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ABSTRACT

Paper history:

The present study aims to investigate the preparation and evaluation of phase and morphological

properties of a nano biocomposite ceramic. In this regard, the synthesis of fluorapatite (FAp) as the
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first phase and forsterite considered as the second phase by the sol-gel method was taken into
account. Then, nanocomposites with the base of fluorapatite with 15, 25, and 35 wt% of forsterite

were synthesized using the sol-gel method. The synthesized nanoparticles and nanocomposites were

characterized by using different techniques, Field Emission Scanning Electron Microscope

Keywords: (FESEM), X-Ray Powder Diffraction (XRD), and Fourier-Transform Infrared (FT-IR)
Spectroscopy. X-ray diffraction test results as well as infrared spectroscopy indicated that

Fluorapatite

fluorapatite, forsterite, and fluorapatite/forsterite nanocomposites were produced without impurity.

Forsterite FESEM result showed that the particle sizes of the produced nanocomposites with 15, 25, and 35

Nanocomposite
Biomaterials

wt% of forsterite ranged approximately between 25 and 80 nm. The result of the MTT assay proved
the nontoxicity of samples for 7 days.

1. INTRODUCTION

Bone is a live connective tissue that supplies structural
funding to the body organs and is an emergency
reservoir of calcium in the correction phase in case of a
disease or some pathological processes throughout life
[1,2]. Bacterial infection is a severe problem that
follows implant surgery in orthopedics and dentistry
[3,4]. Numerous studies have pointed out the positive
results of bioactive bioceramics regarding bone cell
growth [5-6]. The perfect biomaterials for orthopedics
may support the mechanical properties and
biocompatibility during the period of establishment
[7,8]. The agents that demoand hydroxyapatite contain a
high degree of decomposition in biological
organizations and in vivo solubility, which leads to a
decrease in use of hydroxyapatite in long-term requests
[9-11]. Nevertheless, its biological and physicochemical
properties can be strengthened by replacing ions that
usually exist in natural bone apatite [10,12].

The inherent brittleness of glass is the major limitation
of using bioactive glass as tissue-engineering scaffolds

* Corresponding Author Email: ali_manafi2005@yahoo.com (S. Manafi)

[13,14]. 1t was discovered that replacing fluoride ions in
the hydroxyapatite structure would significantly
increase biodegradability. Furthermore, the enhanced
absorption of protein expresses a tougher cellular
construction and supports the movement of phosphates
that create stouter osteoconductivity [15,16]. If OH" sets
in HA are entirely substituted with F-, fluorapatite
[Cai0(PO4)sF2] will be prepared [12,17], which has more
chemical and structural constancy equated with
hydroxyapatite [18-20]. The ion exchange has a positive
effect on propagation, morphology, and differentiation
of osteoblast-like cells and enhances bioactivity [21,22].
Fluorapatite also forms the external layer of the tooth
[19]. The mineral phase of the tooth under the enamel
comprises about 0.04-0.07 wt% fluorine [17,23]. The
enamel contains fluorapatite with substitution of 50% F
with OH" [24].

In 2019, Nguyen and his colleagues established the
forsterite bioceramics by using the sol-gel method. Their
results designate the adhesion, proliferation, and growth
of bone marrow cells on the forsterite ceramic surface.
As a result, forsterite ceramic as an ideal bioservice can
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be appropriate for bone tissue repair. Another research
defined biocompatibility of forsterite. In addition, the
elasticity of forsterite and its adhesion to dense and
spongy bones were among the significant parameters in
its collection as biomedical material [25-27].

Forsterite is a magnesium silicate mineral with the
chemical formula of 2MgO.SiOx. It is a magnesium-rich
end-member of the olivine solid solution series with a
comparatively high melting point of 1890 °C for
refractory demand [27].

