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Abstract

In natural tooth enamel fluoride is always present in the carbonated hydroxyapatite mineral and plays
a key role in the prevention of tooth decay. In this study we aimed at mimicking this natural anti-
caries ability of the tooth by developing new, effective anticaries materials using fluorapatite
nanorods or nanowires. We therefore investigated the conditions necessary to synthesize fluorapatite
nanorods of different size, shape and composition for future use either directly or indirectly, that is
by incorporation into dental materials, in the treatment and prevention of caries. By controlling the
chemical conditions, nanorods of desirable chemical composition and dimension were produced.
The mechanism of how these structures were formed is also proposed.
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INTRODUCTION

Although the main mineral of tooth is a carbonated hydroxyapatite, natural teeth always contain
fluoride to some extent, in the form of fluorapatite or fluor-carbonate-hydroxyapatite (eg. the
tooth enameloid of shark is quorapatite).ll 2 These compounds are believed to play a key role
in the prevention and control of dental caries. Fluorapatite [Ca;o(PO4)sF2, FA] is hexagonal
with the highest symmetry found among the apatite minerals [space group: P6/m (175) with
the lattice constants a = 9.3684 and ¢ = 6.8841 ].3 The crystal structure can be considered as
the Ca?* and PO,3~ arranged around the central column of fluoride ions, which extends
throughout the crystals in the [001] direction (c-axis).ll 4 The substitution of OH™, CI",
CO42~ or other ions for the F~ usually leads to atomic displacements and lower symmetry,
therefore compromising its chemical stability.4 Fluorapatite is chemically stable but is known
to release fluoride as the pH in the oral cavity falls. It is believed that the reason for fluoride’s
anticaries effect is due to its ability to partly transform the carbonated hydroxyapatite in enamel
to thermodynamically more stable FA or fluor-hydroxyapatite (FHA) and then during the caries
process the fluoride is released which changes the dynamics of the demineralization /
remineralization process.5 Fluoride is the most electronegative of the elements, and it is of
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small ionic diameter with a high charge density which endows it with a great capacity to form
strong ionic and hydrogen bonds. This provides the fluoride ion with a potential for interacting
both with mineral phases and organic macromolecules, and because of these properties,
particularly its small size, it can also act as a “structure former” in water. This can decrease
the mobility of water molecules in solution and in hydration layers of proteins and apatite
surfaces.8 On the other hand, fluoride substitutes directly for a column hydroxyl or occupies
a hydroxyl vacancy in the hydroxyapatite crystals, which incurs a reduction in a and b lattice
parameters in the crystal with a concomitant reduction in crystal energy. This generates a more
stable structure and the acid solubility of the crystals decrease dramatically giving the crystals
the anti-caries effect.

We set out to mimic this natural anti-caries ability of teeth by developing new, effective
anticaries materials using fluorapatite nanorods or nanowires. The advantage of these nanorods
or nanowires is that the physico-chemical composition is the same as the hydroxyapatite
crystals in the dental hard tissues. They also have the ability to release fluoride ions as the site
specific pH drops which will help in preventing caries and aid in remineralisation. Further these
nanorods / nanowires may be used directly to form a matrix to be placed in boney areas where
there has been, for example, malunion, defects, and/or where bone augmentation is desirable.
They could also be introduced into scaffolds containing the signaling molecules of bone, dentin,
enamel, cementum and / or blood vessels for the repair of the type of conditions referred to
earlier. Recently Yamagishi et al. has reported that it is possible to use the fluoridated-apatite
to repair early caries lesions directly.7 We believe that the shape and chemical composition of
well defined synthetic fluorapatite nanorods / nanowires have the potential to be layered over
carious lesions.

