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ARTICLE INFO ABSTRACT

Keywords: Enamel regeneration currently -is limited by our inability to duplicate artificially its complicated and well-
Biomimetic regeneration aligned hydroxyapatite structure. The initial formation of enamel occurs in enamel organs where the amelo-
Enamel

blasts secret enamel extracellular matrix formed a unique gel-like microenvironment. The enamel extracellular
matrix is mainly composed by amelogenin and non-amelogenin. In this study, an innovative strategy was pro-
posed to regenerate enamel-like tissue by constructing a microenvironment using biomimetic enamel matrix
proteins (biomimetic EMPs) composed of modified leucine-rich amelogenin peptide (mLRAP) and non-
amelogenin analog (NAA). Impressively, the regenerated enamel in this biomimetic EMPs on etched enamel
surface produced prismatic structures, and showed similar mechanical properties to natural enamel. The results
of X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) showed that regenerated crystal
was hydroxyapatite. Molecular dynamics simulation analysis showed the binding energy between mLRAP and
NAA were electrostatic forces and Van der Walls. These results introduced a promising strategy to induce crystal
growth of enamel-like hydroxyapatite for biomimetic reproduction of materials with complicated hierarchical

Extracellular matrix proteins

microstructures.

1. Introduction

A fundamental part of enamel biomineralization is the complex
extracellular macromolecular framework in which extracellular matrix
(ECM) proteins regulate mineral nucleation and growth to create enamel
with outstanding mechanical properties [1]. Biomineralization is a
detailed biological-physical-chemical multifactorial process in which
organic substrates interact with inorganic crystals under the regulation
of genetically programmed cells. An enamel prism is a very complex
crystalline and molecular structure to which at least three ameloblasts
(of the enamel organ) must contribute together. Hydroxyapatite (HAP)
is generic formula and HAP of enamel prism is a specific crystalline
pattern of HAP. A mature enamel is the hardest bioceramic in a verte-
brate body and covers and protects dentin in teeth, mainly composed of
95% highly organized nanorod-like hydroxyapatite (HAP) crystals, 4%
water, and less than 1% organic macromolecules that are mostly
concentrated at the periphery of the prism bundles [2-4]. The hardness
and toughness of a tooth enamel are mostly attributed to crystals that
show some special structures: elongated in the c-axial direction, high
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aspect ratios, and bundled together to form enamel prisms [5]. How-
ever, a tooth enamel is the first to suffer defects because it lies on the
outermost tooth crown layer. Tooth caries, dental trauma, and abrasion
can cause dentin hypersensitivity, toothache, and pulp infection, which
cause pain [6]. A fully mature enamel is acellular and therefore cannot
resorb or regenerate itself. Mainly for geometric reasons, the enamel
prisms have S course, proceeding from the dentin to the dental crown
surface. Until now, no applicable repair for clinical development has
been achieved because the complicated and well-aligned hierarchical
microstructure of natural enamel cannot be duplicated at large scale
artificially.

During enamel formation (amelogenesis), ameloblasts deposit
enamel matrices onto predentin at the advanced bell stage. The ame-
loblasts undergo apoptosis after enamel is formed [7]. One of the
widespread methods for restoring enamel defects is applying filling
materials with compositions and structures that differ from those of
enamel, such as alloys, composite resins, and ceramics [5,8]. Thus,
secondary caries and polymerization shrinkage at the bonding interfaces
with natural tissues frequently develop over time [9-11]. Accordingly,
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developing effective means for regenerating defective enamel is neces-
sary. Various clinical products, such as fluoride protection paint, fluo-
ride toothpaste, and CPP-ACP paste, have been used to hinder the
development of early enamel caries and regenerate enamel. However,
regenerated crystals have irregular shapes and arrangements [12,13]
and cannot withstand the daily functional activities of teeth. Therefore,
the biomimetic remineralization of the enamel has become a focus of
research. Known methods for biomimetic remineralization include the
formation of N-(2-hydroxyethyl)ethylenediamine-N,N’,N’-triacetic acid-
Ca (HEDTA-Ca) as a calcium ion reservoir that promotes enamel
regeneration [14], stabilization of amorphous calcium phosphate (ACP)
nano-precursors by peptides [15-18], formation of enamel-like HAP
nanorods using amelogenin and its analogs [19-22], formation of ACP
nano-precursors using glutamic acid [23] or Polyacrylic acid [24], and
shape regulation and orientation of growing enamel crystals using
Leucine-Rich Amelogenin Peptide (LRAP) [25]. However, these
methods are accomplished in aqueous solution, in which the microen-
vironment of biomimetic remineralization are very different from the
enamel matrix where the enamel formation.

