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Abstract

As the mineral phase of tooth enamel consists of apatite containing fluoride, the ““CaF,-like” salts are of significant interest in dentistry for their
roles as labile fluoride reservoirs in caries prevention. Fluoride ion is required for normal dental development because of its therapeutic ability of
osteoporosis healing and stimulating osteoblast activity both in vitro and in vivo. In this research, biphasic Calcium fluoride/fluorinated-
hydroxyapatite (CF/FHAp) nanocrystals have been successfully synthesized via co-precipitation method. The synthesized powder was
characterized by the commonly used bulk techniques such as chemical analysis, Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS) and X-ray powder diffraction (XRD) analyses. The obtained results confirmed
the formation of biphasic powder composed of about 46% CF and 54% (w/w%) apatite phase which was a solid solution composed of more than
50% fluorapatite (FAp). In addition, in vitro evaluations of the powder were performed, and for investigating their bioactive capacity they were
soaked in simulated body fluid (SBF) at different time intervals. The samples showed significant enhancement in bioactivity within few hours of
immersion in SBF solution. Also, the EDS analysis clearly showed dissolution and deposition of calcium and phosphate ions on the surface of

synthesized biphasic powder after the first week of immersion in SBF solution.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Synthetic hydroxyapatite (HAp) has been used extensively
as a bone implant material due to its identical chemical
composition and high biocompatibility with natural bone [1-3].
The inorganic matrix component of natural bone is based on
HAp with formulation of Ca;o(PO4)s(OH), doped with
different quantities of cations like Na*, K* and Mg®* which
occupy Ca* sites and anions such as CO,*~, SO,*™ and F~
substituting OH™ groups. According to the previous studies,
these dopants especially F~ have a great influence on the
physical and biological properties of the material [4,5]. There
are also various FHAps with different degrees of fluorination,
Ca;o(PO4)6(OH),_»,F>, (x is the degree of fluorination, x =0
HAp, x=1.0 FAp, 0 <x <1 forms FHAp solid solution).
Fluorine tends to reduce the crystal size and increases stability
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of the apatite structure. At lower degrees of fluoridation the
apparent solubility declines markedly. It was suggested that
FHAp has a better thermal and chemical stability than HAp [6].
This phenomenon which was described well by Elliott et al. [7]
could be explained by considering the crystal structure of
apatites. When a certain amount of F~ ions substituted with the
OH™ groups in the HAp matrix, a certain level of chemical and
thermal stability of the FHAp ceramics will be achieved.
Theoretically, F~ ion concentration of 50% in the FHAp would
be enough to remove the disorder of the crystal structure of
HAp and hence stabilize its structure due to the alternating
arrangement of the F~ ions between each pair of OH™ groups.
However, by considering the random substitution of OH™ ions
with F~ ions in the OH™ positions, the F~ ion concentration
required for stabiling the structure was necessarily higher than
50% [1]. Thus, FHAp exhibits a considerable combination of
stability and biocompatibility [6].

Additionally, fluoride is an essential trace element required
for normal dental and skeletal development. It has been shown
that the presence of fluoride posses beneficial effects on

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.02.025


http://dx.doi.org/10.1016/j.ceramint.2011.02.025
mailto:mazami@aut.ac.ir
http://dx.doi.org/10.1016/j.ceramint.2011.02.025

2008 M. Azami et al./Ceramics International 37 (2011) 2007-2014

increasing the quantity and quality of bone formation in the
body [8]. Thus, the bone mineral produced by FAp is less
susceptible to dissolution and possible resorption. The fluoride
ion has a therapeutic ability for healing of osteoporosis, since
the bone mass is increased with F~ ion administration [9]. F~
ion is known to stimulate osteoblast activity both in vitro and in
vivo. In addition, the mineral phase of tooth enamel consists of
apatite containing 0.04 wt. % to 0.07 wt. % of fluoride, and
constitutes about 95 to 97% of the dry mass. F~ ions present in
saliva and blood plasma, are required for normal dental and
skeletal development. It has been suggested that intaking
fluoride of about 1.5-4 mg/day significantly reduces the risk of
dental caries [10]. Owing to the fact that fluoride is well known
for caries prevention and treatment of osteoporosis, FAp has
been widely investigated [6,7,9—-19].