The excellent biocompatibility of HA nanostructures has resulted in many studies focusing on
their synthesis.8‘14 This is mainly achieved by using surfactamts,8 glutamic acid,9 EDTA,
10 polyaspartate,11 biological proteins,12 etc. to control the nucleation and growth of crystals
under varying synthetic conditions. However, there is little literature specially reporting the
synthesis of 1-dimension fluorapatite nanostructures. In comparison to hydroxyapatite, the
incorporation of fluoride makes the fluorapatite structure more stable, therefore, the reaction
progresses more easily under relatively simple and mild reaction conditions.

In this paper we report the synthesis of fluroapatite nanorods and nanowires of various size
and chemical composition under simple and relatively mild reaction conditions. Using
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM), Magic-Angle Spinning Nuclear Magnetic
Resonance Spectroscopy (MAS-NMR), Fourier transform infrared spectroscopy (FTIR) and
powder X-ray diffraction (XRD), the mechanism of how these structures formed was explored.

EXPERIMENTAL SECTION

Synthesis of FA nanostructures

Two methods were used to synthesize FA nanostructures. One is without the stabilizer EDTA,
under ambient pressure, and usually produced short FA nanorods. This is a modification of
our previous reported method of synthesizing hydroxyapatite nanorods.13 One hundred and
four point six milligrams hydroxyapatite powder and 8.4 mg sodium fluoride were mixed with
100 mL distilled water. The suspensions were stirred continuously and HNO3 was added until
the powder dissolved, after which the pH was adjusted to 2.4. Ammonium hydroxide was then
added dropwise to 20 ml the above solution with continuous stirring until the desired pH
between 6 — 11 was reached. The suspension was sealed in a plastic tube and kept in a water
bath at 70°C for 5 days. In order to obtain the longer FA nanorods similar to those seen in
human enamel, EDTA-Na,4.4H,0 was used to stabilize the Ca, allowing the slow release of
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Ca?*. The reaction is performed under mild hydrothermal conditions (121 °C, 2 atm) to
dissociate the Ca2* from EDTA-Ca complex. Typically, 1004.6 mg HA, 9044.8 mg EDTA-
Na4.4H,0 and 84 mg NaF were added to 100 mL distilled water. The suspension was stirred
continuously and the pH was adjusted to 4-12 using HNO3. The temperature of the solution
was raised to 121 °C at a pressure of 2 atm for six hours. All final suspensions were centrifuged
and washed with distilled water (pH 7.4) 3 times. The resulting pellets were dried in vacuum
before use.

Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra of crystals was characterized by a PERKIN ELMER Spectrum BX FT-
IR system (PerkinElmer Life and Analytical Sciences, Inc., Boston, MA, USA), using KBr
pellet method. Scan Number: 8; Scan range: 400-4000cm1; Resolution: 2 cm™.

Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy (MAS-NMR)

The 19F MAS-NMR measurements were conducted at a resonance frequency of 188.29 MHz
using a FT-NMR spectrometer (DSX-200, Bruker, Germany). Spinning rates of the sample at
a magic angle was 15 kHz. Recycle time was 120 s. The spectra for 19F were referenced to
CaF, taken as —108 ppm relative to the more common standard of CFCls.

Transmission Electron Microscopy (TEM)

JEOL 2010F STEM/TEM analytical electron microscope (JEOL USA, Peabody, MA, USA)
operating at 200kV and JEOL 3011 high resolution electron microscope (JEOL USA, Peabody,
MA, USA) operating at 300 kV were used for normal TEM imaging, high-resolution
transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectroscopy (EDS)
analysis. The sample was pipetted onto or transferred to holey-carbon film coated copper grids
and dried before TEM measurement.

Scanning Electron Microscopy (SEM)

SEM analysis was conducted on a Philips XL30FEG Scanning Electron Microscope (FEI
company, Hillsboro, OR, USA) operated at 15 kV (Resolution: 2.0nm at 30kV, 5.0nm at 1kV).

X-ray Diffraction Analysis (XRD)

Powder X-ray diffraction patterns of synthetic FA crystals were conducted on a Rigaka
MiniFlex* Diffractometer (Rigatu / USA, Inc., Denvers, MA, USA) using Cu K, radiation
(A =1.54056 ) at 30 kV and 15 mA.

