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ARTICLE INFO ABSTRACT

Keywords: Enamel is composed of numerous uniformly wide, well-oriented hydroxyapatite crystals. It pos-
Hydrogels sesses an acellular structure that cannot be repaired after undergoing damage. Therefore, remi-
Remineralization

neralization after enamel defects has become a focal point of research. Hydrogels, which are
materials with three-dimensional structures derived from cross-linking polymers, have garnered
significant attention in recent studies. Their exceptional properties make them valuable in the
application of enamel remineralization. In this review, we summarize the structure and formation
of enamel, present the design considerations of hydrogels for enamel remineralization, explore
diverse hydrogels types in this context, and finally, shed light on the potential future applications
in this field.
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1. Introduction

Tooth enamel in humans, which covers the crown of teeth, constitutes the hardest and most mineralized tissue. Comprised of
highly-ordered hydroxyapatite (HAP), it is predominantly composed of 95-97 % mineral content by weight, containing less than 1 %
organic material [1]. Enamel significantly differs from bone in that its composition is primarily mineral-based, lacking collagen (Col)
fibers, thereby making it harder than bone. This inherent strength allows enamel to withstand substantial chewing forces without
breaking. Being the outermost layer of the tooth structure, enamel is particularly vulnerable to bacterial attacks and acid erosions,
leading to demineralization. Unfortunately, due to its acellular structure, it cannot be repaired effectively after damage occurs.
Consequently, researchers have directed their focus towards discovering diverse materials to repair and regenerate damaged enamel.
Despite the attractiveness of enamel regeneration, its practical application and engineering for future clinical purposes remain a
considerable challenge.

Natural enamel initially forms in a gel-like extracellular matrix (ECM). Within this environment, ameloblasts secrete proteins,
mainly amelogenin (AMEL), which interact with inorganic ions like calcium ions (Ca®") and phosphate (PO?;_), which are present in
the surroundings. This interaction leads to the formation of highly-oriented and parallel enamel crystallites [2,3]. Therefore, the key to
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regenerate enamel is finding or designing materials to simulate the environment conducive to HAP crystal mineralization under
physiological conditions.

Hydrogels, composed of three-dimensional (3D) polymer structures, exhibit exceptional swelling properties and water-retention
abilities, capable of absorbing a large amount of water without dissolving [4]. These materials possess numerous desirable proper-
ties, such as biodegradability, biocompatibility, absorption, and hydrophilicity, making them pivotal in regenerative medicine ap-
plications. Hydrogels serve as attractive scaffold materials owing to their good biocompatibility, mimicking the ECM for cell adhesion.
Moreover, due to their notable biodegradability, hydrogels can degrade and create space for new tissue growth [5]. Their porous
structure allows water retention and simulation of the ECM, thereby offering an ideal environment for inter-cellular substance ex-
change. Consequently, hydrogels find extensive utility in tissue scaffold materials, drug delivery systems, and tissue barriers [6-8].
Recently, hydrogels have been employed in enamel remineralization due to their ability to simulate the ECM and foster an ideal
mineralization environment. However, current reviews of hydrogels in stomatology primarily focus on hydrogel applications in pulp
and periodontal tissue regeneration. Notably, there is a lack of reviews on hydrogels specifically addressing tooth enamel reminer-
alization [9,10]. Therefore, this review encompasses an overview of hydrogels, natural enamel structure and formation, considerations
regarding hydrogel use in enamel remineralization, and their applications, aiming to serve as a comprehensive reference for enamel
remineralization research.

2. Overview of hydrogels

The hydrogel is a kind of material with the ability to assimilate a considerable amount of water without dissolving. Its polymer
chains cross-link chemically via covalent bonds or physically through non-covalent interactions, resulting in a network structure [9].
The first synthesis hydrogel can be traced back to the fabrication of poly (2-hydroxymethacrylate) (PHEMA) hydrogels by Wichterle
and Lim in 1960 [11]. Over six decades of research and development have seen the widespread applications of hydrogels in scaffold
materials, drug delivery system, tissue barriers, and more [6-8]. They have emerged as the preferred material for numerous appli-
cations in regenerative medicine [12].

Hydrogels can be classified based on different factors, including the source of polymers, the type of crosslinking, the hydrogel’s
response to stimuli, or the charge properties [13]. In terms of polymer source, hydrogels can be categorized into: natural, synthetic,
and hybrid (a combination of both) [9,14-16]. Natural hydrogels are obtained from natural polymers, such as Col, gelatin, hyalur-
onate, alginate, agarose, and chitosan (CS). Synthetic hydrogels are composed of synthetic polymers, including polyacrylic acid (PAA),
polyacrylamide, poly(vinyl alcohol) (PVA), polyethylene glycol (PEG), polyepoxy, polyphosphazene, polyamino acids, synthetic
peptides, and synthetic DNA. Hybrid hydrogels are a combination of natural and synthetic hydrogels (Fig. 1).

Hydrogels find extensive use in biomedical research due to their smart and environmentally-sensitive nature, enabling them to
change their properties in response to the surrounding stimuli, thereby regulating drug release. Based on their response to different
stimuli, hydrogels can be classified into various types, such as thermoresponsive [17], pH-responsive [18], photoresponsive [19],
magnetic-responsive [20]. Moreover, further hydrogel categorization is also considered via enzyme-catalyzed formation [21].
Hydrogels serve as common scaffolds in tissue engineering, maintaining distinct 3D structures that provide mechanical support for
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Fig. 1. Shows the classification of hydrogels. Hydrogels can be divided into natural hydrogels, synthetic hydrogels and hybrid hydrogels.
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cells and mimic the natural ECM, facilitating the transfer of nutrients and cytokines [22]. Their versatile applications in tissue en-
gineering span wound healing [23], tissue revascularization [24], nerve regeneration [25] and bone repair [26], and more. Traditional
tissue engineering relies on tissue-specific cell populations, appropriate scaffolds, and cytokines. However, in enamel regeneration,
challenges arise when culturing highly differentiated ameloblasts that form enamel and recreating an enamel-like mineralized
structure in vitro. As a result, mineral ions cannot be transported in a specific direction [27-29]. Therefore, current research on enamel
regeneration focuses on biomimetic mineralization of enamel without cell involvement [30,31].

3. Structure and formation of natural enamel

Dental enamel, the hardest and most mineralized human tissue, lacks cellular components in its mature form. Consequently, it
cannot be effectively repaired after incurring caries, trauma, or defects, undergoing only limited passive repair through mineral
deposition in the oral environment [32]. The complete absence of cellular components, predominantly inorganic substances, and
minimal organic components impart physical properties akin to ceramics. The highly-ordered HAP in enamel forms enamel rods with
diameters of 5-7 pm, contributing to its exceptional hardness, rendering it the hardest tissue in the human body.

Enamel rods developed through the secretions of ameloblasts. These cells secrete a variety of proteins, mainly amelogenin (AMEL),
to regulate HAP mineralization. The role of AMEL in the formation of HAP crystals includes: i) Stabilize amorphous calcium phosphate
(ACP) [33], ii) Regulate the morphology and elongation of HAP crystals [34], and iii) Control the nucleation and growth of HAP [35].
Following AMEL production, self-assembly leads to the creation of a 20-50 nm spherical structure. Furthermore, a chain structure is
formed, aligned along the C-axis of the HAP crystal, providing a template for HAP formation and growth control. AMEL can selectively
and specifically inhibit HAP growth and precisely regulate HAP crystal mineralization. Additionally, AMEL plays a crucial role in
stabilizing ACPs, preventing the rapid aggregation of Ca?* and PO3 ", and regulating both the growth direction and rate of HAP crystals
[36,37]. As the process continues, the ECM proteins are degraded by enzymes like matrix metalloproteinase 20 (MMP-20) and KLK4,
which are secreted by ameloblasts, leading to a significant reduction in AMEL content. Consequently, the extracellular organic matrix
is replaced by which is mineral-ion-rich extracellular fluid, creating space for the growth of HAP crystals. This process finally cul-
minates in the formation of mature enamel [38] (Fig. 2).

