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Abstract 
Amelogenin-chitosan (CS-AMEL) hydrogel has shown great potential for the prevention, restoration, and treatment of 
defective enamel. As a step prior to clinical trials, this study aimed to examine the efficacy of CS-AMEL hydrogel in 
biomimetic repair of human enamel with erosive or caries-like lesions in pH-cycling systems. Two models for enamel 
defects, erosion and early caries, were addressed in this study. Two pH-cycling systems were designed to simulate the 
daily cariogenic challenge as well as the nocturnal pH conditions in the oral cavity. After pH cycling and treatment with 
CS-AMEL hydrogel, a synthetic layer composed of oriented apatite crystals was formed on the eroded enamel surface. 
CS-AMEL repaired the artificial incipient caries by re-growing oriented crystals and reducing the depth of the lesions by 
up to 70% in the pH-cycling systems. The results clearly demonstrate that the CS-AMEL hydrogel is effective at the 
restoration of erosive and carious lesions under pH-cycling conditions. 
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1 Introduction 
Dental enamel is the hardest tissue in human body and forms the outer layer of the tooth, providing protection against 
physical and chemical damage during dental function. Unlike other mineralized tissues, mature enamel is a non-living 
tissue and cannot regenerate after the substantial mineral loss that often occurs due to dental caries or erosion. Dental 
erosion is one of the most common human diseases and affects the vast majority of individuals. It can be defined as an 
irreversible loss of dental hard tissue due to a chemical process without the involvement of microorganisms [1]. The 
causative agents are usually demineralizing acidic substances, such as foods, beverages, and gastroesophageal reflux [2]. 
Another worldwide chronic oral disease is dental caries, which is caused by acid-producing bacteria on the teeth. Caries 
presents as progressive subsurface demineralization and ultimately results in mechanical failure and cavitation [3, 4]. In 
contrast to an erosive lesion, an incipient carious lesion in enamel possesses a typical micromorphology with a 
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pseudo-intact surface layer on top of the subsurface body of the lesion as a result of re-precipitating minerals [5]. Despite 
efforts to remineralize enamel using agents containing fluoride or casein phosphopeptide-amorphous calcium phosphate 
(CPP-ACP) [6, 7], the prevention and treatment of incipient carious lesions and submicrometer erosion are still major 
clinical challenges. Currently, advanced lesions are treated by removing the compromised tissue and filling the resulting 
cavity with restorative materials, such as amalgam, composites, or ceramics. These restorations fail over time due to the 
more or less weak adhesion at the interface between the original enamel and the artificial materials, with secondary caries 
often forming at this interface. 

As a potential alternative to conventional treatment, biomimetic reconstruction of tooth enamel may provide an ideal 
solution that regrows organized enamel-mimicking apatite crystals with robust attachment to the natural enamel surface [8]. 
Such an approach will lead to a strong tooth surface and will eliminate the problem of secondary caries. Biomimetic 
strategies for enamel repair have therefore attracted increasing interest in materials science and dentistry, and are widely 
considered to be promising approaches to the prevention, restoration, and treatment of defective enamel. In our recent 
studies, we developed a biomimetic amelogenin-containing chitosan (CS-AMEL) hydrogel for superficial enamel 
reconstruction [9-11]. Amelogenin is the most abundant protein in forming enamel and is essential for organization of its 
characteristic prismatic pattern, control of crystal size and regulation of oriented and elongated crystal growth [12]. We 
found that amelogenin assemblies carried in chitosan hydrogel could stabilize Ca-P clusters and arrange them into linear 
chains, which could fuse with enamel crystals and then develop into enamel-like co-aligned crystals. The chitosan used as 
a carrier did not affect the crystal orientation but demonstrated the potential to protect repaired enamel from secondary 
caries and erosion due to its apparent antimicrobial and pH-responsive properties. After treatment with CS-AMEL 
hydrogel, an organized enamel-like layer formed on the etched enamel surface, significantly improving its hardness and 
elastic modulus [9]. Most importantly, this biomimetic in situ regrowth of apatite crystals generated a robust enamel–
restoration interface, which is important for ensuring the efficacy and durability of restorations.  

It should be noted that, in order to produce formation of apatite on enamel in vitro, artificial saliva was used in our previous 
studies to provide an ion concentration similar to that of human saliva, with the pH remaining at a constant 7.0. However, 
natural saliva is a more complicated environment for enamel remineralization, due in part to regular variations in pH 
conditions. Normal salivary pH is from 6 to 7 but varies over a wider range according to fluctuations in salivary flow, from 
5.3 (low flow) to 7.8 (peak flow) [13]. A clinical study has shown that the oral pH could change immediately to 3.8 ~ 5.4 
after consuming a variety of beverages [14]. As a result, to generate reliable data promoting an appropriate design for 
clinical trials, it is important to evaluate the effectiveness of the CS-AMEL hydrogel at promoting enamel regrowth under 
more realistic model conditions in vitro.  

