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Abstract

In this research, the replacement effects of bioactive glass (BG) by nanocrystalline forsterite (NF) on the biomineralization, microstructural and

mechanical properties of BG-based nanocomposites were investigated. The hybrid nanocomposites with different NF contents (0, 10, 20, and

30 wt%) were prepared from the nanopowders by means of conventional cold pressing method. Surprisingly, the addition of NF provided

redundant mechanisms to improve the toughness of the BG matrix without deteriorating its biomineralization properties. In addition, the resulting

enhancement in the fracture toughness, observed for the first time in highly bioactive BG/NF nanocomposites, indicated the potential of the

prepared nanocomposites as advanced biomaterials for load-bearing bone tissue engineering applications.
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1. Introduction

Different concepts for microstructure design of composites

have been proposed to overcome the inherent brittleness of

ceramics [1] but most of the predicted improvements have not

been achieved. In the range of ceramic materials, and according

to their nanostructure, bioactive glasses (BGs) are placed at the

farthest end from the conventional ceramics [2]. BGs have been

introduced and defined by Hench [3] as materials capable to

create a chemical bond with surrounding tissues. BGs in contact

with biological environments develop reactive layers at their

surfaces resulting in a chemical bond between implant and host

tissue [4]. The high reactivity of these materials is the main

advantage of their application in periodontal repair and bone

augmentation [5–7].
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BGs can be obtained by melting method around 1350 8C or

by sol–gel method at room temperature [8,9]. There are several

advantages of sol–gel-derived BGs over melt-derived ones.

Specially, the synthetic route and lower heating temperature

lead to increase the numbers of silanol groups and mesopores,

both of which act as nucleation sites for apatite formation.

Some other merits of this technique are as follow: lower

temperature processing, higher bioactivity, interconnected

nanometer pores which are able to be impregnated with

biologically active phases, no requirement of sodium oxide,

higher SiO2 content (up to 90 mol%). As silica is responsible

for network formation, it constitutes the basic component of the

BGs. Hence, larger amount of SiO2 results in more bioactive

and stable BGs.

The formation of bone-like apatite occurs not only in vivo

but also outside the body when BGs are soaked in solutions

emulating human plasma. In vitro evaluations are applied to

predict the behaviour of BGs inside the human body. It has been

used to make meaningful connection between biomineraliza-

tion of apatite in vitro and the bone bonding ability to induce
d.
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bone remodeling in vivo [10–12]. The nucleation and growth

mechanism of bone-like apatite was proposed for the first time

by Kokubo [13]. This mechanism consists of the interchange

between Ca2+ ions of BG and the H3O+ of simulated body fluid

(SBF) solution. In turn this causes the formation of Si–OH

groups on the BG surface and induces nucleation and growth of

apatite. In this context, numerous studies have been done on the

glasses obtained by sol–gel method. They belong to different

systems such as CaO–P2O5–SiO2. These assays revealed that

the immersion of BG in SBF increases Ca2+ concentration and

pH due to the partial dissolution of silica network. Obviously,

these changes affect the rate of apatite formation and bone-

implant integration.

In another point of view, BGs exhibit osteoconductive

properties defined as the characteristic of bone growth in

porosities and bonding along the surface. They are also

resorbable due to their mineral composition containing calcium

and phosphorus similar to natural bone [7]. Their disadvantage

lies in their low mechanical strength which limits their

applications. Toughening is often an important property

required for BGs and glass-ceramics. Also, for long-term

implants, it may be important to increase the toughness as much

as possible without losing bioactivity.

In recent years, some Si and Mg containing bioceramics

have drawn interests in the development of bone implant

materials [14]. Nanocrystalline forsterite (NF) is one of these

bioceramic materials. Compared with most of ceramics, NF

showed a significant improvement in the fracture toughness

about which superior to the lower limit reported for bone

implant [15]. In addition, Ni et al. [16] showed that NF is a

novel bioceramic with high mechanical properties and good

biocompatibility and could be suitable for hard tissue repair in

load-bearing sites. In addition, the nanometer-sized grains and

the high volume fraction of grain boundaries in nanostructured

materials are reported to show improved biocompatibility over

normal materials [17–19], and increased osteoblast adhesion

and proliferation [20]. According to the above points, NF

bioceramic is expected to have better mechanical properties

than BG, and the addition of NF can improve the mechanical

properties of the implants needed for bone defect repairing.

In this research, the nanocomposites were prepared from

nanopowder with different amount of NF to study their effects

on the mechanical properties and surface reactivity of the

samples.

