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Abstract 

    This work aims to find an efficient sintering technique and optimal sintering conditions of 

a novel sol-gel derived Bioglass
®

-ceramic powder so as to achieve much improved 

mechanical properties compared to conventional Bioglass
®
. To this end, the spark plasma 

sintering (SPS) technique was for the first time used to densify the sol-gel derived Bioglass
®
-

ceramic powder.  It was found that the sol-gel derived Bioglass
®

-ceramics sintered with the 

SPS technique at 950 °C for 15 min had a high Young’s modulus value of ~110GPa, which 

was comparable to that of compact bone and significantly higher than the maximal value 

achieved by the conventional heat treatment. Moreover, the Bioglass
®
-ceramic compacts 

sintered with SPS released alkaline ions slowly and as a result, these highly densified 

Bioglass
®
-ceramics exhibited better cytocompatibility at the early stage of cell culture testing, 

compared to the conventional Bioglass
®
. Hence, the SPS technique is recommended to be 

used in the process of sol-gel derived Bioglass
®
-ceramics

 
and its tissue engineering scaffolds.   
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1. Introduction 

    To engineer bone tissues, which is hard and functions to support the body, the scaffold 

biomaterial must be strong and biodegradable such that it can temporarily replace the 

mechanical function of damaged bone until sufficient new bone tissue has formed. 

Unfortunately, mechanical strength and biodegradability, which are two essential 

requirements on bone tissue scaffolds, are antagonistic toward each other [1]. Compared to 

crystalline calcium phosphates which are virtually inert, amorphous bioactive glasses are 

biodegradable and tend to be mechanically fragile. Clinical investigation has shown that 

crystalline hydroxyapatite (HA) and related calcium phosphates are virtually inert, remaining 

within the body for as long as 6-7 years post implantation [2].  Actually among all 

bioceramics, Na2O-containg bioactive glasses (e.g. 45S5 Bioglass
®
) are the only one that 

could simultaneously achieve both mechanical strength and satisfactory biodegradability 

through the formation of Na2O-containg crystalline phase, Na2Ca2Si3O9 [3]. This 

mechanically capable crystalline phase can transform to a biodegradable, amorphous calcium 

phosphate at body temperature and in a biological environment (in vitro). This transformation 

couples the above two irreconcilable properties in one scaffold, and the transition temporal 

profile can be tailored to satisfy the requirement of bone tissue engineering [3]. Hence, 45S5 

Bioglass
®
 scaffolds offers a promise to go a long way towards the clinical application of bone 

tissue engineering.  

    Commercially produced 45S5 Bioglass
®
 have been made by conventional glass powder 

manufacturing methods, i.e. melting and quenching. Meanwhile, increasing research efforts 

are being invested in fabrication of bioactive glasses using the sol-gel technique [4-9], which 

has many advantages over melting-quenching processes and is an extremely versatile process.  

Using the sol-gel process, ceramic or glass materials can be fabricated in a variety of forms, 

including ultra-fine spherical powders, thin film coatings, ceramic fibres, microporous 
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inorganic membranes, monolithic ceramics and glasses, or highly porous aerogel materials 

[5].   

    Most recently, Na2O-containing glass-ceramics have been successfully synthesized by 

Chen et al, using a sol-gel technique in a water solution under the ambient conditions [8]. The 

sol-gel derived 45S5 glass-ceramic materials possess the major features of commercial Na2O-

containing bioactive materials, namely, the formation of crystalline phase Na2Ca2Si3O9 

during sintering, decrease of the crystalline phase, and the extensive formation of amorphous 

bone-like apatite in a physiological environment. However, a drawback was also revealed 

that the sintering properties of the sol-gel derived 45S5 Bioglass
®

-ceramics powder was poor, 

compared to that of commercial 45S5 Bioglass
®
 powder, and that the mechanical properties 

of the compact products of the sol-gel derived material was compromised. This forms the 

primary rationale of the present work: to explore alternative sintering techniques to process 

the sol-gel derived 45S5 Bioglass
®
-ceramics powder.  

    Advanced sintering methods, such as hot isostatic pressing [10] and spark plasma sintering 

(SPS), have proved advantageous over conventional pressureless sintering of bioceramics 

[11-14]
.
 Materials of poor sintering properties, such as tungsten carbide (WC), have been 

successfully sintered, and a fracture toughness of 6 MPa m
1/2

 being achieved with the SPS 

route [15]. In the SPS process, a high energy electric spark is discharged and the powder 

particle surfaces are more easily purified and activated than in conventional sintering process. 

