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ABSTRACT. This study presents the sintering of new forsterite ceramics (FCs) 
using nano forsterite powder, obtained by a sol-gel method. The forsterite 
ceramics were sintered between 1200 and 1450 °C. The resulted forsterite 
ceramics, namely FC at sintering temperature, T, written as FC(T), were 
characterized by various methods, XRD, AFM, apparent density, porosity 
and shrinkage. Mechanical properties were determined for FC(1400), with a 
Young elastic modulus at about 43.84 GPa and nano-indentation hardness 
at around 3.07 GPa. Furthermore, the in vitro biocompatibility of FC(1200) 
was evaluated using cell staining with fluorescein diacetate, FDA, assay. The 
cell viability results confirmed that forsterite ceramic, FC(1200), promotes cell 
adhesion and proliferation in cell culture, with no significant cytotoxic effects. 
These findings strongly recommend the new forsterite ceramics, as potential 
biomaterials for biomedical applications.  
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INTRODUCTION 

 
In recent years, both forsterite ceramics [1-7] and forsterite composites 

[8-10] were found of vital interest due to their potential applications in 
biomedicine. Therefore, various techniques were developed to synthesize 
nano-crystalline forsterite powder of high purity [11-20] for various applications,  
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as bone substitutes and implants [16, 17] as well as for drug delivery [19, 20], 
particularly due to its high bioactivity, good mechanical properties and 
biocompatibility [3, 5-10,15].  

In this work, the sintering of new forsterite ceramics (FCs) is reported 
via nano forsterite powder, synthesized by using a sol-gel method. The forsterite 
ceramics were fired between 1200 and 1450 °C and were characterized by 
various methods including, porosity and mechanical properties. Also, the 
forsterite ceramic sintered at 1200 °C, FC(1200), was investigated in cell 
culture and demonstrated an excellent biocompatibility.  
 
 
RESULTS AND DISCUSSION 
 
New forsterite ceramics 

 
The forsterite ceramics (FCs) underwent some changes depending 

on their structural characteristics, like apparent porosity, apparent density, 
and linear shrinkage as function of the sintering temperatures, 1200, 1300, 
1400 and 1450 oC used in the fabrication process for the obtained FCs, 
noted FC(1200), FC(1300), FC(1400), and FC(1450).  

 
Figure 1. Apparent density, apparent porosity and linear shrinkage determined for 

forsterite ceramics in function of sintering temperature. 
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As shown in Figure 1, the linear shrinkage of the sintered forsterite 
ceramics displayed a steady increase from 12.46±0.16% to 17.03±0.15%, with 
an increase in sintering temperature from 1200 to 1450 oC. Apparent density 
increased from 1.91 ±0.02 to 2.33±0.01 (g/cm3), while the corresponding 
porosity decreased from 39.15±0.16 to 25.05±0.14 %.                   

Statistical analysis evaluated with GraphPad Prism program showed 
that increasing the sintering temperature induced an increase in linear 
shrinkage. Statistically significant differences (p< 0.05) evaluated by one-way 
ANOVA and Bonferroni's multiple comparison test were observed between 
forsterite ceramics sintered at 1200 oC versus all the others forsterite ceramics 
sintered at chosen temperatures. Strong differences were also identified between 
forsterite ceramics sintered at 1300 oC versus both ceramics sintered at 
1400 oC and 1450 oC. No significant differences were found between ceramics 
sintered at 1400 oC and 1450 oC. The order among forsterite ceramics (FC) is: 
FC(1200) <FC(1300)< FC(1400)≈ FC(1450). This data, shown in Figure 1, 
revealed that FC(1400) is apparently the best regarding high compactness 
of particles in the forsterite ceramic with potential application for bone repair 
defects.  

Statistically strong differences were also identified between apparent 
density for forsterite ceramic sintered at 1200 oC versus all the other forsterite 
ceramics, p<0.05; no significant differences were found among forsterite 
ceramics sintered at 1300 oC, 1400 oC and 1450 oC (p>0.05). Therefore, the 
corresponding value at the highest sintering temperature is not shown in 
Figure 1. Statistically significant differences (p< 0.05) were observed between 
apparent porosity for forsterite ceramic sintered at 1200 oC versus the other 
forsterite ceramics, but without a statistically significant difference between 
forsterite ceramic fired at 1400 oC compared to FC-1450, p>0.05; the last 
value corresponding to 1450 oC is not shown in Figure 1. 