During enamel development, enamel matrix proteins (EMPs) play a
critical role in the regulation of mineralization and crystal organization
[26]. Amelogenin is the most abundant protein in a forming enamel,
constituting more than 90% of ECM [27,28]. LRAP is a naturally
occurring splice variant that preserves the charged N- and C-termini of a
full-length amelogenin, which are crucial to interactions with HAP. The
importance of LRAP for enamel crystal formation has been confirmed in
mouse models [29]. Recent studies on LRAP as an amelogenin isoform
indicated that LRAP was capable of promoting the remineralization of
enamel surface lesions effectively the same as full-length amelogenin
[25,30-32]. Therefore, LRAP can be used as an ideal substitute for
amelogenin [33]. Although amelogenin plays an indispensable role in
enamel development, a small amount of mineralized enamel still exists
in amelogenin-deficient mouse teeth. This finding suggests that amelo-
genin is not necessary to initiate mineralization, and non-amelogenin
enamel proteins may be involved [27], such as enamelin and amelo-
blastin, which are critical to normal enamel formation [34]. Recent
work has already demonstrated that amelogenin alone is a weak pro-
moter of nucleation, but addition of enamelin enhanced nucleation rates
in a highly nonlinear [35]. The non-amelogenin may play a vital role in
promoting mineralization in the enamel developing process.

Amelogenin and non-amelogenin are natural proteins that are diffi-
cult to extract and purify, as it can easily denature and are subject to
potential contamination. However, polypeptide biomaterials have sim-
ple structures and good stability, are easy to disinfect and store, can
simulate the functions of natural proteins, and can overcome the prob-
lems in the application of natural proteins. In the present study, we used
synthetic peptides to mimic the function of EMPs to regenerate enamel.
In the interaction between amelogenin and non-amelogenin proteins,
the key component of amelogenin is the 3-tyrosine peptide domain
“PYPSYGYEPMGGW?” at its N-terminal [36]. We grafted this domain to
the N-terminal of LRAP to afford the modified LRAP (mLRAP) the ability
to interact with non-amelogenin. Non-amelogenin protein is an acidic
and hydrophilic molecule with glycosylation and phosphorylation sites.
It has showed that non-amelogenins interact with amelogenins through
the N-acetyl-D-glucosamine (GlcNAc) [37]. Researchers found that the
GlcNAc-mimicking peptides “SFGSGFGGGY” can bind to amelogenin
[36] through the “PYPSYGYEPMGGW” domain of the amelogenin [38].
Therefore, a non-amelogenin analog (NAA) was designed by connecting
the amelogenin-interaction domain of GlcNAc-mimicking peptides to a
small acidic hydrophilic peptide containing two phosphorylated serine
molecules. The N-terminal of this NAA is glycosylated. The aim of the
present study is to regenerate enamel-like tissue to repair enamel loss by
constructing a microenvironment using biomimetic EMPs composed of
mLRAP and NAA.
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2. Materials and methods
2.1. Design and synthesis of the mLRAP and NAA

The mLRAP with an amino acid sequence of “PYPSYGYEPMGGW-
MPLPPHPGH PGYINFSYEVLTPLKWYQNMIRHPSLLPDLPLEAWPATDK
TKREEVD” was produced by connecting the non-amelogenin interaction
domain of amelogenin “PYPSYGYEPMGGW” to LRAP. An amelogenin-
interaction domain of non-amelogenin “SFGSGFGGGY” was connected
to a small acidic hydrophilic peptide containing two phosphorylated
serine “ES(p)NES(p)” molecules, which can induce the nucleation and
growth of apatite crystals. An NAA with an amino acid sequence of
“GlcNAc-SFGSGFGGGY-ES(p)NES(p)” was produced by the acetyl amino
glycosylation of the N-terminal (N-acetylglucosamine, GlcNAc) of
“SFGSGFGGGY-ES(p)NES(p).” The mLRAP and NAA were synthesized
by standard solid-phase peptide synthesis and purified and character-
ized by high-performance liquid chromatography and mass
spectrometry.

