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Purpose: Erosive tooth wear (ETW) is characterized by subsurface demineralization and tooth substance loss with crater formation. 
Remineralization of subsurface demineralization has previously been demonstrated; however, repair of the eroded surface is still under 
investigation. This study investigated the effectiveness of mouthwashes containing hydrolyzed wheat protein (HWP) in repairing ETW 
through promotion of organized crystal growth.
Methods: Enamel Erosion was created on 210 enamel blocks by 10-minute demineralization in 1% Citric Acid (pH 3.5). Then, blocks 
were randomly assigned to seven groups (30/group); (A) 0.2% HWP, B) 1% HWP, (C) 2% HWP, (D) 1% HWP + 0.05% NaF, (E) 
Listerine™ mouthwash, (F) 0.02% NaF Crest™ Pro-health mouthwash and (G) artificial saliva (AS) only. Groups were subjected to 
daily pH-cycling consisting of one 5-minute erosive challenge with citric acid, three 1-minute mouthwash treatment periods, and then 
storage in AS for the rest of the time for 28 days. Treatment effects were assessed using SEM-EDX. Statistical analysis was by 
ANOVA and Tukey’s multiple comparison.
Results: In groups exposed to HWP-containing mouthwashes, there was growth of fiber-like crystals that increased in packing density 
in a dose-dependent manner (0.2%, 1%, 2%) on the eroded enamel surfaces, with increased calcium and phosphate contents on the 
treated surfaces. The non-HWP-containing groups had the eroded surfaces covered by structureless deposit layer firmly attached to the 
surface.
Conclusion: Treating eroded enamel surface with HWP-containing mouthwash resulted in repair of the damaged tissue by formation 
of a protective layer of crystal deposits within and on the eroded enamel tissue.
Keywords: hydrolyzed wheat protein, Enameguard, erosive tooth wear, acid erosion, erosion repair, remineralization

Introduction
Dental erosion, otherwise known as erosive tooth wear (ETW), is the progressive, irreversible loss of tooth structure due 
to exposure to acids of non-bacteria origin.1 The loss of tooth structure due to ETW may result in loss of tooth 
morphology, dentin hypersensitivity, poor esthetics, and in severe cases, a decrease of the vertical dimension of 
occlusion.2 The erosive process renders the tooth surface hypomineralized, making it more susceptible to abrasion and 
attrition, exacerbating tooth structure loss.1 Although there is great variability in the reported prevalence of dental erosion 
due to the differences in diagnostic systems used in various studies, there is evidence that the incidence is increasing.3 

The reported prevalence of ETW in dentin in deciduous teeth varied between 0% and 82% and in permanent teeth ranged 
from 0% to 54%.4,5
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ETW can be caused by frequent exposure of the teeth to gastric acid through vomiting or reflux, commonly seen in 
patients with gastroesophageal reflux disease, bulimia, and anorexia.6–8 Also, an individual’s dietary habits, medications, 
environmental conditions, and lifestyle can predispose the person to ETW.9–18 Foods with relatively high acidity, such as 
acidic fruits and fruit juices, soft drinks, sports drinks, energy drinks, other carbonated beverages, and sour candies, 
contribute to the erosion of the dentition.10–12 Acidic medications like vitamin C and Aspirin have also been linked to 
ETW,13 while users of drugs, such as ecstasy and methamphetamine, have shown increases in ETW, possibly due to the 
associated dehydration leading to increased soft-drink consumption.14,15

