well developed, which hold great promise as a non-invasive strategy for enamel restoration. This review disclosed the chemical and physical mechanism of amelogenesis; meanwhile, it overviewed and summarized studies involving the regeneration of enamel microstructure in cell-free biomineralization approaches, which could bring new prospects for resolving the challenges in enamel regeneration.
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1. Introduction


Dental hard tissue is comprised of enamel, dentine and cementum. The bulk of the dental hard tissue is dentin, which covers the dental soft tissue (dental pulp) lying at the core of the tooth. Enamel is the outer layer that covers the dentine in the crown area and cementum is the outer layer, covering the dentine in the root area [1]. Compositionally, dentine (72% inorganics, 20% organics and 8% water) and cementum (45–50% inorganics, 50–55% organics and water) are the hydrated tissue [2,3]. Enamel is the hardest and most highly mineralized hard tissue in the human body, consisting of approximately 96% substituted hydroxyapatite (HA) and 4% water and organics [4]. As it is directly exposed to the oral environment, enamel is easier to be damaged. The acidic milieu generated by bacteria, acidic foods and beverages results in dental problems for 4 out of 5 deciduous teeth in children and over half of permanent teeth in adults [5]. Enamel is classified as acellular tissue. It cannot self-absorb or remodel; therefore, the damage is irreversible [6]. Generally, dental tissue defects are restored by artificial materials at the dental clinic. These traditional approaches are not ideal given the differences in chemical composition and physical properties between dental restorative materials and dental tissue. The incompatibility results in potential percolation (marginal microleakage) at the interface and causes a multitude of complications after dental restoration, such as secondary dental caries and dentine hypersensitivity.



Remineralization of the superficial dental tissue is a widely used, non-invasive therapeutic technique. Supersaturated solutions of calcium and phosphate, such as casein phosphopeptide-amorphous calcium phosphate (CPP-ACP), or fluoride varnish/gels are common agents for remineralization in clinical dentistry [7,8]. These agents promote enamel remineralization and are protective against dental caries; unfortunately, they do not integrate into the enamel microstructure and are unable to fully restore dental enamel. As such, in its current form, remineralization methods require several improvements to meet clinical demands. Thus, novel solutions for improving remineralization methods in clinical dentistry warrant further investigation.



The excellent biomechanical properties of enamel are attributed to its hierarchically organized structure at multiple levels (Figure 1). This hierarchical structure is composed of repeating units of tightly packed prisms (Figure 1B,C). Each prism is 4–8 μm in diameter and composed of HA crystals bundled in parallel with one another. The cross-section of each crystal is 25–100 nm and an undetermined length of 100 nm to 100 μm or larger along the c-axis (Figure 1C) [9]. Studies have shown that artificial materials with enamel-like structures have better biocompatibility than those with randomly oriented structures [10,11]. Thus, reproducing the unique dental prism structure of enamel is key in developing effective remineralization methods for treating dental lesions.



In the past decades, researchers have been trying to regenerate the enamel-like structure using conventional synthetic approaches [9,12]. These methods utilized specialized conditions such as high temperature, high pressure or extreme acidic pH. Some examples of such work include calcium phosphate paste containing hydrogen peroxide [12], a hydrothermal method with controlled release of calcium from Ca-EDTA [9], the hydrothermal transformation of octacalcium phosphate (OCP) rods into hydroxyapatite nanorods in the presence of gelatin [13,14] and electrolytic deposition at 85 °C [15,16]. Unfortunately, all these methods are considered impractical at scale and cannot be translated to the clinic setting.



Interdisciplinary work has provided a new framework for generating enamel-like structures. Inspired by the biomineralization process occurring in native organisms, scientists in the field of material chemistry have adopted ideas from nature to synthesize biomaterials with desirable structures [17]. Biomineralization in organisms involves a complex inorganic precipitation process which is precisely regulated by organic matrices (consisting mainly of proteins). During the biomineralization process, organic matrices are used as a template to control biomineralization. These matrices mediate nucleation and growth of inorganic crystal structures, resulting in various morphologies, sizes, orientations, and assemblies.



Based on the understanding of these mechanisms in native organisms, biomimetic mineralization strategies are currently under investigation for their application in medical engineering; in particular, biomimetic synthesis of repairing layers under physiological conditions [18,19].



Current investigations into the mechanisms of amelogenesis have uncovered a diverse range of novel biomimetic strategies which the aim of reconstructing subsurface enamel lesions using remineralization processes. These strategies include positive ion selective membrane [20], direct calcium phosphate solution/paste mineralization [11,21,22], electrolytic precipitation [23], protein/peptide-induced mineralization [24,25,26,27,28] and non-protein-induced mineralization [29,30,31,32,33]. All biomimetic strategies utilize an organic matrices template to control the nucleation, growth and features of HA crystals in order to regenerate enamel-like structures.



