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INTRODUCTION

Nanomaterials represent a branch of nanotechnology that studies materials with 1-
100nm in size. * ** Nanomaterials present remarkable properties witch are fundamentally
different from materials studied until now at micro and macroscopic level. Due to these
properties, the interest in the industry for the production and use of nanomaterials in
various products are widespread areas such as semiconductors, > medicine, *® cosmetics
and food. **>®

In the last decades, a wide range of biomaterials have been produced and tested as
replacements for the bone tissue.*** ?* Especially bioceramic materials were investigated,
due to their low production costs, simple technology of fabrication and increased
compatibility with hard tissues. Thus, it is important to investigate new, higher-quality
bioceramic materials with an increasingly better biocompatibility.

In the last years, Si and Mg ceramics became leader in the preparation of materials

83,93, 136 236 pravious researches showed that silicon is an essential

for bone implants.
element in skeleton development. Carlisle (1970) * was the first one who showed that
silicon is the only element localised in the active area of young bones and is involved in
the first stages of bones calcifying process. Schwarz and Milne 22 showed that silicon
deficit in rats leads to skull deformation. Magnesium is also one of the most important
elements in human body, being closely associated with mineralization of calcified tissues,
193 having a direct influence over the mineral metabolism. °

In oxide system MgO-SiO, are highlighted two important compounds, enstatite
(MgSiOs) and forsterite (Mg,SiOy). **

Enstatite (MgSiO3) has different polymorphs. The stable forms at high and low
temperatures are protoenstatite and orthoenstatite, respectively. A stable form,
clinoenstatite, can be formed from ortho- or protoenstatite depending on temperature,
internal stresses in grains, and grain size. The changes of enstatite structure under different
environmental situations can cause volume changes and produce intrinsic stress, which in
turn, decrease the mechanical properties of this material in medical application. **°

On the contrary, forsterite does not have any volume changes and due to its good
biocompatibility, may be used as a substitute for enstatite bioceramics.

During the synthesis of forsterite, it is very difficult to avoid the formation of
enstatite (MgSiOz) or/and MgO, and thermal treatments up to 1200-1600°C are necessary

to obtain pure forsterite. The presence of enstatite in forsterite powder could be detrimental



to the high temperature properties of the material because enstatite dissociates into
forsterite and a SiO.-rich liquid at 1557°C ®> 2%,

Since the formation of forsterite is recognized to be difficult, the purpose of this
research was to develop alternative synthesis of biomaterials based on forsterite. The
methods to prepare forsterite were: sol-gel, solid state reaction and precipitation. Forsterite
powders characterization was done by X-ray diffraction, SEM and TEM microscopy, FT-
IR spectroscopy, atomic force microscopy (AFM), thermal analysis (TG, DTA) and laser
granulometry. Biocompatibility evaluation was performed by soaking forsterite powder in
the simulating body fluids (SBF) and making experiments by adhesion and spreading of
osteoblasts on forsterite nanopowders, ceramics and composites. Mechanical tests were

performed using nanoindenter and classical method.

Keywords:

Forsterite
Nanopowders
Bioceramic
Bioactivity
Biocompatibility
Mechanical properties

Composites



ORIGINAL CONTRIBUTION

PREPARATION OF FORSTERITE

The synthesis of forsterite (Mg.SiO4) was achieved by reaction between various
compounds of silicon and magnesium. To bring silica in the system it was used raw
materials like colloidal silica, TEOS (CgH2004Si) and talc (MgsSisO10(OH),) and for
magnesium were Mg (NOs), ¢ 6H,0, MgSO, * 7H,0, MgCl, ¢ 6H,0, MgCO;, MgO.

Raw materials, methods of preparation and synthesis temperatures used in

experiments are presented in table 3.1.