The above discussion on ETW causative factors implies that the affected individuals are predisposed to this condition 
by their medical conditions or addiction to the causative agent. Thus, individualized counseling, which requires the 
patient’s compliance, is hardly successful, while restorative and esthetic treatments to repair the damaged tooth structure 
are very expensive. Effective and simple, non-invasive interventions are needed to improve the efficacy and efficiency of 
ETW control. Unlike most tissues in the body, tooth enamel cannot regenerate once a crater has formed. Among the 
interventions available to arrest the further progression of ETW on affected tooth surfaces is the remineralization of the 
eroded enamel lesion to form a new mineral layer to resist subsequent acid attacks.19–21 Remineralization of eroded 
lesions has been performed with agents such as highly concentrated fluoride (F), hydroxyapatite (HAP), Casein 
Phosphopeptide Amorphous Calcium Phosphate (CPP-ACP) or self-assembling peptides, applied either as toothpaste, 
mouthwash, brush-on liquid, varnish, or gel. Highly concentrated fluoride agents have been used to prevent ETW and 
inhibit the progression of ETW. It is thought to work by forming a calcium fluoride-like byproduct on the tooth surface, 
which serves as a reservoir of fluoride and calcium (Ca) ions to prevent tooth demineralization during the erosive 
challenge.21,22 However, the calcium-fluoride materials do not last long in the presence of low-pH acids.23 Stannous 
fluoride dentifrice was found to inhibit ETW significantly better than sodium fluoride (NaF).24 When fluoride is 
combined with titanium or stannous ions, it promotes a tooth surface more resistant to acid attack.25 Mouthwash with 
fluoride and calcium saturates the oral environment with minerals that inhibit demineralization and promote reminer-
alization during acid attacks. In a recent study, rinsing the mouth with fluoride mouthwash or fluoride and stannous- 
chloride-containing mouthwash before an acid exposure reduced softening of the enamel surface.26 CPP-ACP with 
fluoride (CPP-ACP-F) was found to be more effective at remineralizing eroded tooth surfaces than CPP-ACP without 
fluoride.21,27 Another study comparing CPP-ACP-F paste and 0.2% sodium fluoride mouthwash found that both the 
mouthwash and the paste were effective; however, the 0.2% sodium fluoride mouthwash was more effective at 
preventing dental erosion.28 Several studies have demonstrated the potential of synthetic HAP to remineralize eroded 
tooth surfaces by forming a protective layer that acts as an expendable shield that protects the tooth material from further 
acidic attacks.29–32 During the further acidic challenge, the protective HAP layer dissolves, releasing calcium and 
phosphate ions that act as a buffer system and cause a shift of the equilibrium from dissolution to homeostasis. 
Besides forming a protective mineral layer, HAP also directly remineralizes the underlying demineralized tissue, 
where it forms solid interfaces between HAP crystallites from the particles and the enamel.33 Clinical trials and 
in vitro studies have proved that self-assembling peptides applied as a brush-on liquid are effective in remineralizing 
demineralized tooth tissue.34,35

In the present era of tissue engineering and biomimetics, reconstructing enamel-like structures on the tooth surface is 
increasingly being studied in the material sciences and dentistry. Various types of proteins have been used to form 
scaffolds that modulate the mineralization of organized calcium phosphate crystallites.36–45 One of these proteins being 
studied is hydrolyzed wheat protein, Enameguard™ (BASF Corporation, Florham Park, USA), a chelating agent that 
works by guiding and catalyzing the regeneration of lost enamel in an eroded tooth surface. In this report, we investigated 
the effectiveness of new mouthwashes containing hydrolyzed wheat protein (HWP) in repairing eroded enamel lesions 
through the promotion of organized crystal growth on an acid-eroded enamel surface. We demonstrated an in vitro 
biomimetic synthesis of fiber-like apatite crystals under physiological conditions simulated by the pH-cycling method to 
rebuild the enamel structure on an eroded enamel surface. The new mouthwashes were compared with a standard fluoride 
mouthwash containing 0.05% NaF (Crest ProHealth; Procter & Gamble, Cincinnati, Ohio, USA) and a non-fluoride 
mouthwash (Listerine cool mint, Johnson & Johnson Consumer Inc., Skillman, New Jersey, USA).
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Materials and Methods
Tooth Blocks Preparation
Following the approval (approval #: HSC20080233N) by the Institutional Animal Care and Use Committee (IACUC) of 
the University of Texas Health Science Center, bovine teeth were obtained from Animal Technologies, Tyler, Texas, USA 
(an USDA inspected facilities) and used for this study. This study was conducted in accordance with the principles on 
ethical animal research outlined in the 2010 Basel Declaration and the 1956 ethical guidelines by the International 
Council for Laboratory Animal Science (ICLAS). The collected bovine teeth were sterilized in accordance with the 
university procedure. Following sterilization, the teeth were cleaned of soft tissue debris, brushed with pumice slurry 
using a manual toothbrush, and then examined by transillumination. Two hundred and ten bovine incisor teeth without 
cracks, hypomineralization, white spot lesions, and other malformations were selected. Using a water-cooled diamond 
wire saw (Walter Ebner, Switzerland), the roots of each tooth were cut off, and a total of 210 tooth blocks (approximately 
3 mm length x 3 mm width x 1.5 mm thick) were produced from the labial surface of the selected teeth. Using adhesive 
back lapping film of varying grit levels (30µm–1µm) in a MultiPrep™ Precision Polishing machine (Allied High Tech, 
USA), the enamel surface and the bottom of each block were polished to achieve flat and planoparallel surfaces. Then the 
samples were sonicated for 2 minutes (power setting 2) in deionized distilled water to remove the smear layers generated 
during polishing. Next, all surfaces of each block were painted with two coats of acid-resistant nail varnish except 
a central rectangular area on the enamel surface, measuring 3 mm long by 1 mm wide, which was submitted to the acid 
erosive challenge.