Insights regarding the molecular, physical and chemical mechanisms of amelogenesis in forming the hierarchically organized structure are indispensable to strategies in enamel regeneration. Here, we overview recent studies involving the regeneration of enamel microstructure in vitro, utilizing an organic matrices template, under relatively mild conditions, using a cell-free approach. Firstly, the general molecular mechanism of enamel formation from the view of physics and chemistry will be illuminated. The biomimetic methods regarding the development regeneration of enamel microstructure will then be presented. Lastly, we will provide an outlook for assessing future biomimetic mineralization strategies for enamel regeneration.




2. Learning from Enamel


2.1. The Structure of Enamel and Its Mechanical Properties


The highly oriented microstructure of enamel consists of crystals arranged in prisms or rods which run perpendicular from the dentine-enamel junction towards the tooth surface. This configuration leads to anisotropy of mechanical properties; thus, enamel represents the hardest tissue in the human body. The distinct mechanical properties of enamel have been characterized using different approaches [34]. The Young’s moduli of enamel measured are in the range of 85–90 GPa parallel and 70–77 GPa perpendicular to the crystal rod axis; the mean hardness 4.79 GPa parallel and 3.8 GPa perpendicular to the enamel rods; and toughness approximately 0.7 ± 0.02 MPa*m1/2 [35].




2.2. The Process of Amelogenesis


Enamel formation initiates at the dentino-enamel junction (DEI) and undergoes the following stages: organic matrix secretion, crystal nucleation, crystal elongation and enamel protein removal. During the secretory stage, ameloblasts differentiate into tall secretory cells which track along a cellular extension called Tomes’ processes in order to secrete enamel matrix. The extracellular matrix contains enamel matrix proteins and proteinases [4].



2.2.1. The Functional Role of Enamel Protein Matrices


Enamel matrix protein is divided into amelogenin protein and hydrophilic non-amelogenin protein (e.g., ameloblastin, enamelin and tuftelin) [6].



The Function of Amelogenin Protein


Amelogenin is the major constituent of enamel protein, representing approximately 90% of the organic matrix within developing enamel. Amelogenin is secreted by ameloblasts and cleaved by proteinases [36]. Due to its amphiphilic properties, amelogenin self-assembles into a supramolecular scaffold, inducing and controlling the growth of enamel crystallization. The molecular structure of amelogenin consists of a hydrophobic tyrosine-rich N-terminal domain (TRAP), a hydrophobic centralized proline-rich region and a charged C-terminal hydrophilic telopeptide (C telopeptide) [36]. TRAP and C telopeptide are the essential domains that regulate the hierarchical structure formation of enamel [37]. The TRAP domain predominately mediates the conformational transformation and self-assembly of amelogenin through protein-protein interactions [36]. C telopeptide binds with the apatite surface, which contributes to crystal growth and morphology. C telopeptide has a higher binding affinity to minerals (100) than to cross-sectional (001) faces, leading to the formation of enamel crystals with elongation along the c-axis [37].



Amelogenin is an intrinsically disordered protein containing abundant fractions of random coil structures (β-turns and PPII-helices) and trace amounts of regular secondary structures (β-sheets and α-helices) [38]. After protein secretion and corresponding change in pH, disordered amelogenin proteins transition to a folded state, leading to a higher ratio of β-sheet structures to random coils. At pH 3.5, positively charged amelogenin molecules assemble into a monomeric structure by electrostatic forces. As pH increases, histidine residues of amelogenin deprotonate. At pH 5.5, N-terminal protein-protein interaction causes the aggregation of amelogenin monomers and its assembly into positively-charged oligomers (eight monomers). At pH 8, histidine residuals are deprotonated, leading to the termination of electrostatic forces and the predomination of hydrophobic forces. The transition of forces causes amelogenin oligomers to bind and gather into nanospheres with diameters ranging from 15 to 20 nm [39].



Amelogenin is the supramolecular template regulating enamel crystal growth, controlling enamel thickness and inducing elongated crystal formation [38,40,41]; however, the mechanisms underlying amelogenin-mineral interactions during amelogenesis remain unresolved. A classical and non-classical theory for amelogenin-mediated crystallization have been proposed.



Under the classical theory, amelogenin nanospheres serve as the main functional units in amelogenin-mediated crystallization. Amelogenin nanospheres bind to transient mineral surfaces (bonding affinity: (010) faces > (001) faces > (100) faces) to inhibit deposition and transform transient minerals into a highly-organized prism [42].



In the maturation stage of amelogenesis, mildly acidic environments and the positively charged surface of apatites promote histidine protonation and amelogenin nanosphere disassociation, resulting in the assembly of amelogenin nanospheres into an oligomeric structure [40]. The non-classical theory theorizes that the amelogenin oligomer plays a dominant role in crystal regulation during amelogenesis. The amelogenin oligomer is composed of a hydrophobic core and hydrophilic C-terminal tails surrounding its surface. Electrostatic interaction between charged C telopeptides and the specific surface of mineral prenucleation clusters induces the envelopment of transient mineral phases by amelogenin oligomers, leading to formation of Amel-CaP nanoclusters. In Amel-CaP nanoclusters, mineral prenucleation clusters are stabilized within the double-barrel structured amelogenin oligomers. Those nanoclusters aggregate and self-assemble into linear chains in parallel arrays, dominating the formation of a prism-like structure (Figure 2) [43].