Bioactive ceramics have been established in medical
demands as a bone substitute material for ruptures.
Calcium phosphate ceramics such as hydroxyapatite
(HAp: Caio(PO4)s(OH),) and forsterite are broadly
applied as implant materials owing to their
biocompatibility with and close semblance to the
mineralized phase of human bone structures [1], which
can facilitate the formation of new bone with the
neighboring tissue [28]. Nanomaterials enjoy an
enormously wide range of possible applications from
nanoscale optics and electronics to nano-biological
systems and nano-medicine. The following methods
have been used to synthesize nanosized particles: sol-
gel, hydrothermal, solvothermal, sonochemical, direct
oxidation, electrodeposition, micelle, and inverse
micelle usage, emulsion or hydrolysis precipitation,
chemical/physical vapor deposition, microemulsion
processes, microwave approaches, and ultrasonic [6-9).
Among the numerous preparation techniques, sol-gel is
considered one of the simplest methods for synthesizing
nanoparticles in ambient conditions. Besides, it does not
require complicated setup and the experimental
conditions can be easily controlled [9,11,12]. In
addition, sol-gel process can be controlled to obtain the
required oxide with a high degree of homogeneity and
purity [22].

Likewise, HA and forsterite can be made from natural
sources with calcium-based structures such as bovine
bone, mollusk shell, or corals [29]. Consequently, these
materials may be considered as  cost-effective
biomaterials for bone tissue engineering in bone graft
applications. HA is presently used as implant material in
orthopedic surgery and dental implant due to its
biocompatibility, osteoconductivity, and chemical
similarity to the human skeletal system [5]. It has a
calcium-to-phosphate  ratio of 1.67, which is
homologous to natural human bone [26]. Conversely,
bulk HA cannot be used as load-bearing implants due to
low mechanical properties such as great brittleness [27].
To this end, investigators have previously attempted to
combine HA with forsterite to develop composite
biomaterials structure with enhanced mechanical and
biological properties [28]. This grouping may be
attained through sintering; however, sintering above
597 °C would source forsterite crystallization [29]. The

Na,Ca;SisOg crystalline phase formed recovers the
mechanical property [29] and bioactive response [26].
The combination of fluorapatite particles with forsterite
affords its special properties such as augmentation of
bioactivity and mechanical properties.

The present study aims to synthesize and characterize
fluorapatite, forsterite, and fluorapatite/forsterite
nanocomposite by the sol-gel method for bone tissues.
The novelties of this research are exploring the effect of
different percentages of forsterite for preparing the
fluorapatite-forsterite nanocomposite, investigationg the
morphological and microstructure properties of
fluorapatite-forsterite nanocomposites and fluorapatite,
and considering forsterite nanoparticles.

The present study aims to develop and evaluate a
ceramic nanosized composite with properties close to
bone properties and good biocompatibility for dentistry
and orthopedics applications as a bone constructor.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of FAp Powder

First, 5.91 g hydrated calcium nitrate (Ca(NOs).4H.0,
98%, Merck, CN)) was dissolved in 20 ml absolute
(98%, Merck, ET)/water (W) and then, another solution
was made by dissolving 1.36 g triethyl phosphate (97%,
Merck, EP) in 20 ml ET/W. Then, 0.28 g fluoride
ammonium (97%, Merck, FAp) was dissolved in 20 ml
(ET)/W. Three solutions were stirred to obtain
transparency for 24 h. At the second step, the calcium
solution was added dropwise at a rate of 5 ml/min to
phosphate solution with vigorous stirring for 72 h. A
milky and gelatinous precipitate was obtained. The
obtained precipitates were centrifuged and washed by
ethanol four times, dried at 80 °C for 5 h, and
subsequently ground with mortar and pestle. Finally, the
resulting fine fluorapatite powders were heated to 550
°C for 1 h.

2.2. Preparation of Forsterite

In order to prepare forsterite (FO), aqueous magnesium
nitrate (98%, Merck, MN) solution was prepared in 50
cc distilled water. After the dissolution of magnesium
nitrate in distilled water on a magnetic stirrer, colloidal
silicon oxide with the molar ratio of magnesium to
silicon 2:1=Si: Mg was added and the magnetic stirrer
was homogenized. The required amount of sucrose was
dissolved in 100 cc of distilled water and added to the
mentioned solution. After 2 h of homogenization at
ambient temperature, polyvinyl alcohol (Merck, 96%,
PVA) solution was distilled in 20 cc of water with
magnesium to polyvinyl alcohol ratio of 0.8 and added
to the mentioned solution. The pH was adjusted to 1. To
uniformly distribute the raw materials and accelerate the
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hydrolysis process, the above solution was stirred by a
magnetic stirrer for 2 h at ambient temperature of 80 °C.
Subsequently, to complete the hydrolysis and
polymerization processes of the precursors and to ensure
sufficient time for the ions to be uniformly distributed in
the structure, aging operations were carried out at
ambient temperature for 24 h and dried at 100 °C and
sintered at 900 °C for 2 h.