Results obtained for the new forsterite ceramics, fired at temperatures 
ranging from 1200 to 1450 ºC, are comparable with those previously 
reported [3] for similar forsterite ceramics, fired at higher temperature from 
1350 to 1550 °C. Our new forsterite ceramics present the advantage that they 
were obtained at lower sintering temperatures and demonstrated a unique 
phase of forsterite structure without a secondary phase of MgO, as revealed 
by XRD spectra. Also, it is important to emphasize that the forsterite ceramic, 
FC(1200), obtained at the lowest sintering temperature, presents the highest 
porosity and is selected for in vitro biocompatibility evaluation of its scaffolds by 
using FDA  assay in HFL culture. 
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Mechanical properties of forsterite ceramic, FC(1400)  
 
A novelty in the methodological investigation is represented by 

nanoindentation, used directly for the first time on forsterite ceramic, FC(1400). 
The AFM images on FC(1400) fired at 1400 ºC are presented in Figure 2. 
The surface topographies revealed a sintered ceramic having square shaped 
crystal aggregates stacked together into a compact microstructure, Figures 2a 
and 2b. The square sides of the aggregates vary from 2 to 4 µm and their 
thickness is around 500 nm.   

 
Figure 2. AFM images of forsterite ceramic fired at 1400 ºC, scanning area  

10 µm x 10 µm; a) 2D-topography image; b) 3D-topography image;  
c) cross section on the arrow in panel (a). 

 
Several superficial pores occur due to the close packing of the crystals, 

visualized in Figure 2b. They have polyhedral shape with a length situated 
between 2 - 3 µm and a width of about 1 µm. The depth of pores depends 
on their position related to the top of the surface and could achieve about 
1.03 µm. The profile, in Figure 2c, shows the size of crystals with a thickness 
situated at around 500 nm. 

The hardness, 3.07 ± 0.11 GPa and Young  elastic modulus, 43.84 ± 
3.29 GPa, for forsterite ceramics fired at 1400 ºC temperature were measured 
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by means of nanoindentation on the scanned area indicated in Figure 2. 
The Young elastic modulus is higher than the corresponding values found 
by others for cortical bone [30]. Therefore, it is reasonable to consider 
FC(1400) as a good candidate for orthopedic and dental implants.             
 
Cell staining with FDA 

 
Cell viability in presence of forsterite ceramics fired at 1200 ºC was 

estimated by FDA assay at 1, 3 and 7 days in cell culture. The results are a 
measure of cell proliferation rate.  

 
                     a                       b                                           c 

Figure 3. Optical microscopy images of FDA stained (in green) HFL  
after different incubation time, a) 1 day (1d), b) 3d, and c) 7d,  
on the surface of forsterite ceramic scaffolds, fired at 1200 ºC. 

Following staining with FDA, living cells appear in fluorescent green 
(Figure 3). By increasing the time of maintaining the forsterite ceramic, 
FC(1200), scaffolds in the culture medium, from 1 to 3 and 7 days, the 
number of living cells also increased.  

The cell proliferation on forsterite ceramic scaffolds confirms that 
forsterite ceramic promotes the proliferation of human fibroblast cells without a 
significant cytotoxic effect. So, the forsterite ceramic, FC(1200), scaffolds are 
thought beneficial for adhesion, growth and proliferation of cells with great 
impact on biomedical applications  
 
AFM on forsterite ceramic scaffolds 

 
The AFM images obtained on the forsterite ceramic fired at 1200 °C 

are presented in Figure 4. The surface topography is irregular (Figure 4a) 
due to the presence of pores. The surface of forsterite ceramic, FC(1200), 
is rather compact, particles being well sintered to one another. This fact is 
also observed in the phase image where the particles appear in the same 
shade of brown (Figure 4b). The pores between particles are better evidenced 
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in the 3D representation in Figure 4c. The local surface roughness, expressed 
as RMS [24, 25], of the FC surface is situated at 63 ± 10 nm, depending on 
pore size, on a scanned area of 1μm x 1μm. 

