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So far, the strategies for the synthesis of biomimetic dental enamel-like hydroxyapatite [Ca;o(PO4)s(OH),,

HAp] have attracted great interests due to the extremely high orientation of HAp crystals. In present
study, a facile method via hydrothermal treatment of the hillebrandite [Ca,(SiO;)(OH),] nanobelts as
hard-template in trisodium phosphate aqueous solutions was developed to synthesize the dental enamel-

like HAp nanorod arrays, in the absence of any proteins, surfactants, organic solvents or organic molecule

directing reagents. The morphology observations demonstrated that the highly oriented HAp arrays were

constructed by uniform nanorods in parallel to each other along the c-axis. A possible hard-template

transformation mechanism based on the crystal structure and morphology of the hillebrandite nanobelts

was proposed.

1 Introduction

As the main mineral component of vertebral skeleton,
hydroxyapatite [Ca;o(PO4)s(OH),, HAp] is widely applied for
medical and dental applications due to its excellent
biocompatibility and osteo-conductivity."® The mineralized
substance in skeleton possesses the distinct characters of highly
orientated HAp arrays on nanoscale level and the arrays further
woven into intricate architectures on the microscale level, which
contributes to the excellent mechanical properties of the natural
bones and teeth especially for high fracture resistance.” This
unique hierarchical structure also plays a critical role in the
protection and repairing of human teeth.® It is well known that the
mature enamel is scarcely selfrepaired when damaged."’
Currently, setting the restorative materials on the defect sites in
enamel is considered as the feasible method in enamel repairing.
The studies suggested that the HAp materials with enamel-like
structure might possess better affinity to the natural dental enamel
comparing with the randomly oriented HAp materials and other
kinds of materials including metals and resins."!®!! Furthermore,
the HAp is widely used as an absorbent in liquid chromatography
due to its high absorption capacity with respect to proteins. It is
well known that the different kinds of proteins are absorbed on
different plane of HAp crystals as a manner that is related to the
functional groups of the protein.'*'* Therefore, the HAp materials
with distinct crystal orientations might facilitate the preferential
separation of different kinds of proteins.

Thus, the synthesis of HAp materials with enamel-like
structure has been attracting great interests in biomaterial and
biomedical fields. Many strategies have been developed to
synthesize the enamel-like HAp. It is considered that the self-
assembly of extracellular molecules plays a critical role in enamel
and bone mineralization.""® In which, as the abundant
extracellular matrixes of enamel and bone, the amelogenin and
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collagen are the main factor in controlling the growth of apatite
crystals in enamel and bone with well-organized and elongated
manner. Fan et al.'® proved that the appropriate concentrations of
amelogenin promoted the oriented bundle formation of needle-
like HAp crystals. Besides, using surfactants, ligands and organic
solvents as the templates to direct the orientation of HAp crystals
is another approach. The partially oriented HAp nanoclusters
were achieved by Yang et al.'” via refluxing method using the
surfactant of potassium polyoxyethylene laurylether phosphate
(MAEPK) as template. Due to the charge complement and the
long organic chains of MAEPK, the HAp crystals nucleated on
and grow oriented along the chain of MAEPK. The highly
oriented organization of HAp nanorods could be achieved using
mixed nonionic surfactants of P123 and tween-60 as the directing
template.'® Moreover, the hydrothermal method is considered as
one of the most effective methods to control the morphologies
and architectures of the HAp materials due to its capability to
induce the nucleation and oriented growth of HAp crystals under
hydrothermal condition.*'®?* Chen et al”® synthesized HAp
powders with enamel-like microstructure using EDTA as ligand
via hydrothermal treatment of 0.25 M EDTA-Ca-Na,, 0.15 M
NaH,PO,4-H,0 and 0.05 M NaF at 121 °C. Chen et al. reported a
solvothermal method for the preparation of HAp oriented arrays
using calcium acetylacetonate and creatine phosphate disodium
salt tetrahydrate in mixed solvents of N,N-dimethylformamide
(DMF) and water at 160 °C. In which, the creatine phosphate
disodium salt tetrahydrate acted as an organic phosphorus source
and a soft template for the formation of HAp oriented arrays.?
The HAp nanowire/nanotube ordered arrays were obtained by
hydrothermal treatment of the CaCl, and NaH,PO,H,0O in
ternary solvents of water, ethylene glycol (EG) and N,N-
dimethylformamide (DMF).”” The synthesis of self-organized
HAp nanorod arrays was reported by Chen et al.”® through a
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process of oriented attachment during hydrothermal treatment of
the CaCl, and H;PO,, using dodecylamine as the ordered organic
template.