2.3. Preparation of Fap/Forsterite
Nanocomposite

To synthesize FAp/forsterite nanocomposites with 15,
25, and 35% wt% of forsterite, three sols were prepared.
First, 591 g of calcium nitrate of tetrahydrate
(Ca(N0O3)2.4H,20, 98%, Merck, CN) in 20 ml absolute
ET/W solution (75% -25%) was dissolved. Then, 1.365
g triethyl phosphate (99%, Merck, TP) in 20 ml absolute
ET /W (75%-25%) was stirred for 1 h. In the meantime,
0.28 g ammonium fluoride (99%, Merck, AF) was
dissolved in 20 ml absolute ET/W (75-25%) and stirred
at 45 °C. Finally, forsterite powder with 15, 25, and
35wit% was added to the final solution and stirred for 48
h. Furthermore, the solutions were dried for 24 h at 110
°C and sintered at 600 °C for 2 h. The sample names are
shown in Table 1.

TABLE 1. The name of the samples

Code Sample

FAp Fluorapatite of 100%
FAp-F-15 Fluorapatite-Forsterite of 15%
FA-F-25 Fluorapatite-Forsterite of 25%
FA-F-35 Fluorapatite-Forsterite of 35%
FO Forsterite of 100%

2.4.Characterization of FAp /Forsterite
Nanocomposite

Phase identification was performed by X-Ray
Diffraction (XRD) PW1800, of Philips Company, using
nickel-filtered CuKq radiation in the range of 26=10-60°
at a scanning speed of 5° per minute. A Perkin Elmer
Spectrum 100 series Fourier FT-IR (Transform Infrared
Spectrometer) was used in conjunction with the
Universal Attenuated Total Reflection (UATR) method.
Microstructures of powders were identified by
transmission electron microscope (Philips—Zeiss-
Germany), Scanning Electron Microscopy (SEM
PHENOM), and field Emission Scanning Electron
Microscope (FESEM).

2.5. Evaluation of Cell Survival By MTT Test

At the next step, the proliferation and survival of L929
cells on the surface of the samples were evaluated by
MTT assay. To prepare the samples, a common protocol
for this test was used. In this way, 5 mg of each sample
was mixed in the medium and incubated at 37 °C for 7
days. The stored stock of MTT solution was added to the
control and the treated cell line samples and again
incubated at 37 °C for 3 h. Then, the medium was
removed and mixed with solubilizing buffer. During this
process, the MTT ring was broken, thus creating
crystalline purplish color. The intensity of this color was
directly related to the living cells. Next, the supernatant
was discarded and the cells were washed. Finally, the
absorbance of the solution was calculated by the
spectrophotometer. The following formula was then
used to determine the survival rate:

Cell Viability% = ODs/ODc

ODs Optical Density Sample, ODc Optical Density
Control.

3. RESULTS AND DISSCUSSION

3.1. X-Raydiffraction Analysis of Forsterite, FAp,
FAp/Forsterite Nanocomposite

Fig. 1(a) shows the XRD patterns of the forsterite
powder. Based on the X-ray diffraction pattern, it
represents a broad and longer form expressing the
amorphous structure of the synthesized nanopowder.
The peaks belonging to the crystalline phases are visible
at angles of 22.81, 23.89, 29.53, 44.57, 64.94, and
65.59°, depending on the effects of crystalline phases of
forsterite (JCPDS No. 00-004-0769).

X-ray diffraction pattern of nano-powdered synthetic FA is
shown in Fig. 1(b). It was discovered that all the peaks
identified in the diffraction pattern were related to the
structure of fluorapatite with JCPDS No.00-003-0736
with a hexagonal crystal structure. The peaks belonging
to the crystalline phases were visible at angles of 21.78,
25.77, 28.99, 48.19, 60.13, and 63.07°. Based on
interpretation of the diffraction pattern, it can be
concluded that this structure is well crystallined.