4. Considerations for the use of hydrogels in enamel remineralization
4.1. Biocompatibility

In the domain of enamel remineralization engineering, ensuring biocompatibility is the primary consideration for hydrogels. The
materials used, including hydrogels and their degradation products, should not induce toxic reactions or trigger intense immune

responses in the body. Although enamel is an acellular tissue, its location in the oral environment entails contact with the gingiva,
tongue, and buccal mucosa. However, clinical treatment aimed at restoring enamel defects often cause inflammation and bodily
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Fig. 2. AMEL in enamel formation. ®AMELSs are secreted to extracellular matrix; @ AMEL self-assembles into spheroids and chains; ® AMELs
control the direction of hydroxyapatite mineralization; @Proteases MMP-20 secreted during the secretory stage and KLK-4 secreted during
maturation stage by ameloblasts degrade AMELs; ®Enamel hydroxyapatite crystals mature.
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damage [39]. The materials utilized for repairing enamel defects in clinical application, such as dental composite resin [40], cast alloys
[41] and ceramic [42], can induce inflammation and bodily harm. Therefore, it is imperative for hydrogels utilized in enamel
remineralization to demonstrate good biocompatibility.

Unreacted monomers, cross-linkers, and initiators present in hydrogel may induce toxic or deleterious immunological reactions
within the body [12]. To address this problem, researchers have sought to employ materials with relatively low- or non-toxic profiles
[43]. Additionally, preformed hydrogels undergo a series of purification processes, such as solvent washing and dialysis, to eliminate
any residual unreacted materials [44]. In general, natural hydrogels exhibit better biocompatibility than synthetic hydrogels [12].
However, it is necessary to consider the potential toxicity stemming from crosslinking agents, including the presence of unreacted
glutaraldehyde during the crosslinking process [45]. This can be realized by looking for naturally non-toxic or low-toxic crosslinkers
such as polyphenols including gallic acid and ferulic acid [46], genipin [47] and dextran dialdehyde [48], or by promptly removing
unreacted crosslinkers during hydrogel synthesis [49,50]. Furthermore, employing physical crosslinking methods can often mitigate or
circumvent toxic reactions induced by chemical crosslinking [51].

4.2. Biodegradability

Degradability is a crucial design criterion, as the ability to specifically tailor the degradation rate of templates to that of new tissue
formation significantly enhances the rate and extent of new tissue formation in tissue engineering [52]. In the context of enamel
remineralization, hydrogels serve not only as an environment for mineralization but also a template for nucleation and HAP growth.
Controlling the rate of hydrogel degradation offers the opportunity to synchronize HAP growth rates and ensure suitable space for its
growth. An ideal template for HAP mineralization requires a controllable degradation rate. If the rate is too fast, it can impact HAP
formation; conversely, if it is too slow, the organic template occupies the HAP crystal growth space, resulting in a suboptimal crystal
structure. If the organic templates have not been removed effectively, the mechanical properties of remineralized layer will be inferior
to intact enamel [53,54]. Interestingly, during the formation of natural enamel, if AMEL degradation is adversely affected, it leads to
the creation of a poor enamel crystal structure, known as amelogenesis imperfecta, underscoring the importance of a degradable
template in mineralization [55,56].

Biodegradable hydrogels can be prepared by adding biodegradable groups to the backbone or crosslinking agents of a polymer
[57]. The degradation rate of the hydrogel can also be adjusted by changing the proportion of the components [58]. Other additives in
the hydrogel can also be designed to be degraded by proteases to regulate hydrogel degradation [59]. Physiologically, ameloblasts
secrete MMP-20 to degrade AMEL and prevent protein occlusion inside apatite crystals [60]. Prajapati et al. added MMP-20 to a
CS-AMEL hydrogel and obtained HAP crystals with more uniform orientation and better mechanical properties than those without
MMP-20 [61].

Notably, if the hydrogel is used in vivo to achieve enamel remineralization in situ, certain factors must be addressed. These include
the degradation of the hydrogel due to swelling in the fluid environment, the potential breakdown of the hydrogel by mechanical
washing by saliva in the mouth, and degradation of the hydrogel caused by enzymes present in the saliva.

4.3. Mechanical properties

Theoretically, the mechanical properties of hydrogels are strongly influenced by their degree of swelling, which can pose limi-
tations in applying hydrogels to enamel remineralization due to reduced mechanical strength [62]. The various factors affecting the
mechanical properties of conventional hydrogels include the strength of the polymer chain, type of crosslinking, crosslinking density,
preparation method, among others [47,63-65]. Over the past decade, interpenetrating network (IPN) hydrogels have attracted
considerable attention. IPN hydrogels comprise polymeric materials composed of two interpenetrating or semipenetrating polymer
networks. Typically, in IPN hydrogels, the first network is brittle, rigid, and adequately cross-linked, such as in a polyelectrolyte. This
network provides sacrificial bonds during deformation that dissipate considerable energy, providing IPN hydrogels with mechanical
strength and rigidity. In contrast, the second network is often ductile, soft, weakly cross-linked or non-cross-linked. It resides inside the
first network, absorbing external stress to make the hydrogel flexible and tough [66,67]. Moreover, the addition of tough nanoparticles
(NPs) can further enhance the mechanical properties of hydrogels [68].

At present, most studies on the application of hydrogels for enamel remineralization are conducted in vitro, with few studies
performed in vivo [69]. This limited in vivo exploration is primarily attributed to the low mechanical strength of conventional
hydrogels. To function effectively as templates for enamel remineralization in the oral environment, hydrogels are expected to
withstand the mechanical challenges posed by oral cavity.

4.4. ACP stabilization

ACP is considered a key precursor in the formation of HAP [70]. However, in aqueous solutions, ACP NPs are easily transformed
into crystal phases [71], with rapid ACP aggregation negatively affecting the structure and properties of HAP crystals [72]. Therefore,
stabilizing ACP NPs is critical in the remineralization process of enamel [73].

While PH and temperature play significant factors in ACP crystallization [74], studies on enamel remineralization often focuses on
replicating physiological conditions. To better simulate the natural environment for enamel development, experiments are conducted
at the standard PH and temperature levels found in the human body. Currently, there are several methods for stabilizing ACP NPs in
hydrogels under physiological conditions.
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1) Addition of ions to stabilize ACP: Ca and PO3~ ions interact with each other to form ACPs, which are rapidly deposited to form
larger clusters. Therefore, it is not surprising that the other ions in the solution can also affect the formation and subsequent
crystallization in the same way. Metal ions such as those of strontium (Sr*h [75], magnesium (Mg2+) [76], and zinc (Zn%h [771,
along with nonmetallic ions such as citrate [78], pyrophosphate [79] and carbonate [80], have the ability to stabilize ACP.
Surface-associated citrate on ACP plays a key role in controlling the nucleation of HAP by inhibiting the reaction of surface
nucleation [81].