However, the use of the additional additives in the
preparation processes might limit their applications. For example,
the utilizations of surfactants, macromolecules and organic
solvents as structure-directing reagents might cause unnecessary
biological effects, such as cytotoxicity. In addition, the usages of
large amount of surfactants and organic solvents were harmful to
health and environment.***® Furthermore, the protein directing
approach and the using of organic phosphate as phosphorus
source and template can regulate the orientation of the crystals,
but it is usually difficult to obtain the products in large-scale at
low cost. Up to now, it is still a great challenge to facilely
synthesize the enamel-like HAp materials.

Herein, a novel strategy was developed to synthesize the
biomimetic HAp with enamel-like via direct
hydrothermal transformation of the nanobelt-like hillebrandite
[Cay(SiO;)(OH),] precursors in trisodium phosphate solution.
This method did not use any surfactants, organic solvents or
template-directing reagents, which effectively avoided the
procedure and cost for their removal from the product.

structures

2 Materials and methods

The biomimetic HAp with enamel-like structures were
hydrothermally transformed from hillebrandite nanobelts in
Na3;PO, aqueous solution without using any structure-directing
reagents and organic solvents. Analytical grade reagents
(Shanghai Chemical Co., Ltd., P.R. China) without further
purification were used in present study.

2.1 Synthesis of hillebrandite [Ca,(SiO3;)(OH),] nanobelts

The hillebrandite [Cay(SiO;3)(OH),] nanobelts were synthesized
via hydrothermal method according to previous study.*’ Briefly, a
solution was prepared by dissolving Na,SiO;-9H,0 (1.144 g) and
NaOH (0.644 g) in deionized water (100 mL). Then the 40 mL of
0.20 M Ca(NOs), aqueous solution was quickly injected into the
above Na,SiO; aqueous solution to form a white suspension
under vigorously magnetic stirring at room temperature. After
completely addition, the suspension was transferred into the
Teflon-lined stainless-steel autoclaves and heated at 200 °C for
24 h, followed by cooling down to room temperature naturally.
After the hydrothermal treatment, the suspension was filtrated
and washed with distilled water and anhydrous ethanol for three
times, respectively. Finally, the obtained Cay(SiO;)(OH),
nanobelts were dried at 120 °C for 24 h.

2.2 Hydrothermal transformation of the hillebrandite
nanobelts into HAp with dental enamel-like structure

The synthetic hillebrandite nanobelts were used as the hard-
template to synthesize the HAp with enamel-like structure. For
hydrothermal process, the 1 g hillebrandite nanobelts were mixed
with the 85 mL Na;PO, (0.2 M) aqueous solution. Then the
mixtures were transferred into 100 mL stainless steel autoclaves.
The mixtures were heated at 150 °C for 0.5-24 h, followed by
cooling to room temperature naturally. After the hydrothermal
treatment, the reaction mixture was filtrated and washed with
distilled water and anhydrous ethanol for three times, respectively.
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The obtained products were dried at 180 °C for 24 h for further
characterization.