The Function of Non-Amelogenin Protein


Ameloblastin is the second most abundant matrix protein in enamel. Secreted in conjunction with amelogenin, the synergistic functions between these proteins play an important role in amelogenesis [37]. The synergistic functions between ameloblastin and amelogenin also play an important role in amelogenesis. Ameloblastin initiates crystal formation by its C-terminals which have high-affinity towards calcium ions, thereby promoting calcium phosphate deposition; meanwhile, it induces the formation of prismatic structures by regulating the assembly of amelogenin molecules into an organized structure [44].



Enamelin is the least abundant protein among enamel protein matrices but is indispensable for an intact enamel layer formation. Enamelin regulates the conformational transformation and assembly of unfolded amelogenin molecules during amelogenesis via interactions between glycosylated sites of enamelin and the tyrosyl-rich N-terminal region of amelogenin [45]. Enamelin also coordinates with amelogenin to induce calcium phosphate nucleation, enhance the stability of transient calcium phosphate minerals, increase crystal length-to-width ratio and results in the formation of elongated enamel crystals [45]. The combination of enamelin and amelogenin is protective against enamelin self-aggregation and inhibits aggregation of proteolytic products.



Tuftelin is an acidic phosphorylated glycoprotein [46]. It is synthesized by the ameloblast in the very early stages of enamel development and persists in extracellular enamel throughout development and mineralization, concentrating at the dentino-enamel junction region, where enamel mineralization commences. Tuftelin protein is implicated in caries susceptibility [47].





2.2.2. The Functional Role of Proteinases


Proteinases regulate the assembly of enamel matrix proteins, decrease protein-apatite binding affinity, inhibit protein occlusion within formed enamel crystals and contribute to the high degree of crystallization [48]. Metalloproteinase-20 (MMP-20) and serine protein kallikrein-4 (KLK-4) represent the two major enamel proteinases.



Secreted prior to the onset of dentine mineralization, MMP-20 is an enamel matrix-processing enzyme that is activated during the enamel organics secretory stage and early enamel crystal maturation stage [49]. MMP-20 reacts with amelogenin during amelogenesis to produce proteolytic cleavage products [50]. These hydrophobic, proteolytic cleavage products incorporate with the remaining amelogenin molecules to form amphiprotic nanospheres with an isotropic distribution of C-terminals surrounding their surfaces. As proteolytic cleavage products increase, disassembled amphiprotic nanospheres rearrange into cylinder structures with a uniform hydrophilic molecular tail. The hydrophobic cross-section at the ends of cylindrical molecules interacts with other cylindrical molecules, resulting in the assembly of elongated chain-like structures. The hydrophilic tail creates repulsive forces between cylindrical molecules that inhibit bonding with one another. Once all amelogenins are digested by Mmp-20, the assemblies completely lose their hydrophilic surface layer of C-terminals, leading to neighboring cylindrical clusters stacking together and expanding the formation of larger units [50]. MMP-20 can also initiate the minerals transforming into crystallized hydroxyapatites [51].



KLK-4 is expressed in the transition and maturation stage of enamel crystals. The primary function of KLK-4 is to further promote the enamel crystallization and strengthen crystal hardness by digesting the proteolytic products of amelogenin, ameloblastic and enamelin cleaved by Mmp-20 [52]. In the absence of KLK-4, dental enamel has normal thickness and a prismatic structure, but severe defects in hardness and mineral crystallization.



The continuous secretion of enamel proteins and proteinases initiate mineral nucleation and rapid growth of enamel crystals towards the Tomes’ process of ameloblasts at the DEJ. Mediation from enamel protein matrices provides a dominant position for growth on the crystal (001) plane, leads to the extension of the crystal c-axis, and results in increases in crystal length. Once the full extension of enamel crystals is finished, ameloblasts transform into a shortened height and lose their Tomes’ process, resulting in the dramatic reduction of their secretory activity.






3. Organic Matrices Mediated Mineralization


3.1. The Mechanism of Organic Matrices Mediated Mineralization


Aggregation-based crystal growth is an important pathway for biomineralization, which results from the aggregation and coalescence of nanoparticles [53]. This pathway occurs through oriented or nearly-oriented attachment coexisting with random attachment induced aggregation-based growth and followed by stress-induced crystallization. Oriented and random attachment have been observed in the course of crystal growth [40,41,42,43,44,45,46,47,48,49,50,51,52,53,54]. Recent work showed the production of oriented attachment derived from the non-oriented growth front in the aggregation-based growth [55].



