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Abstract
Background Tyrosine-rich amelogenin peptide (TRAP) is the main amelogenin digestion product in the 
developmental enamel matrix. It has been shown to promote remineralization of demineralized enamel in our 
previous study. However, direct evidence of the effect of TRAP on the morphology and nanostructure of crystal 
growth on an enamel surface has not been reported. This study aimed to examine the effect of TRAP on the 
morphology of calcium phosphate crystals grown on early enamel erosion using a pH-cycling model.

Methods Eroded lesions were produced in human premolars by 30-second immersion in 37% phosphoric acid. 
Forty-five samples of eroded human premolar enamel blocks were selected and randomly divided into 3 groups: 
deionized water (DDW, negative control); 100 µg/mL TRAP, and 2 ppm sodium fluoride (NaF, positive control group). 
For 14 days, the specimens were exposed to a pH-cycling model. Using scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) methods, the surface morphology, calcium-phosphorus ratio, and enamel surface 
roughness were examined. X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) were used to 
assess crystal characteristics.

Results After pH-cycling, compared to the two control groups, the surface of the eroded enamel of the peptide TRAP 
group shows a large number of new, densely arranged rod-like crystals, parallel to each other, regularly arranged, 
forming an ordered structure, with crystal morphology similar to that of natural enamel. The crystals are mostly 
hydroxyapatite (HA).

Conclusion This study demonstrates that the peptide TRAP modulates the formation of hydroxyapatite in eroded 
enamel and that the newly formed crystals resemble natural enamel crystals and promote the remineralization of 
enamel, providing a promising biomaterial for remineralization treatment of enamel lesions.
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Introduction
The hardest tissue in the body, tooth enamel is a highly 
mineralized tissue that makes up the tooth’s outermost 
layer. The basic component of it is the enamel rod. The 
enamel rods consist of nano-fibrous hydroxyapatite (HA) 
crystals. When exposed to acidic conditions (pH < 5.5), 
hydroxyapatite crystals dissolve, enamel rods and internal 
rods are destroyed, and enamel is demineralized, leading 
to tooth erosion [1]. Dental erosion is the loss of dental 
hard tissue brought on by chemical processes without 
the presence of microbes. The etiology of this disease is 
usually acidic substances such as food, drink, and gastro-
oesophageal reflux [2]. Dental erosion is a serious and 
common issue due to the rising popularity of acidic diets 
(especially drinks). Demineralized enamel cannot be fully 
repaired due to its non-regenerative nature. It must rely 
on a physicochemical procedure (remineralization) that 
uses inorganic components from solutions [3].

Now, methods including bioglass [4], chitosan [5], 
and fluoride [6] are now being used in the treatment of 
enamel erosion. Fluoride, in particular, is widely used 
in the treatment of enamel erosion. However, the newly 
precipitated apatite crystals on the surface of the enamel 
differ significantly in morphology and arrangement from 
the structure of natural enamel. Furthermore, dental and 
bone fluorosis caused by excessive fluoride intake cannot 
be ignored [7].

Enamel remineralization may now be safely encouraged 
by new biomaterials. Over the past 40 years, research 
has confirmed the function of amelogenin proteins in 
the mineralization of enamel. The interaction of matrix 
materials with amelogenin and fragments to mediate the 
synthesis of HA is continually being investigated [8].

The main enamel matrix protein, amelogenin, is nec-
essary for optimal enamel development and is thought 
to be crucial for controlling the nucleation, growth, and 
morphology of enamel mineral phases. Amelogenin con-
sists of a hydrophilic C-terminal domain, a hydrophobic 
central domain, and a tyrosine-rich N-terminal domain 
[9]. Studies have confirmed that the N- and C- termini 
domains are highly conserved and are crucial for the 
development of healthy enamel [10].

Full-length amelogenin was found to be less abundant 
during enamel development, mostly as an enzymatically 
cleaved polypeptide fragment [11]. Our previous study 
revealed that a recombinant amelogenin peptide (con-
sisting of the C- and N- termini) induces remineraliza-
tion of demineralized enamel. The peptide may serve as 
a calcium ion carrier and regulator for the formation of 
directly ordered crystals. This calcium carrier was associ-
ated with the S-16 monophosphate group (at the N- ter-
mini) in this peptide [12].