2. Materials and methods

2.1. Preparation of BG

The BG consisting of 64%SiO2, 5%P2O5, and 31%CaO

(mol%) was synthesized as follows: 14.8 g (0.064 mol) of

tetraethylorthosilicate (TEOS) was added into 30 ml of 0.1 M

nitric acid, the mixture was allowed to react for 30 min for the

acid hydrolysis of TEOS to proceed almost to completion. The

following reagents were added in sequence allowing 45 min for

each reagent to react completely: 0.85 g (0.005 mol) triethyl

phosphate (TEP), and 7.75 g (0.031 mol) of calcium nitrate
tetrahydrate. After the final addition, mixing was continued for

1 h to allow completion of the hydrolysis reaction. The solution

was cast in a cylindrical Teflon container and kept sealed for 10

days at room temperature to allow the hydrolysis and a

polycondensation reaction to take place until the gel was

formed. The gel was kept in a sealed container and heated at

70 8C for an additional 3 days. The water was removed and a

small hole was inserted in the lid to allow the leakage of gases

while heating the gel to 120 8C for 2 days to remove all the

water. Subsequently, the powder was milled for 10 h by

planetary mill (SVD15IG5-1, LG Company).

2.2. Preparation of NF

Briefly, a transparent sol was prepared by dissolving

0.0142 mol magnesium nitrate (3.639 g) in 50 ml of de-ionized

water. Next, 0.0071 mol of silica (1.642 g of colloidal silica)

was introduced into the solution to set MgO/SiO2 molar ratio to

2:1 which corresponds to the theoretical value of pure NF. As

the second solution which was prepared separately, 0.0568 mol

(19.426 g) sucrose was added into 100 ml of de-ionized water.

Then, two solutions were mixed together and continuously

stirred for 2 h. In the next step, 0.0071 mol (0.312 g) of PVA

was mixed with 20 ml of de-ionized water to prepare a PVA

solution and then was added into the final solution and pH was

adjusted to 1 by drop-wise addition an appropriate amount of

diluted nitric acid, and finally the mixture stirred for 4 h. Here,

the mole ratio of the Mg2+ ions, sucrose and PVA monomer was

1:4:0.5. With the aim of letting the Mg2+ ions to react with

sucrose completely the solution heated at 80 8C for 2 h on a hot

plate stirrer, and then heated in an electric oven at 200 8C for

complete dehydration and changing into a viscous dark

brownish gel. Subsequently, the obtained mass was milled

into fine powder by planetary milling. After grinding and

sieving, the dry powder calcined for 3 h at 900 8C.

2.3. Preparation of BG/NF nanocomposites

The synthesized BG powder was mixed with different ratios

of the synthesized NF as listed in Table 1, to prepare BG/NF

nanocomposite samples. Four mixtures of BG/NF, with various

weight ratios, were prepared in a planetary ball mil (Retch

PMA, Brinkman, USA) for 30 min to ensure homogeneity.

Next, each batch was carefully mixed with about 0.1 wt% of

carboxymethyl cellulose (CMC) as an appropriate binding

agent. Then, the mixtures were formed to disks using cold press

molding method. Green compact disks were achieved by using

a predetermined amount of mixed powder, which resulted in the

targeted thickness (about 15 mm) after being pressed uniaxially

in a steel die of 13 mm in diameter under the pressure of

50 MPa. Finally, composites were sintered at 1000 8C for 2 h.

2.4. Preparation of SBF solution

The SBF solution was prepared by dissolving reagent-grade

NaCl, KCl, NaHCO3, MgCl2�6H2O, CaCl2 and KH2PO4

into distilled water and buffered at pH = 7.25 with TRIS



Table 1

The component of the BG/NF nanocomposite samples.

Sample BG (wt%) NF (wt%)

NC0 100 0

NC1 90 10

NC2 80 20

NC3 70 30
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(trishydroxymethyl aminomethane) and 1 N HCl solution at

37 8C. Its composition is given in Table 2 and is compared with

the human blood plasma. It should be also noted that SBF is a

solution highly supersaturated with respect to apatite.

2.5. Sample characterization

Transmission electron microscopy (TEM) study was

performed with the Philips CM120 operated at 100 kV. For

TEM analysis, the nanoparticles were ultrasonically dispersed

in ethanol for 15 min to form very dilute suspensions, and then

few drops were deposited on the carbon-coated copper grids.

The microstructures of the samples were evaluated using

scanning electron microscopy (SEM). The samples were coated

with a thin layer of Gold (Au) by sputtering (EMITECH

K450X, England) and then the morphology of them were

observed on a scanning electron microscope (SEM-Philips

XL30) that operated at the acceleration voltage of 15 kV. Also,

Energy dispersive X-ray analyzer (EDX) (Rontec, Germany)

connected to SEM was used to investigate semi-quantitatively

chemical compositions.