The oriented attachment strategy is an effective method for producing novel materials with collective properties and desired structure [56]. In naturally formed HA crystallites, organic matrices are used as a template to mediate the crystallization process and generate oriented attachment and highly organized structure. By using additives, the growth process of oriented attachment can be controlled in a manner that produces synthesized HA crystallites [56]. Native enamel is well-organized from the molecular to the nano-, micro- and macroscales and contains highly intricate nano-architectures. The functional, dynamic and hierarchical structures are built by a series of processes of enamel organic matrices self-assembly following a template. Organic matrix-mediated biomineralization is a mesoscale assembly occurring under mild physiological conditions, resulting in single crystals with oriented mosaic structures [57]. Organic matrices can control the structure and composition of crystal nuclei and modify the interactions of crystal nuclei to regulate particle size, texture, habit, aggregation and stability of intermediate phases. Through interfacial recognition, organic matrices also decrease the nucleation activation energy of specific crystal faces and polymorphs [58].



In using an organic matrix-mediated mineralization approach, a structural and geometric match between lattice spacings exists in certain crystal faces and the distances that separate functional groups. These are periodically arranged across an organic surface and are associated with a macromolecular matrix, which involves the role of molecular interactions in controlling oriented nucleation at the matrix-mineral interface [57]. Organic matrix-mediated mineralization is divided into classical and extended models. In the classical model, two different mineralization pathways have been suggested [58]. One pathway involves the binding of aqueous cations to functional sites of a macromolecular matrix to form a two-dimensional array. Subsequently electrical attraction of counteranions, which can decrease the activation energy for a specific crystallographic face, leading to the formation of oriented nucleation (Figure 3I). In the other pathway, mineral precursors are formed either directly from solution or by phase transformation of amorphous clusters in solution. Mineral precursors interact with organic matrix functional groups in a preferred crystallographic orientation (Figure 3II). In the alternative pathway, the resultant amorphous clusters are stabilized by macromolecules, bind to the organic matrix surface and undergo matrix-mediated mesophase transformations to form highly oriented crystals.



In the extended model, crystal nucleation and the initial stages of growth occur within an interfacial layer [57]. Organic matrices (such as polymers and biomolecules) bind to amorphous clusters to produce textured hybrids, after undergoing controlled mesoscale assembly in aqueous solutions, through steric, van der Waals and hydrophilic-hydrophobic interactions. Formed hybrids consisting of inorganic cores and organic shells can be anchored by connectors to structural components of the organic matrix, which guide oriented attachment (Figure 3III).



In the organic matrix-mediated biomineralization system, organic matrices play the dominant role in formation of oriented attachment. Here, we overview the organic matrix-mediated biomineralization systems applied in inducing the formation of enamel-like structure. In this review, the organic matrix-mediated mineralization system is presented and classified into protein and non-protein based organic matrix-mediated mineralization systems, based on the nature of organic matrices.




3.2. Protein Based Organic Matrix-Mediated Mineralization System


3.2.1. Recombinant Amelogenin


Amelogenin is the main organic protein in the extracellular matrix of enamel. Amelogenin controls mineral nucleation and regulates crystal growth and orientation. The degradation of amelogenin is induced by proteinases after completion of the full extension of enamel crystals [36]. Due to the difficulty and high cost regarding the extraction of native amelogenin, recombinant porcine/bovine amelogenin have been synthesized and applied directly to the enamel surface in order to recreate the distinct hierarchical structure. Recombinant amelogenin absorbs onto the side-facing mineral surfaces and stabilizes mineral precursors, suppresses its growth and controls the crystallization process [24,25]. Previous evidence showed that recombinant amelogenin has stronger binding affinities to mineral (010) faces than to (100) faces. Its addition results in crystal formation with small width to thickness and large length to width ratios [59]. It also leads to the formation of elongated ribbon-like crystals aggregated in parallel into a prismatic-like structure.



The functioning of recombinant amelogenin is enhanced by incorporating mineralization inhibitors (such as inorganic pyrophosphate or matrix metalloproteinase). These mineral inhibitors improve the regulation of crystal size, shape and orientation. They also prevent undesirable protein occlusion within newly formed crystals [24].




3.2.2. Leucine-Rich Amelogenin Peptide (LRAP)


The N- and C-terminals in full-length amelogenin serve as primary functional domains and are responsible for the formation of intact enamel [36]. LRAP is composed of N-terminal (including the phosphorylation site) and C-terminal (including the hydrophilic domain) sequences of full-length amelogenin amino acids. LRAP is the smallest splice variant of full-length porcine amelogenin and shares similar properties with full-length amelogenin, such as mediating oriented attachment [26]. At pH 7 and 37 °C, LRAP nanospheres stabilize amorphous calcium phosphate and induce the formation of needle-like crystals with parallel orientation into an assemblage of chain-like structures [27].




3.2.3. Human Dentine Phosphoprotein (DPP)


A constituent of the extracellular matrix of dentine, DPP captures free Ca2+ and PO43− ions. DPP is involved in mineralization of the entire dentine layer and in bone calcification [60]. DPP contains numerous, repetitive aspartate-serine-serine (DSS) nucleotide sequences that function in inhibiting calcium phosphate dissolution and controlling crystal growth during dentine mineralization [29]. DSS is a highly flexible and phosphorylated sequence responsible for regulating crystal nucleation, growth and orientation [61]. Based on its properties, recent advancements have been developed for DSS-containing peptides in order to regulate the crystallization process and induce oriented attachment. Investigators in an in vitro study showed that DSS-containing peptides aided in the formation of a newly synthesized crystal layer with uniform structure and favorable mechanical properties, characteristics resembling native enamel [61].





