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Abstract

Properties of apatites, such as bioactivity, biocompatibility, solubility, and adsorption properties can be tailored over a wide range by modifying

the composition via ionic substitutions. The aim of this work was preparation, characterization and in vitro bioactivity evaluation of Mg-doped

fluorapatite (Mg–FA) nanopowders. Mg–FA nanopowders with different Mg contents were prepared via sol–gel method. In vitro bioactivity

evaluation of powders was performed by soaking the powders in simulated body fluid (SBF). Results indicated that Mg ions entered into the

fluorapatite lattice and occupied Ca2+ sites, and the obtained powders had crystallite size about 30–100 nm. With increasing the Mg-substitution,

the solubility of powders and the adsorption of Ca2+ ions onto the powders surfaces increased simultaneously. It was concluded that Mg-

substitution improves the bioactivity of FA.
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1. Introduction

Calcium phosphate bioceramics including apatites are in

use, or being developed for implants in orthopedic and dental

applications [1–3]. Fluorapatite (Ca10(PO4)6F2, FA) materials

have been investigated as alternative biomedical materials [4–

6]. Biological apatites contain many substitutions (i.e. Zn2+,

Mg2+, F�, CO�3). These substitutions induce complex

structures at the unit-cell level and play a role in influencing

the dissolution rate of apatites, which may favour osteointe-

gration [7–9]. Properties of apatites,  such as bioactivity,

biocompatibility, and solubility can be tailored over a wide

range by modifying the composition via ionic substitutions.

Magnesium (Mg) is one of the most important cationic

substitutions for calcium in biological apatites. Dentin,

enamel and bone contain 1.23, 0.44, and 0.72 wt% of Mg,

respectively [10]. The presence of Mg makes the fluoridated

hydroxyapatite (FHA) coatings more bioactive in promoting
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bone formation [11]. Liang et al. [12] found that Mg

implantation improves the bioactivity of zirconia and

titanium. Mg is strongly associated with mineralization of

calcified tissues and directly stimulates osteoblast prolifera-

tion with an effect comparable to that of insulin [10,13].

In regard to the above points, Mg2+ substituted FA

bioceramics are expected to have better biocompatibility and

biological properties than pure FA. The essential requirement

for artificial biomaterials to exhibit a bone bonding to living

bone is the formation of a bone-like apatite (carbonate-

containing hydroxyapatite) layer on its surface within a

physiological environment [14,15]. Investigating the biological

behavior of biomaterials in simulated body fluid (SBF), which

has almost the same ion concentrations as those of human blood

plasma, is considered as the most efficient and economical way

to predict their bioactivity in body environment [16].

In the present work, Mg–FA nanopowders with different Mg

contents were fabricated by sol–gel method. The fabricated

nanopowders were soaked in SBF for evaluating their

bioactivity via analyzing the formation of apatite on the

surface of the powders.
d.
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Fig. 1. XRD patterns of Mg–FA nanopowders calcined at 600 8C.

M. Kheradmandfard et al. / Ceramics International 38 (2012) 169–175170
2. Materials and methods

2.1. Preparation of Mg-substituted fluorapatite

nanopowders

Mg-substituted fluorapatite nanopowders were prepared by

sol–gel method. Calcium nitrate tetrahydrate

(Ca(NO3)2�4H2O; Merck), magnesium nitrate hexahydrate

(Mg(NO3)2�6H2O; Merck), phosphorus pentoxide (P2O5;

Merck) and hexafluorophosphoric acid (HPF6; Floka) were

selected to prepare Ca-precursor, Mg-precursor, P-precursor

and F-precursor, respectively. A designated amount of

phosphoric pentoxide (P2O5, Merck) was dissolved in

absolute ethanol. Also, a designated amount of Mg-precursor

and Ca-precursor was mixed to form the Ca–Mg mixture and

then dissolved in absolute ethanol. This mixture was added

drop-wise into the P-precursor to obtain a solution with (Ca,

Mg)/P ratio of 1.67. Then, HPF6 was added to the solution

[11]. The designated degree of substitution of Ca2+ by Mg2+

in the mixture was determined by the x value in the general

formula of FA (Ca10�xMgx(PO4)6F2), where x = 0, 0.25, 0.5,

0.75 and 0.1 [7]. The subsequent powders were labeled as

FA0M, FA2.5M, FA5M, FA7.5M and FA10M, respectively.