Table 3.1. Precursors and synthesis conditions of forsterite

Precurzors
— Synthesis Svathesis
Colloidal silica TEOS Talcum
methods temper atures [*C]
In reaction with:
Mg(NO:),
N0 800, 900, 1000
-6H-0
Mg(NO;): - .
SH.0 Sol-gal 1100, 1200, 1300
MgS0, -THD - - 1100, 1200, 1300
MgCl; -6H;0 - - 1100, 1200, 1300
LgCO; - - 1100, 1200, 1300
Lz - - 1100, 1200, 1300
MeC0; Solid state 1000, 1100, 1200
reaction
Mg(NO:),
2NO,); 1000, 1100, 1200
-6H,0
Lgs0,-THO 1000, 1100, 1200
Mg(NOs):
Precipitation a00
-6H-0




Preparation of forterite from colloidal silica

Forsterite powders were obtained from SiO, and MgO, MgCO3z;, MgSO,-7H.0,
MgCl,-6H,0 and Mg(NOs).-6H20, respectively. The methods used for preparation were
solid state reactions and sol-gel methods. Samples were fired at 1100°C, 1200°C and
1300°C. In both cases, MgO: SiO, molar ratio of 2:1 was used.

Thermal analysis (DTA, TG) carried out for mixture formed from colloidal silica and
MgCO; (Figure 3.1) shows the presence of endothermic effects and considerable weight
loss especially around 400°C due to decomposition of magnesium carbonate. The process
takes place at a relatively low temperature due to the very fine grain size or increase the
surface area of the sample.

FT-IR spectroscopy for samples prepared at 1200°C show in all samples the presence
of characteristic absorption bands for forsterite. The crystalline components of sample 3
(MgSO, * 7H,0) and 4 (MgCOs3) that were prepared at 1100°C was evidenced by X-ray
diffraction. In the sample 3 MgO characteristic reflections appear. Forsterite forming
reaction is incomplete due to the high temperature decomposition of MgSQOa. In sample 4

are shown characteristic enstatite reflexes sign of incomplete reaction in this case.
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Figure 3.1. Thermal behavior of sample 4 (MgCOs; with colloidal silica) *®



Preparation of forsterite from silica precursor, TEOS

Preparation of forsterite with sol-gel method from Mg(NOs), - 6H,O, TEOS and

additives

In order to synthesize the forsterite powder, it was used hexahydrated magnesium
nitrate (Mg(NOs),-6H,0) and tetraethyl orthosilicate (TEOS- CgH2004Si, Merck) as raw
materials, and polyvinyl alcohol (PVA), sucrose and nitric acid as binder and pH
regulators.

The synthesis was performed at temperatures of 800, 900 and 1000°C (figure 3.10).
The patterns show that the sample fired at 800°C has a lower crystallinity degree, the
pattern being dominated by the peaks of periclase, MgO. The increase of temperature is
accompanied by the formation of well-crystallized forsterite (figure 3.11). Periclase is also
present in the sample obtained at 1000 °C; nevertheless, enstatite peaks were not identified
(probably their intensities being below the equipment’s limit of detection).

The grain size distribution has shown that the powder is nanometre-in size in the
case of the lower temperatures, in most cases below 40 nm (figure 3.12). In the case of the
sample synthesised at 1000°C, the sizes increased due to particle agglomeration at higher
temperatures.

The in vitro bioactivity test has proven that the forsterite nanopowder is highly
reactive and biocompatible; thus, it can be used as bioactive material in bone
reconstruction. The FTIR spectroscopy (figure 3.20), XRD and SEM+EDS analyses
confirmed the formation of hydroxyapatite on the nanoforsterite samples starting with the

7" day of immersion into the SBF solution.
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Figure 3.20. FTIR spectroscopy of the forsterite powder fired at 900°C placed in a SBF
solution for various periods of time

The MTT test (figure 3.25) has shown that the osteoblast’s spreading rate increases
with the cultivation time, in the absence of any cytotoxicity signs. These results show that
the forsterite nanopowder obtained by using the method applied in this study represents a



biocompatible material that allows that formation of HAP during its immersion into SBF

solution.
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Figure 3.25. Results of the MTT test performed on forsterite powders in different
concentrations, after different intervals of cell culture using U20S-type osteoblast cells.
Data are presented as mean values; they were considered as statistically significant at
p<0.05 difference in the same day when compared using the Tukey test
The results show that forsterite nanopowder is a biocompatible material and allow the

formation of HAP by maintaining the powder in SBF solution.