Tyrosine-rich amelogenin peptide (TRAP) is the main 
amelogenin digestion product in the developmental 

enamel matrix that is the N-termini domain of amelo-
genin. TRAP contains all the self-colonizing ‘A-domains’, 
the only phosphate group, and an exogenous lectin bind-
ing motif ‘PYTSYGYEPMGGW ' of amelogenin [13].

Studies have shown that TRAP, like this peptide (con-
sisting of the C- and N- termini), can encourage the rem-
ineralization of demineralized enamel [14]. However, 
direct evidence of the effect of TRAP on the morphology 
and nanostructure of crystal growth at a nanoscale level 
on an enamel surface has not been reported.

According to previous studies, changes in surface mor-
phology are evident during enamel demineralization and 
remineralization [15]. Scanning electron microscopy 
(SEM) and atomic force microscopy (AFM) methods 
were used in this study to examine enamel surface mor-
phology, calcium-phosphorus ratio and surface rough-
ness. X-ray diffraction (XRD) and Fourier transform 
infrared spectroscopy (FT-IR) were used to assess crys-
tal characteristics. Therefore, in this study, the effect of 
TRAP on the morphology and structure of crystal growth 
on eroded enamel surfaces was investigated, thus provid-
ing further evidence of the important role of TRAP in 
enamel remineralization.

Materials and methods
Peptide synthesis and characterization
TRAP was synthesized by standard solid-phase peptide 
synthesis from Synpeptide Co., Ltd., (Nanjing, China) 
that consists of residues (MPLPPHPGHPGYINFSPYEV-
LTPLKWYQNMIRHPYTSYGYEPMGGW). High-per-
formance liquid chromatography (RP-HPLC) was used to 
purify it, and mass spectrometry was used to character-
ize it. The lyophilized peptides are dissolved in 4 mg/ml 
microporous purified water and stored at 4℃. Centrifuge 
the peptide stock solution before use (10,900 x g, 4  °C, 
20 min).

Sample preparation
Extracted human teeth were collected according to the 
guidelines approved by the Ethics Committee of the First 
Affiliated Hospital of Zhengzhou University (2021-KY-
1050-002). Premolars extracted for orthodontic reasons 
were obtained from the Department of Dentistry of the 
First Affiliated Hospital of Zheng University in the age 
group of 18–30 years. After extraction, soft tissue debris 
was removed, examined for fissures, dysplasia, and white 
spot lesions, and teeth were sterilized by cleaning with 
5% NaClO for 1 h. A vertical incision was made along the 
buccal crown of the sample to obtain an enamel block 
3 × 3 × 2  mm in size. The surface was smoothed with 
water-cooled silicon carbide paper of 400, 600, 800, 1000, 
1200, 1500, 2000, 2500, 3000, and 4000 grit (Buehler 
Ltd.). The buccal surface was ultrasonically cleaned for 
10  min to remove impurities. Randomly selected 15 



Page 3 of 11Wen et al. BMC Oral Health         (2024) 24:1054 

samples and obtained baseline surface roughness, EDXS 
data, and raw image data of enamel blocks using SEM, 
AFM, FT-IR, and XRD prior to the formation of acid 
eroding. After that, all enamel samples were kept at 4 °C 
in a deionized water solution.

Eroded enamel preparation
Apply a gel of 37% phosphoric acid to the buccal surface 
of enamel blocks for 30 s and wash the surface of enamel 
blocks thoroughly with deionized water (DDW) [6]. After 
naturally drying, a double layer of acid-resistant nail 
polish was applied to the rest of the region, except the 
buccal surface. In the same way as before acid eroding, 
randomly selected 15 samples and obtained the enamel’s 
surface roughness, EDXS data, and image data of enamel 
blocks using SEM, AFM, FT-IR, and XRD after the for-
mation of acid eroding.