2.2. Molecular docking and molecular dynamics simulation analysis of
the molecular interaction between mLRAP and NAA

The interaction mechanism was explored with MD simulation, which
offers computer simulation for the analysis of molecular structures and
energy changes in interactions in reaction systems, facilitating a
fundamental understanding of the interaction mechanisms. The sec-
ondary structures of the mLRAP and NAA were constructed according to
the amino acid sequences of the two peptides, which were simulated by
ITASSER online service. The structure of N-acetylglucosamine in the
NAA was established and optimized by the B3LYP method with 6-31G*
basis set in Gaussian 09 package. The parameters of mLRAP and NAA
were transformed into the general AMBER force field form by the
antechamber tool. The charges of mLRAP and NAA were obtained by the
RESP method, and the model of interaction of mLRAP and NAA was
produced by the docking program HADDOCK. Molecular dynamics
simulation time for mLRAP and NAA was set to 50 ns, and all calcula-
tions were conducted using the GROMACS 5.0.4 package [39]. When the
interaction reached equilibrium, the interaction mechanism of mLRAP
and NAA was analyzed. Binding energy was used in the analysis of the
interaction of mLRAP and NAA.

2.3. Transmission electron microscopy analysis of the biomimetic
mineralization property of mLRAP and NAA

The mLRAP with and without NAA at a total concentration of 3 mg/
mL was dissolved in deionized water. The mass ratio between NAA and
mLRAP was 1:9 in the mLRAP/NAA solution. After 12 h, the mLRAP/
NAA solution was assembled by mixing with 5 pL. 1 M calcium chloride
at 37 °C. After 12 h, the mLRAP/NAA and the mLRAP solution were
dropped on carbon-coated copper grids (230 mesh) and dried in air.
Afterward, the copper grids were immersed in a solution containing
calcium and phosphorus. After 24 h, the grids were washed with
distilled water three times for the complete removal of soluble salts.
Transmission electron microscopy (TEM) analysis was conducted at an
accelerating voltage of 80 kV.

2.4. Cytocompatibility of the artificial ECM

Bone mesenchymal stem cells (BMSCs) were used in evaluating the
cytocompatibility of the artificial ECM. The BMSCs were cultured in
DMEM supplemented with 10% fetal bovine serum (Biological In-
dustries, Israel) and 1% penicillin/streptomycin solution (Thermo Fisher
Scientific) at 37 °C in a 5% CO; incubator. The mLRAP/NAA was cross-
linked on the etched enamel surface and dried in a sterile environment at
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room temperature. The control group was the sterilized etched enamel
slice. Enamel slices were placed in 12-well plates, and the BMSCs were
then seeded into the wells at a total density of 1 x 10* cells and incu-
bated for 1, 3, 5, and 7 days. Cell proliferation response was evaluated
with a Cell Counting Kit-8 assay (CCK-8, Dojindo Laboratories Inc.,
Kumamoto, Japan). At a designated time point, the slices were washed
with PBS and then incubated in 1000 pL of DMEM supplemented with a
100 pL of CCK-8 reagent. After 4 h incubation at 37 °C, the supernatants
were transferred to a new 96-well plate, and the absorbance was
measured using an automated microplate reader (MQX200, BioTek,
USA) at 450 nm. Optical density absorbance values were analyzed by
GraphPad Prism software and compared by t-test. The enamel slices
were removed, and BMSCs in the 12-well plates were fixed with 2.5%
glutaraldehyde for 24 h and Giemsa stain for 15 min. The morphology of
the BMSCs was observed with a light microscope.