Eroded Lesion Creation
Each tooth block with a central exposed area of 3 mm x 1 mm was immersed for 10 minutes in 1% Citric acid (pH 3.5). 
Enamel blocks were exposed to the acidic solutions at room temperature without agitation. A volume of 10 mL of acidic 
solution was used per block. The acidic solution was produced as follows. 10.0 g of powdered citric acid anhydrous 
(C1857, Sigma) was weighed and added to a beaker with ~800 mL of De-ionized distilled water (DIW). The pH of the 
solution was determined using a calibrated pH meter under agitation. The pH of the solution was raised from natural to 
3.5 by adding sodium hydroxide solution (Sigma Aldrich), and the volume was adjusted to 1 L with DIW. After 10- 
minute immersion, the blocks were removed from the solution, rinsed thoroughly with DIW for 10 seconds, and dried 
carefully with paper towels. The specimens were stored in a moist environment to prevent dehydration and stored at 4°C 
prior to use.

Biomimetic Repair of Eroded Enamel Surface
The 210 blocks bearing eroded lesions were randomly assigned to the following seven experimental groups (Table 1) 
with 30 blocks per group; (A) 0.2% HWP, (B) 1% HWP, (C) 2% HWP, (D) 1% HWP + 0.05% NaF, (E) non-fluoridated 
Listerine™ mouthwash (Listerine cool mint, Johnson & Johnson Consumer Inc., Skillman, New Jersey, USA), (F) 0.02% 
NaF Crest Pro-health Restore Enamel Mouthwash (Crest ProHealth; Procter & Gamble, Cincinnati, Ohio, USA) and (G) 
Artificial saliva only. Using heavy-duty dental putty, the 30 blocks in each group were embedded in oblong grooves 
carved inside a cylindrical acrylic rod attached to the cover of a 250-mL treatment tube. The seven groups were then 
subjected to remineralization using a pH cycling (demineralization-remineralization) model,46–48 simulating the activities 
within the oral environment as close as possible. Artificial saliva19 was used as the storage medium in all treatment 
regimens, while 1% Citric Acid (pH 3.5) prepared as described above was used as the erosive challenge medium 
(demineralization solution). The cyclic treatment regimen for each day consisted of one 5-minute erosive challenge 
(citric acid, CA), three 1-minute mouthwash treatment periods, and then storage in artificial saliva (AS) for the rest of the 
time without agitation (Table 2). For treatment, 200 mL of the treatment medium (CA, AS, or mouthwash) was placed 
into each 250 mL treatment tube. The AS and mouthwash treatments were magnetically stirred at 350 rpm while the CA 
was static. The AS remained static during night storage. All treatments were carried out in an incubator at 37°C. The pH 
of each medium was measured once daily before treatment. After treatment with one medium, the specimens were rinsed 
with running DIW and dried with a paper towel before immersion into the next medium. The daily regimen was repeated 
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for 28 days. On termination of the experiment, the blocks were harvested from the holders, rinsed with running DIW for 
10 seconds, air-dried, kept in a moist environment to prevent dehydration, and stored at 4°C prior to remineralization 
assessment using a Scanning Electron Microscope (SEM) coupled with Energy-Dispersive X-Ray Spectroscopy (EDX).

Table 1 Compositions of the Experimental Products/Groups

Experimental 
Products

Manufacturers Ingredients (Active in Bold)

0.2% Enameguard BASF Corporation, Tarrytown, 

USA

0.2% Hydrolyzed Wheat Protein, de-ionized water, sodium saccharin, sodium 

benzoate, flavor, D-Panthenol care, glycerin, sorbitol, 1,2 propylene glycol care, 

poloxamer 407, Eumulgin Co 40, Plantapon LGC SORB, citric acid (50% solution), 
FD&C Blue 1 (1% solution).