pH-cycling regime
Standard pH-cycling was performed according to a pre-
viously reported protocol [16]. Randomly selected 45 
samples and divide the enamel blocks into 3 groups of 15 
samples each. The groups were divided as follows: Group 
1: DDW group (negative control group); Group 2: 100 µg/
mL tyrosine-rich amelogenin peptide (TRAP); Group 
3: 2 ppm NaF (positive control group). Three research 
groups had their enamel samples submerged in the treat-
ment solution four times a day for 10 min each at 8:00, 
9:00, 15:00, and 16:00. The acid challenge was carried out 
by immersion for two hours between 11:00 and 13:00 
in a demineralization solution containing 2.2 mmol/L 
Ca(NO3)2, 5 mmol/L NaN3, 50 mmol/L acetic acid, and 
2.2 mmol/L KH2PO4 (pH = 4.5). Samples were submerged 
in the remineralization solution for the remaining period, 
which included the following ingredients: 5 mmol/L 
NaN3, 20 mmol/L HEPES, 130 mmol/L KCl, 0.9 mmol/L 
KH2PO4, and 1.5 mmol/L CaCl2 (pH = 7.0) [17]. In a tank 
that was sealed and continuously stirred with a low-
speed magnetic stirring at 100  rpm while keeping the 
temperature at 37 °C, the cycle was repeated for 14 days. 
The samples were carefully rinsed with deionized water 
following each procedure. Prepare and replace fresh solu-
tions daily. After pH-cycling for 14 days, washed well 
with deionized water and allowed to air dry naturally.

Scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDXS)
After pH-cycling remineralisation, five samples were 
randomly selected from each group to examine the sur-
face crystal using a Scanning electron microscopy (SEM, 
Gemini 300 M, Zeiss, Germany). Using an Oxford Quo-
rum SC7620 sputter coater at 10 mA, the samples were 
collected, adhered directly on the conductive adhesive, 
and coated with gold for 45 s. The surface morphology of 

the enamel mass was then photographed using the SEM 
at 3  kV of accelerating voltage. Energy spectrum map-
ping tests were carried out with a 15 kV EDXS detector 
(Smartedx detector, Germany) to The Ca and P ratios 
(At. %) in the samples after treatment with remineralizes 
were assessed. Data were calculated as mean and stan-
dard deviation and expressed as mean ± standard devia-
tion. On the basis of these EDXS data, potential mineral 
phases were predicted. On the basis of these EDXS data, 
potential mineral phases were predicted.

Atomic force microscopy (AFM)
After pH-cycling remineralisation, five samples were ran-
domly selected from each group to observe the surface 
morphology of the enamel using an atomic force micro-
scope (Bruker Dimension Icon AFM, Germany) and to 
determine the surface roughness. The samples were fixed 
on slides and five loci were randomly selected for each 
sample and photographed in intermittent contact mode 
using an AFM instrument with a scanning area of 30 μm 
x 30 μm. NanoScope Analysis software was used to ana-
lyze the images and the origin software to plot them.

Fourier transform infrared spectroscopy (FT-IR)
After pH-cycling remineralisation, two samples were ran-
domly selected from each group, and the surface crystals 
were analysed for composition using a Fourier transform 
infrared spectrometer (FT-IR, Nicolet iS10, USA). In a 
dry environment, the ATR accessory was placed in the 
optical path of the IR spectrometer, the air background 
was scanned, and the sample surface was pressed against 
the crystal surface of the ATR accessory, and then the 
infrared spectra of the sample were tested and captured 
in the wave number range of 2000 –500 cm− 1, with a res-
olution of 4 cm− 1, and the number of scans was 32.

X-ray diffraction (XRD)
After pH-cycling remineralisation, three samples were 
randomly selected from each group, and the mineral 
phase of the new crystals were analysed for composi-
tion using a X-ray diffraction analysis(Rigaku Ultima IV, 
Japan). By using CuKa (λ = 1.5418 Å) radiation at 40 mA 
and 40 kV, the samples were examined using XRD. Data 
were gathered over a 2Ɵ angle range of 20–70°at a scan 
rate of 350 s/step and in 0.02° steps. The chemical phases 
were indexed using the International Centre for Diffrac-
tion Data (ICDD, PDF-2 release 2004 version). Diffrac-
tograms were analyzed using MDI Jade v6.0 and plotted 
using origin software.

Statistical analysis
All data were statistically analyzed using SPSS 21.0 (IBM, 
Chicago, IL, USA) and plotted using origin software. 
The enamel surface roughness data before and after 
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acid eroding and after remineralization were compared 
by t-test. After remineralization, statistical significance 
between groups was assessed using analysis of variance 
and Bonferroni correction. P < 0.05 was used as the sig-
nificance criterion.