3.3. Non-Protein Based Organic Matrix-Mediated Mineralization System


Several studies have explored the potential of a self-assembled protein-mediated biomineralization system, characterizing its functional roles in crystallization, induction of oriented attachment and regeneration of the native enamel’s distinct hierarchical structure. The potential of this system is hindered by several limitations that limit its use in the clinical setting. As currently constructed, production of an appropriate crystal layer to restore enamel is considerably time-consuming. Moreover, methods need to be developed to overcome the present barriers in extraction, purification and storage of native proteins. Therefore, the non-protein mediated biomineralization system has been proposed and investigated.



3.3.1. Self-Assembled Peptide


Self-assembled peptides are widely used as a supramolecular template to synthesize nanostructured materials. The peptides spontaneously transition from a hierarchical self-assembly into a fibrillar scaffold. Driven by intermolecular hydrogen bonding, the process arises from the peptide backbone and additional interactions between specific sidechains [62].



Li et al. developed a novel, self-assembled peptide by covalently conjugating hydrophobic alkyl segments to oligopeptide segments derived from the hydrophilic C-terminal amino residues of amelogenin (-Thr-Lys-Arg-Glu-Glu-Val-Asp) [28]. The alkyl tails share similar functionality to amelogenin’s N-terminals, controlling the aggregation and assembly of oligopeptide molecules. In an aqueous environment, the hydrophobic alkyl tails pack together toward the core whereas oligopeptide segments are drawn to the periphery. This phenomenon causes the synthesized amphiphilic peptide to spontaneously self-assemble into a nano-fibrous structure. Amino acid sequences of the oligopeptide interact with calcium ions to form crystal nucleators which initiates crystal formation. Under the guidance of the self-assembled peptide, the c-axis of the newly formed crystals aligns with the long axis of the fibrous structure.



There are other types of self-assembled peptides, such as oligomeric β-sheet-forming peptides (like P11-4). Mediated by pH-control and salt screening electrostatic repulsion between oligomeric peptides, oligomeric β-sheet-forming peptide undergoes spontaneous hierarchical self-assembly into a fibrillar scaffold [63,64,65]. P11-4 is a rationally designed, β-sheet-forming, self-assembling peptide comprised of 11 amino acids. In the presence of cations and pH < 7.4, P11-4 self-assembles into a hierarchical three-dimensional fibrillar scaffold with negatively charged domains [63]. Self-assembled and negatively charged, P11-4 captures Ca2+ ions and forms crystal nucleators while the template simultaneously controls crystal growth and orientation. Tangentially arranged needle-shaped HA crystals are formed [64,65].



Self-assembled peptides are less costly to produce and more stable than native proteins, but their assembly requires triggering by particular conditions, such as specific mineral content and pH of an individual’s saliva [63,64,65]. Hence, the use of self-assembled peptides is not applicable for patients with certain oral diseases, such as xerostomia. Regardless, more investigations are required to determine the efficacy of self-assembled peptides and to identify their long-term effect.




3.3.2. Dendrimers and Their Analog-Mediated Mineralization


Dendrimers are well-defined and structurally controllable amphiphilic polymers. They are also labelled as artificial proteins due to their similarity in topology and dimension [66]. Dendrimers are readily modifiable to different functional groups, such as amine-capped (-NH2), carboxylic acid-capped (-COOH) and acetamide-capped (-NHC(O)CH3) surfaces [67,68,69].



Polyamidoamine dendrimer (PAMAM) is a highly-branched polymer characterized by the presence of internal cavities, several reactive end groups and a well-defined size and shape [29]. As a biomimetic macromolecule, PAMAM shares similar properties with amelogenin; therefore, it is similarly used as an organic template to regulate the crystallization process. PAMAM’s properties as an organic template are based upon its functional terminals which electrostatically bind to oppositely charged arrays in developing enamel crystals along the c-axis [29].



PAMAM can be peripherally modified with different functional groups, such as phenyl, naphthyl, pyrenyl and dansyl [67,69], however, the physical binding strength of PAMAM and its analogs are considered weak. Besides, the results from an in vitro PAMAM study demonstrated that its ability to control crystal growth reduced drastically with time [70].



To strengthen its binding affinity to enamel crystals, PAMAM-based dendrimers can be modified to other functional groups. For example, binding to alendronate (ALN) improves PAMAM-COOH’s affinity to the enamel crystal surface. ALN-modified PAMAM-COOH shows a highly organized orientation aligning along the crystal c-axis, which triggers crystal nucleation by its peripherical carboxyl domains to attract calcium ions, and induces the formation of enamel-like crystals parallelly growing along the c-axis of the original enamel prisms [70].