Preparation of forsterite by sol-gel method from Mg(NO3), - 6H,O and TEOS
with no additive

The preparation method is similar with previously one used from TEOS and
magnesium nitrate, but in this case sugar and polyvinyl alcohol were not used as additives.
The powder was calcined at 900°C.

Thermal analysis performed on the gel obtained after synthesis, dried at 100°C
(Figure 3.28, 3.29) illustrates the thermal effects and weight losses during heat treatment

represented by DTA and TG curves.
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Figure 3.29. Thermogravimetric analysis of the dried gel at 100°C

According to the particle size distribution of the forsterite powder, the grain size is in

the range 10 to 23 nm (65%) and the maximum size is 42 nm.
Preparation of forsterite by precipitation method from Mg(NOs), - 6H,O and TEOS

Nanocrystalline forsterite (Mg»SiO4) was synthesized by precipitation method from
hexahydrated magnesium nitrate (Mg(NOz3),:6H,0), tetraethyl orthosilicate (TEOS) and
sodium hydroxide as pH regulators. The crystallite size of the powder calcined at 900°C is
in the range 19-25 nm and the particle size is smaller than 45 nm. This chemical synthesis
without sucrose and PVA is applicable and produces nanocristaline forsterite powder with

characteristics compared to those of other processes of preparing. The crystallization



temperature of forsterite is about 800 °C according to the thermal analyses data (figure

3.35).
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Figure 3.35. DTA and TG curves for dried powder '

The obtained powder has uniform sized particles with a weak agglomeration of

particles according to particle size analysis.
Preparation of forsterite by solid state reaction method from talc

Forsterite powder was synthesized by solid-phase reaction method from talc
(MgsSisO10(OH),) and different magnesium salts. The mixture of materials was milled for

10 hours until were obtained a powder than heat treated at different temperatures.

Preparation of forsterite from MgCO; and talc

The forsterite powder was prepared by using the solid state reaction method
starting from magnesium carbonate and talc, followed by thermal treatment at 1000, 1100
and 1200°C. As proven by the X-ray diffraction patterns (figure 3.43), the reaction of
formation of the forsterite nanopowder is completed after mechanical activation for 10
hours and firing at 1100°C. TEM and SEM microscopy evidence the formation of

nanocrystallites of irregular shapes that sometimes form aggregates.
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Figure 3.43. X-ray diffraction patterns on the experimental samples *’

The AFM analysis (figure 3.45) confirms the nanometre-size range of the crystallites

for the powders fired at 1000°C and respectively 1100°C, and illustrates the formation of

thin films with the rough surfaces.
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Figure 3.45. AFM images of the forsterite powder fired at 1) 1000°C; 2) 1100°C; and 3)
1200°C. Measured panel: 2.5um x 2.5um. a) 2D-topography; b) 3D-images of the panels c)
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The investigation of the grain size distribution (by Coulter Counter granulometer)
indicated nanometre-sized forsterite grains in the sample fired at 1000 and 1100°C, with
most of the grains below 40 nm in size. Grain sizes are larger, micrometer in size, in the
case of the sample synthesized at 1200°C mainly as a result of grain aggregation processes.

TEM (Figure 3.46) and SEM (3.48) microscopy show the formation of nano-sized

crystallites and the presence of irregularly shaped clusters of crystallites.