The presence of spark plasma significantly enhances rapid densification to high densities 

from powder form [16]. Therefore, the objectives of this work are 1) to sinter sol-gel derived 

45S5 Bioglass
®

 compacts using either the SPS technique or conventional heat treatment, 2) to 

carry out a comparative investigation on the sintering kinetics and mechanical properties of 

45S5 Bioglass
®

-ceramics produced by the above two methods, and 3) finally to investigate 

the biodegradation kinetics and biocompatibility of these 45S5 Bioglass
®
-ceramic materials. 
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2. Material and Methods 

2.1. Material 

The following chemicals were used as precursors for the synthesis of sol-gel 45S5 materials: 

tetraethyl orthosilicate (TEOS, Aldrich, 99%), triethyl phosphate (TEP, Eastman, 99.8%), 

sodium nitrite (Sigma-Aldrich, 99%) and calcium nitrate tetrahydrate (Sigma-Aldrich, 99%).   

2.2. Methods 

2.2.1. Sol-gel process and heat treatment 

    The recipe and processing flowchart have been reported previously [8]. In brief, the molar 

ratio of TEOS, TEP, NaNO3 and Ca(NO3)24H2O was designed according to the molar ratio of 

SiO2, P2O5, Na2O and CaO in 45S5 Bioglass
®
. To achieve a clear sol, the molar ratio between 

water and the four precursor chemicals was set at 10. Each chemical was added reasonably 

slowly into the 0.25M HNO3 aqueous solution at room temperature. Each compound in the 

sequence was added only when the previous solution became clear, and was then stirred for at 

least one hour. The resulting gel was dried at 60 and 200 C for 72 and 40 h respectively, 

aged at 600C for 5 h. 

    Pellets, which were prepared from the above aged 45S5 Bioglass
®

 powder (~1.5g per 

pellet) under uniaxial pressure of 50 kPa, were divided into two groups. One group of pellets 

were sintered with the conventional heat treatment following the program of Fig. 1. The other 

group was sintered with the SPS technique at 600-950 °C for 15 min. 

2.2.2. Characterisation 

    X-ray diffraction (XRD) of the powders and compacts was carried out using a Shimadzu 

6000 Laboratory X-ray diffractometer utilising Cu Kα radiation at 40 kV and 30 mA with a 

graphite monochromator to collimate the X-rays. The step size and scan rate were fixed at 

0.04
o
 and 1

o
/min, respectively.  
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    The distribution of particle size of the sol-gel derived powder was determined using laser 

diffraction analysis and analysed by Zeta Plus Particle sizing software Ver. 4.04, Brookhaven 

Instruments Corp. The particles were dispersed into deionised water for analysis. The 

morphology and composition of the powders and pellets were studied using scanning electron 

microscopy (SEM) JEOL 7001 at 15-20 keV. The SEM samples were gold coated to improve 

the conductivity and minimise electron charging in SEM. 

    The sintered densities of compacts were obtained by Archimedes’ principle using de-

ionized water as immersion medium. An ADA 210/L balance (Adam Co. Ltd., USA) 

equipped with density kit and analysis software was used. 

2.2.3. Mechanical properties 

    The compressive strength of sintered materials was measured using an Instron 4204 tester 

at a crosshead speed of 0.5 mm/min, with a 1 kN load cell. The samples were rectangular in 

shape, with dimensions: 10mm in height and 5mm×5mm in cross-section. During 

compression testing, the load was applied until densification of the porous samples started to 

occur. 

2.2.4.Measurement of pH values and ion concentrations 

    Samples (2g) of the materials to be tested were soaked in 10 ml of tissue culture medium in 

15-ml cone tubes under standard cell culture conditions within a culture incubator (37ºC in 

humidified air containing 5% CO2). Acidity was measured at 4, 12 and 24 hr by insertion of a 

pH glass electrode (Hanna Instruments, HI 1230B) attached to a pH meter (Hanna 

Instruments, HI 98185) into the solutions via an incubator access port, allowing the electrode 

to stabilize under incubation conditions for each reading.  