Among in vitro protocols, pH-cycling models have become the preferred method to evaluate the anti-caries efficacy of 
developing and recently marketed products [15, 16]. In the typical pH-cycling models, dental substrates (enamel or dentin) 
are subjected to a scheme in which a pH-neutral environment is periodically interrupted by acid challenges, simulating 
what occurs in the mouth when sugars are metabolized [17, 18]. In this way, they mimic the dynamics of mineral loss and 
gain involved in caries formation, which is an important advantage of pH-cycling models [19]. Other advantages include the 
high level of scientific control and the resulting lower variability intrinsic to in vitro models, as well as the smaller 
necessary sample size [19, 20]. These key advantages have made pH-cycling models a superior tool for improving 
understanding of the caries process and evaluating developing materials in vitro.  

As a necessary step prior to clinical trails, the present study aimed to investigate the efficacy of CS-AMEL hydrogel for 
biomimetic repair of human enamel under pH-cycling conditions. We addressed models of two types of enamel defects: 
erosion and early carious lesions. After treatment with CS-AMEL hydrogel under pH-cycling conditions, the morphology 
and composition of the repaired enamel were characterized by scanning electron microscopy (SEM) and X-ray diffraction 
(XRD), and the depths of the caries-like lesions were observed by fluorescent microscopy. 
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To further evaluate the efficacy of CS-AMEL hydrogel in the repair of enamel with caries-like lesions, a modified 
pH-cycling model (cycle II) was applied to mimic the oral environment during the nighttime. Based on the finding that the 
salivary pH during the nighttime is around 6.5 in the healthy oral cavity [25], a modified remineralization solution with a pH 
of 6.5 was utilized in cycle II instead of the demineralization solution (pH 4.6) in cycle I. In addition, the duration of 
treatment in the modified remineralization solution was set to 8 hours to simulate the typical duration of nighttime sleep. 
To obtain a better comparison, part of the white spot lesion was covered with nail varnish (white arrows in Figure 6A) 
before subjecting it to pH cycle II. Because of the protection of nail vanish, the progression of the carious lesion was 
stopped in the control. No obvious changes in lesion depth could be observed in the region covered by nail vanish after 7 
days of cycle II. In contrast, the carious lesion decreased from ~100 μm to ~30 μm with the CS-AMEL hydrogel treatment 
after 7 days of cycle II. Interestingly, some parts of lesions were almost recovered by remineralized crystals. The 
fluorescent images and XRD analysis clearly revealed that CS-AMEL hydrogel is effective at repairing early carious 
lesions of the enamel by regrowing enamel-like crystals.  

4 Discussions 
In our previous in vitro studies, we have demonstrated the potential of CS-AMEL hydrogel in biomimetic reconstruction 
of dental enamel. Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked D-glucosamine 
(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). In the CS-AMEL hydrogel, the potential advantage of 
chitosan is to provide effective protection from enamel erosion and by interacting with amelogenin to avoid its loss into the 
saliva, at pH values below the pKa of chitosan (6.5) [9]. On the other hand, amelogenin assemblies carried in chitosan 
hydrogel could stabilize Ca-P clusters and guide arrangement of the clusters into linear chains that eventually evolve into 
enamel-like co-aligned crystals anchored to the natural enamel substrate [9]. This in situ regrowth promoted a dense 
interface and a strong bonding between the newly grown layer and the tooth surface. Our previous in vitro study has shown 
that the newly grown layer formed in the CS-AMEL hydrogel was tightly bound to the enamel surface and the organized 
structure was unaffected even after an ultrasonic washing process [9]. In addition, the hardness and elastic modulus of 
etched enamel were increased significantly after treatment with CS-AMEL hydrogel. Furthermore, CS-AMEL hydrogel is 
easy to handle under clinical conditions. We have designed a user-friendly dental tray that will be custom-made for the 
patients and can be easily used for the application of CS-AMEL hydrogel. However, further testing is still necessary to 
establish whether it is effective in the real oral cavity, which has a more complex environment for crystal growth. The 
present experiments under pH-cycling conditions described here constitute one step towards that goal. 