1% Enameguard BASF Corporation, Tarrytown, 
USA

1% Hydrolyzed Wheat Protein, de-ionized water, sodium saccharin, sodium 
benzoate, flavor, D-Panthenol care, glycerin, sorbitol, 1,2 propylene glycol care, 

poloxamer 407, Eumulgin Co 40, Plantapon LGC SORB, citric acid (50% solution), 

FD&C Blue 1 (1% solution).

2% Enameguard BASF Corporation, Tarrytown, 
USA

2% Hydrolyzed Wheat Protein, de-ionized water, sodium saccharin, sodium 
benzoate, flavor, D-Panthenol care, glycerin, sorbitol, 1,2 propylene glycol care, 

poloxamer 407, Eumulgin Co 40, Plantapon LGC SORB, citric acid (50% solution), 

FD&C Blue 1 (1% solution).

1% Enameguard + 225 

ppm F

BASF Corporation, Tarrytown, 

USA

1% Hydrolyzed Wheat Protein, 225 ppm fluoride, de-ionized water, sodium 

saccharin, sodium benzoate, flavor, D-Panthenol care, glycerin, sorbitol, 1,2 
propylene glycol care, poloxamer 407, Eumulgin Co 40, Plantapon LGC SORB, 

citric acid (50% solution), FD&C Blue 1 (1% solution).

Listerine cool mint Johnson & Johnson consumer 

Inc., Skillman, New Jersey, USA

0.092% Eucalyptol; 0.042% menthol; 0.06% Methyl Salicylate; 0.064% 
Thymol, water, 21.6% alcohol, sorbitol, poloxamer 407, benzoic acid, sodium 

saccharin, sodium benzoate, flavor, green 3.

Crest Pro-health 

Restore Enamel 
Mouthwash

Procter & Gamble, Cincinnati, 

Ohio, USA

0.02% sodium fluoride (0.01%w/v Fluoride ions), water, propylene glycol, 

poloxamer 407, flavor, polysorbate 80, benzoic acid, sucralose, sodium benzoate, 
phosphoric acid, disodium phosphate, blue 1, yellow 5.

Artificial saliva UTHSA Cariology laboratory MgCL2.6H2O (0.03g/l), K2HPO4 (0.804g/l), KH2PO4 (0.326g/l), KCL (0.625g/l), 
Calcium lactate (0.385g/L), Carboxy-methylcellulose (0.4g/l), Methyl- 

4-hydroxybenzoate (2 g/L), pH adjusted to 7.2 using KOH

Table 2 pH Cycling Treatment Sequence

Daily Event Treatment

Day 1: All-day storage in Artificial Saliva. Then, subsequent days’ treatment was as follows

1 minute Mouthwash treatment

4 hours Storage in Artificial Saliva

5 minutes (12 noon) Erosive challenge

1 minute Mouthwash treatment

4 hours Storage in Artificial Saliva

1 minute Mouthwash treatment

Till 8:00 am next day Storage in Artificial Saliva
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Structural and Elemental Composition Analysis
SEM coupled with EDX was used to investigate the eroded enamel surface’s structural and quantitative chemical 
composition and the mineral deposits laid by the different mouthwash formulations. This was performed in representative 
samples of each product group. Following drying, representative samples from each group were air-dried, mounted on 
aluminum stubs with carbon tape, and sputter-coated with 5 nm thick gold/palladium alloy (Balzers SCD 050, Balzers, 
Liechtenstein) for conductivity. Chemical characterization of the samples was performed with a Zeiss Crossbeam 340 
cold-field emission SEM, and the image was acquired at a magnification range of x6000–x7500. The Zeiss Crossbeam 
340 SEM equipped with the silicon-drift X-Max EDS detector (Oxford Instruments) was used to identify the composition 
and quantify the elemental abundance of the enamel built-up layer on its surface. The mounted samples were inserted 
into SEM and imaged by a 15 keV electron beam using a secondary electron and in-lens detectors. The energy and 
intensity of the characteristic X-rays from all sample constituents were converted into abundance (At%) using the Aztec 
software (Aztec, Springfield, NJ, USA), and the Calcium and Phosphorus ratio (Ca/P) in each sample was calculated.