The samples were characterized using FTIR with Bomem

MB 100 spectrometer. For IR analysis, 1 mg of the scraped

samples were carefully mixed with 300 mg of KBr (infrared

grade) and palletized under vacuum. Then, the pellets were

analyzed in the range of 400–4000 cm�1 with 4 cm�1

resolution averaging 120 scans.

The samples were analyzed by X-ray diffraction (XRD) with

Siemens-Brucker D5000 diffractometer. This instrument works

with voltage and current settings of 40 kV and 40 mA

respectively and uses Cu-Ka radiation (1.540600 Å). For

qualitative analysis, XRD diagrams were recorded in the

interval 108 � 2u � 508at scan speed of 28/min.

Mechanical behavior of the prepared nanocomposite

samples was investigated by using compression strength test.
Table 2

Ion concentrations of simulated body fluid (SBF) and human blood plasma.

Ion Plasma (mmol/l) SBF (mmol/l)

Na+ 142.0 142.0

K+ 5.0 5.0

Mg+2 1.5 1.5

Ca+2 2.5 2.5

Cl� 103.0 147.8

HCO3
� 27 4.2

HPO4
�2 1.0 1.0

SO4
�2 0.5 0.5
The cylindrical specimens were prepared to an appropriate size

(13 mm in diameter and 15 mm in thickness), and the

thicknesses were measured with an electric digital caliper.

Then, the compressive strengths of the wet samples were

measured by a Zwick/Roell Universal Testing Machine

apparatus with a crosshead speed of 1 mm/min. The following

equations were used for the calculation of E (elastic constant)

(1) [21,22] and s (yield stress) (2):

E ¼ KL

A
(1)

s ¼ F

A
(2)

where F = ultimate load; K = stiffness; L = length of sample;

A = average of surface area calculated from the following

equation (3):

A ¼ p

2
� 1

4ðd2
1 þ d2

1Þ
(3)

where d1 and d2 are the diameters of the bases of the cylindrical

samples. The fracture toughness of the samples was obtained

from the area under the stress–strain curve normalized by the

specimen’s surface area.

2.6. In vitro biomineralization study

SBF in vitro method has often been used in the

biomineralization evaluation of bioactive materials as a quick,

easy and cost effective method. SBF is a good simulation of the

osteoproduction environment in osseous tissue and has been

proved to be an efficient technique to study the bioactivity of

biomaterials and the mechanism of bone bonding. However,

SBF is not a certain method to investigate the osteoinduction of

biomaterials, and the results from SBF may not be consistent

with the in vivo results in a real condition. The local ion

concentration is the key factor to affect the formation of apatite.

The effect of body fluid flowing on local ion concentration

could not be ignored during the in vivo tests. That explains why

recently investigators are trying to simulate the body

environment by using dynamic protocols. In this way they

not only simulate the ion concentration of body fluid, but also

simulate the effect of body fluid flowing on the local ion

concentration near the surface of biomaterials in body

environment. It seems that such dynamic SBF tests would

preferably simulate the osteoinduction environment and would

be used in osteoinductivity evaluation of bioceramics.

Here, we carried out an in vitro study by soaking the

nanocomposite samples in SBF solution with concentration of

1 mg sample per milliliter of the fluid at 37 8C for 14 days. At

regular intervals (1, 3, 7, 14 days) samples were taken out and

rinsed with doubly distilled water, and dried in an oven at 40 8C
for 10 h before analysis by SEM and EDX. For this purpose, the

samples were covered with a thin film of Au (to avoid charges

accumulation at the surface of the analyzed materials) after

immersion in SBF. In our study, the SBF was not renewed



Fig. 1. TEM micrographs of the synthesized NF particles.
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during the experiment, as a previously described static protocol

[23,24].

2.7. Statistical analysis

All experiments were performed in fifth replicate. 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 for

investigation of group normalizing, Kolmogorov–Smirnov test

was used.

3. Results and discussion

3.1. TEM observations of NF particles

TEM as a powerful tool for observing the morphology and

size of nanoparticles was used to determine the obtained

morphology and nano size of the synthesized single-phase NF.

