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The artificial construction of enamel like structure has been focusing on the utilization of organic matrix,

since proteins are believed to be essential in directing apatite orientation during enamel formation. Here

we report that the orientation of apatite can be regulated by inorganic substrates and we successfully

constructed enamel like cross-arranged structure using natural enamel as template. The templating effect

of inorganic substrates on the apatite orientation may lead to the design of biomimetic materials.

1. Introduction

Enamel, the exterior coating of vertebrate teeth, is a highly
mineralized tissue. It is composed of more than 95% carbonated
hydroxyapatite (HA) by weight with less than 2% organic
material.' Enamel possesses a unique complex structure, which
contains two main structural components: the prismatic and
interprismatic enamel.? These structures project from the dentine-
enamel junction to the enamel surface. The prisms are nearly
cylindrical which aligned parallel to each other and separated by
the interprismatic structure. Each prism is composed of rod-
shaped bundles of nano-HA crystallites, which oriented roughly
parallel to the prism long axis within a prism. The interprismatic
enamel is apatite crystallites outside the prisms, which have a
different orientation degree as compared to crystallites in prisms.
This special cross-arranged structure makes enamel the hardest
tissue with remarkable resilience in human body? The
development process of enamel is extremely complex and has not
been clearly defined yet. It is believed that the initial formation of
enamel apatite occurs under a protein-rich matrix gel condition
and the major protein of forming enamel, amelogenin, plays an
essential role in regulation of the mineralization and structural
organization of the enamel layer of the teeth.* ° During enamel
maturation, most of these proteins that mediate the mineralization
of apatite crystals are gradually degraded and removed.’ As the
outermost layer of teeth, enamel can be damaged because of the
acid-producing bacteria or acidic food during lifetime use since
HA is unstable under acidic conditions. The mature enamel is
acellular, and as a non-living tissue, it cannot regenerate after
substantial mineral loss.

The artificial construction of enamel like structure has been
tried for decades for its significance in both tooth enamel
repair/protection and hierarchical material design. But yet, few
practical advances have been yielded. Since it is thought that
amelogenin is necessary for the structure formation during the
natural enamel mineralization process, the use of amelogenin’ ®
or other organic molecules such as amino acids’ to regulate

apatite structures has also been extensively investigated.
However, only nanoparticles with simple ordered structures at
nanoscale could be fabricated under the control of these organic
molecules, and these particles cannot assemble into ordered
structures mimicking enamel structure at both nano-scale and
macro-scale. Apatite crystals with certain degree of orientation
can be grown on various templates by using many kinds of
methods such as the regulation of amelogenin,'™ ' using
hydrogen peroxide containing calcium phosphate paste,'
remineralization under a gel system'® and hydrothermal method
with controlled release of calcium.'* However, the best structure
obtained was the overall perpendicular growth of the crystals
along c-axis, and cross-arranged apatite structure of natural
enamel with both prismatic and interprismatic components which
are the key characteristic of enamel structure still failed to be
constructed. The reason is that, the formation process of nature
enamel in vivo is under the regulation of proteins and precise
control of genes'> and the mechanism of such a system is too
complicated to be clearly understand yet, so this process is
extremely difficult to be simulated under in vitro condition.
Nowadays, it is still a challenge to prepare apatite crystallites that
resemble natural enamel with both prismatic and interprismatic
structures in both nano- and macro-scale in in vitro process.

In recent years, the use of hard template to control the structure
of apatite crystals has attracted much attention. Our previous
studies have shown that various kinds of inorganic hard
precursors, such as monetite, xonotlite and calcium carbonate are
able to guide the formation of apatite crystals.'® '” The results
demonstrated that the structure of apatite could be well controlled
by the inorganic precursors under certain reaction conditions, and
suggest that more complex hierarchical structures mimicking
designs of natural structures from nano- to macro-scale may be
obtained by selecting of the structure of inorganic substrates and
control the reaction conditions. Based on these findings, we
assume that apatite with enamel-like structure mimicking both
prismatic and interprismatic structures in both nano- and macro-
scale by using proper inorganic template under appropriate
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experimental conditions without the involvement of organic
molecules. Here, we report a facile way to prepare cross-arranged
enamel like apatite (HA and fluorine-substituted HA (FHA)) with
both prismatic and interprismatic structure by using natural
enamel as a template. The natural enamel served as both mineral
deposition substrate and template-directing reagent, and in
contrast to the organic template method, the orientation of the
apatite crystals is proved to be guided by the inorganic structure
of the natural enamel and both prismatic and interprismatic
structures of enamel is perfectly duplicated.