The solutions used to analyse ion concentrations were prepared by soaking the materials of 

2g in deionised water of 10 ml.  Solutions were collected and transferred to new tubes at 

different intervals up to 2 days. All solutions were analyzed using ion chromatography. The 
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ICS-1000 (Dionex) ion chromatograph with attached autosampler was used for the analysis 

of sodium (Na
+
) and calcium (Ca

2+
) ions. The ICS – 2500 (Dionex) was used for the analysis 

of phosphate (PO4
3-

) and silicate (SiO4
2-

) anions. Before running a sample, the ion 

chromatography system is calibrated using a standard solution. By comparing the data 

obtained from a sample to that obtained from the known standard, sample ions can be 

identified and quantitated. The data collection system produces a chromatogram. The 

chromatography software converts each peak in the chromatogram to a sample convention 

and produces the results. 

2.2.5. Cytocompatibility in vitro (ISO 10993-5) 

    Cytocompatibility study was performed according to the standard cytotoxicity assessment 

set by International Standardization Organization (ISO 10993-5).  Extracts for tissue culture 

were prepared by placing 0.4 g of each material in 2 ml samples of cell culture medium 

(DMEM supplemented with 10% Fetal Calf Serum (FCS), 1% L-glutamine and 0.5% 

penicillin/streptomycin) for 24 hours at 37°C/5% CO2 in culture incubator.  Hydroxyapatite 

was used as the material control, and 2ml of cell culture medium alone was the negative 

control.  Prior to exposure of cells to these extracts, human osteoblast-like cells (MG63, 

ATCC) were seeded in standard media at a density of approximately 2000 cells/well in 96 

well tissue culture treated plates (Falcon, BD Bioscience, North Ryde, Australia), under 

standard incubation conditions (37ºC and 5% CO2), with medium changed every second day. 

When the cell monolayers had reached 80 % confluence (at day 4), the medium in each well 

was entirely replaced with 0.2 ml of extract media samples (medium pre-exposed to material) 

or control media (material control = medium pre-exposed to PleuraSeal
®
; negative control = 

medium only).  All cultures were then allowed to proceed for 2 days.  

    At the end of the incubation period, culture media were collected and the degree of cell 

death was determined by measurement of lactate dehydrogenase  levels [17], as released into 
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the culture media (“RELEASED LDH”), using a commercial kit (Sigma-Aldrich TOX-7) as 

we have described previously [18]. Finally, each well containing living cells was filled with 

0.2 ml fresh cell culture medium and cells were lysed using the solution TOX-7. These 

lysates were then used to determine the cellular LDH content, which equates to the number of 

living cells per well (“TOTAL LDH”). The overall LDH level was determined by measuring 

the absorbance of the supernatant from the centrifuged medium at 490nm (after subtraction 

for background absorbance at 690nm) using a multiwell plate format UV-vis 

spectrophotometer (Thermo Scientific).  The absorbance results of LDH were converted to 

the number of cells according to a linear standard curve (not shown). Hence, cytotoxicity can 

be expressed as: 

100
LDHTOTALLDHRELEASED

LDHRELEASED
 cellsdeadofPercentage 


                    (1) 

2.2.6.Cell proliferation: AlamarBlue
TM

 

    Cell proliferation was assessed using a commercial AlamarBlue
TM

 assay kit (Life 

Technologies). AlamarBlue™ is non-toxic to cells. The assay does not interrupt cell culture, 

allowing continuous measurement of cell proliferation kinetics.  Hence, the AlamarBlue
TM

 

assay is appropriate to evaluate the long-term cytotoxicity of biomaterials due to 

biodegradation under physiological conditions.  MG63 cells were seeded at 5000 cells/mL 

each well in a 48-well plate and cultured in the media with extracts.  Incubated media in wells 

with neither cells nor testing materials extracts were used as negative controls.  After culture 

for 48 hrs, 100 μL of AlamarBlue
TM

 indicator was added to each well (except background 

controls) and incubated under culture conditions for 6 hrs. The media were then transferred to 

a new plate, followed by absorbance determination at wavelengths of 570 and 600 nm in a 

spectrophotometer (Thermo Scientific, Pathtech Australia).  
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    The above procedures were repeated every 48 hrs until confluence was reached (between 

day 6-8). Cell proliferation was quantified by the percentage reduction of AlamarBlue. i.e.: 

% Reduced AlamarBlue
   
   

100
)()(

)()(

12RED21RED

21OX12OX 





 



AA

AA
,              (2) 

where A(1) and A(2) are the values of absorbance of test wells measured at a wavelength of 

1 and 2, and )( 1
A  and )( 2

A are the values of absorbance of negative control wells 

containing only  media and AlamarBlue
TM

 without cells. All values were blanked with the 

readings of background controls. The other parameters in Eq. (2) are as 

follows:   586,801OX  ,   216,1172OX  ,   677,1551RED   and   652,142RED  . 