 

 
Figure 4. The AFM image of forsterite ceramic, FC(1200), a) 2D-topography; b) phase 

image; c) 3D-topography; d) cross section along the arrow given in panel a) 

The size of surface pore is investigated by the surface profile illustrated 
in Figure 4d. The average depth of the identified pore is around 164 nm. 
The pore shape is rounded. Therefore, the equivalent diameter of this pore 
is about 400 nm.  

Definitely, the porous surface of scaffolds can promote cell attachment 
and movement and thus, can support the excellent biocompatibility of 
forsterite ceramics, FC(1200), as evidenced by FDA staining of fibroblasts 
(Figure 3). 

 
 

CONCLUSIONS 
 
New porous forsterite ceramics were obtained by sintering at 1200, 

1300, 1400 and 1450 ºC from nano forsterite powder synthesized by an original 
sol-gel method, using magnesium nitrate and TEOS as raw materials. The 
apparent porosity of the four forsterite ceramics, decreased gradually with 
the increase in sintering temperature from about 39 % at 1200 °C to 25 % 
at 1450 °C. The FC(1400) revealed a rather high hardness of about 3 GPa, 
which recommend this material for biomedical applications as porous implants. 
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However, mechanical properties need to be better investigated to determine the 
specificity of these ceramics for clinical applications. Additionally, fosterite 
ceramics FC(1200), revealed excellent biocompatibility in HFL culture, as 
judged by cells staining FDA assay.  

Taking into account that nano forsterite structure possesses 
antimicrobial activity, the new porous forsterite ceramics developed in this 
work are suitable for antimicrobial applications, serving as carrier for 
antibiotics. These findings recommend the new porous forsterite ceramics 
as a good choice for bone repair simultaneously protecting the bone against 
microbial infections, which are produced especially by staphylococcus aureus.  
 
 
EXPERIMENTAL SECTION 
 
Preparation of forsterite ceramics 

 
Nano forsterite powder was synthesized using 99.5% pure magnesium 

nitrate hexahydrate (Mg(NO3)2·6H2O, Merck) and tetraethyl orthosilicate 
(C8H20O4Si - TEOS,  Merck) as precursors, following a Mg:Si molar ratio of 
2:1. Magnesium nitrate was dissolved in 200 mL ultrapure water. TEOS was 
then added. A quantity of sucrose 4 times the previously added amount of 
TEOS was dissolved in 400 mL ultrapure water. The dissolved sucrose was 
added drop by drop into the precursor mixture. The final solution was then 
homogenized on a magnetic stirrer for 2 hours. Polyvinyl alcohol (PVA) at a 
ratio of 0.8:1 to the previously used sucrose was added to the homogenized 
solution. The pH of the solution was brought to 1 using nitric acid (65%, Merck) 
followed by a second homogenization period of 2 hours at room temperature 
and a third one for another 2 hours at 800C. The final mixture was aged for 
24 hours at room temperature to allow for gel formation. The formed gel was 
dried at 1000C in an air atmosphere until complete dehydration, resulting in 
a black, thick gel that was finally thermally treated at 9000C for 2 h with a 
heating rate of 50C/min.  

To obtain forsterite ceramics, the nano forsterite powder was mixed 
with a aqueous solution of 6% poly vinyl alcohol (PVA, from Sigma-Aldrich), 
leading to a granulated mixture, which was pressed into compact pellets, with a 
diameter of about 6 mm and a thickness of around 2 mm at a specific 
pressure of 500 kgf/cm2 (49 MPa).  