2) Adding bioactive macromolecules to stabilize ACP: Leucine-rich AMEL polypeptides (LRAP) stabilize ACP during the physiological
process of enamel formation and regulate the shape and orientation of growing enamel crystals [72,82]. The addition of LRAP to
the hydrogel can stabilize the mineralized clusters and prevent further aggregation of ACP [83].

3) Adding polymers to stabilize ACP: Apart from natural biomacromolecules, some synthetic polymers have been shown to slow the
rate of ACP aggregation into HAP crystals. Wang et al. stabilized ACP with hydroxypropyl methylcellulose and polyaspartic acid,
and obtained ordered HAP crystals both in vivo and in vitro, achieving a satisfactory remineralization effect on enamel [84].

4.5. Regulation of HAP orientation

Natural enamel features a highly-ordered HAP structure due to the regulation of AMEL and its differential splicing products during
HAP crystal growth. Accordingly, researchers in the field of enamel remineralization aim to replicate this highly-ordered and parallel
structure. Both in vivo and in vitro studies have demonstrated that AMEL and its differential splicing products are capable of achieving
satisfactory mineralization effects in enamel remineralization. They successfully realized highly-ordered HAP crystals with robust
mechanical properties [38,82].

In order to obtain the ability to regulate the orientation of crystal growth, researchers introduced AMEL and its splicing products
into the hydrogel. For instance, Fan et al. incorporated recombinant full-length AMEL into a hydrogel for remineralizing acid-etched
enamel, obtaining a remineralization layer with an ordered crystal structure [85]. However, the hydrophobic core domain and hy-
drophilic C-terminal of full-length AMEL facilitates its easy interaction with charged polymer chains in hydrogels such as CS and
alginate, which can negatively impact its ability to regulate HAP. Therefore, uncharged polymer hydrogels might be the preferred
choice for designing hydrogels with AMEL for enamel remineralization research. Additionally, splicing products of AMEL, such as
LRAP, can also form dense mineralized layers of enamel rod-like HAP crystals in the hydrogel [83]. Kaushik et al. achieved
densely-organized HAP crystals by adding the AMEL-derived peptides P26 and P32 to a CS hydrogel [86]. Notably, in agarose
hydrogels and CS-agarose hydrogels without amelogenic protein or its splicing products, agarose is cross-linked by hydrogen bonding
and interacts with Ca%* and PO} in the environment to form stable agarose calcium-phosphorus clusters, resulting in prism-like HAP
crystals on the enamel surface [30], however, formation of oriented hydroxyapatite could be attributed to linear agarose chains,
template for hydroxyapatite. The Ca®*- agarose interactions along the polymer chain leads to the oriented hydroxyapatite. In contrast,
Fan et al. reported that ordered HAP crystals were not formed in agarogenic hydrogels without AMEL [85]. Therefore, addition of
AMEL or other regulatory factors to hydrogels is necessary to control the orientation of HAP crystal mineralization (Table 1).

5. Applications of hydrogels in enamel remineralization
5.1. Natural hydrogels

Most natural polymers contain numerous active sites, enabling the creation of hydrogels with specific properties based on the
research requirements. Natural hydrogels offer various advantages, includng cost-effectiveness, potential biodegradability, and
biocompatibility. Natural polymers are generally more biocompatible and biodegradable than synthetic polymers. Examples of natural
polymers that can crosslink to form hydrogels include natural proteins, Col, gelatin, hyaluronic acid (HA), alginate, agarose, and CS.

5.1.1. Col hydrogels

Col is the most prevalent component of the ECM in mammalian tissues and is found in the skin, bone, cartilage, tendons, and
ligaments. It is also present in cementum and dentin. However, mature enamel does not contain Col [38]. Furthermore, Col exhibits an
elegant structural motif, with three parallel polypeptide strands adopting a left-handed polyproline II-type helical conformation coil
around each other in a right-handed triple helix structure with a one-residue stagger [87]. Col-based hydrogels can simulate the
interaction of the ECM with cells to promote cell adhesion, proliferation, and migration [88]. They are excellent scaffolds for tissue
engineering and can be used for the biomimetic mineralization of enamel.

Table 1

Summarizes the design factors that need to be considered for the use of hydrogels for enamel remineralization.
design considerations purpose references
biocompatibility To protect the body from injury [471
biodegradability To keep the rate of hydrogel degradation matching the rate of tissue regeneration [48]
mechanical property To make the hydrogel resistant to the complex oral environment [54]
stabilize amorphous calcium phosphate To prevent ACP from accumulating too quickly [64]
regulate the direction of crystal growth To form directed growth, orderly arrangement of hydroxyapatite crystals [30]
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Col can be used as a template for HAP crystal mineralization to participate in enamel remineralization [89]. HAP crystals can grow
on the surface of Col, and their c-axes are oriented along the longitudinal axes of Col and have the ability to control the size and
distribution of HAP [90,91]. Col hydrogels produce HAP crystals in vitro [92]. In addition, the use of Col hydrogels in combination
with other materials can promote nucleation [93] and Adhesion [94] that are beneficial for enamel remineralization. Though Col
hydrogels have not been used for enamel remineralization, Col hydrogels have the potential to repair defective enamel and are
promising materials for enamel remineralization.

5.1.2. Gelatin hydrogels

Gelatin is a natural polymer that is made by the hydrolytic degradation of protein from Col; therefore, some of its properties are
similar to those of Col. During processing, the heat increments for gelatin will dissolve its structure into colloids, but at temperature
drops below 35 °C, its state becomes gelatinous. However, if the aqueous solution of gelatin is boiled for a long time, its properties
change owing to decomposition and will not be reformed after cooling. Overall, gelatin demonstrates excellent physical properties,
such as jelly force, affinity, high dispersibility, low viscosity characteristics, dispersion stability, and water retention [95].

Gelatin is widely used in various fields due to its excellent biocompatibility and easy biodegradability [96]. It has potential as a
remineralization template, promoting mineralization [97-99]. Gelatin-based hydrogels can be used as templates for remineralization
by interacting effectively with Ca and PO3;™ ions [100], encouraging nucleation on the porous gelatin template. Moreover, gelatin
stabilizes ACP and prevents its aggregation [99]. Under physiological environmental conditions, HAP crystals can be formed using a
nano-composite scaffold containing gelatin and ACP [97]. Additionally, ion diffusion in gelatin can induce the development of rod-like
fluorapatite on the enamel surface [101]. However, due to the low mechanical strength of gelatin, its application in the enamel
remineralization is limited. Therefore, it is necessary to enhance its mechanical properties by combining with other materials [102,
103]. Recently, gelatin methacryloyl (GelMA), which is obtained by the chemical modification of gelatin with methacrylic anhydride
(MA), underwent photoinitiated radical polymerization to form covalently crosslinked hydrogels [104]. GelMA hydrogels, charac-
terized by biocompatibility, adjustable mechanical properties, and other advantages, successfully induce the directed growth of HAP
crystals in simulated body fluids (SBF) [105]. It is noteworthy that the gelatin hydrogel biomimetic mineralization-kit (BIMIN),
developed by Guentsch et al., has successfully established a mineralized enamel-like layer in vitro. Furthermore, clinical research also
confirmed that BIMIN has good remineralization effect in patients with hypersensitive teeth [106-108].

5.1.3. HA hydrogels

HA is a long, unbranched polysaccharide composed of repeating p-glucuronic acid and N-acetyl-p-glucosamine disaccharides with a
molecular weight (MW) of up to 2 x 107 Da. Owing to its carboxyl groups, HA is negatively charged, highly hydrophilic, and forms a
viscous network at high molecular weights. The physiological activity and biocompatibility of HA make it ideal for use in regenerative
medicine. Due to its numerous sites for reactive group modification, HA finds extensive used in the design of hydrogels [109,110].