2. Experimental section
2.1 Preparation of enamel like apatite layer

Bovine enamel slices were used as template to grow enamel like
apatite layer. They were polished and then slightly eroded with
0.1 M citric acid for 1 minute to expose the microstructure of the
enamel surface before used as template. The reaction solution
contained 0.468 g EDTA-Ca-Na,, 0.41 g Na;PO, with 0.01 g
NH,F for building enamel like FHA (or without NH,F for HA)
which dissolved into 20 mL distilled water. The pH of the
solution was about 12. After the solution was transferred into
stain-less steel autoclaves, enamel templates were vertically
placed in the stain-less steel autoclaves and then hydrothermally
treated for 24 h at 120 °C. After reaction, the enamel samples
were ultrasonically cleansed with distilled water for 1 minute.
The samples were dried naturally in air before further
characterization. For cross-section examination, the enamel was
embedded with epoxy resin and longitudinally cut in half. The
section was meticulously polished to expose the delicate structure
of the coating.

2.2 Exploration of the formation mechanism of the
enamel like apatite layer

The enamel like apatite layer is prepared under hydrothermal
condition in a solution obtained by dissolving 0.468 g EDTA-Ca-
Na,, 0.41 g Na;PO,4 and 0.01 g NH4F in 20 mL distilled water at
120 °C (T) for 24 h (t) and the pH value of this solution without
adjustment was 12. To investigate the mechanism of the
formation of the enamel like apatite layer, three groups of
experiments (1) t=1 h, 3 h or 6 h, T=120 °C, pH=12; (2) t=24 h,
T=60 °C or 90 °C, pH=12; (3) t=24 h, T=120 °C, pH=6 (the pH
of the solution was adjusted by 37% hydrochloric acid) were
firstly carried out to illustrate the effect of the reaction conditions
such as reaction time, reaction temperature and pH value on the
orientation of the crystals. To evaluate the effect of residual
proteins on the formation of enamel like structure, the enamel
was calcined at 400 °C for 6 h to remove the residue proteins in
natural enamel before utilizing as template. To explain the
templating role of the natural enamel substrate, apatite layers
were also grown on calcium phosphate ceramics (HA, B-TCP)
under the same experimental condition as that for preparing
enamel like apatite layer using natural enamel as the templates
(hydrothermally reacted in a pH 12 solution which contained
0.468 g EDTA-Ca-Na,, 0.41 g Na;PO, and 0.01 g NH,F in 20 mL
distilled water at 120 °C for 24 h). To prepare HA ceramics with
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different grain size, they were calcined at 1150 °C/1 h for the
smallest grain size, 1200 °C/5 h for medium grain size and
1300 °C/10 h for the biggest grain size. The pretreatment of the
ceramic substrates was the same as those enamel samples, which
was polished and then etched with 0.1 M citric acid for 1 minute.

2.3 Evaluation and optimization of the properties of
enamel like apatite layer

To analysis the acid-resistant stability of the enamel like FHA
layer, the rest part of samples were embedded with epoxy resin,
leaving just the apatite layer exposed. Then each of them was
immersed in 10 mL of acetate buffer (pH 5.5) and kept at 37 °C.
After certain times, 0.1 mL of acetate solution was gently
extracted from the top to examine the ion concentration and
replaced with fresh acetate solution. The stability of sound
enamel and acid etched enamel (0.1 M citric acid for 1 minute)
was tested in the same way for comparison.

To mimic the enamel like structure, samples with enamel like
apatite surface layer were immersed in 5 wt.% and 10 wt.%
gelatin solution for 1 h at 37 °C, respectively, and the immersion
process was repeated 3 times. Then the sample was rinsed with
distilled water for several times and dried naturally in air before
further characterization.

2.4 Characterization

The morphologies and EDS analysis of the materials were
characterized by scanning electron microscopy (SEM, S-4800,
Hitachi). The crystalline phases were identified using an X-ray
diffractometer (XRD, D/max2550 V, Rigaku) with Cu (Ka)
radiation at an operating condition of 40 kV and 100 mA. The ion
concentration was analyzed by inductively coupled plasma
optical emission spectrometer (ICP, Varian 715-ES, Agilent
Technologies). The hardness of the samples was carried out by
Nanoindenter (G200, Agilent Technologies).