2.5. Enamel-like tissue regeneration by using biomimetic EMPs

All the following experimental methods and protocols on the use of
human tissue samples were carried out in accordance with relevant
guidelines and regulations. Extracted sound human third molars which
were obtained with patients' consent provided in hardcopy forms. The
teeth were sterilized with 3% sodium hypochlorite and rinsed with PBS.
Enamel slices of 2 mm in thickness were prepared perpendicular to the
longitudinal axis of each tooth by using a low-speed diamond saw (SYJ-
160 Low Speed Diamond Saw, Kejing, China). The slices were polished
with 400, 800, 1200, 1500, and 2000 grit silicon carbide papers under
running water and then ultrasonically cleaned with acetone, ethanol,
and deionized water successively. The slices were stored in deionized
water at 4 °C before treatment.

Enamel slices were etched with 37% phosphoric acid for 30 s, rinsed
with deionized water, and placed into polyethylene tubes. The experi-
ment was divided into four groups. In the experimental group, half of the
enamel surface was covered with acid-resistant and hydrophobic nail
varnish for comparison, and the nail varnish was removed in acetone to
expose the control enamel surface after the experiment. The remaining
area was covered with mLRAP and NAA and cross-linked with 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride and N-Hy-
droxy succinimide (EDC/NHS). The concentration of mLRAP was set of
3 mg/mL and NAA/mLRAP mass ratio of 1:9. After the mLRAP/NAA
were dried in air at room temperature, the tooth slices were immersed in
simulated body fluid. The enamel surfaces covered with mLRAP and
NAA, respectively, were served as two control groups. In the blank
control group, a gel was prepared by mixing gelatin (8.6 g), glycerine
(8.2 g), and H,0 (11.8 g). This gelatin was used to mimic the gel-like
environment of ECM [40]. After gelatification, the polyethylene tubes
were filled with simulated body fluid.

The polyethylene tubes were sealed and incubated in a 37 °C water
bath. After 24 h, the slices were removed and cleaned ultrasonically in
deionized water before SEM evaluation. XRD was used in detecting the
compositions and structures of the surface layers of the enamel slices at
20 range of 5°-60°. The results were processed in Origin 8.0 (Origin-
Lab, USA) and then compared with the standard diffraction peak cards
of HAP (JCPDS No. 09-0432). The surface groups of the enamel slices
were detected by FTIR. The mechanical properties of the regenerated
enamel were evaluated by microhardness test (MHV-2000Z micro
Vickers, Caikon, China). Sixteen indentations were made on the sur-
faces of the regenerated enamel, natural enamel, and etched enamel of
each slice. The time for loading was 15 s, and 10 g (0.098 N) loading
force was applied. The data were processed and analyzed statistically
by SPSS (SPSS Statistics 19, IBM) with one-way ANOVA. Any differ-
ence was deemed statistically significant when P < 0.05. SEM was used
in the evaluation of the residual indent impressions on enamel
surfaces.
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3. Results
3.1. Design and synthesis of mLRAP and NAA

The purity of the obtained mLRAP and NAA was beyond 98%
(Fig. 1A1, B1). The mass spectra of the purified mLRAP and NAA showed
peaks corresponding to the molecular weights of 8023 and 1843 Da,
which were close to the theoretical molecular weight (Fig. 1A2, B2).
mLRAP and NAA self-assemble to form nanosphere structures that
further assemble to form a supramolecular fibrous framework (Fig. 2A).
At a high magnification, the fibers appeared interconnected with one
another, and the fibers were composed of nanospheres (Fig. 2B). The
interlinking between the nanospheres resulted in the formation of bea-
ded chains composed of the fibers.

3.2. Biomimetic mineralization property of mLRAP and NAA

After being immersed in calcium solution, the mLRAP can sponta-
neously self-assembled into a nanosphere structure. TEM micrographs
revealed that the linear arrangement of mLRAP was the result of the
association of nanospheres (Fig. 3A). At 3 mg/mL concentration, the
diameter of mLRAP nanospheres was ~200 nm. When NAA was added
into the mLRAP solution, the diameter of the nanospheres (~50 nm)
decreased due to the interaction and co-assembly between mLRAP and
NAA (Fig. 3B). The mLRAP and NAA co-assemble into nanospheres and
interlink together to form a beaded chain. This result corresponded well
to the results of SEM (Fig. 2). After the self-assembled mLRAP/NAA was
immersed in a solution containing calcium and phosphorus for 24 h,
nanocrystals precipitated along the chain of mLRAP/NAA. This result
indicated that the mLRAP/NAA can attract calcium and phosphorus
ions. The electron diffraction pattern suggested that the precipitates
were comparable to ACP (Fig. 3C).