RESULTS

Figure 1 shows the synthetic crystals formed under ambient pressure without EDTA. This
usually produced short FA nanorods. For instance, the synthetic crystals prepared at pH 6.0 or
pH 11.0 and aged at 70°C for 5 days have a similar length of approximately 20-50 nm and a
cross section of approximately 10 nm (Figure 1a and b). The corresponding selected area
electron diffraction (SAED) patterns (Figure 1c, d) indicate that all these synthetic nanorods
have a typical apatite crystalline structure. The EDS data (Figure 2a) shows that the Ca/P ratio
is between 1.6-1.7, which approaches the theoretical ratio of FA (Ca/P = 1.67). The strong and
sharp peak of 19F resonance at —103 ppm in 19F MAS-NMR measurement clearly evidences
the presence of F in the nanorod (Figure 2b). The FTIR spectra (Figure 2c¢) shows the synthetic
FA nanorods prepared at different pH’s. The P-O bond of the phosphate group’s stretching and
bending vibration remained in the same position at 1096 cm™1, 1032 cm™1, 964 cm™1, 604
cm1, 564 cm™1 for all pH’s, while the stretching vibration mode of the carbonates at 1424
cm1, 1453 cm~ and the stretching vibration mode of the OH ions at 3570 cm ™1 increased as
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the pH increased.1® We have also tried precipitation of the above solution under mild
hydrothermal conditions (121 °C and 2 atm). The crystals do not grow any longer even after
autoclaving for 6 hours at 120 °C and under 2 atm pressure. Generally the longer crystals are
difficult to synthesize using the above precipitation solution.

However, when the EDTA is added to the solution, we are able to produce longer FA crystals
under mild hydrothermal conditions (121 °C and 2 atm). The solution precipitation is sensitive
to pH. When the pH of the solution is in the range of 7-12, no precipitation occurs even after
autoclaving. However when the pH of the solution is in the range of 4-6, precipitates are
formed. Figure 3 shows that those crystals prepared at pH 6.0 in the presence of EDTA and
treated for 6 hours hydrothermally have a length of approximately 1-5 um and a cross section
of approximately 30-100 nm (Figure 3a). These crystals have very similar dimensions to those
enamel crystals isolated from rat incisors (Figure 3b).13' 16 The higher resolution TEM images
show these crystals to be spear-like having a sharp point (Figure 3c). The HRTEM images of
these crystals display a typical apatitic structure (Figure 3 e). In Figure 4 are images of the
crystals obtained at pH 5.0 in the presence of EDTA and treated for 6 hours hydrothermally.
They have a length of 1-5 um and a cross section of approximately 30-100 nm but aggregate
together. Figure 5 shows the crystals obtained at pH 4.0 in the presence of EDTA and treated
for 6 hours. They form flower-like structures (Figure 5a and c), the extremities of which are
made of many small branches (Figure 5b).

In order to further confirm the phase composition and crystallinity of these synthetic crystals
produced with or without the presentation of EDTA, we have conducted powder X-ray
diffraction pattern analysis (Figure 6). All of the diffraction peaks can be readily indexed to a
pure hexagonal phase with the lattice constantsa=9.381 and ¢ =6.912, which is in accordance
with that of synthetic fluorapatite.3 However, the crystals prepared under low pH (Figure 6a)
have a better crystallinity than those of prepared at neutral pH (Figure 6b) and at high pH
(Figure 6¢). Several of the peaks in Figure 6¢ are much broader than those seen in Figure 6a.
This is reasonable as the crystals prepared under pH 4.0 with the presence of EDTA are much
larger than those prepared under pH 10.0 without EDTA.