In recent years, increasing attention has been directed towards the use of HA in remineralization processes. HA can be used as a
template for the mineralization of HAP in vitro [111]. The negatively charged groups on HA can attract Ca ions and form calcium
phosphate nanospheres. When calcium phosphate begins to deposit, HA coils wrap the calcium phosphate nuclei, thereby preventing
the nucleation of HAP and stabilizing ACP [111,112]. Yang et al. modified HA with bisphosphonates to improve its ability of HA to
bind Ca ions and promote the formation of calcium phosphate nanospheres in the HA hydrogel system [113]. Owing to the poor
mechanical strength of HA hydrogels, it is often necessary to enhance their mechanical strength by other methods, as it is difficult to
control their degradation rate, which limits their application of HA hydrogels [114-116]. Although HA hydrogel has many advantages
in the formation of hydroxyapatite and is a potential material for enamel remineralization, its research in enamel remineralization has
not been reported yet.

5.1.4. Alginate hydrogels

Alginates are polysaccharides isolated from brown algae found in coastal waters, such as Laminaria hyperborea and Lessonia. They
are linear unbranched copolymers that contain homopolymeric blocks of (1,4)-linked b-p-mannuronic acid (M) and a-L-guluronic acid
(G) residues, respectively, which are covalently linked together in different sequences or blocks [117]. Two G blocks of adjacent
polymer chains can be crosslinked with multivalent cations through interactions with the carboxylic groups of the sugars, leading to
the formation of a gel network [64,118]. The overall gel stiffness depends on the polymer MW distribution composition (that is, the
M/G ratio) and the stoichiometry of the alginate with the chelating cation [117].

Alginate gel serves as an effective template for mineralization. Its G blocks concentrated Ca ions, promoting hydroxyapatite
mineralization [64,119]. In vitro experiments, spherical ACP can be rapidly formed in alginate hydrogel, with ACP quickly trans-
forming into OCP, a precursor to HAP crystal, under physiological PH [120]. The advantage of alginate hydrogels for enamel remi-
neralization is that they can regulate the mineralization rate [120]. In sodium alginate hydrogels formed by cation cross-linking, the
application of Ca’tasa cross-linking agent promotes mineralization, whereas the addition of Barium ion (Ba®"), which does not easily
interact with PO}~ groups, antagonizes this phenomenon. The bisphosphonate alendronate can chelate Ca?t and strongly adhere to
HAP to prevent crystal growth, thus regulating mineralization process [118]. In addition, alginate hydrogel can act as a carrier for
injectable tooth epithelial cells, such as HAT-7 cells, promoting cell-assisted enamel regeneration assisted by cells [121]. Similar to
other natural hydrogels, alginate hydrogels have the disadvantage of poor mechanical properties, which can be improved by designing
photo-crosslinked methacrylate alginate gels to improve their mechanical strength and regulate their degradation rate [57]. Although
alginate hydrogels have potential for biomimetic mineralization, their application to biomimetic mineralization of enamel alone has
not been reported, and they are mostly cross-linked with other polymers to form double-network hydrogels for enamel surface
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remineralization [122].

5.1.5. Agarose hydrogel

Agarose is a linear polysaccharide derived from red seaweeds. Agarose is thermo-reversible and can melt or gel at various tem-
peratures. Because of its biocompatibility, it is widely used in the field of biomedicine. Agarose hydrogels can simulate a gel-like ECM
during enamel formation and induce enamel regeneration [31,123]. The abundant hydroxyl groups in the agarose hydrogel can
interact with Ca®", and the ACP NPs formed in the hydrogel are coated with organic components, which prevent nucleation and
stabilize ACP [30,31]. In addition, agarose hydrogels provide mineral precursors as reservoirs and dynamically transport them to the
enamel surface, thereby promoting the formation of HAP on the enamel surface [124]. In addition, the agarose hydrogel matrix can
coordinate with the enamel surface to form parallel HAP crystals on the enamel surface [30]. With the progress of mineralization, the
agarose hydrogel gradually retreats from the mineralized surface to provide space for the growth of HAP which is consistent with the
phenomenon that AMEL degrades and forms mature enamel during the formation of enamel in the physiological process [31].

5.1.6. CS hydrogel

CS derived from deacetylated chitin, is a natural amino homogeneous linear polysaccharide composed of glucosamine and N-acetyl
glucosamine units linked by p-(1-4) glycosidic bond [125]. CS is known for its biocompatibility and biodegradability, which allow it to
be used in various medical applications. CS hydrogels can be crosslinked with glutaraldehyde and PO3~, and photo-crosslinked CS
modified with azides can form hydrogels [126,127].

In recent years, extensive research has been directed towards the application of CS hydrogels in enamel remineralization [30,128,
129]. However, CS is difficult to dissolve in aqueous solutions with pH above 6.0, whereas the PH of the physiological environment is
close to 7.4, which limits its application [130]. Carboxymethyl CS can be obtained by the carboxymethylation of CS, which can solve
this problem. Moreover, the introduction of carboxylic groups can improve the interaction with Ca?* and promote mineralization in CS
hydrogels [131]. Both CS and carboxymethyl CS have Ca%* binding sites that serve as templates for mineralization and promote crystal
nucleation [129]. To enhance the function of CS hydrogels in regulating mineralization orientation, AMEL [131], AMEL-derived
peptide [132] and AMEL-splicing product [83] can be added to CS hydrogels to obtain parallel HAP crystal remineralization layers
on the surface of enamel in situ. In addition, CS and agarose can be hydrogen-bonded to form CS-agarose hydrogels, which play the role
of agarose in regulating crystal growth orientation and obtain a parallel HAP crystal structure and high hardness of the regenerated
enamel [30].

5.2. Synthetic hydrogels

Most natural polymers have poor mechanical properties, and polymer chains are vulnerable to attack by enzymes, such that the rate
of hydrogel degradation is unpredictable. Synthetic polymers can be used to solve this problem more effectively. Synthetic hydrogels
are formed from synthetic polymers, and are generally less biocompatible than natural polymer hydrogels. Structures of synthetic
hydrogels can be designed according to research requirements. They are not limited to natural factors, such as natural polymers, which
endows synthetic polymer hydrogels with rich diversity in structure as well as in function and makes them ideal tissue engineering
materials.

5.2.1. Polyacrylic acid (PAA) hydrogel

Acrylic, which has a carboxylic acid group, along with a carboxylic end connected to a vinyl group, can be polymerized to produce
PAA, which contains a large number of carboxyl groups. Both AA and PAA exhibit strong ability to attract metal ions such as Ca2*,
making them potential materials for enamel remineralization [133].

PAA exhibits a dual effect on ACP-mediated HAP crystal mineralization. Notably, an appropriate concentration of PAA promotes
HAP crystallization by primarily incorporating into ACP, resulting in the formation of ACP NPs, thus providing a large specific surface
area for HAP nucleation. Excessive PAA (incorporated into and adsorbed on ACP) impairs the crystallization of HAP, while surface-
associated PAA prevents the nucleation of HAP on ACP [134]. Polyacrylate-based hydrogels foster the nucleation of HA crystals
through two primary mechanisms, the one is that chelation of Ca?* by the COOH groups thus, the activity of Ca ions is decreased by
complex formation and other effect is that the concentration of Ca%* by multiple COOH groups [135]. At an appropriate concentration,
it has the ability inhibit the deposition of ACP and thus stabilize ACP [134]. As a template, the PAA hydrogel participates in the
formation of HAP crystals, and the 3D network of organic matrices plays an important role in the superfine interaction of HAP and the
hydrogel through the compartment-effect of the interior of the hydrogel; thus, nano-sized HAP particles are homogenously distributed
within the organic template, and the inorganic particles are fine and uniform [136].