Figure 3.48. SEM images on the forsterite powders fired at 1000, 1100 and respectively
1200°C ¥’

The FTIR spectroscopy results clearly demonstrate the formation of hydroxylapatite
on the nanometre-sized forsterite grains after 28 days of immersion in the SBF fluid. At the
same time, this process is less evident in the case of the larger, micrometre-sized powders
(figure 3.49). The in vitro bioactivity tests show a good bioactivity reaction for the
synthesized forsterite nanopowders. So, nano forsterite can be successfully used as

biomaterials in the remediation of bone tissue.
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Figure 3.49. FTIR spectra of the forsterite powders: a) sample fired at 1100°C, before
immersion in SBF; b) and c) sample fired at 1100°C and 1200°C respectively and
immersed in the SBF fluid for 28 days



Preparation of forsterite from Mg(NOs), - 6H,0O and talc

Forsterite powder was prepared by solid state reaction from magnesium nitrate and
talc, heat-treated at temperatures of 1000, 1100 and 1200°C. X-ray diffraction shows that
the main component is forsterite at the temperature of 1200°C. Also, the sample is
containing a small amount of periclase and enstatite. This suggests that the reaction was
not completed probably due to insufficient mixing of raw materials and possibly of low
temperature of synthesis.

SEM microscopy shows the formation of nano and micrometer-sized crystallites and
the presence of clusters of crystallites. AFM analysis confirms the nanometric size of the
crystallites for powder calcined at 1100°C and micron sizes for powders treated to other
temperatures. Coulter Counter particle size distribution analysis shows that nanosized
forsterite is obtained for samples calcined at 1100°C. In the case of the sample treated at
1200°C, particle size increases and agglomeration of the particles occurs, leading to micron

size granules.

Preparation of forsterite from MgSO, - 7TH,O and talc

Forsterite was prepared by solid state reaction from magnesium carbonate and talc.
Calcinations temperatures were 1000, 1100 and 1200°C. X-ray diffraction analysis shows
the reaction was not completed and a small amount of forsterite was obtained at 1000°C.
At 1200°C the crystallinity of forsterite increases, but is still present a significant amount
of enstatite and periclase. SEM microscopy shows the formation of nano and micrometer-
sized crystallites and the presence of clusters of crystallites. AFM, SEM and Coulter
Counter analysis of particle size distribution confirms the nanometric size of the
crystallites for powder burned at 1000°C and micrometer dimensions for powders treated
to other annealing temperatures. The AFM and SEM analysis show an increase in size and

an agglomeration of the particles.



OBTAINING OF FORSTERITE CERAMICS

Ceramics from powder synthesis of colloidal silica

Porous ceramics based on forsterite was sintered at 1350°C from powders obtained
by solid state reaction and sol-gel methods wusing various reactants.
Common reagent for each mixture was colloidal SiO,. To bring magnesium in the system
the MgO, Mg(NO3);-6H,0, MgSQO4-7H,0, MgCl,-6H,0, MgCO; were used.

For using as biomaterial the forsterite ceramics must to have a particular porosity.
Porous ceramics were obtained with different porosity values, depending on the initial
reactants and the temperature of sintering. Ceramics have been characterized in terms of

the firing shrinkage (Table 4.1) and compactness.

Tabel 4.1. Ceramics shrinkage at 1350°C

Ceramics sintered at 1350°C shrinkage [%] from
Sample number powder synthesed at temperature of
1100°C 1200°C 1300°C

1 8.51 5.00 4.50
2 21.87 15.76 4.50
3 1.48 1.13 0.63
4 15.55 14.42 7.11
5 8.86 6.19 3.37

Mineralogical characterization was performed by X-ray diffraction for ceramics
obtained at 1350°C from powders synthesized at 1100°C. Result shows that forsterite is

majority crystalline phase in the fired ceramic sintered at 1350°C.

The natural bones have high porosity inside and are more compact to the outside. A
possible option would be to realize bioceramics implants with porosity imitating bones
structure. The forsterite ceramics have better mechanical properties and improve the
regeneration of bone than other ceramics. %

In conclusion, if it is desired a higher apparent porosity than 40% with low firing

shrinkage (0.5-2%), a possible way is the synthesis of forsterite by sol-gel method from



MgSQO,- 7H,0 and SiO, at 1100°C. For obtaining the forsterite ceramics the powders have
to sinter at 1350°C.