CF and ““CaF,-like’” materials are also of significant interest
in dentistry due to their roles as labile fluoride reservoirs in
caries prevention. Low concentration of F in oral fluids derived
from labile F~ reservoirs formed by the use of F~ dentifrices
and rinses has been shown to have profound effects on the
progression of dental caries [20-22]. However, the low Ca
concentration in the mouth provides a limited driving force for
the formation of CaF,, and only very small amounts of CaF,-
like deposits are formed after a conventional sodium fluoride
rinse [23]. Precipitation of CaF, can cover the entire surface of
hydroxyapatite when supplied at a sufficiently high concentra-
tion[24]. Previous studies showed that a two-solution delivery
system, which supplies both F and Ca in a way that leads to
homogeneous nucleation and formation of very small CaF,
crystals in the mouth during application, was highly effective in
increasing deposition and retention of labile F in the mouth
[25,26]. This, in turn, increased the remineralization effects of
the F regimen without increasing the F levels [27,28].

There are several methods of synthesizing HAp and FHAp
with varied fluorine contents, such as, precipitation [29,30], sol-
gel [31] a solid state reaction [32], and pyrolysis methods [33].
Also, CF powder was synthesized by different methods such as
sol—gel method [34-36], solvothermal process [37,38], reverse
micelle method [39,40], different precipitation methods [41-
44], flame synthesis [45] and spray-drying process [46]. Among
the methods mentioned above, precipitation method appears to
be the most widely used for both FHAp and CF bioceramics.

The present study was aimed at preparing biphasic CF/
FHAp solid solution through a continuous precipitation method
especially for dental applications, which could be used not only
as an osteoconductive material due to the nature of FHAp but
also, as a labile F~ reservoir for developing potentially more
effective F~ regimens and as an agent for use in the reduction of
dentin permeability and dental caries prevention.

2. Materials and methods
2.1. Synthesis of biphasic powder
In a typical experiment, 0.03 M diammonium hydrogen

phosphate solution [(NH4),HPO,, %99, Merck; No.1207],
0.05 M calcium nitrate 4-hydrate solution [Ca(NOs3), .4H,0,

%98, Merck PROLABO; No.22 384.298] and a mixed solution
containing 0.03 M ammonia(NH;, Merck; No. 1.05426) with
0.01 M ammonium fluoride(NH4F, Merck; No. 101164) were
prepared. The latter solution was a buffer solution in which its
pH can be measured by the following equation (1):

[NH3]
INHAT]

Therefore, the value of the obtained pH was 9.72. This buffer
solution was used to simultaneously provide fluoride ion and
also keeping pH at a constant value for synthesizing proper
product. Required volume of buffer solution was added to both
solutions to adjust their pH on 9.72. Afterward, phosphate
solution was added drop-wise into calcium nitrate solution, at
ambient temperature, resulting in the precipitation of a biphasic
powder. During reaction, pH of the reactor was maintained on
initial value by continuous adding of buffer solution. The
precipitation of product can be described by simultaneous
reactions leading to apatite phase. It could be HAp (Eq. 2) or
FAp (Eq. 3) or the reaction which leads to CF (Eq. 4) as follow:

5C3(NO3)24H20 + 3(NH4)2HPO4+4NH4OH
= Cas(PO,)3(OH) + 10NH4NO; +23H,0 2)

pH = 9.24 + Log (D

5Ca(NO3),.4H,0 + 3(NH,),HPO, + 3NH,OH + INH,F
= Cas(PO4)3F + 10NH4NO3 +23H20 (3)

Ca(NO;)24H20 + 2NH4F = 1C21F2 + 2NH4NO3 +4H20
“)

The precipitate was centrifuged and washed with de-ionized
distilled water. The processes of centrifuging and washing were
carried out twice. The obtained powder was dried in a
lyophilizer system (Alpha 1-2LD, Germany) overnight. The
schematic flowchart of the synthesis procedure is shown in
Fig. 1.

2.2. Preparation of SBF solution

The SBF solution was prepared by dissolving reagent-grade
NaCl, KCl, NaHCOj3;, MgCl,.6H,0, CaCl, and KH,PO, into
distilled water and buffered at pH = 7.25 with TRIS (trishy-
droxymethyl aminomethane) and 1 M HCI solution at 37 °C.
Therefore, concentration of Na*, K*, Mg?*, Ca®*, CI~, HCO®",
HPO,*~, SO,*~ ions in the prepared SBF solution was 142.0,
5.0,1.5,2.5,147.8,4.2,1.0 and 0.5 mmol/dm3, respectively. It
should also be noted here that SBF is a solution highly
supersaturated with respect to apatite [47].