5.2.2. Polyacrylamide (PAM) hydrogel

PAM is a long chain polymer. Its structural units contain amide groups that easily form hydrogen bonds, and it exhibits remarkable
water solubility and chemical reactivity. PAM can be cross-linked to form hydrogels in various methods [137,138].Calcium phosphate
crystals can be synthesized in PAM hydrogels [139] which had a good affinity for phosphate groups in solution to provide template for
nucleation and promote the synthesis of HAP. Meanwhile, linear PAM can well regulate the direction of the growth of hydroxyapatite
crystals. Because of the steric hindrance produced by PAM, the dispersity of HAP was greatly strengthened, therefore, diverse mor-
phologies of HAP crystals were successfully achieved through changing concentration of polyacrylamide in Xu et al. [140] Similar
results were observed in Yokoi et al. [141]. However, the crystalline phases of the calcium phosphates formed in the PAM hydrogel
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depends on the calcium and phosphate ion concentrations, hydroxyapatite formed in a high ionic concentration environment [142],
which was difficult to achieve in the physical environment. In addition, spherulitic porous hydroxyapatite synthesized into PAM
hydrogels was very different from the parallel oriented hydroxyapatite in the enamel [140,142]. These problems need to be solved in
future research.

5.2.3. PVA hydrogel

PVA is a hydrophilic polymer with abundant hydroxyl groups. PVA hydrogels can be prepared by physical crosslinking [143],
chemical crosslinking [144], and radiation crosslinking [145]. They have attracted considerable attention because of their low
toxicity, high water absorption, good mechanical properties (i.e., high elastic modulus and mechanical strength), and good biocom-
patibility [146].

In the study of enamel remineralization, PVA hydrogels can be used as templates for synthesizing HAP crystals and to regulate the
orientation and rate of crystal mineralization. In PVA hydrogels, the polymer chains of PVA are rich in hydroxyl groups, which show a
partial negative charge to attract Ca>* [147]. Therefore, PVA chains have multiple nucleation sites for HAP crystals and PVA hydrogels
can be used as templates for HAP crystal mineralization [148-150]. In the PVA hydrogels, the swelling decreased significantly with an
increase in crosslinking density, thus improving the mechanical properties; however, the HAP crystal formation rate also decreased.
Therefore, the rate of HAP crystal formation can be controlled by controlling the crosslinking density of PVA [151]. Under appropriate
conditions, PVA hydrogels also showed the ability to regulate the mineralization direction of HAP crystals. Tatsuo et al. showed that
after drawing and fixing by successive chemical cross-linking, HAP crystals were successfully mineralized onto oriented hydrogels by
repeated alternate immersion in solutions of PO?{’ and Ca ions [152].

5.2.4. PEG hydrogel

PEG, also known as polyethylene oxide (PEO), can be synthesized via anionic polymerization of ethylene oxide with hydroxyl
initiators. Researchers often refer to molecular weights below 20,000 as PEG, and those above 20,000 as PEO. PEG is a linear polymer.
In aqueous solutions, the hydrophilic group interacts with water and easily forms an unfolded or folded conformation, similar to the
behavior of proteins in aqueous solutions. They exhibit good biocompatibility and are widely used in biomedical applications and
research [153].

PEG hydrogels can also be employed to study enamel remineralization. They can be used as a template for HA mineralization and
regulates the morphology of HAP crystals [154,155]. In PEG hydrogels, PEG chains can wrap around ACP and help in stabilizing ACP
[78,155]. When HAP nuclei are formed, PEG molecules adsorb on the surface of HAP through hydrogen interactions and inhibit the
growth of the c-column of HAP; however, with an increase in PH, more PEG molecules interact with free hydroxyl ion (OH") in the
solution instead of HAP, which leads to the hypoactive inhibition of PEG on the c-axes growth of HAP [156]. Zn>" and citrate can also
be added to the PEG hydrogels to stabilize ACP [78]. Although PEG hydrogels have many advantages for HAP crystal growth, it cannot
be ignored that PEG plays a negative role in regulating HAP morphology. With an increase in the PEG concentration, the crystal
structure changed from a regular rod-like structure similar to natural enamel to an irregular structure which is not what researchers
expect [157]. So PEG hydrogels are potential materials for remineralization of enamel.However, potential hypersensitivity reactions
induced by PEG should be considered [158].

5.2.5. Polyphosphazene hydrogel

Polyphosphazene consists of a backbone comprising alternating phosphorus and nitrogen (N) atoms, with each phosphorus atom
containing two organic side groups. The chemical and physical properties of polyphosphazene largely depend on the type of side
groups attached to the polyphosphazene backbone. Their unique biodegradation, which can be altered by introducing different side
groups, has generated enormous interest from researchers to study [159,160].

The advantages of polyphosphazene for enamel remineralization lie in its controlled degradation rate and ability to regulate
mineralization, especially polyphosphazene with amino acid ester [161-163]. Tomasz et al. showed that the degradation rate of
polyphosphazene and its ability to control HAP formation are both dependent on specific active side groups [162]. The degradation
rate of polyphosphazene can be controlled by the type and proportion of the amino acid ester side groups [163]. The degradation of
polyphosphonitrile with amino acid ester side groups is mainly due to 1) An unstable P-OH moiety formed by the cleavage of the side
group from the polymer, which ultimately leads to polymer backbone cleavage, and 2) the hydrolytically unstable P-N bond linking
the side group to the polymer backbone, which facilitates hydrolytic breakdown [162,164]. The mineralization ability of poly-
phosphonitrile is mainly realized by its acidic side groups, and the difference in both the rate and extent of mineralization can be
attributed to the different types of acidic side groups present in each polymer [162]. Multiple acidic side groups in polyphosphazene
concentrate Ca®" and form nucleation sites to promote mineralization as templates [165].

5.2.6. Polypeptide hydrogel

Amino acids are natural biomolecules that can form polypeptides through dehydration condensation reactions. Peptide-based
hydrogels have proven to be excellent biomedical materials because they have the advantages of nontoxicity, biodegradability, hy-
drophilicity, and low immunogenicity, and are extremely suitable for the preparation of remineralization hydrogels. Polypeptide
hydrogels can simulate ECM and have potential biomedical applications [166,167].

Polypeptide hydrogels formed by acidic amino acids containing two carboxyl groups, such as polyglutamic acid [168] and poly-
aspartic acid [169], which are rich in carboxyl groups that can attract Ca®>* from the environment, act as a template for HAP
mineralization and perform the function of stabilize ACP. Recently, the self-assembled peptide P;;-4 hydrogel
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(Ace-GIn-Gln-Arg-Phe-Glu-Trp-Glu-Phe-Glu-GIn-GIn-NH2) has achieved breakthroughs in enamel remineralization. The design idea of
self-assembling peptide P;1-4 comes from AMEL. In the physiological state, AMEL forms a chain structure through self-assembly,
interacts with HAP, and causes HAP crystals to grow along the c-axis, thus regulating enamel mineralization. Because of the diffi-
culty and high cost of the AMEL extraction process, simulating AMEL using synthetic materials has become a solution to this problem
[170]. P11-4 can self-assemble layer by layer into B-sheet structures through a mechanism similar to that of AMEL self-assembly, and
further form a fibrous structure as a template for HAP crystal mineralization, regulating HAP crystal mineralization in a manner similar
to the natural formation of tooth enamel, and promoting the remineralization of tooth enamel [170,171]. Several clinical studies have
demonstrated the effectiveness of P-4 hydrogels for enamel remineralization in vivo [172,173]. Although self-assembled peptide
hydrogels have many advantages for enamel remineralization, their clinical efficacy is slightly inferior to traditional resin therapy
[174]. Moreover, changes in the PH of the oral environment and the presence of bacteria can impair the effects of P;1-4 on enamel
remineralization [175]. In addition, Liu et al. designed a novel biomimetic hydrogel composite containing the QP5 peptide and
bioactive glass (BG) and obtained dense remineralization layer both in vitro and in vivo [176]. Therefore, as a new biomimetic
synthetic material with good biocompatibility, polypeptide hydrogels have great potential to be explored for enamel remineralization.