Results
SEM morphology
Figure  1 showed the surface morphology of the enamel 
samples. The surface was analyzed for elemental com-
position using EDXS. Newly deposited crystals were 
observed in all groups, but their morphology, growth 
direction, and distribution on the enamel surface differed 
after pH-cycling for 14 days. The intact enamel surface 
was flat and a few scratches were visible. EDXS investi-
gation of the surface’s elemental composition showed a 
Ca/P ratio of 1.66 ± 0.06 (Fig. 1A, B). The eroded enamel 
surface had an overall fish-scale appearance, with a pref-
erential loss around the enamel prisms, protrusion of 
demineralized prismatic nuclei towards the original 
enamel surface, and discontinuity and fragmentation of 
crystals at the surface. The enamel surface was analyzed 
for elemental composition and content using EDXS and a 
Ca/P ratio of 1.61 ± 0.08 was obtained (Fig. 1C, D). In all 
three groups, the enamel surface had a coating of precipi-
tated crystals after pH-cycling remineralization. In con-
trast to the other groups, the surface of the enamel in the 
DDW group was characterized by large holes and pits, 
which were broadly visible as enamel prisms, with no 
obvious restoration of the interstitial enamel rods. Loose 
and disordered accumulations of fragmentary short rod-
shaped crystal particles were visible on magnification 
(Fig.  1E). The Ca/P ratio was determined by elemen-
tal analysis to be 1.61 ± 0.12, probably a mixed mineral 
composition of calcium-phosphate transition phases 
and HA (Fig. 1F) [15]. The remineralized enamel surface 
of the TRAP group was relatively flat, the precipitates 
were connected in sheets and covered some of the pores 
and pit areas. The damaged enamel interstices were well 
repaired, and a few pits were visible. On magnification, 
many new, densely arranged rod-like crystals were visible 
on the surface, parallel to each other, regularly arranged 
and forming an ordered structure, closely mosaic with 
the enamel crystals at the base. It was difficult to distin-
guish between the natural enamel and the new crystals 
in terms of morphological and structural features, sug-
gesting that the new crystal morphology is similar to 
that of the natural enamel crystals (Fig.  1G). The Ca/P 
was 1.65 ± 0.23, close to the ideal HA ion ratio of 1.67 
(Fig. 1H) [15]. Fluoride addition increased the extent of 
enamel surface repair. The surface of the enamel was flat 
and the pits were largely invisible (Fig. 1I). Magnification 
of the rougher areas reveals a looser arrangement of rela-
tively regular columnar crystals. Magnification of the flat 

areas shows that the gaps between these columnar crys-
tals were filled with a scattered distribution of short rod-
shaped crystals. The NaF group had Ca/F of 11.40 ± 1.88 
and Ca/P of 1.53 ± 0.06 (Fig. 1J). According to an elemen-
tal investigation, the crystals were probably composed of 
fluorohydroxyapatite (FHA) and CaF2 [18].

AFM morphology
For the AFM images, the surface of the intact enamel 
was smooth, with some fine scratches visible. The 3D 
image showed some areas of roughness (Fig. 2A, B). The 
roughness was 21.10 ± 8.19  nm. After acid eroding, the 
enamel surface exhibited a high degree of surface poros-
ity. It showed the classic fish-scale surface morphology 
of demineralized enamel and the typical prismatic struc-
ture of enamel (Fig. 2C, D). This change in morphologi-
cal aspect was also manifested in the change in surface 
roughness, which increased significantly from 21.1  nm 
to 358.6 nm. After pH-cycling remineralization, all three 
groups had a deposit on the enamel surface. Damage was 
filled in and repaired, the height difference between the 
enamel and internal rods was reduced and the rough-
ness was significantly reduced. The AFM 2D image of 
the DDW group showed a heterogeneous distribution 
of color on the enamel surface, indicating a highly undu-
lating surface (Fig.  2E). The AFM 3D image showed a 
phenomenon resembling a fish scale after acid eroding. 
The enamel surface was deposited with a layer of disor-
dered minerals and was overall uneven and mountainous 
in appearance. The surface pores had been repaired to 
some extent, but their depth was still large (Fig. 2F). The 
surface roughness was significantly lower (114 ± 21.13) 
compared to after acid eroding. On the basis of the SEM 
images, the AFM images also provide further evidence 
of the effect of TRAP on enamel remineralization. The 
AFM 2D image of the peptide TRAP group showed a 
more even distribution of color, indicating a flatter sur-
face of the enamel (Fig. 2G). The AFM 3D image showed 
a typical deposit layer on the enamel surface, with a large 
number of closely spaced protruding rod-shaped crystal 
structures. The enamel rods were slightly visible, but the 
pores were well-filled. The structure of the new crystals 
was similar to that of natural enamel. Both enamel rods 
and interstitial enamel rods were repaired (Fig. 2H). The 
surface roughness increased to (76.8 ± 22.1). The AFM 
2D and 3D images of the NaF group showed a flat sur-
face. This demonstrated better repair of enamel rods and 
interstitial enamel rods (Fig. 2I, J). The surface roughness 
increased to (73.72 ± 15.98).