Statistical Analysis
The data obtained on atomic weight percentage (At%) of calcium and phosphorus and their Ca/P ratio were subjected to 
statistical analysis using Stata software version 11.0 (StataCorp, College Station, TX) statistical software was used. The 
Ca/P ratio of the treated groups, sound enamel surface and the untreated eroded enamel surface were compared using 
Analysis of Variance (ANOVA), followed by Tukey’s HSD for multiple comparisons. All p-values were 2-sided and 
considered significant if less than 0.05.

Results
Figure 1A shows the SEM image of the enamel surface following acid erosion. The aprismatic enamel was eroded away, 
revealing the enamel prisms and the interprismatic spaces. Following the 28-day exposure to the mouthwashes, there was 
complete crystal growth on the eroded enamel surfaces in the groups that were exposed to the HWP-containing 
mouthwashes (Figure 1B–E). The crystals had fiber-like structures, and the deposit was porous but increased in packing 
density in a dose-dependent manner (0.2, 1, 2% HWP). This increase in density with concentration was more obvious 
following the sonication of the enamel blocks. After sonication, the fiber-like crystals in the group treated with 0.2% 
HWP concentration were able to come off completely, revealing the original eroded enamel surface prior to treatment 
(Figure 2B). However, in the groups treated with 1% and 2% HWP concentrations, after sonication, there was obvious 

Figure 1 SEM images of the enamel surface. After acid erosion showing exposed enamel prisms (white arrowed) (A), after biomimetic mineralization of the eroded surface 
by deposition of fiber-like crystals (white arrowed) with different concentrations of Hydrolyzed Wheat Protein (HWP) in mouthwashes; 0.2% (B), 1% (C), 2% (D), 1% + 
0.05% NaF (E), and after remineralization with Listerine™ mouthwash (F), 0.02% NaF mouthwash (G), and Artificial saliva only (H). All the images were taken under the 
same magnification of x6000.
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evidence of deeper layer of crystal growth (Figure 2C), with the crystals growing out in bundles perpendicular to the 
enamel surface. The packing density of the crystals increased with an increase in the concentration of the HWP. This 
difference in density and bundle formation was more obvious with the group exposed to 1% HWP plus 0.05% NaF. In 
this group, the fiber-like crystals bundled together, forming a coating with a high mineral pack density and branching 
(Figure 1E). A higher magnification of the SEM image of this group (Figure 2E) showed more clearly the bundle 
formation of the fiber-like crystals oriented perpendicular to the enamel surface and covered by a web of branched fiber- 
like crystals, again indicating that the crystals that were formed deeper in the demineralized enamel are selective in 
direction.

The SEM images (Figure 1F–H) from the groups exposed to Listerine™ mouthwash (F), NaF mouthwash (G), and 
Artificial saliva only (H) showed that the eroded enamel surfaces were covered by a structureless deposit layer that was 
firmly attached to the enamel surface (did not come off after sonication (Figure 2D)). These deposits appear to seal the 
exposed enamel prisms/interprismatic spaces that were visible on the eroded enamel surface (Figure 1A).

Atomic weight percentage of calcium (Ca) and phosphorus (P) was obtained with EDX, and the Ca/P ratio was 
calculated for sound enamel surface, the eroded enamel surface, and remineralized eroded surface of each group 
comparison. The mean (±SD) Ca/P ratio of the different groups is shown in Table 3. One-way ANOVA indicated 
a statistically significant difference (p < 0.01) among the groups, including the sound and eroded enamel. However, there 
was no statistically significant difference among the treated groups, and between the sound enamel surface and the treated 
groups (Tukey’s multiple comparison). Statistically significant difference (p < 0.05) was observed between the eroded 
enamel surface and all treated groups, except Crest Pro-health mouthwash. A representative EDS spectrum of an eroded 
enamel surface and a remineralized eroded enamel surface with deposits of fiber-like crystals is shown in Figure 3A and 
B. However, only the groups exposed to 1% HWP + 0.05% NaF and Crest Pro-health Mouthwashes showed fluoride 
in EDS.