One major difference between typical in vitro studies and the natural oral cavity is the fluctuating pH of the saliva, 
especially the acidic environment after consuming food. We sought to determine here whether those conditions affect the 
efficacy of CS-AMEL hydrogel during treatment for erosive or carious lesions. To tackle this challenge, tooth samples 
modeling erosive and early carious lesions were subjected to a pH-cycling model involving an acidic challenge (pH 4.6) of 
demineralization solution in the present study. After 5 days of pH cycling with CS-AMEL treatment, an organized layer of 
enamel-like crystals was regrown on the surface of erosive lesions, indicating that both chitosan and amelogenin were still 
stable under the acidic challenge, even though chitosan is considered to be soluble at pH < 6.5 [26, 27]. However, in this case 
it is still able to re-grow the erosive enamel during the pH cycling due to its unique adhesive property. In the 
demineralization solution, the amino groups of chitosan capture hydrogen ions, resulting in an overall positive charge that 
gives a bioadhesive property to negatively charged surfaces of erosive enamel. It has been reported that this positively 
charged chitosan layer might act as a barrier against acid penetration, inhibiting the demineralization process [28, 29]. 
Moreover, the pH-sensitivity of chitosan may provide protection for amelogenin under acidic conditions [9]. At pH values 
below the pKa of chitosan (6.5), it can interact with amelogenin through electrostatic interaction to avoid protein loss into 
the saliva. When the normal pH of the saliva is restored (to the range 6.3-7.0), the weakly interacting amelogenin is 
released from the chitosan to regulate the remineralization of enamel. Together with this evidence from previous studies, 
our present results clearly validate the effectiveness of CS-AMEL hydrogel at repairing erosive enamel lesions in a 
pH-cycling system.  
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Another concern is whether the CS-AMEL hydrogel can repair early carious lesion. Unlike superficial erosive lesions, in 
early caries the enamel has an intact mineral layer on top of the lesion. We therefore sought to test whether CS-AMEL 
hydrogel could penetrate through this mineral layer to reach the subsurface lesion. Both in vivo and ex vivo studies have 
observed that the surface morphology of an initial carious lesion is different from that of sound enamel [30, 31]. In initial 
carious lesions, the relatively intact surface layer generally exhibits a clearer perikymata pattern and in numerous studies 
so-called focal holes have been seen [32]. Using scanning electromicroscopy, de Marsillac et al. found that micro-sized 
diffusion pathways through intercrystalline and interprismatic spaces could be detected on the surface of carious  
enamel [33]. On the other hand, our previous investigation has revealed that CS-AMEL hydrogel works through the 
nano-sized amelogenin-Ca-P clusters that eventually evolve into enamel-like co-aligned crystals [9]. Based on previous 
observations, it is reasonable to believe that this pseudo-intact surface layer is permeable by the active ingredient in 
CS-AMEL hydrogel. Indeed, in the present study, the artificial carious lesions were successfully repaired by the 
CS-AMEL hydrogel in the pH-cycling systems. In cycle I, the depth of the artificial incipient carious lesions was reduced 
by up to 50%. After 7 days of cycle II with the CS-AMEL treatment, the depth of the artificial caries was significantly 
reduced by up to ~ 70%. Some portions of the carious lesions were almost refilled by remineralized crystals in the 
CS-AMEL-treated samples. In comparison, in a previous study it was reported that only ~ 24% of caries was recovered 
after 12 days of pH cycling with NaF treatment [34]. The CS-AMEL-treated sample in this study exhibited a superior degree 
of recovery in terms of depth compared to other treatments reported in the literature.  

In addition, the results from this study may provide guidance for the design of future clinical study protocols for testing 
CS-AMEL. Considering the successful repair of carious lesions in cycle II, patients could be instructed to apply the 
hydrogel before and after sleep. Nevertheless, it should be noted that this study did not take into account the effect of the 
saliva proteins, which is very important for the clinical application of CS-AMEL hydrogel. Among the non-immunologic 
salivary protein components, there are enzymes (lysozyme, lactoferrin, and peroxidase), mucin glycoproteins, agglutinins, 
histatins, proline-rich proteins, statherins, and cystatins [35]. Lysozyme can degrade the chitosan molecule [36], and it may 
also perturb and interfere with the native intermolecular amelogenin interactions because of its positive charge at neutral 
pH [37]. It has also been reported that proline-rich proteins and statherins inhibit the spontaneous precipitation of calcium 
phosphate salts and the growth of hydroxyapatite crystals on the tooth surface [35]. Examining the effect of saliva on the 
hydrogel is a subject for future investigation. 

In conclusion, the efficacy of amelogenin-chitosan (CS-AMEL) hydrogel for the biomimetic repair of human enamel with 
erosive or carious lesions was investigated in two pH-cycling systems. The results showed that CS-AMEL hydrogel is 
effective at pH 4.6, which is similar to the pH of the mouth after consumption of food, as well as at pH 6.5, which is the 
average pH during the nighttime. CS-AMEL hydrogel was effective in forming a new organized layer of enamel-like 
crystals on the surface of erosive lesions. In addition, CS-AMEL could repair artificial incipient caries by regrowing 
oriented crystals and reducing the depth of the lesions by up to 50%-70% under pH-cycling conditions. This study clearly 
demonstrates the potential of CS-AMEL hydrogel for the prevention, restoration, and treatment of defective dental enamel. 
Furthermore, the results presented here may promote the appropriate design for clinical trials; however, the effect of 
salivary proteins should also been considered in human studies. 
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