The mixture was continuously stirred for about 24 h at

ambient temperature to form a gel. As-formed gel was aged

for 24 h, and then it was dried in an oven at 100 8C in air for

24 h. The dried gel was sintered at 600 8C for 1 h in a muffle

furnace.

2.2. Characterization

Phase structure analyses were carried out by X-ray

diffraction (XRD) analysis using a Philips X’Pert-MPD

diffractometer with Cu Ka radiation (l = 0.15418 nm) over

the 2u range of 20–608. The obtained experimental patterns

were compared to the standards compiled by the Joint

Committee on Powder Diffraction and Standards (JCDPS)

which involved card # 15-0876 for FA. The crystallite size of

prepared powders was determined using XRD patterns and

Williamson–Hall approach [17].

Lattice parameters (c and a) were calculated using XRD

patterns and the CELREF software.

The functional groups of samples were analyzed with

Fourier transform infrared (FTIR, Bomem, MB100) in a mid-

IR spectrum range in the range of 400–4000 cm�1. For this

purpose each powder was mixed with KBr. Mg contents were

determined using an atomic absorption spectrophotometer

(AAS) (3030). The morphology and agglomerates size

distributions of the prepared powders were investigated by

scanning electron microscopy, SEM. The morphology and

particle size of the powders were checked using Transmission

Electron Microscopy (TEM) working at 200 kV.

2.3. In vitro bioactivity evaluation

The SBF was prepared according to the procedure described

by Kokubo [18]. The ion concentrations of the SBF are similar
to those in human blood plasma. The obtained powders were

soaked in the SBF solution (pH 7.4) at 37 8C for 1, 3, 7 and 14

days at a solid/liquid ratio of 1 mg/ml without refreshing the

soaking medium.

After soaking for the predicted time periods, the powders

were filtered, rinsed with doubly distilled water, and dried in an

oven at 80 8C for 24 h before analysis by FTIR and SEM. Ca

and Mg concentrations in the SBF solutions were determined

by atomic absorption spectrophotometer (AAS, 3030).

Phosphate concentrations were determined by spectrophot-

ometer.

3. Results and discussion

Fig. 1a shows the XRD patterns of Mg–FA powders which

were sintered at 600 8C. FA diffraction peaks were observed for

all samples according to the standard card of FA (JCDP#15-

0876). It was found that the position of FA peaks shifted slightly

to higher angles with increasing the Mg content of FA powders

as shown in Fig. 1b. This suggests that the lattice parameters of

FA reduce as a result of the substitution of Ca2+ with Mg ions in

the FA lattice. On the other hand, since Mg ionic radius

(0.065 nm) is smaller than that of Ca2+ ions (0.099 nm) [19], the

substitution of calcium by smaller Mg ions resulted in a

contraction of the cell parameters of FA [19]. The lattice

parameters of the obtained powders are listed in Table 1. There



Table 1

Lattice parameters and crystallite size of the obtained nanopowders.

Sample a-Axis (nm) c-Axis (nm) Crystallite size (nm)

FA0.0M 0.93539 0.68713 46

FA2.5M 0.93491 0.68656 35

FA5.0M 0.93487 0.68650 69

FA7.5M 0.93454 0.68641 35

FA10M 0.93046 0.68433 35

Fig. 2. SEM micrographs of FA5M powder in different magnifications.
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is a large decrease of the unit cell parameters for FA10M in

compare to the other samples. Calcium ions in the apatite

structure occur in two different locations, Ca(1) and Ca(2). In a

real substituted apatite the locations of substituting ions are not

necessarily systematic. In neighboring unit cells the ions might

be located in different positions [20]. It is suggested that with

increasing of Mg content from FA7.5 to FA10M, the Mg ions

were substituted in the different position in the FA lattice in

compare to the other samples.