Comparative study between ceramic obtained from powder with TEOS precursor

(sol-gel) and ceramic with talc precursor (solid state reaction method)

Ceramics were prepared starting from forsterite powder obtained by sol-gel method
(SG) and solid state reaction (FS). Sintering temperatures were 1200 — 1450°C.

X-ray diffraction confirms that formation of forsterite is complete in the case of
ceramic FS. AFM analysis shows that particles size increases until micro dimension by

sintering the powders and obtaining the ceramics (figure 4.6.)
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Figure 4.6. AFM images of SG ceramic sintered at 1400°C. Scanning area: 2.5um/2.5um.
a) 2D-topography b) faze image c) 3D image d) cross-section along the arrow in panel a)
SG ceramic shrinkage does not increase significantly, keeping close values between

1200 and 1450°C. FS ceramic shrinkage is small at the temperature of 1200°C, but is
significant increased at temperature of 1300°C and then the values are keeping closed at
temperature of 1450°C.

Apparent porosity (Figure 4.9) of FS ceramics sintered at 1200°C is higher than SG
ceramic sintered at the same temperature. With increasing sintering temperature the

porosity of FS ceramic is significantly decreased compared with SG.
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Figure 4.9. Apparent porosity and relative density of SG and FS ceramics sintered at
different temperatures

FTIR, XRD and SEM with EDS analysis (Figure 4.20) confirm the formation of
hydroxyapatite on ceramics after different intervals of maintaining in SBF solution, most
convincing at 3 months.
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Figure 4.20. SG ceramics sintered at 1200°C after 3 months of keeping sample in SBF. a)
SEM image, b) EDS spectrum
MTT assay (Figure 4.24) confirms that the rate of spreading fibroblast cells is
increased with increasing time of cultivation on the ceramic surface without significant

toxicity effect.
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Figura 4.24 MTT test realised on SG and FS ceramics

The maximum values of hardness and elastic modulus of forsterite ceramics are
101.34 GPa and 8.19 GPa respectively. These values are better than those obtained on pure
hydroxyapatite.

Forsterite ceramics possess good bioactivity, biocompatibility and mechanical

strength and can be used as a biomaterial for repairs and bone implants.

COMPOSITES BASED ON FORSTERITE

Forsterite-polymers composites

Forsterite powder was prepared from magnesium nitrate and TEOS with sol-gel
method. Calcination temperature was 900°C. The polymer matrix was obtained by mixing
the monomer Bis-GMA (60% by weight) and TEGDMA (40% by weight).

In order to improve the biological and mechanical properties of the polymer the
composites were prepared by adding the forsterite nanopowder of 5, 15, 30, 50 and 70% by
weight into polymer (Table 5.1).



Tabel 5.1. Composition of the composite (ratio between polymer — forsterite)

Code Filll(i)rr ;r:rci)ttén(tlz[)%] PolynE;;]aIrjwou nt FIL [%]
Cco - 100 0/100
C5F 5 95 5/95
C15F 15 85 15/85
C30F 30 70 30/70
C50F 50 50 50/50
C70F 70 30 70/30

The results show that compressive strength, bending strength (figure 5.2) and
diametral tensile strength increase with increasing the amount of filler (forsterite) until
50%. Compressive and flexural modulus values (figure 5.3) increase up until the filler
content reach 70% by weight.
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Figure 5.2. The flexural strength of composites. (The horizontal bar indicates the
average values were statistically significant different, compared with Tukey test P <0.05)
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Figure 5.3. Flexural modulus of composites obtained from forsterite and polymer.
(The horizontal bar indicates the average values were statistically significant different,
compared with Tukey test P <0.05)
SEM with EDS microscopy (Figure 5.10) confirm the biomineralization of
composites. The biological tests show an improved cell adhesion with increasing amount

of forsterite.
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Figure 5.10. a) and b) SEM images, ¢) EDS spectrum on surface (b) of composite C50F
after immersion in SBF solution for 28 days



C50F composite can be used as bone or dental implant in various biomedical

applications.

Forsterite with silver addition

10% silver was added to forsterite nanopowders. X-ray diffraction shows that
forsterite with silver composite contains periclas and enstatite due to an incomplete
reaction.