2.3. Characterization

2.3.1. SEM observations

The microstructure of the prepared samples was examined
by SEM. For this aim, the samples were coated with a thin layer
of Gold (Au) by sputtering (EMITECH K450X, England) and
then the microstructure and morphology of them were
evaluated by SEM (Philips XL30) that operated at the
acceleration voltage of 15 kV.
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Fig. 1. The schematic flowchart of the synthesis procedure.

2.3.2. EDS analysis
EDS (Rontec, Germany) connected to SEM was used to
investigate semi-quantitatively chemical compositions.

2.3.3. FTIR analysis

The synthesized samples were examined by Fourier
transform infra-red spectroscopy with Bomem MB 100
spectrometer. For IR analysis, at first, 1 mg of the powder
sample was carefully mixed with 300 mg of KBr (infrared
grade) and pelletized under vacuum. Then the pellet was
analyzed in the range of 500 to 4000 cm ™' at the scan speed of
23 scan/min with 4 cm ™" resolution.

2.3.4. XRD analysis

The obtained powder was analyzed by XRD with Siemens-
Brucker D5000 diffractometer. This instrument works with
voltage and current settings on 40 kV and 40 mA respectively
and uses Cu-Ka radiation (1.540600 A), and with the slit width
of 1 mm. For qualitative analysis, XRD diagrams were
recorded in the interval 20 <26 > 70° at scan speed of 2°/
min being the step size 0.02° and the step time 1 s.

2.3.5. Microstructural evaluations

Crystallographic identification of the phases of synthesized
powder was accomplished by comparing the experimental
XRD patterns to standards be compiled by the International
Center for Diffraction Data (ICDD), which was card #09-0432
for HA, #15-0876 for FA and # 77-2096 for CaF,. The average
size of the individual crystallites was calculated from XRD data

using the Scherrer approximation (Eq. 5):

0.91

t=—— 5
Bij2c086 )

where ¢ is the crystallite size, \ is the wavelength of Cu-Ka
radiation (1.540560 A) and 3, is full width at half maximum
intensity.

The lattice parameters such as a and ¢ of synthesized
powders was calculated by using the Eq. 6 for cubic and Eq. 7
and 8 for hexagonal systems, respectively, as follow:

)»2

sin%0 = v (W* +k* + %) For (hkl)plane (6)

a
A4 (R +hk+ k) P
25

sin“0 = vy {5 Q0 + ;} For (h k) plane 7
22 [4 (W + hk + K2

Sin29 = Z |:3 (—’_2—~_):| For (h k 0) Plane (8)

a

2.3.6. Bulk elemental analysis

Fluorine and calcium contents of the precipitated powders
were chemically analyzed by potentiometry and titration
techniques, respectively [48]. This experiment was carried out
to estimate the amount of each compound in the synthesized
powder.

2.3.7. In vitro bioactivity study in SBF solution

For this aim, samples were soaked in SBF solution at 37 °C
for 14 days. At regular intervals for 6 h and 1, 7, 14 days
samples were taken out by centrifugation and rinsed with
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Fig. 2. XRD pattern of the synthesized apatite with CaF,.

doubly distilled water, and then dried with lyophilizer
overnight.

2.4. Statistical analysis

All experiments were performed in five replicates. The results
were given as means =+ standard error (SE). Statistical analysis
was performed by using One-way ANOVA and Tukey test with
significance reported when P < 0.05. Also Kolmogorov-Smir-
nov test was used for investigation of group normalizing.

3. Results and discussion
3.1. XRD analysis

The XRD pattern of the synthesized sample is shown in
Fig. 2. As it can be seen in this figure, the straight base line and
the sharp peaks confirms that the product was well crystallized.
The XRD pattern indicates that two distinct phases were
formed in the obtained powder: apatite and CF. It is worth
mentioning that all the peaks were concerned with these phases
and trace of no other compound was detected by this technique.

To obtain more information from this pattern, the crystal-
lographic parameters of observed phases were calculated,
which are shown in Table 1 along with the same data for HAp,
FAp and CF extracted from ICDD database. As it can be
concluded from this table, the value of calculated unit cell
parameter a for apatite phase in the synthesized sample was
between pure FAp and HAp, while for parameter c, it was equal

Table 1
Unit cell parameters of the synthesized powder in comparison with ICDD
database.