2.3 Characterization of the hard-template and the dental
enamel-like HAp products

Both of the synthetic hard-template and the final HAp products
were characterized by X-ray diffraction (XRD: D/max 2550V,
Rigaku, Japan) with mono-chromated CuKa radiation, and
Fourier transform infrared spectroscopy (FTIR: Nicolet Co.,
USA). The morphology and size of the synthetic hard-template
and HAp were characterized by field emission transmission
electron microscopy (FETEM: JEM-2100F, JEOL, Japan). The
surface morphology and the thickness of the hard-template and
the final HAp products were determined by field emission
scanning electron microscopy (FESEM: JSM-6700F, JEOL,
Japan). The chemical compositions of the HAp products were
characterized by EDS mapping analysis technology (Oxford
instruments). The surface area and nitrogen sorption isotherm
were measured on a Micrometitics Tristar 3000 system.

3 Results and discussion

Fig. 1 shows the XRD patterns of the synthetic hard-template and
the products after hydrothermal reaction of the hard-template in
Na;PO, aqueous solution at 150 °C for different periods. The
synthetic hard-template (Fig. 1A) could be identified as pure
hillebrandite phase (JCPDS card: No. 42-0538). The HAp phase
(JCPDS card: No. 09-0432) appeared after hydrothermal reaction
of the hillebrandite in Na;PO, aqueous solution at 150 °C for 0.5
h (Fig. 1B). With the increase of the hydrothermal time to 2 h, the
intensity of the most diffraction peaks for hillebrandite decreased
apparently, while those for HAp increased improved remarkably
(Fig. 1C). Further increasing the hydrothermal reaction time to 24
h, the diffraction peaks for hillebrandite disappeared completely,
suggesting that the hard-templates have been completely
transformed into the HAp products. In addition, the sharp peaks
in the XRD pattern indicated that the synthetic HAp product
transformed from hillebrandite template was well crystallized,
which was attributed to the hydrothermal reaction in the synthetic
process (Fig. 1D).

Y HAp
+ Hillebrandite

v
v, Ywy

vyvy

Intensity (a.u.)

Fig. 1 XRD patterns of the synthetic hard-template (A) and the products
after hydrothermal reaction of the hard-template in Na;PO4 aqueous
solution at 150 °C for 0.5 h (B), 2 h (C) and 24 h (D).

The morphology observation result shows that the synthetic
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hillebrandite were in belt-like shape with width of 0.4-1.5 um and
length up to 30 um (Fig. 2A). The discrete SAED spots revealed
that the synthetic hillebrandite nanobelts were well-crystallized
single crystals. After hydrothermal reaction of the hillebrandite
nanobelts in Nas;PO, aqueous solution at 150 °C for 0.5 h, the
splitting phenomenon within the nanobelts along strip direction
could be observed (Fig. 2B). Increasing the hydrothermal time to
2 h, the belt-like hard-templates completely disappeared and
transformed into the biomimetic dental enamel-like nanorod
10 arrays. The diameter of the nanorods was around 8-15 nm and the
length was up to 60 nm (Fig. 2C). The morphology of the
oriented nanorod arrays was maintained with further increasing of
the hydrothermal time to 24 h, while the size of the nanorods
grew wider and longer at the expense of smaller crystals with the
15 increase of the reaction time.* The diameter and length of the
oriented nanorods in final products were 10-20 nm and 100-200
nm, respectively (Fig. 2D), which were close to those of human
enamel in sizes (a cross section of 33-65 nm and a length of 100-
1000 nm along the 3 According to the XRD
20 characterization results (Fig. 1), the obtained oriented nanorods
transformed from hillebrandite nanobelts was HAp phase. Further
study of the synthetic nanorods by SAED showed the distinct
diffraction rings with some bright points as shown in Fig. 2C-D.
These points could be ascribed to (002) and (300) of HAp,*
s which the former further indicated that the synthetic HAp
nanocrystals were well-aligned along c-axis and formed into
bigger building units on microscale level.

[

c-axis.

Fig. 2. FETEM images of the hard-template of hillebrandite (A), and the
30 obtained products after hydrothermal treatment of the hillebrandite in

Na;PO, aqueous solution at 150 °C for 0.5 h (B), 2 h (C) and 24 h (D),
respectively. The figures inserted at the top-right corner are the selective-
area electron diffraction (SAED) images of the synthetic HAp products.