Figure 2 SEM images (x6000), of sound polished enamel surface (A), and after sonication of eroded enamel surface treated with (B) 0.2% and (C) 2% of Hydrolyzed Wheat 
Protein (HWP) mouthwashes; white arrows indicate crystals arranged in bundles oriented perpendicular to the enamel surface (prior to sonication, the surfaces were 
covered by deposits of nondirectional fiber-like crystals showed with black arrow in (E), and (D) representative of groups not treated with HWP showing deposited mineral 
layer. (E) Higher magnification SEM image (x7500) of group treated with 1% HWP + 225 ppm F (not sonicated) showing two layers of fiber deposition; a deeper layer of 
crystal bundles deposited within the spaces in the demineralized enamel tissue (white arrowed), and nondirectional scaffolds of fiber-like crystal deposits (black arrowed).
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Discussion
Erosive tooth wear, a growing public health problem worldwide, may result in crater formation on the tooth surface and 
subsurface demineralization of the affected tooth tissue. For this reason, the control of ETW involves the remineralization 
of the demineralized tissue as well as the repair of the eroded tooth surface. Restorative or esthetic treatment to repair the 
damaged tooth surface is costly; thus, effective and simple, non-invasive interventions are needed to control ETW. 
Fluoride compounds, HAP, CPP-ACP, CPP-ACP-F, and certain self-assembling peptides applied as toothpaste, 
mouthwash, brush-on liquid, varnish, or gel have been very effective in remineralizing the demineralized tissue but 
not the repair of the lost tissue.19–35 Certain proteins have been successfully used to form scaffolds that modulate the 
mineralization of organized calcium phosphate crystallites and have shown great potential.36–40 Thus, in the present 
study, we investigated the effectiveness of new mouthwash formulations containing varying concentrations of HWP in 
repairing eroded enamel tissue through the promotion of organized crystal growth on an acid-eroded enamel surface. This 
was conducted using a long-established pH cycling model (Table 2), which was developed and accepted as a non-animal 
alternative to the animal caries reduction test (which is considered the “Gold Standard”) required by the Food & Drug 

Table 3 Mean, Standard Deviation (SD) and Ratio of Mineral Content of Sound 
Enamel Surface, the Eroded Enamel Surface, and Eroded Surface with Mineral 
Deposits in Eroded Surface of Each Group

Groups Atomic % (Mean±SD)

Ca P Ca/P Ratio

Sound Enamel 19.5 13.45 1.45±0.04

Eroded enamel 15.63 11.8 1.32±0.05

0.2% HWP mouthwash 19.35 13.2 1.47±0.01

1% HWP mouthwash 20.75 13.75 1.51±0.01

2% HWP mouthwash 20.45 13.6 1.52±0.02

1% HWP + 225 ppm Fluoride 20.3 13.5 1.51±0.01

Listerine mouthwash 20.25 13.7 1.48±0.01

Crest Pro-health mouthwash (0.02% NaF) 18.1 12.6 1.44±0.08

Artificial saliva 20.25 13.55 1.50±0.04

Abbreviations: Ca, calcium; P, phosphorus; HWP, hydrolyzed wheat protein.

Figure 3 EDS spectrum of (A) eroded enamel surface and (B) mineralized eroded enamel surface with deposits of fiber-like crystals.
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Administration for demonstration of the efficacy of “Anticaries dentifrice product formulations” for over-the-counter 
human use.46–48 A pH-cycling model serves as a bridge to in vivo caries studies as they mirror clinical conditions, where 
demineralization and remineralization alternate constantly (ie, pH cycling) and are only interrupted during the very short 
period of application of investigational products, such as toothpaste or mouthwash.46

In our present study, HWP promoted the growth of fiber-like crystals dose-dependently. These crystals were found at 
higher magnification and by ultrasonication to be deposited in two layers (Figure 2B and D). The first and a deeper layer 
was deposited within the spaces in the demineralized enamel tissue, where the crystals were arranged in bundles oriented 
perpendicular to the enamel surface. This alignment indicates that the crystals’ growth within the demineralized enamel 
tissue is selective in direction and suggests that the HWP penetrated the demineralized tissue of the eroded enamel and 
self-assembled into fiber-like bundles oriented perpendicular to the tissue surface. This crystal growth within the enamel 
tissue occurred only at higher concentrations of the HWP (1%, 2% and 1% + fluoride). It was not dislodged by 
sonication, indicating a strong bonding and excellent biocompatibility between the newly grown crystal layer and the 
enamel tissue. The second layer of crystal growth, which was removed by sonication, covered the eroded enamel surface, 
and was deposited as nondirectional scaffolds increasing in packing density with increasing concentration of the HWP. 
With a low concentration (0.2%) of the HWP, only one layer of the fiber-like crystals, which covered the eroded enamel 
surface, were grown and came off completely with sonication, indicating that the deposition was not deep-rooted into the 
enamel tissue.