5.2.7. Synthetic DNA hydrogel

As a common cellular molecule, DNA has good biocompatibility. Using molecular biology, a large number of specific DNA se-
quences can be synthesized in a simple and quick manner. Among DNA-based materials, DNA hydrogels, comprising 3D networks of
DNA polymeric chains, have received considerable attention as a new class of polymeric materials, particularly as biomaterials,
showing great potential for a wide range of promising applications [177-179].

DNA, a naturally negatively charged macromolecule, has the potential to attract Ca2* to form HAP crystals. Therefore, it has been
used in the study of enamel in recent years [180]. Moreover, DNA is not easily degraded by nucleases after specific binding to HAP
crystals, which ensures stability of the DNA template during mineralization [181]. Stiff DNA-HAP composites can be fabricated by
mineralization on a DNA template [178]. Although DNA hydrogels have great potential for enamel remineralization, further studies
are needed to verify their feasibility.

5.3. Hybrid hydrogel

Hybrid hydrogels are formed by cross-linking two or more polymers, combining the advantages of each component to obtain
hydrogels with superior properties [182]. Hybrid hydrogels contain multiple polymer network systems, including double network
hydrogels, triple network hydrogels [183], quadruple network hydrogels, and quintuple network hydrogels (5 x N) [184]. The most
representative multinetwork hydrogel is a double-network hydrogel. Double-network hydrogels consist of two polymer network
systems that can form an interpenetrating network by interacting with each other; these are called interpenetrating network hydrogels
(IPN hydrogels). A particular feature of IPN hydrogels, characterized by high resistance to wear and high fracture strength, is the
preparation of a densely cross-linked ionic hydrogel, with the second network being a neutral loosely cross-linked network [185].

Natural hydrogels with excellent biocompatibility and biodegradability have attracted attention because of their potential as
biomaterials. However, their poor mechanical properties limit their applications. IPN hydrogels have been shown to have significantly
improved mechanical properties. Natural polymer-based IPN hydrogels can integrate the advantages of each component, thus
expanding the properties of the hydrogels and improving their mechanical properties of natural polymer-based hydrogels [186].
Agarose can control the mineralization of HAP crystals; however, its mechanical properties are poor, and its affinity for Ca ions is
relatively low. Silk fibroin (SF) networks were introduced into Carboxylated Agarose (CA) hydrogels to enhance the mechanical
properties of the hydrogels, and the p-sheet conformation of the gelling SF molecules allowed for the ordered alignment of the active
sites, which was beneficial for controlling the orientation and size of cristals [187]. The CA/SF hydrogel can be used as a template for
HAP crystal mineralization, and its degradation rate depends on the content of p-sheet conformation [188]. Therefore, the degradation
rate of the hydrogel can be regulated by controlling the fibroin content. In general, the CA/SF hydrogel has great potential for ap-
plications in enamel remineralization. Gelatin has good elasticity, and agar can control the morphology of HAP crystals, alginate can
provide more Ca®*-binding sites, which we have discussed above. Combining two materials can prepare materials that integrate their
strengths. IPN hydrogels based on gelatin/agar and gelatin/alginate improve the performance of gelatin hydrogels, enhance their
HAP-forming ability, and control the growth of rod-shaped HAP [189,190]. Although IPN hydrogels of natural polymers can achieve
the complementary advantages of the two components, such as Ca®>"-binding activity, crystal morphology, and controlled degradation
rate, it is still not easy to improve the inherent shortcomings of natural polymer hydrogels and their poor mechanical properties, even
when enhanced by IPN networks. However, its high swelling and poor mechanical properties are still unsatisfactory [189].

Synthetic polymer-based IPN hydrogels are different from natural polymers limited by natural factors, and they can be designed to
have a variety of properties according to the needs of researchers; thus, synthetic polymer IPN hydrogels have broad application
prospects. PAA-PAM IPN hydrogels with mutual interlacing, that is the formation of additional physical junctions and lower swelling
properties, have higher mechanical strength than PAM hydrogels [140]. Because of its amide group, the chemical activity of acryl-
amide differs from that of AA with carboxyl groups. PAM hydrogels can control the morphology of the apatite crystals, too [143,144].
The complexing ability of PAM with metal ions enables Ca2" to be attracted to it; as a surfactant, PAM has a good affinity for hydroxide
ions and PO}~ groups in solution and further promotes the synthesis of HAP [144]. As mentioned above, the rich carboxyl groups of
PAA can form a large number of nucleation sites, and the hydroxyl groups in PVA can be cross-linked with PAA through hydrogen
bonding to form PAA/PVA hydrogels with a high cross-linking density. PAA/PVA hydrogels can synthesize HAP crystals by combining
the advantages of each component as a template, and they have a lower swelling rate and higher mechanical strength than
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Table 2
Summarizes the hydrogels used for enamel remineralization.

Hydrogels Methods Results Advantages Disadvantages References

Geltin hydrogel Both in vitro and vivo. Enamel-like layer was (1) Clinical trials have (1) Gelatin is sol at the [106-108]
Gelatin gel which visible on the surface of confirmed the physiological
contained phosphate, the treated samples; EDX remineralization effect in temperature, gelatin
fluoride and calcium ions  analysis demonstrated a vivo. hydrogel dissolves easily
were placed onto the penetration depth of (2) Geltin has excellent in the mouth, so it needs
tooth enamel surface in fluoride of 4.10 + 3.32 biocompatibility. splint protection.
vitro. pm in enamel (3) This hydrogel utilized the (2) Gelatin hydrogel has
In human oral, the diffusion of calcium ions insufficient mechanical
demineralized tooth area from solution into a strength and is easy to be
was treated with the glycerine-enriched gela- destroyed.
pretreatment calcium- tine gel that contains
containing solution. The phosphate and fluoride
calcium-gelatin film was ions.
positioned into the splint
and covered with the
phosphate/fluoride-
containing gel. Directly
after the gels were
combined, the splint was
positioned into the
mouth. To prevent saliva
flowing under the splint
and dissolving the gels,
the splint was sealed.

In vitro. Double-layered A well-aligned enamel- (1) Ions for mineralization (1) The multilayer hydrogel [100]
gelatin hydrogel was like structure with an were elaborately is complicated to
added to the top of etched  elastic modulus of 52.14 modulated by exploiting prepare.
enamel, calcium- + 8.48 and nanohardness the synergistic effects of (2) the mechanical
containing gelatin of 0.73 + 0.23 GPa was the double-layered gel properties of
hydrogel and ion-free obtained. and AAO membrane. remineralization layer
gelatin hydrogel in (2) The addition of AAO are still inferior to intact
sequence from bottom to membrane directed the enamel.
up. Phosphate solution ion influx. And capillary
was added onto the top. force in the channel of the

AAO membrane induced

the acceleration of ion

transportation.