3. Results and Discussion
3.1 Characterization of enamel like structure

The microstructure of the natural enamel is shown in Figure la
and 1b, in which a flat surface is observed under low
magnification of scanning electron microscopy (SEM) (Figure
la), and an enlarged image (Inset in Figure 1 a) shows a separated
elliptical enamel prism unit with a dimension of about 6 pm in
length and 3um in width. Apatite nanorods in the prism are highly
organized along the c-axis and the nanorods around the prism,
which have a different orientation degree as those in the prism,
are interprismatic enamel. The cross-arranged structure can be
clearly observed from the partial enlarged view of the boundary
of the prismatic and interprismatic enamel, as seen in Figure 1 b.
Using such an enamel template and reacted under an unique
hydrothermal condition which is modified from our previous
report,'® we successfully duplicated the sophisticated hierarchical
enamel structure consisting of FHA (Figure 1 c-f) or HA (Figure
S1). The surface images (Figure 1 c, d) show that the structure of
the synthetic FHA is extremely similar as the natural enamel both
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in nano-scale and macro-scale. From the low magnification
image (Figure 1 ¢), the hierarchical structure of FHA layer can be
clearly observed. The partial enlarged view of the boundary of the
prismatic and interprismatic enamel (Figure 1 d) further confirms
that the growth layer is composed of apatite crystallites with two
different orientation directions. The cross-section images (Figure
1 e, f) show that the thickness of the grown apatite layer is about
1.7 pum. It is interesting to notice that the direction of each single
FHA crystal kept the same orientation as the natural enamel
underneath (Figure 1 f), so the FHA layer maintained the same
structure as the template that they grew on.

It is known that the orientation degree of the apatite nanorods
has a significant effect on the peak intensity of the XRD patterns
of the samples, and can be evaluated quantitatively by the ratio of
the intensities of peak (002) and (211).'% 1171920 g we utilized
the X-ray diffraction (XRD) analysis to further confirm the
formation of enamel mimetic apatite layer on the natural enamel
template. In previous studies, in which just prism like apatite was
obtained, the peak intensity of (002) increased several times after
apatite mineralization and the intensity of the (211) decreased,
owing to the overall perpendicular growth of the crystals along c-
axis."#* In our results, as shown in Figure 2, the peak intensity
before and after the apatite growth is extremely close, and this
confirms that the orientation of the grown apatite crystallites is
similar as the natural enamel. The peak intensity ratio of 7 59, - 7
21 (R) was further calculated to quantitatively evaluate the
orientation degree of apatite. The R value for natural enamel and
FHA layer were 1.02 and 0.94, respectively, which were very
close, while the R value for apatite crystals that highly oriented
along c-axis could reach 3.10."” This result, together with the
observation of SEM, suggests that the newly formed apatite has
similar orientation as the natural enamel both in prismatic and
interprismatic part.

3.2 Formation mechanism of enamel like structure

The natural enamel contains small amount of proteins, which
might also affect the HA crystal growth. In order to determine if
the inorganic structure of the enamel plays the key role in
directing the HA growth, we calcined the natural enamel to
remove the residue proteins before using it as template to confirm
that the residual proteins in natural enamel has no contribution on
the orientation of apatite crystals. The result showed no obvious
change of the inorganic structure of natural enamel after
calcination, and the re-grown layer on the calcined enamel
(Figure 3) still possess the hierarchical structure, indicating that
the proteins in natural enamel has no manifest influence on the
orientation of newly formed apatite crystals, and the enamel like
structure is fabricated under the regulation of the inorganic
template of natural enamel.

To illustrate the formation mechanism of the enamel like
apatite layer, we firstly investigated the reaction conditions such
as reaction time, temperature and pH value on the orientation of
the enamel like apatite layer (SEM images are shown in Figure
S2, S3 and S4). The results demonstrated that reaction time,
temperature and pH value have no obvious effect on the
orientation of apatite crystals. Additionally, the microstructure of
the enamel like apatite layer can be tailored by the change of
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these reaction conditions.