A separate research group modified PAMAM with a focal aliphatic chain and peripherical L-aspartic acids [71]. The hydrophilic branches and carboxyl groups located in the outer layer of SA-PAMAM-ASP improved its adhesive properties compared to PAMAM dendrimers. At pH 7.4 and 37 °C, SA-PAMAM-ASP nanospheres aggregate and assemble into short linear chains that are approximately 300 nm–1.5 mm in length, morphologically resembling self-assembled amelogenin during amelogenesis. SA-PAMAM-ASP assemblies during the crystalline process selectively adsorb onto a/b crystallographic planes, resulting in the formation of oriented crystal filaments [36].




3.3.3. Surfactants Mediated Mineralization


Surfactants consist of a combination of hydrophilic and lipophilic components. Due to their amphiphilic properties, surfactants display a specific self-assembly behavior in emulsions. Surfactants oppositely align their polar head groups away from non-polar organic solvents in order to form reversed micelles [72]. The micellar aggregates have a preferred assembled size and shape (e.g., spherical, cylindrical and dislike micelles/vesicles/bilayers). The molecular geometry of surfactant molecules is dependent upon packing parameters, such as the ratio of the aqueous to organic phase in the reverse micelle, and pH values [73]. In the surfactant-mediated mineralization system, crystal nucleation and growth take place within constraints of the surfactant micelles. Assembled micellar aggregates are used as templates to control crystal morphology and size, and induce oriented attachment in order to form specific crystal structures.



Surfactants are classified based on their charge either as ionic and nonionic [74]. Ionic and nonionic surfactants display distinct spatial rearrangements of micelles and Ca2+ binding capacities due to differences in composition of their hydrophilic head. Ionic surfactants, the majority of which encompass cationic surfactants, electrostatically bind to Ca2+. Binding of Ca2+ to micellar/solution interfaces (referred to as the Stern layer) inhibits electrostatic repulsion between surfactant head groups, thereby permitting micellar rearrangement.



Nonionic Surfactant


Nonionic surfactants, such as NP5 (poly(oxyethylene)5 nonylphenol ether) and NP12 (poly(oxyethylene)12 nonylphenol ether), interact with Ca2+ through hydrophilic functional groups (e.g., C=O and -O-)62. Nonionic surfactants have weak Ca2+ interactions given their absence of charge, and as a consequence, the system forms weak and randomly organized “mineral-organic” interfaces. One study showed that a nonionic surfactant can regulate the crystallization process, but only under extreme conditions [75]. Thus, there is a limited effect of nonionic surfactants on inducing oriented attachment of crystals.




Ionic Surfactant


Ionic surfactants are composed of charged headgroups and counterions (e.g., sodium, potassium or ammonium ions). Ionic surfactants in a metastable mineralization solution self-assemble into an organized structure, driven by non-covalent interactions, such as hydrogen bonding, hydrophobic effects, electrostatic interaction and van der Waals forces. Ionic surfactants form complexes by preferentially binding Ca2+, resulting in slow ion aggregation and a decrease in free energy of solution [31]. After binding to Ca2+ ions, self-assembled surfactants are the template that initiates crystal nucleation, regulates crystal growth, forms oriented attachment and generates an organized crystal structure.



Bis (2-ethylhexyl) sulfosuccinate sodium salt (AOT) is the most common surfactant, containing a hydrophilic end group –SO3−Na+ and two long-chain alkyl hydrophobic terminals. AOT molecules in an electrolyte solution self-assemble into a plate or bilayer structure. Through electrostatic adsorption onto lateral crystal surfaces with exposed Ca2+, AOT mediates crystal growth along the long-axis, blocking active growth sites and gradually decreasing the rate of crystallization [31].



An AOT/water/isooctane phase diagram was established to tailor structures of self-assembled AOT aggregates. Under this diagram, varying molar ratios of water to AOT and the addition of hydrophobic molecules increase the effective volume of the AOT, thereby altering its critical packing parameter [76]. There is evidence showing that a relatively high molar ratio of AOT concerning water leads to stronger interactions between Ca2+ and the AOT head group. The change in viscosity of the solution affects crystal type, growth kinetics and organization [31]. Under the AOT/water/isooctane diagram, calcium and phosphate ions added separately to an AOT isooctane solution form AOT-stabilized reverse micelles or microemulsions. Ca2+ ions electrostatically bind to sulfonate heads of AOT and follow geometry dictated by the association of AOT molecule. AOT molecules self-assemble into lamellar structures at the isooctane/water interface via interaction of the hydrophilic end with water and their long and ramified hydrophobic end join up in isooctane [31]. Mixing the two separate solutions results in high viscosity of a calcium phosphate solution, similar to the viscous nature of the amelogenin gel matrix in developing enamel. Crystal nucleation and early growth are conducted within mini-reaction vessels resulting in the formation of entangled rod-like surfactant micelles. The growth of the mineral results in rearrangement of rod-like micelles and induces a strong interaction with the crystal faces. The interaction accommodates an increase in crystal length and diameter to direct mineral growth and the formation of elongated hydroxyapatite.