DISCUSSION

The FTIR spectra showed that the P-O bond of the phosphate group’s stretching and bending
vibration remained in the same position at 1096 cm™2, 1032 cm™1, 964 cm™1, 604 cm™1, 564
cm~1 for all pH’s. This indicates that all these prepared nanorods retained the same apatite
crystalline structure at the experimental pH range of 6-11. The stretching vibration mode of
the carbonates at 1424 cm™1, 1453 cm™1 and the stretching vibration mode of the OH ions at
3570 cm~Lincreased as the pH increased. This shows that the crystals have incorporated more
carbonate and hydroxyl ions at high pH than those at low pH. The carbonate increase is possibly
due to the absorption of carbon dioxide from the air at high pH. The crystals prepared at pH =
11 appeared to be carbonated fluor-hydroxyapatite with a very sharp peak at 1424 and 1453
cm~Land a peak at 3570 cm~L. This result indicates that abundant carbonate and hydroxyl ions
were incorporated into the FA crystals at high pH, although the crystalline structure of apatite
was maintained.

It should be noted that the F signal is not strong in energy-dispersive X-ray spectra (Figure 2a).
This is because of high energy TEM electron beam damage during the EDS data acquirement.
Fluorine is a light element and is easily released when bombarded by the high energy electron
beam.1” However, 19F MAS-NMR data clearly shows the strong and sharp peak of 1°F
resonance at —103 ppm (Figure 2b). This is the typical 1°F chemical shift of quorapatite.18
Furthermore chemical analysis of these synthetic crystals also confirmed that the ratio of Ca/
P/F is close to the theoretical value of Cag(PO4)sF.
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The precipitatation of FA is senstive to the pH of solutions. When the FA is formed without
the presence of EDTA, the pH increase will result in the release of PO, 3~ and F~ from their
other forms H3PO,4, HoPO4~, HPO42™ and HF. This will help the formation of Cag(POy4)3F.
As the pH increased, the OH™ will incorporate into the crystals to form Cas(PO4)3(F, OH).
Also the carbonates dissolved from the atmosphere will incorporate into the fluorapatite since
the specific structure and chemistry of apatite allow for numerous substitution of cations and
anions for Ca?~, PO4 3~ and F~ or oH~.19 Interestingly in comparison to our previous study
on HA formation, 13 under the same pH the FA has incorporated more carbonates into its crystal
structure than those of HA. This is probably because of the co-precipitation of F~ and CO32~
into the apatite structure to replace the PO43‘.20 This will lead to the formation of fluor-
carbonate-hydroxyapatite which is thought to be the main composition of biological apatite of
human tooth enamel.

The formation of FA crystals is determined by two processes. One is the initiation of nucleation
and the other is the continued growth of the nucleate. Without the presence of the EDTA, when
the pH of solution is increased by adding ammonium hydroxide, a large quantity of FA crystals
will quickly nucleate from the highly supersaturated FA solution. The free ions are quickly
consumed and therefore, the crystal growth will cease, which usually leads to the formation of
the short nanorods. Because of the very low solubility of the FA crystal and low concentration
of the free Ca?* and PO, ions in the solution, even under the mild hydrothermal conditions
the dimension of FA crystals will not change dramatically.