(3) AAO plays a crucial role

in the formation of the

closely packed, oriented

crystals.

Agarose hydrogel In vitro. Agarose The generated tissue had (1) A unidirectional supply of (1) The double-layer struc- [31]
hydrogels covered on enamel prism-like layers Ca®" and PO~ were ture is complicated to
etched enamel slice in the ~ containing well-defined achieved in this model prepare
presence of 500 ppm hexagonal (2) The crystallographic c (2) The mechanical
fluoride. hydroxyapatite crystals. axis of remineralization properties of

The elastic modulus and layer shared the same remineralization layer
nanohardness of the orientation, and they are still inferior to intact
regenerated enamel were were perpendicular to the enamel.
89.46 + 11.82 and 3.04 underlying enamel
+ 0.75 GPa, respectively surface
(3) The mechanical strength
of the agarose is higher
than gelatin, and agarose
has excellent
biocompatibility.
In vitro. Agarose Prismatic enamel (1) The preparation of The remineralization layer [123]
hydrogel was applied on configurations became agarose hydrogel is was incomplete compaction
the etched enamel and hidden by mineral simple and convenient. and remineralization was not
then they were placed depositions, But the (2) Agarose has excellent uniform.
into phosphate solution. mineralization is not biocompatibility. (2) The mechanical properties
uniform. of remineralization layer are
low.
In vitro. EMD-CaCl, SEM observed enamel (1) EMD has ability to control (1) The crystals newly [53]
agarose hydrogel was prism-like crystals the nucleation and growth formed on the surface
applied on the etched formed on the enamel. of the crystals. layer were not as densely
enamel and were They had typical apatite (2) The abundant Ca®* packed as the natural

incubated in a phosphate

hexagonal structures.
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present within hydrogels

enamel.
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Hydrogels Methods Results Advantages Disadvantages References
solution containing. XRD confirmed that they offer a good environment (2) Elastic modulus and
fluoride. were fluorinated conducive to nanohardness of the

hydroxyapatite. The remineralization. regenerated tissue was

elastic modulus and (3) The rod-like, well-organ- comparatively lower

nanohardness of the ised, fluoridated hy- than those of natural

regenerated enamel were droxyapatite crystals enamel.

78.45 + 14.01 and 2.15 which is more acid- (3) The slight decrease of

+ 0.61 GPa, respectively. resistant than HAP were hardness for the

formed on etched enamel. remineralization layers

obtained under CS-EMD,
CS can be explained by
the increased content of
organics which have not
been effectively
removed.

CS hydrogel CS-AMEL hydrogel was An enamel-like layer with (1) In an acidic oral (1) The hardness and [54]
applied on the etched a thickness of 15 pm was environment, the amino modulus of
tooth slice and then dry formed on the etched group of chitosan could remineralization layer do
the hydrogel-covered enamel surface. The capture the H', forming a not meet the level of
tooth slice, Transfer the newly-grown layer was positive barrier to prevent natural healthy enamel.
tooth slice to a beaker made of highly ordered the diffusion of H' to the (2) It is not easy to obtain
containing 30 ml of arrays of crystals with a enamel surface, as well as enough recombinant
artificial saliva solutionat ~ diameter of ~50 nm, interacting with AMEL to AMEL
37 °C. growing preferentially avoid its loss into the (3) The organics (AMEL and

along the c-axis, saliva. When the normal CS) remaining at the
perpendicular to the pH is restored by saliva, bottom of
surface. XRD analysis the AMEL is released from remineralization may
confirmed that the newly- CS-AMEL hydrogel to result in a decrease in the
grown layer was control the regrowth of surface hardness, and
composed of apatite enamel. these organics have not
crystals. The elastic (2) AMEL has ability to been effectively
modulus and control the oriented and removed.
nanohardness of the elongated growth of
regenerated enamel were apatite crystal.
about 30 and 1.0 GPa, (3) CS has good
respectively. biocompatibility and
antibacterial properties.
LRAP-CS hydrogel was A dense mineralized layer ~ (1) LRAP has ability to (1) The hardness of [83]
applied to demineralized consisting of highly control the oriented and remineralization layer do
enamel for several days, organized enamel-like elongated growth of not meet the level of
followed by drying, and apatite crystals was apatite crystal, and LRAP natural healthy enamel
then tooth slices were formed. There was a is more cost-effective than ~ (2) The organic material
immersed in artificial marked improvement in AMEL. (LRAP and CS) remaining
saliva at 37 °C. the surface hardness after ~ (2) LRAP-CS hydrogels were at the bottom of
treatment of the prepared by a simple one- remineralization may
demineralized sample step method. result in a decrease in the
with almost 87 % (3) CS has good surface hardness, and
recovery of the hardness biocompatibility and these organics have not
value to that of sound antibacterial properties. been effectively removed
enamel sections.
CS-AMEL hydrogel was CS-AMEL repaired the (1) In an acidic oral (1) The hardness and [131]
applied to demineralized artificial incipient caries environment, the amino modulus of
enamel, and then two pH- by re-growing oriented group of chitosan could remineralization layer do
cycling systems were crystals and reducing the capture the H', forming a not meet the level of
designed to simulate the depth of the lesions by up positive barrier to prevent natural healthy enamel.
daily cariogenic to 70 % in the pH-cycling the diffusion of H' to the (2) It is not easy to obtain
challenge as well as the systems enamel surface, as well as enough recombinant
nocturnal PH conditions interacting with AMEL to AMEL
in the oral cavity. avoid its loss into the (3) The organics (AMEL and
saliva. When the normal CS) remaining at the
pH is restored by saliva, bottom of
the AMEL is released from remineralization may
CS-AMEL hydrogel to result in a decrease in the
control the regrowth of surface hardness, and
enamel. these organics have not
(2) AMEL has ability to been effectively
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control the oriented and
elongated growth of
apatite crystal.

removed.
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Hydrogels Methods Results Advantages Disadvantages References
(3) CS has good
biocompatibility and
antibacterial properties.
CS-EMD hydrogel was SEM-EDX, HRTEM-SAED, (1) EMD has ability to control (1) Elastic modulus and [128]
applied to etched enamel  FTIR and micro-Raman the nucleation and growth nanohardness of the
for followed by drying findings indicated of the crystals. regenerated tissue was
and immersed in artificial ~ formation of carbonate- (2) EMD is already Comparatively lower
saliva. substituted HAP, B-type, commercially available, it than those of natural
with c-axis orientation is is easier to be obtained enamel.
and hardness of 2.48 GPa than AMEL and LRAP. (2) The slight decrease of
were recorded. (3) The abundant Ca®* hardness for the
present within hydrogels remineralization layers
offer a good environment obtained under CS-EMD,
conducive to CS can be explained by
remineralization. the increased content of
(4) CS has good organics which have not
biocompatibility and been effectively
antibacterial properties. removed.
CS hydrogel was daubed SEM showed a continuous (1) CS hydrogels were The hardness of [197]
to etched enamel then the  structure of columns prepared by a simple one-  remineralization layer do not
samples were soaked in crystal with size of 10-40 step method meet the level of natural
supersaturated nm and parallel direction ~ (2) CS has good healthy enamel
calcification solution at inside, as same as the biocompatibility and
37 °C. crystal array in the top of antibacterial properties.
enamel rod. The elastic
modulus and
nanohardness of the
regenerated enamel were
119.74 (Knoop hardness).