Sample a(A°) c(A°)
HA (JCPDS # 09-0432) 9.42 6.88
FA (JCPDS #15-0876) 9.36 6.88
Apatite phase of the synthesized powder 9.39 6.88
CF (JCPDS # 77-2096) 5.44

CF phase of the synthesized powder 5.45

% Transmittance

4000 3500 3000 2500 2000 1500 1000 400

Wavenumber (cm™)

Fig. 3. FTIR spectrum of the synthesized calcium fluoride/hydroxy-fluorapatite
powder.

to all of them. Thus, it is evident that the synthesized apatite
phase is a solid solution of FAp and HAp. On the other hand,
some parts of hydroxyl groups in HAp have been substituted by
fluoride ion and formed FHAp.

As it is shown in Table 1, the parameter a of CF phase in the
synthesized sample was almost equal to indexed value for
standard CF in database. According to Debye approximation, the
crystallite sizes of FHAp and CF were 9.84 and 12.20 nm,
respectively.

In continuous solid solutions of ionic salts, the lattice
parameter of the solution is proportional to the atomic percent
solute present. This relation is known as Vegard’s law [49]. It
could be concluded from this law that, substitution of OH™
locations in HAp crystal by other ions such as F~ and CI,
change lattice parameter linearly proportionate with the amount
of substituted ions. Although, this law is not strictly obeyed by
all types of apatite crystals [50,51], it can give an approxima-
tion to determine how much OH groups have been substituted
by F~ ions in FHAp crystal structure. Rodriguez-Lorenzo ef al.
[30] investigated the influence of F~ ion on the structure of
synthesized crystals and others have shown its influence on the
mechanical properties [52], solubility [53], biocompatibil-

Table 2
Infrared assigned for the synthesized powder.

Infrared frequency (cm™ ! ) Assignment

568, 609 PO, > bend v,
875, 1385, 1635 Co;?

1033 PO, > bend v,
3445 OH.--F

Table 3

Weight percent of related elements in different compound in comparison with
synthesized powder.

F(wt%) Ca)wt%) Compound

49 51 CF

- 39.8 HAp

3.76 39.6 FAp

24.32 40.48 Synthesized powder
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Fig.4. SEM micrographs and EDS pattern of the synthesized powder before (a) and (b) and after soaking in SBF for various times, (a) and (b) 6 h, (¢) and (d) 1 day, (e)

and (f) 7 days, (g) and (h) 14 days.
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Fig. 5. Variation of different atomic ratio of biphasic powder during incubation
in SBF solution, (a) Ca/P ratio, (b) Ca/(P + F), (c) F/(Ca + P).

ity[54] and stem cell response[55]. A clear relationship was
shown between the size of the lattice parameter a and the
amount of F substitution. Regarding to the obtained data from
this research together with the reported results by Rodriguez-
Lorenzo et al., (see Table 1), it can be concluded that at least

50% of apatite solid solution phase of the synthesized sample is
FAp.

3.2. FTIR analysis

Fig. 3 shows the IR spectrum obtained from the synthesized
sample. The characteristic bonds and their assignments are
listed in Table 2. The bond at 1033 cm ™" arises from v3 POy, the
bonds at 608 cm™ ' and 567 cm ™! arise from v, PO,. As a rule,
with increasing the degree of fluorination in the structure of
HAp, the intensity of peak at 605 cm ™ increases with respect
to the peak at 565 cm71[56], Therefore, according to the
obtained results confirming that the peak at 605 cm ™' has more
height rather than 565 cm ™", substitution of OH ™ groups by F~
ions in the structure of the synthesized sample can be
concluded.

The minor band observed at 3445 cm™' maybe due to the
stretching mode of structural OH™ group in HAp while there is
no band at 622 cmfl, which is ascribed to librational mode of
structural OH ™. Therefore, it may be concluded that the peak at
3445 cm™ ' is most likely to be concerned with F~. It means that
most of the OH™ groups were replaced by F~ ions in the
structure of apatite phase of the synthesized powder.

It is also notable that, some carbonate content was observed
(CO5;~? peak around 868, 1384 and 1639 cm™"), which is an
indication of the presence of carbonate along with fluoride in
the structure of apatite, which might have originated from the
absorption of carbon dioxide from the atmosphere [57,58].