The crystallite sizes of the prepared FA with different

degrees of Mg content calculated by using XRD data are shown

in Table 1. The crystallite size of the obtained nanopowders is in

the range of 35–69 nm. Determining crystallite sizes from XRD

peak widths makes assumptions on crystallite shape and

crystallite size.

Fig. 2 shows the microstructure and morphology of FA5 M

powder. The morphology of the powders indicates that it is

composed of agglomerates with wide particle size distributions.

As shown in Fig. 2c, the agglomerated particles in Fig. 6a and b

are composed of very fine particles.

The TEM images of FA5M and FA10M powders (Fig. 3)

reveal that the powders are formed by agglomerates of irregular

particles ranging from 30 to 100 nm, consistent with values

calculated from XRD data.

Chemical analysis of the obtained Mg–FA nanopowders are

shown in Fig. 4, where x and xm are designated and measured

Mg concentration, respectively. As can be seen, with

increasing x, Mg concentration was increased. In addition,

xm was smaller than x, suggesting that the Mg was partially

incorporated into the FA lattice [7]. In other words, Mg in the

starting solution partially entered into the FA lattice. Similar

results were obtained for hydroxyapatite (HA) [8,19,21,22],

which show partial substitution of Ca with Mg in the HA

lattice.

Fig. 5 correlates the concentration changes of PO4
3� ions

in SBF with the magnesium content in powders for different

immersion times. As can be seen, with increasing Mg-

substitution, the concentration of PO4
3� ions in SBF was

increased, indicating that the solubility increases with the

increase in Mg-substitution of FA. The varying solubility

trend of Mg–FA obtained in this work is in agreement with

previous results that the solubility of apatites increases with

increasing ionic substitutions  into the apatite lattice

[11,23,24].

Fig. 6 correlates the concentration changes of Mg2+ in SBF

with the magnesium content in powders, for different

immersion times. It can be noted that the Mg concentration
in the SBF increased with increasing Mg-substitution of

powders.

The concentration changes of Ca2+ ions of the SBF solution

after soaking for different immersion times are shown in Fig. 7.

As can be seen, with increasing Mg-substitution up to 5%



Fig. 3. TEM micrographs of (a) FA5M and (b) FA10M nanopowders calcined at 600 8C.

Fig. 4. Changes in measured Mg concentration (Xm) versus different designated Mg (X).
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(FA5M), the concentration of Ca2+ ions in the SBF was

decreased compared to that of pure FA. In contrast, the

concentration of Ca2+ ions in the SBF for the powders with Mg-

substitution more than 5% (FA7.5M and FA10M) was increased

compared to that of pure FA.
Fig. 5. Concentration changes of PO4
3� ions in SBF after immersion of FA

powders with different Mg contents for different immersion times.
These behaviors indicate that with increasing the Mg-

substitution, the solubility of powders and the precipitation

of apatite onto the powders surfaces increased simulta-

neously. In fact, the Ca2+ ions concentration is controlled by
Fig. 6. Concentration changes of Mg2+ ions in SBF after immersion of FA

powders with different Mg contents for different immersion times.



Fig. 7. Concentration changes of Ca2+ ions in SBF after immersion of FA

powders with different Mg contents for different immersion times.

Fig. 8. FTIR spectra of sintered FA powder with different Mg contents: (a)

before immersion in SBF; (b) after immersion in SBF 28 days.
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both the release of Ca2+ ions from the powders and the