In the presence of EDTA, the EDTA will chelate strongly with Ca2*. Under low temperature,
the Ca2* is stabilized by EDTA which will dramatically decrease the concentration of free
Ca?* in the solution. Thus even under the high pH, the solution is clear and no precipitates
formed due to the low supersaturation of the solution. The chelating ability of EDTA to
Ca?* also depends on the pH of the solution. EDTA can exist in seven forms: HgY2*, H5Y™,
HaY, H3Y™, HoY2", HY3™ and Y#~. Because the most negative anions like Y#~ are the ligand
species with the strongest complexing ability, the larger the fraction of more negative anions,
the more stable of the complex. When the pH value of the solution is above 7, the more negative
anions HY3~, Y4~ will predominate, therefore with increasing pH, the stability of the complex
is improved.10 This is why at high pH, even under the mild hydrothermal conditions, Ca2* is
not released and this prevented the formation of the FA. Only at low pH, is it possible to release
enough Ca?* for the formation of FA. At low pH for example pH 4, the chelated Ca2* is not
stable under hydrothermal conditions resulting in the explosive release of Ca2* which produces
a large quantity of nucleates and / or nucleates of a large size. These large nucleates will
aggregate together and adopt a spherical structure in order to keep their surface energy low.
Each spherical structure will have many active growth sites and the further release of the
Ca2* will result in the growth of the FA crystals from these sites. Since the size of each nucleate
on the spherical aggregate is large, many defects will form during the nucleate’s fast growth,
that will produce small branches at the end of the crystal. This is similar to that described in a
recent report concerning ZnQO’s branching growth structure.21 The enhancement of the stability
of Ca-EDTA complex with the increase of the pH to 5 will result in the formation of smaller
spherical structures containing smaller nucleates for further growth compared to those at pH
4. Due to the small size of nucleates, only single nanorod (or nanowire) forms from each
nucleate. Therefore we cannot see the branching structures from the nanowires in Figure 4.
When the pH is increased to 6, because of the stronger chelating of Ca?* to EDTA, the nucleates
are both small in size and in quantity. Each individual nucleate will develop into individual
single nanorods (or nanowires). This leads to the formation of individual well-separeated, long
nanorod (or nanowires) formation as shown in Figure 3. The FA crystals may grow faster in
one of the polar [001] directions (either Ca2* positive face or PO, 3~ negative face). The fastest
growth direction will form the leading tip due to diffusion-limited growth, which results in a
spear-like crystal formation with one end of the crystal being sharper than the other.10, 22,23
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In summary, the present work shows we are able to synthesize FA nanorod / nanowire of
different composition, shape and size at low temperature or mild hydrothermal conditions by
simply controlling the pH and using EDTA as a stabilizer in the precipitation solution. These
nanorods and / or nanowires may have potential use in dentistry and medicine.
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Figure 1.
TEM image of the synthetic crystals prepared at (a) pH6.0; (b) pH11.0; 70 °C, ambient pressure

for 5 days; SAED pattern of the synthetic crystals prepared at (c) pH6.0; (d) pH11.0; lattice
planes corresponding to several rings have been indicated in ¢ and d.
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Figure 2.

(a) EDS of FA nanorods prepared at different pH’s; (b) 1°F MAS-NMR of FA nanorods
prepared at pH 7.0; (c) FTIR spectra of synthetic FA crystals prepared at different pH’s.
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Figure 3.

(a) SEM image of long FA nanorods / nanowires prepared at pH 6.0 in the presence of EDTA
and treated for 6 hours hydrothermally at a temperature of 121 °C and pressure of 2 atm; (b)
SEM image of enamel crystals isolated from maturation stage of rat incisor enamel. The
isolation methods see Chen et al., 2003 and 2005; (c) TEM image of the long needle-like
synthetic FA nanorods / nanowires; (d) HRTEM image of the long synthetic FA nanorods /
nanowires.
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Figure 4.

SEM image of long FA nanorods / nanowires prepared at pH 5.0 in the presence of EDTA and
treated for 6 hours hydrothermally at a temperature of 121 °C and pressureof 2 atm. (a) low
power of SEM image shows many nanorods / nanowires are from a common nucleate; (b), (c)
high power of SEM images of the nanorods / nanowires.
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Figure 5.

SEM image of long FA nanorods / nanowires prepared at pH 4.0 in the presence of EDTA and
treated for 6 hours hydrothermally at a temperature of 121 °C and pressure of 2 atm. (a) low
power SEM image show the flower-like structures; (b) TEM image shows that each end of the
branch of the flower-like structure is made of many small branches; (c) SEM image of one of
the flower-like structure.
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Figure 6.
Power X-ray diffraction (XRD) patterns of synthetic FA crystals prepared at a) pH 4.0 with
the presence of EDTA; b) pH 7.0 without EDTA,; c) pH 10.0 without EDTA.
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