3.3. Molecular dynamics (MD) simulation and molecular docking energy
analyses

The MD simulation analysis also verified the interaction between
mLRAP and NAA (Fig. 4). The molecule secondary structure confor-
mations analysis of aminopeptidase sequence obtained by the I-TASSER
method showed that mLRAP was helical and had extended strands and
random coil. The structure of mLRAP and NAA was modeled using I-
TASSER, where the C-scores of mLRAP and NAA were —3.81 and —1.48,
respectively, indicating that the models had high confidence. Fig. 4A
and B show the unique molecular conformations of mLRAP and NAA,
respectively. The two oligopeptides interacted primarily by the designed
amino acid sequences in the head region (Fig. 4C). Fig. 4D shows the
binding energy of mLRAP and NAA in the interaction system. The black
and red curves represented the evaluation of electrostatic forces and Van
der Walls, respectively. The two curves dropped at onset and reached
equilibrium, demonstrating the existence of electrostatic force and Van
der Walls in the interaction system. Electrostatic interactions were the
primary driving forces in the interaction system. Fig. 4E and F show the
binding energy of different amino acid residues in mLRAP and NAA,
respectively. The amino acid residues PRO1, TYR5, and GLU8 in mLRAP
showed strong electrostatic interactions with the amino acid residues
GLY3, SER4, GLY5, PHE6, GLY7, GLY9, SER12, and ASN13 in NAA. The
amino acid residues TYR7, PRO9, and MET10 in mLRAP showed strong
Van der Walls interactions with the acetyl amino glycosylation of N-
terminal NAG1 and amino acid residue GLY8 in NAA. The acetyl amino
glycosylation of the N-terminal of NAA promoted electrostatic and Van
der Walls interaction with mLRAP. Although tri-tyrosine motif (PYP-
SYGYEPMGGW) is present in the mLRAP N-terminal region, TYR5
shows stronger electrostatic interactions with amino acid residues in
NAA. Electrostatic interactions are the primary driving force; the acetyl
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Fig. 3. TEM micrographs of self-assembled mLRAP and NAA. (A) The mLRAP. (B) The mLRAP/NAA. (C) The mLRAP/NAA was mineralized for 24 h.

amino glycosylation of N-terminal of NAA contributes to electrostatic
and Van der Walls interaction with mLRAP.

3.4. Cytocompatibility of the mLRAP and NAA

The proliferation behavior of BMSCs at 1, 3, 5, and 7 days in the
mLRAP/NAA group was similar to that in control group, and no signif-
icant absorbance difference was observed during the cell culturing span
(P > 0.05; Fig.5A). The light microscopy micrographs of BMSCs in the
12-well plates in all groups revealed healthy cell morphology. BMSCs
proliferation was not significantly different between the mLRAP/NAA
and control groups (Fig. 5B, C). This result coincided with the results of
the optical density.

3.5. SEM examination of the regenerated crystals on etched enamel
surface

In the blank control group, no crystals were found on the etched
enamel surface after 24 h (Fig. 6A). There were also no obvious crystals
formation in the mLRAP group (Fig. 6B) and NAA group (Fig. 6C). In the
experimental group, the regenerated enamel had the similar morpho-
logical texture as natural acid-etched enamel (Fig. 6D, G). The dissolu-
tion of prism cores and boundary regions was observed on the etched
enamel surface. The prisms were approximately 5 pm in diameter with
interprismatic less-ordered enamel in between (Fig. 6E). After the
enamel surfaces were treated with biomimetic enamel matrix proteins
for 24 h, the crystals precipitated on the etched enamel surface formed a
prismatic and interprismatic structures with a mean diameter of
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approximately 5 pm, which had a similar appearance to a natural
enamel microstructure. The regenerated crystals arranged and grew in
the correct conformation and produced an evenly prismatic and inter-
prismatic enamel surface (Fig. 6F). The parallel bundles of numerous
needle-like crystals were fused together and densely packed on the
etched enamel surface, resulting in an enamel prism-like structure. The
diameters of the crystals formed were similar to those of natural enamel
crystals. The transition zone between the etched enamel to the regen-
erated enamel (protected by nail varnish during the regeneration)
demonstrates successful epitaxial growth (Fig. 6H). The cross-sectional
micrograph showed that the newly regenerated layer was tightly
conjoined to its underlying natural enamel, and the long axes of the
newly regenerated crystals corresponded to the crystallographic c-axis
of the underlying HAP crystals. Moreover, the microstructures of the
regenerated layer were morphologically similar to those of its underly-
ing natural enamel. The thickness of the regenerated enamel layer was
approximately 2 pm, with well-organized and uniform characteristics.
No evident boundary was found at the interface (Fig. 6I).