Other ionic surfactants such as potassium polyoxyethylene laurylether phosphate (MAEPK), sodium dodecyl sulfate (SDS) and disodium oleoamido PEG-2 sulfosuccinate (SPEG) also synthesize enamel-like crystals [13,77]. SPEG is a polymer-based, two-headed amphiphilic molecule that can form prolate-shaped micelles. Its two proximally located headgroups, COO- and SO3-, characterize its higher electrostatic surface potential and inhibitory efficiency compared to one-headed anionic surfactants. A comparison on the regulation of the crystallization process amongst different surfactants, to our knowledge, has not been investigated.





3.3.4. EDTA Mediated Mineralization


EDTA is a chelating agent that sequesters Ca2+ to form EDTA-Ca complexes. EDTA diminishes Ca2+ reactivity, slows the rate of crystal nucleation and mediates crystal growth. The strength of chelation is dependent upon pH; EDTA is a stronger chelator of Ca2+ at higher pH [78].



Ca2+ ions interacting with PO43− ions in a metastable mineralization solution decrease surface energy and increase stability in solution by forming ACP nanospheres. Different diffusion coefficients between ACP nanospheres and solution during the crystalline process cause a net flux of ACP from the ACP sphere from a higher diffusion coefficient to a lower diffusion coefficient. To balance the flux, a flux of vacancies in the opposite direction arises from solution into the ACP sphere, leading to the outwards infusion of ACP from the ACP sphere and giving rise to the formation of a core-shell or shell structure without ACP inclusions, a phenomenon called the Kirkendall effect. The continuous outward diffusion of ACP nanospheres promotes the subsequent growth of HA. Due to the large surface area of the shell structure, small crystals within the structure are energetically unfavorable and easily dissolve and diffuse into solution. The crystals are redeposited onto HA, promoting their growth [79]. Ca2+ gradually dissociates from the EDTA-Ca complexes and displays preferential binding to the crystal’s polar (001) direction [71]. Diffusion-limited growth leads to the formation of single nanorods from each nucleate and the formation of spear-like crystals with one sharp end [78]. Van der Waals attraction along the crystal long axis causes HA nanorods to aggregate and align in parallel leading to bundle formation. As a result of the Ostwald ripening process, neighboring crystal bundles fuse together, lowering surface energy and generating the construction of a shuttle-like structure.



For non-protein based organic matrix-mediated biomineralization systems, there are no complications in protein extraction, purity and storage, but the remineralization process is time-consuming; thus, its practical use remains far from clinical application. Dendrimers are also far from clinical translation. Investigations have been limited to in vivo studies and animal models and similar to self-assembled proteins, the effectiveness of a non-protein mediated mineralization system is also highly influenced by environmental conditions, such as mineral content and pH. Likewise, the system relies on the quality of saliva, which is not necessarily suitable for certain patients suffering from dry mouth.






4. Regeneration of Enamel Microstructure Induced by the Template of the Cation Membrane System


Ca2+ and PO43− ions are transported from the ameloblast layer into the gel-like enamel extracellular matrix during enamel formation. With conditions conducive to mineral growth and extension, ameloblasts draw back from the mineralizing area resulting in one-directional Ca2+ and PO43− supply. Once full extension of the enamel crystals terminates, ameloblasts transform into shortened heights and lose their Tomes’ process. Iijima et al. [41,80,81] developed a cation selective membrane system to mimic the growth environment during amelogenesis.



4.1. One-Directional Ca2+ Supply


This model highlights the contribution of a one-directional Ca2+ ion supply which promotes the lengthwise and oriented growth of enamel crystals [80,81]. In such a device, a cation-selective membrane separates a Ca2+ reactant solution from a PO4 reactant. The membrane is composed of a styrene-butadiene copolymer containing –SO3- functional groups and controls the direction of Ca2+ transport into the PO4 compartment. Compared with crystals formed in solution, crystals grown on the cation membrane are longer in the c-axis direction and display a parallel and organized orientation. One-directional ionic supply through the membrane plays a key role in c-axial lengthwise growth and crystal orientation.




4.2. Hydrogel Matrix


Crystal growth of tooth enamel occurs within the enamel matrix composed of enamel proteins. High viscosity and gel-like properties characterize the composition of the matrix in the secretory stage. A polyacrylamide gel is applied to the PO4 side of a cationic selective membrane. Compared to the growth of broad flake-like crystals in a gel-free membrane, narrow elongated plate-like crystals are synthesized using a 5% gel-coated membrane. These crystals have a greater relative length (length to width ratio) than in a gel-free membrane. In the gel-coated cation selective membrane system, Ca2+ and PO4 ions diffuse into the body of the gel in mutually opposite directions, causing a steady unidirectional diffusion of these ions [80]. This set up enhances the steadiness of ionic flow in the middle of the gel layer and promotes crystal orientation and lengthwise growth. One disadvantage of the system is that disruptive convection currents can at times have a measurable destabilizing effect on growth in regions near the surfaces.