The obtained results after testing bioactivity of forsterite with silver addition
maintained in SBF solution show formation of HAP; the formed amount of HAP is lower
than in pure forsterite.

MTT assay shows that the rate of cells spread on different concentrations of forsterite
dilution, increases with increasing cultivation time at all concentrations but decreases with

increasing concentration of silver.

GENERAL CONCLUSION

Forsterite (Mg,SiO4) was synthesized by three methods (sol-gel, solid state reaction
and precipitation) using precursors of magnesium ((Mg(NOz3),#6H20, MgSQOse 7H0,
MgCl,+6H,0, MgCO3, or MgO), and silicon precursors (TEOS, colloidal silica and talc).

With the help of thermal analysis it was established the changes that take place
during heat treatment in order to determine the optimal temperature for the synthesis.
X-ray diffraction shows that the best results were obtained for forsterite prepared by sol-
gel method from TEOS and magnesium nitrate, by precipitation method from magnesium
nitrate and TEOS or solid state reaction from magnesium carbonate and talc.

SEM, TEM and AFM microscopy have revealed the shape and particle size in order
to determine the optimal synthesis temperature for powder to obtain nanosized powders.

Powder bioactivity was investigated by immersion in simulated body fluid (SBF). It
was found that formation of hydroxyapatite on forsterite nanopowders starts at 7 days and
is well developed at 28 days.

Biocompatibility of the material was investigated by MTT assay using human
osteoblast cells. The MTT assay demonstrates that powder of forsterite is not toxic to cells

and, therefore, can be used as biomaterial for medical applications.



Ceramics were prepared by dry method from forsterite powder prepared by sol-gel
(SG) and solid state reaction (FS). The samples were dried pressed and fired at
temperatures of 1200- 1450°C.

Ceramics have been characterized from the point of view of compactness and firing
shrinkage. Porous ceramics were obtained with different porosity values, depending on the
initial reactants and the sintering temperature. The porosity of ceramics can be achieved
according to the requirement of the use and correlated with the mechanical strength.

FTIR, XRD and SEM with EDS analysis confirm the bioactivity of forsterite
ceramics. Hydroxyapatite was formed after maintaining ceramics in SBF solution, the most
obvious deposits are recorded at 3 months.

MTT assay demonstrated that the rate of spreading fibroblast cells increases with
increasing time of cultivation on the ceramic surface without significant toxicity effect.
Best behavior in culture medium had SG ceramic.

The maximum values of hardness and elastic modulus of forsterite ceramics are
101.34 GPa, 8.19 GPa respectively, values higher than those obtained on pure
hydroxyapatite (2.81 GPa, 45.33 GPa respectively). Best mechanical strength presents FS
ceramics.

Forsterite ceramics possess good bioactivity, biocompatibility and mechanical
strength therefore can be used as biomaterial for repairs and bone implants.

Preparation of polymer matrix composite with forsterite powder filler is intended for
use in dentistry.

SEM / EDS microscopy confirm the composites biomineralization. Biological tests
show an increased cell adhesion with increasing amount of forsterite.

Increasing the amount of forsterite improves the mechanical resistance of the
composite. Composite with 50% forsterite filler has the best properties in terms of
mechanical resistance and biocompatibility. This composite can be used as bone or dental
implant in various biomedical applications.

Forsterite with silver is intended for medical applications due to the antimicrobial
activity of silver.

After testing the biocompatibility of this material was found that there is an optimum
value for silver to develop antimicrobial properties. A high Ag content can be toxic to the
human body.

In conclusion, it is evident that forsterite nanopowder can be synthesized from

various precursors of silicon and magnesium at synthesis temperatures between 900 and



1100°C. Forsterite powders, ceramics and composites are biocompatible and bioactive.
Compressive and bending resistance of forsterite ceramics is higher than hydroxyapatite
ceramics resistance. So, the forsterite ceramics could be recommended in medical

applications as a substitute for human bone.
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