A comparison of the roughness values of the surface 
of intact, eroded, and remineralized enamels showed 
that the eroded enamel surface roughness increased sig-
nificantly than the intact (p < 0.05) and the remineralized 
enamel surface roughness reduced significantly than the 



Page 5 of 11Wen et al. BMC Oral Health         (2024) 24:1054 

Fig. 1 I SEM images and EDXS analyses of the surface of the enamel. Intact enamel: (A, B). eroded enamel: (C, D). DDW group: (E, F). TRAP group: (G, H). 
NaF group: (I, J)
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Fig. 2 I AFM images of the surface of the tooth enamel. Intact enamel: (A, B). eroded enamel: (C, D). DDW group: (E, F). TRAP group: (G, H. NaF group: (I, J)
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remineralized (p < 0.05). The differences between the two 
groups were statistically significant (p < 0.05), except for 
the TRAP and NaF groups (p > 0.05) (Fig. 3).

FT-IR Spectra and XRD Spectra
The FT-IR (Fig. 4) and XRD (Fig. 5) spectra show that the 
nascent mineral phases of the DDW and TRAP groups 
are mainly HA. The nascent mineral phases of the NaF 
group are mainly FAP. After pH-cycling, the FT-IR 
(Fig. 4) spectrum shows a clear PO4

3− band (597.97 cm− 1 
and 986.59  cm− 1) indicating the formation of HA. In 
addition, the results of the peptide TRAP group showed 
that amide I (1650 cm− 1) was detected. The results of the 
NaF group showed that a new wave peak (742 cm− 1)was 
detected. This is due to the F− substituted OH. The XRD 
spectra of the nascent crystals after remineralization are 
shown in Fig. 5, indicating the presence of apatite crys-
tals. The diffraction peaks at 2Ɵ = 25.8°, 32.2° and 34.1° 
corresponding to the reflections of HA (002), (112), and 
(202) are observed in the HA diffraction bands for all sets 
of results. Since the XRD spectra did not reveal CaF2 dif-
fraction bands, combined with the results of the EDXS, 
we infer that the crystals of the NaF group are FHA.

Discussion
The pH-cycling model was used for the first time in this 
study to investigate the changes in surface morphol-
ogy after the remineralization of eroded enamel by the 
peptide TRAP. The results showed that there were sig-
nificant differences in the surface characteristics of the 
three groups of test samples and that the peptide TRAP 
had a lower remineralizing effect on eroded enamel 
than sodium fluoride and a higher impact than DDW. 
The peptide TRAP can promote the remineralization of 
enamel.

We used the pH-cycling model reported by White DJ et 
al. to investigate the remineralization effect of TRAP on 
eroded enamel surfaces in this study. The model consists 
of a demineralizing solution and a simple remineralizing 
solution soaked in enamel samples, and the specimens 
were subjected to cyclic demineralization and reminer-
alization using an artificial mouth to simulate the physi-
ological state of the mouth. Remineralization to repair 
surface damage to demineralized enamel in the presence 
of fluoride or TRAP, using appropriately modulating 
Ca2+/PO4

3− ion concentrations [16]. As a large amount 
of saliva is required to perform this study in an artificial 
mouth, a remineralizing solution was primarily chosen to 
replace human saliva. Mayumi Iijima used a cation-selec-
tive membrane model to compare the types of surface 
crystals formed after remineralization of demineralized 

Fig. 3 I SD bars labeled with different letters show a statistically significant difference, P < 0.05

 



Page 8 of 11Wen et al. BMC Oral Health         (2024) 24:1054 

enamel at different F− concentrations. At low concen-
trations of F− (< 2 ppm), the newly formed crystals were 
mostly OCP or a mixture of OCP and HA. At a concen-
trations of 2 ppm, FHA can be formed. The FT-IR and 
XRD results are also consistent with their results in this 
study [6].