In order to further explore the regulating mechanism of
inorganic substrate on the apatite formation, we utilized HA
ceramics which have the same composition but different structure
with natural enamel as apatite deposition template. HA ceramics
are composed of large number of grains (Figure 4 a, b) with
random orientation. After hydrothermal reaction, it is interesting
to notice that, although newly formed apatite crystals were
disordered with various arrangement angles at the macro-scale
level (Figure 4 c, e), the apatite crystals on each grain in the
ceramic disc formed bundles with well parallel aligned
orientation, indicating that apatite crystals grown on each single
crystal grain of the ceramic template had the same orientation
angle and the growth of the HA crystals was regulated by the
orientation of the single crystal grain (Figure 4 d, f). When we
changed the grain size of the ceramic discs, the orientation of HA
crystal bundles were changed at macro-scale, but the size and
orientation of the HA nano crystals on each grain remain the
same, which confirmed the regulation effect of the crystal grain
of the template, and suggests a possibility to control the
formation of HA nano crystals at macro-scale by adjusting the
crystal grain size of the template (Figure S5).

The regulation mechanism of the HA growth on inorganic
templates can be explained by the nucleation kinetics in
heterogeneous nucleation process. Kinetically, the orientation of
the nucleation phase grown on the substrate is mainly controlled
by the interfacial free energy between the substrate and
nucleation phase (y) and the supersatuation of the solution (o).
%5 The applied inorganic substrates provide templating for apatite
mineral deposition through heterogeneous nucleation process. In
general, v is determined by the structural match between the
nucleation phase and substrate, and the optimal structural match
will lead to the lowest y, which will kinetically favor the
orientated growth of the crystal on the substrate. However, the
orientated HA growth occurs only at low o, since under the
condition of the optimal structural match, the nucleation barrier
will be significantly affected by o, and an increase of ¢ will result
in the decrease of the nucleation barrier. At high o, the nucleation
barrier is very low and becomes less important and crystals with
random orientations will be obtained, which is the so called
“supersaturation-driven interfacial structure mismatch effect” >
25

The above explanation can be confirmed, if we change the
supersaturation degree of the reaction solution by changing the
ion concentration. If we reduce the supersaturation, apatite layer
with ordered and compact structure should still be obtained. In
contrast, increased supersaturation would lead to the formation of
disordered structure. With this idea in mind, we carried out
experiments with different supersaturations. Our results
demonstrated that, when the ion concentrations of the reaction
solution were doubled, the crystals in the interprismatic region
kept compact and ordered, while those in the prism cores
appeared to be a little disordered (Figure S6), and when the ion
concentrations were further increased 4 times higher, the re-
grown layer became totally disordered and the templating relation
between apatite crystallites and the substrate no longer existed
(Figure 5 a, b). In contrast, when other conditions kept unchanged
and the concentrations of all the ions (Ca, P and F) were
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decreased to 1/5 of the original, the enamel template surface was
not thoroughly covered by newly grown apatite crystals, probably
due to too low ion concentration (Figure 5 c, d). But yet, the
apatite layer still possessed perfect cross-arranged structure.
When the ion concentrations were further decreased to 1/6, the
concentration of the solution was too low and there was no
apatite grown on enamel surface after reaction for 24 h. These
results were in accordance with our explanation that the
templating relation between the substrate and crystalline phase is
controlled by the interfacial free energy, and only occurs under
low supersaturation of the reaction solution.

It is generally believed that organic matrix play an essential role
in regulating the orientation of apatite during dental enamel
development,” * so the artificial fabrication of enamel like
structure mainly focused on the application of organic molecules
to regulate the growth of apatite crystallites.” ' 226 However,
with the help of organic molecules, only structures similar to
enamel prism at nanoscale can be obtained in vitro, and the
preparation of enamel like structure with both prismatic and
interprismatic components from nano- to macroscale has not been
achieved so far. Very recently, researchers have found that water
also plays a structuring role in directing apatite orientation during
bone biomineralization.”’ Based on our studies of inorganic
template induced apatite orientation, we speculate that the
proteins and water controlled the orientation of the first mineral
deposition at the beginning of the mineral deposition, and further
orientation of the HA crystals might be mainly regulated by the
inorganic compositions. This is possible especially for the
formation of natural enamel, in which only a small amount of
proteins are contained and most of them are concentrated in the
dentine-enamel junction where the enamel tissue initially
formed.*®