formation of apatite [25]. When samples are immersed in

SBF, both the dissolution of the powders and the precipitation

of the new apatite occur at the same time [9]. The decrease in

the Ca2+ ions concentration in SBF of FA2.5M and FA5M in

comparison with that of pure FA is attributed to the favour of

precipitation of apatite onto the surface of the powders that

overcame the release rate of Ca2+ ions to the solution. For

FA7.5M and FA10M, the release rate of Ca2+ ions to the

solution overcame the precipitation of apatite onto the

surface of the powders and resulted in increase in the Ca2+

concentration in SBF compared to that of pure FA. The

differences between the concentration changes of PO4
3� and

Ca2+ ions resulted from the formation of bone-like apatite

(Ca10 (PO4)6�x(CO3)x(OH)2) in which a part of PO43� was

substituted by CO3
2�. This finding is in agreement with other

research [16]. The FTIR observation (Fig. 8) confirmed this

interpretation. The FTIR spectra of the powders showed the

change of the groups of the powders before and after

immersion. The bands at 966 and at 474 cm�1 were attributed

to y1 and y2 vibration peaks, respectively [19,26]. The

absorption peaks located at 1096 and 1045 cm�1 were

derived from the asymmetrical stretching (y3) of PO4
3� and

at 577 and 603 cm�1 were assigned to the bending modes

(y4) of PO4
3�, respectively [19]. The bands located at 1632

and 3436 cm�1 in IR spectra of FA0M powder were

attributed to the water present in the samples and/or absorbed

in the KBr pellet [7]. The IR spectra of each of the prepared

powders are characteristic of FA [6,7]. After immersion in

SBF for 28 days, as Fig. 8 shows, CO3
2� peaks at 865, 1134

[27,28], 1429, and 1455 cm�1 and OH� stretching vibration

at 3539 cm�1 emerged, confirming the change in the

composition of the powders and the formation of bone-like

apatite. The band at 758 cm�1 were assigned to the OH� � �F
group [6].

The dissolution and precipitation behavior of apatites are

the main factors governing their bioactivity [16]. The higher
the Mg content in the powders, the faster the dissolution will

be. This result is in agreement with previous works related to

Mg-substituted hydroxyapatite [9,11]. Therefore, the increase

in concentrations of Ca2+ and PO4
3� ions resulted in the

increase of local supersaturation, which is beneficial to

nucleation and growth of the new apatite crystals. In addition,

the more the samples dissolved, the more the nucleation sites

created. The higher precipitation rate would be obtained in

the samples of higher dissolution [16]. Furthermore, it should

be noted that Mg is a key-factor for Ca–P coating formation

from SBF, and it stimulates deposition of apatite layer

directly from SBF [12,29]. Fig. 9 shows SEM micrographs of

Mg–FA powders after soaking in the SBF solutions for

various time periods. These micrographs show the formation

and growth of apatite crystals on the surfaces of the powders

after soaking in the SBF solutions for various time periods.

As shown in Fig. 9, the higher the Mg-substitution, the faster

the apatite crystals grow which confirm the above inter-

pretations.

It is concluded from the analysis of the Ca, Mg and P

concentration changes combined with the FTIR result that the

bioactivity of the Mg–FA powders is dependent on the Mg

concentration of powders because the rate of HA formation

determines the bioactivity of the powders [11]. In other words,

Mg-substitution improves the bioactivity of FA.

Despite the limitations of the SBF study, examination of

apatite formation on the surface of a material in SBF is useful

for predicting the in vivo bone bioactivity of the material, not

only qualitatively but also quantitatively. This method can be

used for screening bone bioactive materials before animal

testing and the number of animals used and the duration of

animal experiments can be remarkably reduced by using this

method [18].



Fig. 9. SEM images of FA0M after soaking in SBF for 3 days(a) and 7 days(b), SEM images of FA5M after soaking in SBF for 3 days(c) and 7 days(d), SEM images

of FA10M after soaking in SBF for 3 days(e) and 7 days(f).
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4. Conclusions

Mg–FA nanopowders with different Mg contents were

prepared by sol–gel method. The in vitro bioactivity of

nanopowders was investigated by soaking the powders in

SBF. Results indicated that, during synthesis, Mg ions entered

into the fluorapatite lattice and occupied Ca2+ sites. The obtained

nanopowders had crystallite size about 30–100 nm. With

increasing the Mg-substitution, the solubility of nanopowders

and the adsorption of Ca2+ ions onto the powders surfaces

increased simultaneously. It was concluded that Mg-substitution

improves the bioactivity of FA.
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