3.6. XRD and FTIR characterization of the regenerated crystals

The mineral phase of the regenerated enamel layer was monitored
through XRD (Fig. 7A). All the diffraction peaks corresponded well to
the peaks for hexagonal phase HAP (JCPDS#09-0432) crystals, implying
an identically organized crystallographic structure at the macroscopic
level. The sharp and intense 002 and 004 peaks in line c indicated that
the regenerated crystals were well crystallized and oriented parallel
along the c-axis direction; this result was consistent with the
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Fig. 4. MD simulation analysis and Molecular Docking Energy Analysis. (A) The secondary structure of mLRAP. (B) The secondary structure of NAA. (C) The
simulation of interaction between mLRAP and NAA. (D) Binding energy between mLRAP and NAA. (E) Binding energy between amino acid residues of mLRAP and

NAA. (F) Binding energy between mLRAP and amino acid residues of NAA.

observations in the SEM images (Fig. 6). The unsplit diffraction peak at
approximately 32° in line c indicated the poor crystallinity of the newly
formed HAP crystals on the enamel surface The FTIR spectra confirmed
the formation of a typical HAP structure (Fig. 7B). The split PO4 v3 band
(997-1124 cm™Y) and the split PO4 v4 band (600 and 554 cm™?) indi-
cated the presence of the phosphate groups in the regenerated layer on
the etched enamel surface.

3.7. Mechanical properties of the regenerated crystals

Fig. 8A illustrates the calculated microhardness of the natural, re-
generated, and etched enamel. The natural enamel had optimal me-
chanical performance characteristics, with a 280.80 + 37.20 HV (mean
+ SD). The mechanical properties of the enamel were weakened by
phosphoric acid etching, with a 184.42 + 34.20 HV (mean + SD). After
24 h incubation, the mean microhardness of the enamel was increased to
261.54 + 24.61 HV (regenerated enamel). No significant differences
were observed in microhardness between the regenerated and natural
enamel. Fig. 8B shows a SEM image of the regenerated enamel surface
with 16 indentations. The indentation impressions formed a rectangular
pyramid, and no cracks were found around the indentations. The
impression area on the surface of the regenerated enamel (Fig. 8E) was
similar to that on the untreated enamel (Fig. 8D), and both were smaller
than the etched enamel (Fig. 8C).