3.3. Elemental analysis

To determine the exact content of each compound in the
synthesized sample, elemental analysis was done, which
revealed the amount of Ca and F elements in the biphasic
powder. Since, Ca and F exist either in FHAp and CF,
mathematical equations were drawn based on the data shown in
Table 3, to evaluate the percentage of each compound in the
final precipitate. Results shows that the synthesized sample
includes about 46 (wt. %) of CF and 54 (wt. %) of FHAp.

3.4. In vitro bioactivity assessment in SBF solution

The SEM micrographs and related EDS data analysis of the
synthesized samples before and after soaking in SBF solution at
regular intervals (6 h and 1, 3, 7, 14 days) are shown in Fig. 4,
which shows the surface of samples before and after soaking
that can be used for comparison.

For all of the soaked biphasic powders, 50-500 nm
crystallites were observed on the particle surfaces after soaking
in SBF solution. Furthermore, as shown in the respective EDS
analysis results, elements Ca, O, P and F were detected on the
surfaces for all the soaked samples. As it can be seen in this
figure, there is no distinct difference between morphology of
initial synthesized powder and the samples soaked in SBF
solution for various times up to 14 days.

To understand what has happened during incubation in SBF
solution, the results of EDS analysis were studied precisely. For
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this aim, variation of mean value for Ca/P, Ca/(P + F) and F/
(Ca+P) atomic ratios was drawn versus time which is shown in
Fig. 5. According to Fig. 5 (a), Ca/P ratio which was 3 for the
prepared biphasic powder, decreased in the initial days and
reached to 2.5 at 7™ day, whereas increased sharply from 7" to
14™ day up to the value 3.9. This behavior confirmed that
during the first week, the synthesized powder underwent
dissolution of Ca and P atoms while Ca atoms from either CF or
FHAp dissolved more than P atoms from FHAp. At the second
week, Ca/P ratio reached to 3.9 which is more than the initial
value of the synthesized powder. This observation confirmed
deposition of a new calcium/phosphate phase on the surface of
samples during the second week.

Since, the synthesized powder itself contained apatite phase,
distinction between initial apatite phase and newly formed
apatite may not be concluded truly regarding Ca/P ratio.
Therefore, variations of other ratios such as Ca/F and F/(Ca+P)
were also studied.

Fig. 5 (b) displays variations of Ca/(P+F) ratio. Comparison
of this diagram with Ca/P ratio diagram can reveal dissolution
and deposition behavior of F atoms. If amount of F atoms on the
surface could stay constant, variation of Ca/P would be the
same as Ca/(P+F). Therefore, it is concluded that at least
between 6th h and 7™ day, F atoms experienced dissolution
along with Ca and P atoms in SBF solution.

Variations of F/(Ca+P) ratio versus time is shown in Fig. 5
(c). Based on this diagram, F/(Ca+P) ratio increased in the first
6 h which indicates dissolution of Ca and P atoms, and
decreased sharply until 14" day. This behavior confirmed that
highest amount of dissolution of Ca and P atoms occurred
during the initial 6 h and in this period of time, Ca and P atoms
underwent more dissolution rather than F atoms.

Regarding all of the obtained results, it is obvious that
deposition of an apatite phase occurred after 6 h of incubation
in SBF solution which confirms the bioactivity of the
synthesized biphasic powder. It is also important to point
out, since the synthesized powder which was soaked in SBF
solution contained FHAp, Ca/P ratio obtained from the surface
of incubated powder was more than 2.5. Thus, these ratios
cannot be considered as a criterion to determine what kind of
calcium/phosphate phase was deposited on the surface during
incubation but according to the obtained results indicating
dissolution and adsorption of F atoms, it can be concluded that
the newly formed calcium/phosphate phases contained fluorine
in their structure.

4. Conclusion

In this research, a biphasic nanopowder consisted of CF and
FHAp was successfully synthesized through a modified
precipitation method using buffer solution. The bioactivity
assay confirmed formation of a new calcium/phosphate phase
right after soaking in SBF solution. This product can be
considered as an osteoconductive dental filler or implant with
the ability of dental carries prevention due to release of fluorine
ions. Usage of buffer solution for this purpose not only can
produces biphasic powder but also provides the possibility of

establishment of a continuous process without manual interfere
for adjusting pH of the reactor. To achieve this possibility, the
amount of manually added buffer solution to the reactor during
the synthesis process should be measured. If measured amount
of buffer solution could be added to the phosphate solution
before beginning the synthesis process, the same product would
be obtained via a continuous method without needing to adjust
pH of the reactor (Ca solution) medium.
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