The effect of TRAP on the surface of enamel after 
being eroded was compared with that of DDW and NaF 
by SEM. TRAP and NaF clearly showed the potential 
for remineralization, with changes at the level of surface 
morphology, maintaining a rough and homogeneous 
appearance. The enamel crystals were discontinuous 

Fig. 5 I XRD images of the buccal surface of deionized water-treated demineralized enamel, TRAP-treated demineralized enamel, and sodium fluoride-
treated demineralized enamel after 14 days of pH-cycling, intact enamel and eroded enamel

 

Fig. 4 I FT-IR images of the surface of the buccal surface of deionized water-treated demineralized enamel, TRAP-treated demineralized enamel, and 
sodium fluoride-treated demineralized enamel after 14 days of pH-cycling, intact enamel and eroded enamel
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and broken at the surface after being eroded, which is 
consistent with the typical pattern of type 2 demineral-
ization and was confirmed by the Ca/P ratio results [19, 
20]. After the pH-cycling, apatite coatings were formed 
on the eroded enamel surfaces. The enamel surface of 
the DDW group was seen to be porous with a haphaz-
ard, scattered distribution of loose banded crystalline 
coatings, in agreement with the results of Sami Dogan 
et al. [21]. The enamel surface may deposit calcium and 
phosphorus ions derived from supersaturated solutions. 
Still, they are too weakly bound to the enamel substrate 
and are easily dislodged during pH-cycling remineraliza-
tion. The enamel surface of the polypeptide TRAP group 
shows a structure similar to that of natural enamel. The 
border between the restored enamel and the eroded 
enamel reflects the successful growth of a new HA layer, 
with the new needle-like crystals arranged in paral-
lel and tightly packed, growing in a manner consistent 
with the orientation of the existing enamel crystals. This 
organized crystal bundle was also observed in the previ-
ously reported remineralization pattern of the recombi-
nant amelogenin polypeptide [22]. Previous research has 
demonstrated that one of the most crucial properties the 
material should possess for enamel remineralization is a 
significant affinity with the substratum [23]. In a previ-
ous study, we found that TRAP has a good affinity for cal-
cium ions and binds to them [14]. In our study, the FT-IR 
test results for the treated demineralized enamel samples 
in our investigation showed typical peaks of the TRAP 
peptide, showing that TRAP had been adsorbed on the 
enamel surface. As a result, we propose that TRAP may 
help remineralize enamel by interacting with Ca2 + to pro-
duce a TRAP-ACP complex that strongly binds the devel-
oping ACP to the enamel and subsequently transforms it 
into HA. The enamel surface of the NaF group was flat 
and formed a large number of relatively regular columnar 
crystals. This is mainly due to the fact that the addition 
of F- increases the crystalline properties of HAP and the 
structure of the HA molecule becomes more dense. This 
is similar to the results of Longjiang Ding et al. [15].

According to the AFM images (Fig.  3), after the pH-
cycling, remineralization caused the deposition of crys-
talline material and a decrease in surface roughness, 
which greatly decreased the depth of the erosion cavities. 
PH-cycling resulted in a distinct surface layer on the sur-
face of the TRAP and NaF groups enamel, whereas no 
surface layer was evident on the surface of the enamel 
treated with DDW only. The AFM images of the DDW 
group showed minimal morphological changes on the 
enamel surface compared to the eroded enamel surface, 
which still showed a porous fish scale structure. This 
is similar to the results of Lippert et al. [24]. Lesions in 
the TRAP and NaF groups were significantly shallower 
than in the DDW group. These results provide direct 