Quantitative analysis of the chemical composition of the crystal deposits in representative samples of each group 
using EDX indicated that the Ca/P ratio also increased with the concentrations of the HWP. This observation, coupled 
with the finding that with the combination of 1% HWP and 0.05% NaF in the mouthwash, the two deposited crystal 
layers have higher crystal packing density, strongly suggests that the HWP penetrated the demineralized enamel tissue 
micropores as well as binds on the surface of the eroded enamel, where it self-assembled into a fiber-like scaffold that 
templates de novo hydroxyapatite crystallite formation by attracting and integrating calcium, phosphate, and hydroxyl 
ions from the surrounding solution (artificial saliva) and promotes crystal integrity and growth. This guided biomimetic 
mineralization process for regenerating damaged enamel simulated the natural process of enamel formation and 
mineralization, in which amelogenin-rich extracellular organic matrix of enamel is continuously secreted, assembled, 
processed, and mineralized during enamel development, and indicates the potential of this investigated HWP to repair 
ETW as well as remineralize demineralized enamel tissue. In the present study, these findings agree with the reports of 
previous similar studies that used other types of proteins, such as amelogenin-chitosan matrix,36–40 amelogenin,37,38,42 

Amelogenin-chitosan Hydrogel,39–41,43 and amelotin-based bio-nano complexes.44 These previous studies reported 
protein-mediated enamel mineralization.45

The other three investigated mouthwash formulations that do not contain HWP were effective in depositing mineral 
layers that covered the eroded enamel surface, with strong bonding and biocompatibility between the new layer and the 
eroded enamel surface, such that the layers were not dislodged by ultrasonication. This finding agrees with the reports of 
previous studies,19,27 and it is not surprising considering that all samples had a long exposure to remineralizing artificial 
saliva that contained all the major components of natural saliva (calcium, phosphate, magnesium, chloride, potassium, 
and hydroxyl ions), and its efficacy in remineralizing eroded lesion has been demonstrated.19

It may be considered a limitation in the present study that the mineral density of the repaired tissue was not 
quantitatively measured or estimated in any way, such as surface microhardness testing, transverse microradiography, 
etc. However, the main objective of this study was to demonstrate the ability of the HWP to promote organized crystal 
growth on an acid-eroded enamel surface through biomimetic synthesis of fiber-like apatite crystals. Our next study 
involves the SMH measurement to demonstrate remineralization. Furthermore, it may be considered a drawback in this 
study that the mineralization process was challenged, each day, with an extended 5-minute acid treatment, which may 
have delayed the consolidation of the deposited crystallites into hydroxyapatite. The acid challenge should have been 
applied in short periods such as 1 minute over multiple times.
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Conclusions
Treatment of eroded enamel surface with a mouthwash containing Enameguard resulted in the repair of the damaged 
tissue and remineralization of the enamel. With the use of Enameguard, a protective layer of crystal deposits was formed 
within and on the eroded enamel tissue. The Enameguard-containing mouthwash formulations led to an increase in the 
Ca and P content of the enamel layer. Therefore, we propose that for repairing an enamel surface worn by acid erosion, 
using Enameguard in concentrations of 1% and 2%, is a promising approach. Not only did Enameguard remineralize the 
eroded tissue, but it also replaced the missing tissue.

Within the limitations of this in vitro study, it can be concluded that demineralized and eroded enamel tissue can be 
remineralized using mouthwashes containing Enameguard as a remineralizing agent. The results of the present in vitro 
study should be confirmed with a clinical trial to evaluate the effect of oral cavity factors on this remineralization process.

Abbreviations
ETW, erosive tooth wear; F, fluoride; HAP, hydroxyapatite; CPP-ACP, Casein Phosphopeptide Amorphous Calcium 
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Energy-Dispersive X-Ray; EDS, Energy Dispersive Spectroscopy; Ca/P, Ca and P ratio.
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