Figs. 1(c-e) show the X-ray diffraction pattern of the
FAp/forsterite nanocomposites. The synthetic nanosized
particles were distinguishable from the synthesized
composite dispersion pattern. Based on the examined
patterns, it can be conluded that these patterns are very
difficult to be distinguished due to the overlapping of the
peak of the forsterite with apatite peaks.
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Figure 1. X-ray diffraction pattern of a) nano-powdered
synthetic FO; b) nano-powdered synthetic FAp; ¢) FAp-F-15
nanocomposite; d) FAp-F-25 nanocomposite; €) FAp-F-35
nanocomposite

However, the most significant peak of forsterite, the one
at 26=36.53°, was detectable in all patterns due to lack
of overlap with the fluorapatite peaks; in addition, its
intensity increased as the forsterite weight percentage
increases. Mazrooei Sebdani et al. discovered that the
crystallite size increased by enhancing the Forsterite
phase in hydroxyapatite—forsterite—bioactive glass
nanocomposite coatings [30]. In another research,
Forghani et al. found no grain growth during calcination
in  Fluorapatite- Forsterite  Nanocomposite  [31].
However, no significant changes in the crystallinity in
XRD peaks were detected in this study.

3.2. Infradspectroscopy Analysis of Forsterite, FAp,
FAp/Forsterite Nanocomposite

Forsterite characteristic bands mainly consist of two
main categories: one visible peak at 890-1090 cmt, 841
cm?, and 614 cm? corresponding to SiOs group

. Manafi et al. / ACERP:Vol. 6, No. 2, (Spring 2020) 35-42

vibrational modes, and the other two peaks at 425 cm™
and 2510 cm™ regarded as vibrational modes of
octahedral of MgO [27,28].
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Figure 2. Infrared spectroscopy analysis of a) nano-powdered
synthetic FO; b) nano-powdered synthetic FAp; ¢) FAp-F-15
nanocomposite; d) FAp-F-25 nanocomposite; €) FAp-F-35
nanocomposite

In the FTIR spectrum of pure forsterite, the peaks at
1634 cm* and 3433 cm™ corresponded to the bending
vibrations of water molecules adsorbed on the surface of
nanoparticles and tensile vibrations of the O-H group in
the water molecule. The peak at 1044 cm™ was due to
the tensile vibrations of Si-O-Si bonds in the silicate
lattice in the forsterite [29]. Except for the characteristic
peaks mentioned, no other peaks related to the structural
impurities in the spectrum could be observed, which
might confirm the structural purity of the synthesized
sample (Fig. 2(a)).

Fig. 2(b) shows the FTIR spectrum of the synthesized
fluorapatite nanoparticles. The relevant FTIR spectrum
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had all vibrations from v to v; related to the phosphate
group in the structure of apatite [16]. Finally, there were
two courier sharps of 564 cm™ and 603 cm* belonging
to the group of v, vibrations [17]. The presented peak at
741 cm® represented the hydroxyl chain, which was
found in this structure that was rich in fluorine [21]. The
peaks at 1640 cm™ and 3700 cm™ were related to O-H
groups. A central peak of 873 cm™ along with a band
with two edges of 1413 cm™ and 1465 cm™ were
attributed to structural carbonate (CO3?) groups [19].
The presence of this group proved the bioavailability of
fluorapatite.

FTIR spectra of fluorapatite-forsterite composites with
15, 25, and 35 wt% of forsterite contained absorption
peaks corresponding to each component (Figs. 2(c-e)).
As shown, the FTIR curve of nanocomposites did not
significantly change by adding different percentages of
forsterite. However, the intensities of the forsterite
characteristic peaks, especially the peaks at 510 cm?,
890 cm?, and 1040 cm™, gradually increased as the
weight percentage of the forsterite in the composite
samples increased.

3.3. Morphological Properties of Forsterite, FAp,
FAp/Forsterite Nanocomposite

Field Emission Scanning Electron Microscopy
(FESEM) images of fluorapatite, forsterite, and
fluorapatite/forsterite nanocomposites with different
forsterite percentages are presented in Figs. 3 and 5. Fig.
3(a) depicts the FESEM images of synthesized
forsterite. It can be noted that the nanoparticle is
characterized by spherical morphology with some
agglomeration due to the intrinsic nature of
nanoparticles, and their particle size ranged from 48 to
25 nm. Fig. 3(b) shows the FESEM microsphere of the
synthesized fluorapatite nanoparticles. In addition, the
formation of nanometric particles with spherical
morphology and a particle size range of 23-30 nm are
given.