PVP/ACP hydrogel  Electrospun ACP/PVP A contiguous overlayer of (1) A pre-formed ACP/PVP ACPs tend to form spherical [198]
mat was added to the wet  crystalline fluoridated electrospun mat was agglomerations in the spun
etched enamel surface hydroxyapatite was added to the droplet to fibres.
with artificial saliva produced. immediately form a
solution containing 300 hydrogel on top of the
ppm sodium fluoride to enamel surface and it was
produce a hydrogel. possible to deliver and

incorporate auxiliary
components of the ACP/
PVP fibres into the
remineralized enamel
surface and near-surface
regions.

(2) Addition of the ACP
powders to aqueous
solutions of PVP gave
viscous mixtures that
could be readily
electrospun into self-
supporting, macroscopic
mats which were highly
flexible, easy to handle
with dry or gloved hands,
and could be folded, rol-
led and cut with scissors
into small, shaped
samples.

TS@NaF hydrogel Both in vitro and vivo. SEM showed a compact (1) TS@NaF hydrogel has Potential systemic and topical ~ [199]
TS@NaF hydrogel was remineralization was reliable wet adhesion and  toxicity caused by rapid F~
applied to etched enamel  obtained, The XRD effective fluoride release.
and placed in artificial spectra of all groups delivery.
saliva at 37 °C. showed peaks of (2) The biodegradable
In vivo, TS@NaF hydroxyapatite. TS@NaF hydrogels were
hydrogels were applied able to be broken down
orally twice a day and removed after they
followed by served the fluoride
postoperative fasting delivering functions.
from water and food for 2 (3) Preparation of TS@NaF

h.
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hydrogel was simple.
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Hydrogels

Methods

Results

Advantages

Disadvantages References

P;;1-4 hydrogel

Both in vitro and vivo,
P11-4 hydrogel was
applied to deminieralized
enamel and placed in
remineralization buffer in
vitro.

In human oral,
Lyophilised P11—4 was

uCT showed significant
remineralization on the
surface of enamel. A
dense mineralized layer
consisting of highly
organized enamel-like
apatite crystals was
formed.

@

@)

P;1-4 has ability to control
the nucleation and growth
of the crystals.

P;1-4 incorporated into a
clinical product has
shown encouraging
results in early clinical
trials.

(1) It is costly to obtain P;;- [171,200,
4. 201]

(2) The self-assembly of Py;-
4 is easily affected by
changes in pH in oral

environment.

rehydrated with 0.05 ml (3) self-assembly of P11-4
of sterile water and a may be regulated quickly
single drop of the (in seconds) and
resulting solution reversibly by adjusting
immediately applied the PH.

directly to the etched

enamel surface. Moisture

control was ensured until

the P11—4 solution was

no longer visible

(approximately 2 min).

BG-QP5 hydrogel Both in vitro and vivo, SEM showed the enamel (1) QPS5 has ability to control BG-QP5 hydrogel is [176]
BG-QP5 hydrogel was surface was covered by a the nucleation and growth ~ complicated to prepare.
applied to etched bovine dense mineralized layer. of the crystals.
enamel blocks and placed  with almost no pores. (2) BG can provide sufficient
in artificial saliva at calcium and phosphorus
37 °C. ions and regulate the PH
Hydrogels were applied for enamel
on the enamel of rats by remineralization.
using a brush for 5 min
three times daily for 5
weeks in vivo.

Chitosan-Agarose In vitro. CS-Agarose SEM showed hierarchical (1) the preparation of CS- The hardness of [30]

hydrogel hydrogel covered on HAP structure was Agarose is simple and remineralization layer do not
etched enamel slices in formed. An analogous cost-effective. meet the level of natural
artificial saliva with Ca/P ratio (1.64) to (2) CS and agarose have healthy enamel.

presence of 300 ppm
fluoride.

natural tooth enamel and
microhardness recovery
of 77.4 % of the enamel-
like layer are obtained.

excellent
biocompatibility, and CS
has antibacterial activity.

single-network hydrogels with each component [191,192]. In addition, synthetic polymer-based IPN hydrogels can be designed to
control the mineralization orientation of HAP crystals. Kazuki et al. [193] carried out HAP mineralization in stretched tough IPN
hydrogels; anisotropic mineralization of HAP occurred in stretched hydrogels, and the C-axis of mineralized HAP aligned along the
stretching direction. Despite the vast diversity of synthetic polymer-based hydrogels, a wide variety of polymers can be synthesized
according to the imagination of researchers, and polymer hydrogels with higher mechanical properties than natural polymers can be
fabricated. However, the potential toxicity of synthetic polymer-based hydrogels caused by the crosslinking agents, photoinitiators,
and processing conditions cannot be ignored.

In IPN hydrogels formed using synthetic and natural polymers, the good biocompatibility and biodegradability of natural polymers
can be combined with the rich and controllable properties of synthetic polymers to obtain hydrogels with more abundant and better
properties. PVA/CS hydrogels formed by the physical crosslinking of PVA and CS can be used as templates for HAP crystal mineral-
ization; not only is the mineralization template with better mechanical properties obtained, but physical crosslinking can also avoid
the toxicity problems caused by crosslinking agents [193]. In addition, the PVA/Col hydrogel formed by physical cross-linking of PVA
and Col can also be controlled in the mechanical properties and degradation rate of the hydrogel template by adjusting the proportion
of its components [194]. In polyethylene (ethylene glycol) diacrylate (PEGDA)/methacrylated poly (y-glutamic acid) (mPGA)
hydrogels, dense mineral deposits were observed in the pores of the hydrogels. Therefore, highly crosslinked synthetic natural polymer
IPN hydrogels can be designed as ideal templates for HAP crystal mineralization [195]. The polymer chains in IPN hydrogels formed by
synthetic natural polymers can still stabilize ACP [196].

IPN hydrogels are special polymer networks that are designed to improve one or more properties of their components. Compared to
single-network hydrogels, IPN hydrogels can be prepared in a more compact manner with stronger mechanical properties and more
controllable properties. However, the opposite disadvantage is the decrease in hydrogel porosity caused by the increase in crosslinking
density and the resulting decrease in plasticity and other properties. Therefore, the advantages and disadvantages of adding a second
network should be fully considered according to the design requirements of IPN hydrogels (Table 2).
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6. Conclusions and future prospects

We summarized the hydrogels commonly used in enamel remineralization. Natural hydrogels have good biocompatibility and
controllable degradability, but relatively low mechanical strength, which limits their application of natural hydrogels in the enamel
remineralization. In contrast, synthetic polymer hydrogels exhibit superior mechanical properties and can be designed according to the
requirements of a wide variety of structures and functions. However, many synthetic polymers exhibit poor degradability and are
potentially toxic. Thus, IPN hydrogels could be used to solve these problems. As the advantages of each component can be combined
into IPN hydrogels, researchers can design and synthesize IPN hydrogels with excellent properties according to their requirements.
However, the design and preparation process of IPN hydrogels are complex, complicated and costly, and the preparation of IPN
hydrogels with biocompatibility, biodegradability and bioactivity is attractive, but still challenging.

Therefore, the use of hydrogels for enamel remineralization still faces many challenges, including: 1) Synthesis of HAP crystals with
similar structure and properties to natural enamel; 2) Having good mechanical properties to resist the mechanical force in the oral
environment; 3) A controllable degradation rate that matches enamel regeneration; and 4) good biocompatibility. Although this is still
a challenging task, the synthesis of IPN hydrogels constitutes a promising direction for enamel remineralization, which is expected to
receive much attention in the future.
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