evidence that TRAP and NaF promote remineraliza-
tion. The enamel surface roughness was similar for the 
TRAP group and NaF group after pH-cycling. However, 
combined with SEM and AFM topographic analysis, the 
enamel surface was flatter and had more tissue recovery 
in the NaF group. On the enamel surface of the polypep-
tide TRAP group, the crystals showed typical nano-HA 
microcrystals with a needle-like morphology, arranged 
in parallel and densely packed along the c-axis, forming 
the prototype of enamel prismatic bundles. The enamel 
prismatic crystals are regularly aligned in the same direc-
tion and grow in a manner consistent with the existing 
orientation of enamel crystals, successfully mimicking 
the texture of natural enamel. This may be related to the 
fact that TRAP contains the exogenous lectin-binding 
motif “PYTSYGYEPMGGW”, “A-domain” of amelo-
genin self-assembly, and the unique phosphate group 
of amelogenin. Combined lectin properties may have a 
function to determine the direction of the “nanosphere”, 
which will affect the orientation of the microcrystals [25]. 
TRAP contains all the “A-domain” of the amelogenin self-
assembly. Additionally, in vitro and in vivo studies have 
shown that the “A-domain” is removed, which interferes 
with amelogenin self-assembly [26, 27]. This suggests that 
TRAP can self-assemble to form ‘nanospheres’. When HA 
crystals adsorbed on particular surfaces, the acidic amino 
acids may have controlled how the crystals were oriented 
[28]. The phosphate group plays an important role in sta-
bilizing ACP, inhibiting its premature precipitation, and 
regulating the formation of ordered hydroxyapatite crys-
tals, as verified in results obtained by comparing naturally 
phosphorylated full-length (P173) and dephosphorylated 
P173 and LRAP (+ P, -CT) and LRAP (-P, -CT) [29, 30].

Combined with the results of elemental analysis, the 
FT-IR (Fig. 4) and XRD (Fig. 5) Spectra indicate that the 
mineral phases of the DDW and TRAP groups are pre-
dominantly HA. The NaF group is predominantly FAP. 
The remineralized coating of the TRAP group contains 
protein and phosphate, as shown by FT-IR analysis. The 
peptide TRAP could adsorb on the enamel surface. By 
combining the findings from the AFM, SEM, and FTIR 
experiments, we now propose that TRAP can depend on 
the interaction of phosphate groups with Ca2+ to form 
TRAP-ACP complexes and temporarily stabilize ACP, 
which can then encourage the deposition of phospho-
rus and calcium on the enamel surface and also enter 
the interior of the lesion through the pores of deminer-
alized enamel lesions, eventually resulting in their trans-
formation into hydroxyapatite crystals. As a result of 
the F- substituted OH, the original hydroxyl vibrational 
mode changes, and splits, so that a new peak appears at 
742 cm− 1 in the NaF group.

The XRD results show that the diffraction peak posi-
tions are essentially the same for all three sets of samples, 
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indicating that the addition of TRAP and fluorine did 
not affect the mineral phase and that the crystals of HA 
remained essentially unchanged in their dense hexago-
nal structure. The increase in the spreading peak at 2Ɵ = 
20–22° may indicate the presence of amorphous calcium 
phosphate in the TRAP group [31]. This spreading may 
also be the result of the presence of smaller apatite crys-
tals. The XRD results for NaF partially shift the reflection 
peak to the right, a reflection pattern similar to that pre-
viously reported for fluorohydroxyapatite [32]. Because 
when a HA layer is developed on a layered OCP precur-
sor in the presence of F ions, as in the structure described 
by Iijima et al., this shift may represent an overlap of fluo-
rinated HA and OCP [6].

These results indicate that the TRAP peptide remin-
eralized the eroded enamel more efficiently than DDW 
but less efficiently than NaF. However, in the TRAP pep-
tide group, after the remineralization of eroded enamel, 
the crystals deposited on the surface of the enamel have 
the same morphology and growth direction as normal 
enamel.

Conclusions
This study demonstrates that the peptide TRAP can pro-
mote the remineralization of eroded enamel surfaces. 
TRAP binds to the enamel surface, temporarily stabilizes 
ACP, controls further crystallization of HA on the origi-
nal enamel crystals, promotes the remineralization of 
eroded enamel, and restores the original enamel surface. 
It is suggested that it has significant potential for remin-
eralization, and provides a promising biomaterial for the 
remineralization treatment of enamel lesions.
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