2.2.7.Statistical analysis 

    All experiments were run with five samples per experimental group, and data are shown as 

mean  standard error of the mean. One-way analysis of variance (ANOVA) with Tukey’s 

post-hoc test as performed to analyse the statistical difference, and significance levels were 

set at a p-value of less than 0.05. 

 

3. Results and discussion 

3.1. Composition of the sol-gel derived 45S5 Bioglass
®

-ceramic powder 

    The composition of the sol-gel derived glass-ceramic powder was determined using EDX 

analysis in SEM JEOL 7001, as listed in Table 1, which is reasonably close to the nominal 

composition of 45S5 Bioglass
® 

[19].  The results from particle sizing showed that 90% of the 

powders are in the range of 5-23 µm with a mean diameter ~ 7.6 µm. The d0.1, d 0.5 and d0.9 

are 5.32, 8.60 and 17.6 µm, respectively.  

3.2. Sintering kinetics of sol-gel derived 45S5 Bioglass
®

-ceramic pellets 
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    A curve of relative density (i.e. 
BG


, where   and 

3

BG g/cm 7.2  are the densities of a 

sintered pellet and of a fully densified Bioglass
®

 material [20] ) against sintering conditions 

was determined, as shown in Fig. 2. The pellets, which were prepared from ~1.5g 45S5 

Bioglass
®
 powder under uniaxial pressure of 50 kPa, were sintered with the either SPS 

technique or conventional heat treatment. It was found that a maximum relative density, 

~0.92 or 0.89, was achieved at 950 and 1200°C with the SPS technique and conventional heat 

treatment, respectively. Further raising the sintering temperature did not increase the density 

further. Hence, the SPS is more efficient than the conventional heat treatment. 

3.3. Characterisation of sintered sol-gel derived 45S5 Bioglass
®

-ceramic pellets 

    It has been reported that a crystalline phase Na2Ca2Si3O9 forms in the sol-gel derived glass-

ceramic powder sintered with the conventional heat treatment [8]. The XRD analysis of this 

work (Fig. 3) showed that this phase presented in the sol-gel derived Bioglass
®
-ceramics after 

sintering with the SPS technique at 600-950 °C for 15min. 

    SEM examination revealed many micropores in the Bioglass-ceramics after sintering with 

the conventional heat treatment at all conditions (Figs. 4a and c). Fine crystalline particles of 

Na2Ca2Si3O9 phase formed and distributed homogenously in the glass matrix after sintering at 

up to 1000°C for 2 hr (Fig. 4b). It should be mentioned that the maximal crystallinity is about 

80% in 45S5 composition [3].  In most of the sintered materials, the amorphous phase forms 

a matrix to host the particles of the Na2Ca2Si3O9 crystalline phase (Figs. 4b, 5b and 5d). The 

percentage of crystalline phase in sintered 45S5 Bioglass
®
 is about 80%, according to 

previous work [1]. However, sintering at excessively high temperature, 1100 and 1200°C for 

2 hr for example, resulted in the segregation of glass phase, leaving bared crystalline particles 

with virtually no glass matrix (Fig. 4d). This inhomogeneous microstructure indicates that an 

over-sintering process occurred at the 1100-1200°C / 2 hr conditions.  
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    In contrast to the materials sintered with the conventional heat treatment, much fewer 

micropores presented in the glass-ceramics that were sintered with the SPS technique (Figs. 

5a and c), especially the one sintered at 950°C (Fig. 5c).  Fine and homogenously distributed 

crystalline particles of Na2Ca2Si3O9 phase were populated in the glass matrix after SPS at 800 

and 950°C (Figs. 5b and d). The presence of fewer microvoids and homogeneous 

microstructure of fine crystalline particles in the glass matrix produced much improved 

mechanical properties in the SPS processed materials, compared to those treated with the 

convention heating process, as discussed in the next section.   