The surface morphologies of the hard-template and the

35 synthetic enamel-like HAp nanorod arrays were further observed
by FESEM (Fig. 3). The result further confirmed that the hard-
template of hillebrandite was belt-like shape with smooth surface
and thickness of about 200 nm (Fig. 3A). As expected, the final

products  hydrothermally transformed from hillebrandite
40 nanobelts were constructed by orientated HAp arrays on
nanoscale level and the arrays further woven into belt-like three-
dimensional architectures on microscale level with similar length
and thickness to hillebrandite nanobelts. In addition, the size of
the HAp nanorods was similar to that observed in FETEM test.

7
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Fig. 3. FESEM images of the hard-template of hillebrandite (A), and the

as-synthesized dental enamel-like HAp nanorod arrays via hydrothermal
treatment of the hillebrandite at 150 °C for 24 h (B).

< &

45

Crystal structure of
hillebrandite nanobelts ope
0co0o A
©p% Sillicate layer O
"‘ 4 o

070,0 ‘lateriayer Caand 160 As:

Vv »

ettt
Nucleation and growth of
oriented HAp arrays

Splitting of hillebrandite

ar
nanobelts HAp nanorods

so Fig. 4. Schematic illustration of the formation and morphology evolution
of enamel-like HAp nanorod arrays in the whole synthetic process.

In present study, the dental enamel-like HAp nanorod arrays
were successfully synthesized using hillebrandite nanobelts as
hard-templates. On the basis of time-dependent experiments and
the FETEM observations (Fig. 2-3), the evolution process of the
oriented HAp arrays is summarized in Fig. 4, which may be due
to the crystal structure and morphology of hillebrandite nanobelt
itself. As a typical calcium silicate hydrate (CSH) material, the
as-synthetized single-crystalline hillebrandite nanobelt is ordered
¢ phase with layered crystal structure. The layer consists of a
central Ca-O part sandwiched between parallel silicate chains.*"
When hydrothermal treatment of the hillebrandite nanobelts in
Na;PO, aqueous solution, the sandwiched layers and silicate
chains of the nanobelts were firstly split into smaller fragments in

os parallel, accompanying with the release of the Ca*" and SiOs*
ions into the solutions. With the increase of the ion-release
amount, the concentration of the Ca’" and PO,> reached over
saturation and the HAp nucleated and grew on these
fragmentations, resulting in the oriented rod-like products.

70 During this process, the hillebrandite nanobelts played the roles
of hard-template directing, calcium and silicon ion sources. In
addition, the longer hydrothermal treatment increased the length
of the nanorods due to their preferred orientation growth along
the c-axis of HAp crystals.

7s The FTIR spectra of the hard-template of hillebrandite and
the synthetic dental enamel-like HAp nanorod arrays are
presented in Fig. 5. In spectrum for hillebrandite (Fig. 5A), the
absorption bands of silicate group were evident. The intense
bands at 857 and 1084 cm™ were the bending stretch of Si-O-Si,

[
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and the band at 465 cm™ assigned to the Si-O-Si vibrational mode
of bending. The peak at 713 cm™ was the symmetric stretching
vibration of Si-O-Si. The stretching vibration peak for OH
appeared at 3430cm™.** While the wide adsorption at around
1490 cm™ assigned to Ca-O stretching vibration.** The spectrum
for the final products hydrothermally transformed from
hillebrandite nanobelts is well in accord with the reported FTIR
data of HAp (Fig. 5B). The peaks at 563, 603, 962, 1031 and
1093 cm™! were the characteristic bands for PO,”. The peak
around 469 cm™' was the overlap adsorption of PO,* and Si-O.
While the low intensities at 3568 and 631 cm™ of the structural
OH bands suggested that the PO, tetrahedra are replaced by SiO,
tetrahedra in the HAp structure.***> The bands at 1458 and 874
em’! were attributed to the carbonate group, which might come
from the dissolved carbon dioxide in the hydrothermal solution.
The weak peaks appeared at around 631 and 3568 cm ' were the
characteristic OH band of HAp, while the peaks around 1647 and
3462 cm™' could be assigned to the bending mode of the absorbed
water.* The FTIR results further confirmed that the as-
synthesized products were silicon substituted HAp phase.
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Fig. 5. FTIR spectra of the hard-template of hillebrandite (A), and the as-
synthesized dental enamel-like HAp nanorod arrays via hydrothermal
treatment of the hillebrandite at 150 °C for 24 h (B).