3.3 Properties of enamel like structure

One of the potential applications of the enamel-mimetic apatite
coating is the repair and protection of natural teeth. Therefore, we
evaluated the acid-resistant ability and mechanical property of the
enamel like FHA layer that newly grown on enamel surface. As
shown in Figure 6a, the release speed of Ca of the newly grown
FHA layer was much slower than those of sound enamel and
acid-etched enamel under acidic condition, indicating that this
FHA coating was more resistant to acid etching and it might be
applied to protect original enamel from acid damage. The load-
displacement curves of samples measured by nano indentation are
illustrated in Figure 6b. The hardness of the natural enamel was
about 4.53+0.31 GPa and the hardness of acid etched enamel that
we utilized as templates decreased to 2.53+0.21 GPa due to the
removal of protein components. The re-grown apatite coating has
a hardness of 1.84+0.29 GPa. Although this is lower than the acid
etched natural enamel, it is higher than the hardness of dentine,
which is 1.05+0.15 GPa. Most interesting is that if we recombine
the enamel like apatite layer with proteins such as gelatin by
infiltration of gelatin into the gaps between nano-crystals of the
apatite layer (Figure S7), the hardness of the FHA-gelatin layer
increased to 4.20+0.55 GPa, which was close to natural enamel.
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4. Conclusions

In summary, we have for the first time successfully duplicated the
multi-level structure of natural enamel using a facile one-step
hydrothermal method without the involvement of any organic
molecules. The orientation of the apatite crystals is regulated by
the inorganic structure of natural enamel. The phenomenon is
well explained by interfacial structural match between nucleation
phase and substrate to reduce nucleation barrier, which only
occurs at low supersaturation of the reaction solution, owing to
the “supersaturation-driven interfacial structure mismatch
effect”’. The enamel like FHA layer showed a higher stability in
acid environment as compared with natural enamel, and the
enamel-like apatite/gelatin  composites revealed excellent
hardness, which is close to the natural enamel. Our results
suggest that the application of apatite substrate with unique
crystal structures as templates is a useful approach to design and
fabricate biomimetic biomaterials for biomedical applications.
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Figure captions

s Fig. 1 SEM images of enamel like apatite layer grown on natural enamel. (a, b) natural enamel, inset of
(a) shows a separated enamel prism; (c, d) surface morphology of the apatite layer grown for 24 h; (e, f)
cross-section images. P: prismatic enamel; IP: interprismatic enamel. The arrows in (f) indicate the
direction of the newly grown apatite crystals, which was the same as natural enamel underneath.

0 Fig. 2 XRD patterns of natural enamel before and after growth of the FHA layer: (a) Before growth of
FHA; (b) after growth of FHA. All the diffraction peaks corresponds well with HA (JCPDS NO. 09-
432) or fluorapatite (FA, JCPDS NO. 15-876).

Fig. 3 SEM images of apatite layer grown on calcined enamel. (a, b) calcined enamel, after remove of
s proteins, the inorganic structure is not changed; (c, d) the grown apatite layer has the cross-arranged
hierarchical structure. P: prismatic enamel; IP: interprismatic enamel.

Fig. 4 SEM images of the apatite crystals grown on HA ceramic. (a, b) HA ceramic before
hydrothermal reaction; (c, d) growth for 40 minute; (e, f) growth for 24 h.

Fig. 5 SEM images of the grown apatite layer at different concentrations using natural enamel as
template. (a, b) the concentration of all the ions increased to four times higher, the apatite layer became
disordered; (c, d) the concentration decreased to 1/5 of original solution, the apatite layer were
compact and ordered. P: prismatic enamel; IP: interprismatic enamel.

Fig. 6 Chemical stability and mechanical properties of the FHA. (a) Change in the concentration of Ca
when soaked in acetate buffer. The release speed of Ca from sound enamel and acid etched enamel is
similar, while that from FHA layer is much slower. (b) Loading-unloading curves of nano indentation
tests at maximum loading force of 2000 pN, loading rate of 500 puN/s and holding time of 3 s.
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Preparation of hierarchical enamel like structures from
nano- to macro-scale regulated by inorganic templates
derived from enamel

Yueyue Wang, Kaili Lin, Chengtie Wu, Xiaoguo Liu and Jiang Chang*
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We for the first time prepared enamel like apatite with cross-arranged hierarchical
structure by using natural enamel as template.