Fndl [T DA

(b)
Figure 3. Field emission scanning images of a) FO, b)
FAp

According to Fig. 4(a), the EDS pattern of the
synthesized FO particles showed the major constituent
elements, namely silicon, magnesium, and oxygen, at
the atomic ratio close to the stoichiometric sample of
MgSiO4. The pattern showed no impurity, indicating
the high elemental purity of the synthetic forsterite
particles. According to Fig. 4(b), the EDS pattern of the
fluorapatite  nanoparticles  indicated that the
nanoparticles were composed of four dominant
elements: calcium, phosphorus, fluorine, and oxygen,
which were essentially the constituent elements of
fluorapatite according to the experimental Cas(PQO4)sF
formula. The EDS pattern did not show the peaks
characteristic of other impurities, which could be
considered as a good criterion for the high elemental
purity of the synthesized nanoparticles.

FESEM images of FAp/forsterite nanocomposites with
different forsterite percentages are presented in Figs.
5(a-c). As shown earlier, the spherical shape of these
synthesized particles with different particle sizes
ranging from about 20 nm to 80 nm in three samples
confirmed the XRD results. The particle sizes of FA-F-
15 ranged from 45 to 80 nm. Moreover, as the forsterite
particles increased, the particle sizes became finer in
FA-F-25 and FA-F-35. The particle sizes in FA-F-25
ranging from 33-45 nm reached 20-40 nm in FA-F-35.

Moreover, as the Forstrite particles increase, the particle
sizes become finer. This outcome was predictable due to
the different diffusivity rates of between silicon and
magnesium and the greater number of fluorapatite-
fluorapatite grain boundaries made the growth of
forsterite harder [2]. Apatite containing phase-forsterite
with emphasis on SiO, and MgO showed slow
diffusivity and exiguous presence in the assembly.
These findings were also the result of research by Hiraga
and Johanson who worked on synthesis and grain
growth of Periclase as the main phase and forsterite as
the second phase. The EDS pattern in Fig. 6 shows the
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presence of oxygen, fluorine, magnesium, silicon,
phosphorus, and calcium, which were the main
constituents of the two structural components of the
nanocomposite without the presence of impure
elements.
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Figure 4. EDX of a) FO nanoparticle, b) EDX of FAp
nanoparticle
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Figure 6. EDX pattern of FAp-F-25 nanocomposite

3.4.MTT TEST

The results of the MTT test (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) after 7 days are
presented in Fig. 7. Regarding the shape, it can be found
that by increasing the time duration of cell replacement
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with the extract in all three main samples, negative
control and positive control of cellular responses
increased by 15 and 25% of forsterite, but the probability
of cell survival was reduced with a 35% forsterite
increase.

3;0.7’
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=
< 03
c')0.27
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FA-F-15 FA-F-25 FA-F-35 FO

Samples

Figure 7. MTT cell survival test for all the samples after 7 days

TABLE 2. The results of the MTT cell survival test for all
materials after 7 days

OD 7 days Mean SE

FA 0.382 0.031
FO 0.216 0.029
FA-F-35 0.292 0.024
FA-F-25 0.593 0.041
FA-F-15 0.479 0.031
Control 0.59 0.0223

Based on a comparison of the results, the FA-F-25
showed better behavior than FA-F-15 and FA-F-35,
which related to the equilibrium recognized in this type
of composite in terms of ion release and subsequent

relative toxicity.

4. CONCLUSION

Nano forsterite and nano fluorapatite were prepared by
the  modified sol-gel method, and nano
fluorapatite/forsterite nanocomposite with 15%, 25%,
and 35% of forsterite was prepared by the modified sol-
gel method at 600 °C with particle sizes ranging between
20-80 nm. Based on the X-ray diffraction patterns of
forsterite and fluorapatite, the crystalline phases of
forsterite with JCPDS No. 00-004-0769 and fluorapatite
with JCPDS No. 00-003-0736 with a hexagonal crystal
structure were produced, respectively. FTIR analysis
indicated that fluorapatite and forsterite without
impurities were produced. Also, the FTIR curve of

nanocomposites did not change clearly by adding
different percentages of forsterite. FESEM images of
fluorapatite, forsterite, and fluorapatite/forsterite
nanocomposites with different forsterite percentages
showed the spherical shape of these synthesized
particles with different particle sizes in all samples. The
particle sizes of FA-F-15 ranged between 45-80 nm.
Moreover, as the forsterite particles increased, the
particle sizes became finer in FA-F-25 and FA-F-35.
The results of the MTT cell survival test for all materials
after 7 days did not show any toxicity.
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