Fig. 1 shows the TEM micrograph of the NF particles after the

final heat-treatment process. The micrograph indicated that the

particles were nearly elliptical shaped morphology and the size

was in the range of 10–50 nm. It is important to point out that

the nanostructured ceramics have superior mechanical proper-

ties [15]. In addition, the nanometer-sized grains and the high

volume fraction of grain boundaries in nanostructured

materials are reported to show improved biocompatibility

over normal materials, and increased osteoblast adhesion and

proliferation. According to the above points, nanostructured

NF bioceramic is expected to have even better mechanical

properties and biocompatibility than coarser crystals. It was

reported that coarse grain NF had an extremely low

degradation rate and was not that bioactive [15]. Recent

studies in this field [25] indicated that NF nanopowder, unlike

micron-sized forsterite, possessed apatite-formation  ability.

The bioactivity of the NF when compared to coarse grain

forsterite shows a greater effect of the nanophase forsterite on

its ion dissolution in biological solution [26].
Fig. 2. The XRD patterns of the BG/NF nanocomposite samples with di
3.2. Microstructural properties of BG/NF nanocomposites

The XRD patterns of the BG/NF nanocomposite samples

with different percentages of BG and NF (NC1, NC2 and NC3)

are shown in Fig. 2. It can be concluded from this figure that the

main phases of the nanocomposite samples are NF and

pseudowollastonite. According to the JCPDS data file No. 34-

0189, all the characteristic peaks of NF phase were obviously
fferent percentages of nBG and nF: (a) NC1, (b) NC2 and (c) NC3.



Fig. 3. The mechanical properties of the synthesized nanocomposite samples:

(a) elastic modulus, (b) yield stress and (c) fracture toughness.
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detected. The XRD analysis also showed some small peaks

which may be related to the formation of a small amount of

enstatite (according to JCPDS data file No. 11-0273) along with

NF at higher temperatures. In addition, regarding to the XRD

patterns, it can be concluded that at temperatures higher than

700 8C, a-TCP and pseudowollastonite (JCPDS data file No.

19-0248) have started to crystallize and at 1000 8C these two

phases partly crystallized. Also, the obtained results are similar

to the previous studies [27].

It is worth mentioning that the pseudowollastonite phase is a

highly bioactive material that induces direct bone growth, and

its in vitro and in vivo tests have been fully investigated [28].

With comparing the intensity of the formed phases, it can be

obviously concluded that sample NC1 has the most content of

pseudowollastonite and sample NC3 has the least content of

pseudowollastonite or it can be said that it has the most content

of NF phase.

3.3. Mechanical properties

Generally, an ideal tissue engineering implant made from

bioceramics should be biocompatible and highly porous with

adequate mechanical properties. For this purpose the prepared

nanocomposites were tested to determine the effects of using

the NF phase on the mechanical properties of the BG-based

nanocomposite samples. According to the previous explana-

tions, as NF ceramics showed a significant improvement in the

fracture toughness superior to the lower limit reported for bone

implant, they can be used as alternative bioactive ceramic

materials as a component of nanocomposites with the aim of

enhancing in the toughening properties. Since that the fracture

toughness of different materials can be modified by adjusting

the NF content, the influence of changing the overall NF

content on the fracture toughness was investigated for the

prepared nanocomposite samples. The Elastic modulus, yield

stress and fracture toughness of the nanocomposites are

graphically illustrated in Fig. 3(a)–(c), respectively.

The obtained results, given in this figure, clearly revealed

that the fracture toughness of the nanocomposites increased

with increasing the NF content from 10 to 30 wt%. An

acceptable fracture toughness of 0.22 MPa m1/2 was obtained

for the NC3 sample. The yield stress of the nanocomposites was

also influenced by the addition of the NF content down to

4.3 MPa for NC3 sample, whereas the Elastic modulus

decreased with increasing the NF content. The Elastic modulus

of the nanocomposites was strongly influenced by the NF

content and decreased with increasing the NF content from

490 MPa for the NC0 up to 110 MPa for the NC3 sample.

3.4. Sample characterization after in vitro assays in SBF

The essential condition for biomaterials to bond with living

bone is the formation of a surface apatite layer in the body

environment [20]. To determine the bioactivity of these

materials, the prepared nanocomposite samples were subjected

to in vitro testing using SBF solution. The samples were

immersed in SBF at 37 8C for 14 days. Morphological and
textural properties of the biomaterials also indicate that soaking

in SBF led to the formation of an apatite layer on the surface of

the samples. Herein, apatite was incorporated into the surface of

the nanocomposites in situ via the SBF technique. Fig. 4(a)–(d)

shows the SEM micrographs of the nanocomposite samples

after immersion for 14 days. According to the observations,

scattered and small particles were covered on the surface of the

nanocomposites after 14 days of immersion. The whole wall

surfaces of the nanocomposites were covered by a layer of



Fig. 4. The SEM-EDX micrographs of the nanocomposite samples after immersion for 14 days: (a) and (b) NC0, (c) and (d) NC1, (e) and (f) NC2, (g) and (h) NC3.
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Fig. 5. The FTIR spectra of the nanocomposite samples after immersion for 14

days: (a) NC0, (b) NC1, (c) NC2, (d) NC3.
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apatite, and the underlying surfaces were not clearly observable

and in all of the samples there can be seen the apatite particles

which formed on the surfaces after soaking in SBF. According

to the observations, addition of NF particles to the BG phase did

not significantly change its bioactivity and biocompatibility,

and the prepared nanocomposites are still highly bioactive.