4.3. Ca2+ and PO4 3− Ionic Inflow, and pH Value


During enamel crystal formation, Ca2+ and PO43− ions are transported into the enamel matrix, accompanied by changes in the Ca/PO4 ratio within the calcified enamel matrix. The formation of enamel crystallites is also influenced by ionic transport. Crystals growing in a cation selective membrane system have an increased length to width (L/W) ratio, decreased width to thickness (W/T) ratio and increased Ca2+ and PO4 concentrations [82].



Crystal growth using membranes with lower pH values and PO4 concentrations show preferential growth in the c-axis direction. H+ ions are effective in promoting lengthwise crystal growth.





5. Electrolytic Deposition (ELD) Mineralization System


The pH of the extracellular matrix is maintained within a dynamic range during amelogenesis [6]. The pH is neutral (7.2) during the secretory stage. Crystal nucleation occurs during the early stages of crystal maturation, forming hydrogen byproducts which lower the pH [83]. To maintain pH homeostasis and prevent disruptions in crystal growth, ameloblasts regulate the enamel extracellular pH through an acid-base transport mechanism. During the latter stages of maturation, enamel extracellular pH values rise above neutral [83].



An electrolytic system using continuous electrolysis reactions was introduced for mimicking the buffering system of ameloblasts [84]. This system utilizes an electrical current with the following electrochemical reactions occurring at the cathode.


2H+ + 2e− = H2



(1)






1/2 O2 + H2O + 2e− = 2OH−



(2)







The generated hydroxyl ions neutralize excess hydrogen arising from crystal nucleation. They also increase local pH, which aids in promoting the growth of the hydroxyapatite crystallite. Self-assembly of amelogenin is pH-dependent. The ELD system also regulates the assembly of amelogenin. The supersaturation degree of calcium phosphate solution rises in response to the increase in pH in order to initiate crystal nucleation.



Fan et al. fabricated an enamel-like structure composite using electrolytic deposition [84]. At pH 4.8, positively charged amelogenin is driven towards the cathode. Electrochemical reactions at the cathode increase the pH from 4.8 to 8 and solution pH from 4.8 to 5.7 during electrolytic deposition. Amelogenin aggregates, in response to higher pH, self-assemble into parallel-oriented nanochain structures. This coincides with the formation of enamel-like structures on the surface of the cathodal electrode, which are generated from the calcium phosphate solution. There are some reports describing the formation of enamel-like structures directly induced by electrolytic deposition [85,86,87].



Although studies have demonstrated the safety of an external electric field and its benefits on accelerating mineral deposition, its repair efficiency remains low. The mineralization process occurs over several hours and results in the low production of a thin mineral. The feasibility of using the electrolytic deposition approach at the level of the dental clinic remains uncertain.




6. The Outlook


We reviewed the process of amelogenesis and summarized various biomimetic strategies for the regeneration of enamel-like structures. Reconstructing the hierarchical structure of enamel is an efficacious method to treat dental hard tissue lesions and resolve treatment limitations caused by the mismatch of artificial materials and native dental tissue. Studies have investigated the mechanisms of amelogenesis, utilizing insights gained from the regulation of the crystallization process as a model to reconstruct the distinct structure of native enamel. Significant achievements utilizing biomimetic approaches in tooth repair have been achieved; however, current biomimetic mineralization approaches can only reproduce repaired layers at laboratory scale. Accurate crystallographic alignment between crystalline blocks over large dimensions is difficult to achieve at present [85,86,87,88]. A detailed mechanism of oriented attachment has not been fully elucidated, such as the function and evolution of organic matrices during crystal formation. It is important to develop cost-effective, industrial scale synthesis for biomimetic strategies to translate into the clinical setting. Synthesis has to produce a repaired layer with a hierarchically organized structure and high strength; repair efficiencies of current biomimetic approaches need to be improved. In summary, while the studies outlined in this overview are promising, how these biomimetic approaches translate into the dental clinic to repair enamel structure need to be highlighted in future studies.
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Figure 1. Scanning electron microscope (SEM) micrograph of acid-etched enamel shows highly ordered nano-HA crystallites assembled into enamel prisms (A–C). (A) Enamel prisms; (B) the magnified graph of (A); (C) parallelly oriented crystals assembling into prisms; (D) the high-resolution transmission electron micrograph (HRTEM) of enamel crystals (d-spacing = 0.093 nm). 
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Figure 2. Mechanism of the amelogenin mediated biomineralization from prenucleation clusters into organized structure. Phase 1: the full-length amelogenin monomers and mineral ions; Phase 2: amelogenin oligomers and mineral prenucleation clusters; Phase 3: Amelogenin-CaP composites; Phase 4: Amelogenin-CaP nanoclusters assembled into linear chains; Phase 5: linear chains parallelly organized; Phase 6: the formation of elongated crystallites. 
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Figure 3. Classical and non-classical model in biomineralization (I,II), and extended models of organic matrix mediated mesoscale transformation to form highly oriented crystals (III). 
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