4. Discussion

Dental enamel formation is an example of protein matrix-mediated
biomineralization [41]. EMPs play vital roles in the regulation of
mineralization and crystal organization during enamel development.
EMPs predominantly comprise amelogenin, which constitutes 90%-95%
of ECMs. Meanwhile, 5%-10% are non-amelogenin proteins [4]. The
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nonclassical crystallization pathway theory suggests that amelogenin
interacts with noncrystalline calcium phosphate to form, stabilize and
assemble intermediate prenucleation clusters that further transform into
organized apatite crystals [42]. Amelogenin proteins form an insoluble
macromolecular framework that acts as a key mediator in controlling
biomineralization. The N-terminal (including the phosphorylation site)
and C-terminal (including the hydrophilic domain) domains of a full-
length amelogenin play important roles in proper enamel mineral for-
mation [43]. The N-terminal is responsible for amelogenin self-assembly
into “nanospheres” and the formation of chain-like structures. The C-
terminal is essential for guiding the generation of parallel arrays of
apatite crystals in vitro [44]. The tri-tyrosine motif (PYPSY-
GYEPMGGW) in the amelogenin N-terminal region is involved in
amelogenin-cell or amelogenin-nonamelogenin interactions. LRAP is an
alternative splicing product of the amelogenin gene expressed
throughout enamel development. Porcine LRAP comprises 56 amino
acids: the 33 N-terminal and 23 C-terminal amino acids of a full-length
amelogenin [45]. LRAP shares certain properties with full-length ame-
logenin, such as forming nanospheres and interacting with HAP through
its C-terminus and N-terminus [33,46]. These EMPs control the initia-
tion, pattern, orientation, and organization of enamel crystals in a
cooperative manner and are then gradually degraded and removed
during enamel maturation [34]. In addition to amelogenin, small
amounts of non-amelogenin proteins, such as enamelin and amelo-
blastin, are critical to normal enamel formation. Another potential
target for amelogenin is the least abundant acidic phosphorylated
glycoprotein enamelin. The interactions between amelogenin and
enamelin play vital roles in controlling enamel crystal formation [34].
Adding enamelin to an amelogenin “gel-like matrix” results in an
evident increase in the aspect ratios of octacalcium phosphate crystals.
Moreover, the presence of enamelin in the amelogenin matrix enhances
the stability of the transient ACP phase through the co-assembling of
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enamelin and amelogenin [47]. Enamelin has glycosylation and phos-
phorylation sites; these structural domains are important functional
domains interacting with apatite crystals and acting as crystal nucleator
of enamel apatite [48]. Through a domain of “SFGSGFGGGY” and the
acetyl amino glycosylation of N-terminal (N-acetylglucosamine, NAG),
non-amelogenin interacts with the domain “PYPSYGYEPMGGW” of
amelogenin [36]. Therefore, in the present study, LRAP was modified by
grafting the tri-tyrosine motif (PYPSYGYEPMGGW) in its N-terminal
region to mimic the function of amelogenin and the interaction between
amelogenin and non-amelogenin. Many acidic glycoproteins not only
act as strong inhibitors of crystal nucleation and growth in solution but
also can serve as effective nucleators once they have been adsorbed onto
the surfaces and adopted defined structures. The previous study showed
that a single phosphate group on serine-16 is involved in ameloge-
nin—calcium phosphate interactions and contributes to the stabilization
of ACP precursors [49]. A small acidic hydrophilic peptide containing
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two phosphorylated serine “ES(p)NES(p)” grafted the amelogenin-
interaction domain of GlcNAc-mimicking peptides “SFGSGFGGGY”
and glycosylated its N-terminal to mimic the function of non-
amelogenin proteins and the interaction between amelogenin and non-
amelogenin proteins. mLRAP and NAA control the process of crystal
nucleation, which is mediated through molecular interactions, such as
protein—protein (mLRAP self-assembly and mLRAP-NAA interactions)
and mLRAP/NAA-mineral interactions. In the present study, when NAA
was added into the mLRAP solution, the diameter of the nanospheres
decreased. The mLRAP and NAA co-assemble into nanospheres and
interlink together to form a beaded chain, demonstrating the interaction
and co-assembly of mLRAP and NAA. This phenomenon is similar to the
ability of non-amelogenin in promoting the amelogenin to form a three-
dimensional structure in the process of natural enamel formation [37].
The interaction between amelogenins and non-amelogenins have in-
fluence in developing HAP crystals in natural enamel formation. Non-
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Fig. 6. SEM micrographs of acid-etched enamel and the regenerated enamel after incubated in the artificial ECM for 24 h. (A) SEM micrograph of blank control
group. (B) SEM micrograph of mLRAP group (C) SEM micrograph of NAA group (D) SEM micrograph showing both acid-etched enamel and regenerated enamel. (E)
Magnified micrograph of the acid-etched enamel. (F) Magnified micrograph of the regenerated enamel. (G) Magnified micrograph of the blue rectangular area in
panel D. (H) Cross-sectional view from acid-etched enamel to the regenerated enamel. (I) Magnified micrograph of the blue rectangular area in panel H. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. XRD (A) and FTIR (B) spectra of the regenerated layer on the enamel surface. (a) Acid-etched enamel. (b) Natural enamel. (c) The regenerated enamel layer
after incubated in the artificial ECM for 24 h.
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Fig. 8. The mechanical property of the enamel samples. (A) Calculated microhardness of the enamel samples. (B) SEM image of the regenerated enamel surface with
indentations. (C) SEM image of the indentation impression on the etched enamel surface. (D) SEM image of the indentation impression on the natural enamel surface.
(E) SEM image of the indentation impression on the regenerated enamel surface.