The EDS mapping technology was further applied to
characterize the chemical compositions of the obtained enamel-
like HAp nanorod arrays (Table 1). The results confirmed that the
products was silicon-substituted HAp materials with silicon
content of 0.33 wt.%. On the other hand, the Ca/P molar ratio of
the obtained silicon substituted HAp nanorod arrays was slightly
deviated from the stoichiometric HAp (Ca/P = 1.67).

Table 1. Chemical composition of the synthesized enamel-like HAp
nanorod arrays via hydrothermal treatment of the hillebrandite at 150 °C
for 24 h.

Element Concentrations of the synthesized enamel-like HAp nanorod

arrays
Si(TV) (wt.%) Ca/P molar ratio Ca/(P+Si) molar ratio
0.33 1.66 1.63

35

40

Moreover, the oriented arrays of the nanorods formed into
bigger building units on microscale level in the synthetic dental
enamel-like HAp materials might lead to higher specific surface
area (Sggr) and formation of mesopores, which were confirmed
by the nitrogen adsorption-desorption isotherm and the density

60

functional theory (DFT) pore size distribution curve (Fig. 6). The
Sger of the dental enamel-like HAp nanorod arrays via
hydrothermal treatment of the hillebrandite nanobelts in Na;PO,
aqueous solution at 150 °C for 24 h reached high value of 92.67
m%/g, which was approximately 2-7 times as high as the HAp
materials synthetized by traditionally chemical precipitation
method,* chemical precipitation and then hydrothermal treatment
approach,”® and the hydrothermal homogeneous precipitation
method,? etc. According to the International Union of Pure and
Applied Chemistry, the data shown in Fig. 6 suggested that the
synthetic dental enamel-like HAp nanorod arrays exhibit a type
H4 hysteresis loop deriving from particle aggregates with slit-
shaped pores in the range of 0.45~1.0 P/P0, which was typical of
a mesoporous structure.’®”’ Calculated from the adsorption
branches of the isotherms using the DFT method, the pore size
mostly located in the range of 5-50 nm (Fig. 6). Based on the
FETEM and FESEM observations, it can be concluded that the
mesopores came from the free space within the bundles formed
by HAp nanorod crystals at regular intervals.

250 1
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Fig. 6. The DFT pore size distribution of the synthetic dental enamel-like
HAp nanorod arrays after hydrothermal treatment of the hillebrandite at
150 °C for 24 h.

It can be expected that the bulk HAp materials with enamel-
like nanorod array structure might be obtained using bulk hard-
templates as precursors. The future studies will be focused on the
preparation of bulk materials in centimeter and then using as
hard-templates to prepare the bulk HAp materials, which can be
used for mechanical characterization and graft in hard tissue
regeneration applications.

4 Conclusions

In summary, we developed a novel strategy to synthetize dental
enamel-like hydroxyapatite (HAp) nanorod arrays via facilely
hydrothermal treatment of the hillebrandite nanobelts in Na;PO,
aqueous solution. The hillebrandite nanobelts acted as the
calcium ion source and a hard-template for the formation of HAp
oriented arrays. The main advantage of this strategy is that the
proteins or the environmentally unfriendly and unhealthy
reagents are not needed, which avoids the procedures and cost for
their removal in the final products. The synthetic HAp nanorod
arrays with oriented structure show similarity in structure to the
apatites presented in skeletons of human beings, and may be
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potentially useful in biomedical fields.
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Graphical Abstract

The biomimetic dental enamel-like hydroxyapatite (HAp) nanorod arrays were
facilely synthetized via hydrothermal treatment of the hillebrandite nanobelts as

hard-template in trisodium phosphate aqueous solutions.
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