Then, the forsterite samples were fired in air at temperatures of 1200, 
1300, 1400 and 1450 °C in a laboratory kiln at a heating rate of 2°C/min, for 
3 h plateau, at each sintering temperature. Every experiment was repeated for 
four times and the data are given as average values ± SD (standard deviations). 
For biocompatibility study in cell culture, the same FC pellets were used as 
FC scaffolds.  
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Characterization of forsterite ceramics 
 
Phase composition. X-Ray Diffraction (XRD). The phase composition 

of forsterite ceramics was determined using a Bruker D8 Advance diffractometer, 
with Co, K 1 = 1.79026 Å, operated at 35 kV and 40 mA. The pattern was 
collected for 2ϑ range from 5° and 65°, with a step size of 0.02 °/ sec 
(unpublished results). Phase composition of forsterite ceramics fired from 
1200 to 1450 oC was determined and a unique forsterite phase was detected at 
all sintering temperatures,  

 
Morphology of FC thin layer. Atomic force microscopy (AFM) 

imaging was performed in tapping mode, on a Jeol JSPM 4210 scanning 
probe microscope using a specific cantilever NSC 15 hard produced by 
Micromasch Co., having a spring constant of 40 N/m and a resonant frequency 
of 325 kHz. Different macroscopic areas were investigated at different 
scanning areas ranging from 5 μm x 5 μm to 1 μm x 1 μm. The AFM images 
were obtained on layers of ceramics prepared similarly as already reported 
for biomaterials [21-23] and surface roughness was determined by root mean 
square, RMS, [24, 25].  

 
Compactness characteristics. The compactness characteristics, 

like apparent density, apparent porosity and shrinkage, were determined by 
a hydrostatic method, weighing the FC samples in both air and water according 
to Archimedes’ principle [4]. 

 
Mechanical properties of forsterite ceramics. Mechanical properties, 

as Young elastic modulus and hardness, of forsterite ceramic, FC-1400 fired at 
1400°C, were performed by means of a Triboindenter Hysitron TI900 nano-
indenter coupled with an atomic force microscope.  

 
Biocompatibility of FC-1200 scaffolds. Biocompatibility of forsterite 

ceramic scaffolds was determined by cells viability assay [26-29]. Forsterite 
ceramic, FC(1200), scaffolds (pellets) were subjected to in vitro biocompatibility 
investigation using fluorescein diacetate, FDA, assay [28] to detect cell 
adhesion and proliferation in human fibroblast from lung, HFL culture. HFL 
cells were cultured in standard DMEM medium supplemented with nutrient 
mixture F-12 HAM medium with 10% fetal calf serum (FCS) and proper amount 
of penicillin and streptomycin.  

The FDA is an indicator of cell viability, and is the substrate for the 
intracellular nonspecific esterase. The FDA diffuses freely into cells and is 
rapidly hydrolysed to fluorescein once it enters within a viable cell. The intensity 
of fluorescence is dependent on membrane integrity and enzymatic activity 
of the cells, so the fluorescent signals are proportional with the number of 
viable cells. 
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Briefly, the 2x105 HFL cells were seeded in each well of the 24-well 
plates, namely in complete DMEM medium/well on the surface of each 
FC(1200) scaffold. After 1d, 3d and 7d, the cell viability (adhesion and 
proliferation of cells) was analysed using FDA assay. Cells were incubated 
5 min in dark at 37°C with 1mL / well of FDA solution (at a final concentration of 
2.4 mM in phosphate buffer saline, PBS) supplemented with Ca2+ and Mg2+. 
After incubation the wells were washed twice with PBS, and viable fluorescent 
cells adhered on scaffolds were visualized with the Zeiss Axio Observer D1 
inverted fluorescence microscope with 200x magnification lens, using a 488 nm 
excitation filter. Images were captured with a CCD camera (Axiocam MRM) 
and analyzed using Axiovision Release 4.6.3 software. 

Cell adhesion and proliferation were evaluated after cell seeding at 
1d, 3d and 7 days, by FDA assay. The results from fluorescein diacetate 
staining were also validated by MTT assay. At 14 days in cell culture, the cells 
viability was high but not significant higher than the cells activity at 7 days in 
cells culture, indicating that an optimal viability is reached already at 7 days.   

 
Statistical analysis. GraphPad Prism 5 was used for statistical analysis. 

All data are given as the mean value ± standard deviation (SD) of at least four 
independent experiments. Significant differences were identified using the one-
way ANOVA and Bonferroni's multiple comparison test. Differences among 
samples were considered statistically significant if p<0.05, or otherwise stated. 
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