amelogenins have significant higher Ca®*-binding constant than ame-
logenins [50]. The GlcNAc residual and two phosphorylated serine in
NAA absorb calcium ion and promote the HAP crystals formation. When
NAA binding to mLRAP, the mLRAP/NAA may absorb more Ca®* than
mLRAP alone and promote crystal nucleation. In vivo, the amelogenin
self-assembly to form nanosphere before the enamel mineralization
[51,52]. Researchers has showed that the amelogenin regulate enamel
formation when it self-assembly into nanospheres [53,54]. The self-
assembly of amelogenin is critical for its function in enamel minerali-
zation. Amelogenin self-assembly is the driving force for crystal orga-
nization, which believed to be a key factor in controlling the oriented
and elongated growth of the hydroxyapatite crystals within enamel
prisms [55].

The MD simulation analysis verified the interaction between mLRAP
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and NAA. Although tri-tyrosine motif (PYPSYGYEPMGGW) is present in
the mLRAP N-terminal region, TYR5 shows stronger electrostatic in-
teractions with amino acid residues in NAA. Electrostatic interactions
are the primary driving force; the acetyl amino glycosylation of N-ter-
minal of NAA contributes to electrostatic and Van der Walls interaction
with mLRAP. In biomimetic mineralization, inorganic minerals are
deposited by precipitates arising from secondary interactions with the
surrounding environment. In our present study, the calcium and phos-
phate ions in the remineralization environment were regulated to form
the hierarchical enamel-like structures through the dynamic processes of
controlled crystal formation, organization, and growth guided by
mLRAP/NAA.

Recent strategies for tooth tissue engineering have utilized a variety
of scaffold materials to create bioengineered teeth, such as PGA/PLGA
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[56], silk fibroin [57], collagen sponge [58], and decellularized enamel
organ [59]. These reports indicate that the functional characterization of
teeth expressed in ECM molecules, including the respective develop-
mental and spatial organization of ECM molecules, may facilitate the
design of effective scaffolds for tooth regeneration. ECM provides
morphogenetic cues that guide proper cellular interactions during nat-
ural and bioengineered organogenesis. The natural amelogenin and non-
amelogenin can deliver the signals to the cells and regulate the bio-
engineered mineralization. Our designed mLRAP and NAA derived from
the natural amelogenin and non-amelogenin may also have the property
of cell signaling. The viability and cytological changes of BMSC cells are
not influenced in the acellular enamel organ alternative, and thus the
cells could be excellent scaffold candidates for bioengineered tooth
formation.

In our present study, a gel-like microenvironment was constructed
using biomimetic EMPs composed of mLRAP and NAA which mimicking
the gel-like organic matrix environment during enamel formation. This
microenvironment introduced a promising strategy to induce crystal
growth of enamel-like hydroxyapatite for biomimetic reproduction of
materials with complicated hierarchical microstructures. Compared
with the reported research models, our model is closer to the physical
and chemical environment of natural enamel formation. Although the
regenerated hydroxyapatite crystals were different from the natural
enamel hierarchical microstructure, it is essential to develop various
models mimicking the assembly steps of enamel crystals and enamel-like
structure formation. This proof-of-concept study demonstrated the po-
tential of a new biomimetic approach with the gel-like microenviron-
ment to form a biomimetic EMPs matrix on defected enamel surface,
which mimicking the ability of EMPs to induce mineralization for HAP
formation.

5. Conclusion

In our present study, the biomimetic enamel matrix proteins of
mLRAP and NAA was designed for the regeneration of enamel-like tis-
sues. The regenerated enamel produced a prismatic and interprismatic
structures, which are also observed in natural enamel. The present study
provided an important basis for the development of enamel prism-like
materials that can be used in alternative treatment in clinical
dentistry, tooth tissue engineering as scaffolds, and other biomedical or
industrial applications.
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