We also confirmed the formation of apatite layer on the

surface of nanocomposites by EDX analysis, so the apparition

of apatite formations on the surfaces of nanocomposite samples

after immersion in SBF solution was established by EDX

procedure, as revealed by the pictures from Fig. 4. The EDX

spectra show all the characteristic peaks of BG and NF phases

but the presence of gold (Au) on the surfaces was only related to

the sputtering before SEM analysis.

For the first sample (NC0) in SBF solution, EDX analysis

showed that the Ca/P ratio was near the stoichiometric apatite

which was about 1.69 but for the second sample (NC1) there

was an increase in the Ca intensity that caused also the increase

of the Si peak due to addition of NF, and the molar ratio of Ca/P

developed to a value which was corresponded to nonstoichio-

metric biological apatite (1.76). The Mg peak also appeared in

this pattern due to the addition of 10% NF. In addition, for the

sample (NC2) the Ca/P molar ratios improved in the range of

2.52. As it can be seen in the SEM micrographs, the whole

surfaces of the nanocomposites were covered by a Ca/P layer

which created a dune-like apatite covering. Also, the results

from EDX analysis revealed the gradual development of the Ca/

P ratio of the apatite layer along with addition of NF powder to

the nanocomposite samples after immersion in SBF solution.

Furthermore, EDX analysis showed that for samples containing

more NF particles (NC3 sample) after 14 days immersion in

SBF solution, the Ca/P ratios were in accordance to

nonstoichiometric biological apatite which was approximately

3.21.

Fig. 5 shows the FTIR spectra of the prepared samples after

14 days immersion in SBF solution (in the 400–4000 cm�1

spectral range). As can be seen, all samples exhibited some

infrared bands around 800, 900, 1000 and 1200 cm�1 which are

attributed to the silicate network. They ascribed to the Si–O

symmetric stretching of bridging oxygen atoms between

tetrahedrons, Si–O stretching of non-bridging oxygen atoms,

Si–O–Si symmetric stretching, and the LO mode (out-of-phase

motion of adjacent oxygen atoms) of Si–O–Si asymmetric

stretching. The band located around 600 cm�1 is attributed to

the asymmetric vibration of PO4
3� [29–32]. In addition, the NF

containing samples exhibited the main characteristic bands of

ideal NF. For instance, the bands related to the characteristic

peaks of NF appeared around 488 and 643 cm�1 for SiO4

bending, at 910 and 1092 cm�1 for SiO4 stretching and at

483 cm�1 for modes of octahedral MgO6. In addition, the broad

band centered at 3400 cm�1 ascribed to O–H band. Our results

are in agreement with previous studies [33,34]..

The bands around 870 and 1500 cm�1 indicated the presence

of CO3
2� groups. The bands observed at 603, 1000 and

1250 cm�1 are attributed to P–O bending [19]. Also the spectra

are quite similar to HAp. The characteristic bonds exhibited in

the sample’s spectra assigned here are as follow:
� Two bonds around 3487 and 613 cm�1 were related to the

stretching mode of hydrogen-bonded OH� ions and

liberational mode of hydrogen-bonded OH� ions, respec-

tively.

� The bands around 1000 and 603 cm�1 were attributed to y3

PO4 and y4 PO4 respectively.

The FTIR analysis showed all typical absorption character-

istics of HAp. However, some carbonate content was observed

around 870 and 1664 cm�1, which are indications for the

presence of carbonated apatite along with pure apatite [35–38].

4. Conclusion

In summary, BG-based composites reinforced by 0, 10, 20

and 30 wt% of NF nanoparticles were fabricated by cold

pressing method based on hybrid microstructure design.

Significant improvements in fracture toughness have been

attributed to the synergetic effects of NF. Addition of NF can be

used successfully to improve the toughening properties of the

composites without affecting other intrinsic properties such as

bioactivity. In addition, the experiments provide data to support

the use of the nanocomposite in bone repair applications. This

is a preliminary study, and more detailed work is required to

evaluate other properties of the hybrid nanocomposites.
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