3.4. Mechanical properties 

    Fig. 6 demonstrates the mechanical properties of the 45S5 Bioglass
®

-ceramic materials 

after sintering with the SPS technique and conventional heat treatment. The mechanical 

properties increased with increasing sintering temperature. The maximal values of Young’s 

modulus achieved by the conventional heat treatment was about 90 GPa on average, which 

was lower than the maximal Young’s modulus (~110 GPa) achieved by the SPS technique at 

950 °C (Fig. 6a). Moreover, the small standard deviation of mechanical properties of SPS 

samples indicates that their mechanical performance is reliable. In contrast, the conventional 

sintered compacts showed larger standard deviation due to the inhomogeneous structure, as 

manifested in Fig. 4. 

    Similarly, the ultimate compressive strength (UCS) of this material system was collectively 

higher after sintering with the SPS technique than with the convention heat treatment (Fig. 

6b), with the maximal UCS being ~110 and ~98 MPa, respectively. However, the difference 

in the maximal UCS of the materials sintered by the two methods is insignificant (p > 0.05). 

It should be mentioned that the UCS of cortical bone is in the range of 50-150 MP [21-24]. 

Hence the sintered 45S5 Bioglass
®
-ceramics is comparable to the natural compact bone, in 

terms of mechanical properties.  



11 
 

    Equally importantly, the mechanical reliability of the Bioglass
®
-ceramics was also 

improved by the SPS technique, as indicated by the scatterings (error bars) of the Young’s 

moduli and UCS, which are significantly smaller in the materials sintered with the SPS 

technique than in those sintered with the conventional heat treatment (Fig. 6a and b). The 

mechanical properties shown in Fig. 6 are consistent with their microstructures shown in 

Figs. 4 and 5. The higher incidence of microvoids in the materials sintered with the 

convention heat treatment is most likely responsible for the poor mechanical performance 

(i.e. lower mean values of mechanical properties and larger scatterings of raw data), 

compared to those sintered with the SPS technique.  Hence, we conclude that the SPS 

technique is an efficient sintering method, which can densify the sol-gel derived Bioglass-

ceramics quickly, cheaply and reliably.  

3.5. pH values of culture medium exposed to the Bioglass
®

-ceramics 

    The negative control was the media which was not in contact with any tested materials, and 

positive control was the media exposed to HA. Compared with the two control groups, the 

pH values of the media were increased when in contact with the Bioglass
®
-ceramic materials 

(Fig. 7), indicating that alkaline ions had been released. The change in pH values was 

considerably slower in the media soaked with relatively well sintered pellets, i.e. SPS at 800 

and 950ºC and conventional heat treatment at 1000-1200ºC. It is apparent that the change in 

pH value, as well as the ion release (Fig. 8), was primarily controlled by the level of 

densification in these materials, as significant densification was observed with the materials 

sintered at these conditions (SPS at 800 and 950°C and conventional heat treatment at 1000-

1200 °C), as indicated by the values of relatively density in Fig. 2, SEM examination (Figs. 4 

and 5) and the mechanical properties in Fig. 6.  It is likely that the surface area exposed to the 

medium was significantly reduced in these densified materials, because a porous sample has a 

larger surface area exposed to the surrounding liquid, resulting in faster ion release.  
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3.6. Ion Release into the deionised water from the Bioglass
®

-ceramics 

    There was no significant difference in the sodium ion concentrations after 24 hr soaking (p 

> 0.05) (Fig. 8). However, considerably higher sodium concentrations were detected in the 

first 24 hrs in the solutions soaked with the materials sintered at lower temperature, e.g. 

conventional heat treatment at 800°C (Fig. 8b) or SPS at 600°C (Fig. 8d), compared to those 

soaked with relatively well densified materials (Figs. 8a and c). This result is reasonably in 

agreement with the data of pH measurement (Fig. 7). The difference in the release of other 

ions, i.e. calcium (Ca
2+

) ions, phosphate (PO4
3-

) and silicon (SiO4
2-

) anions, was insignificant 

between any two of the tested groups. The different time-release patterns among the samples were 

primarily due to the degree of densification of samples. Densified samples showed slow ion release 

kinetics at the early stage of soaking.  Hence, it was concluded that the pH value of the medium 

was primarily affected by the release of sodium ions when exposed to the Bioglass
®

-ceramic 

materials. 

3.7. Evaluation of cytocompatibility 

    The biocompatibility of melt-derived 45S5 Bioglass
®
 has been evaluated previously, both 

in vitro and in vivo [25-27]. Given that the current 45S5 Bioglass
®
-ceramics was produced by 

a new process, it was necessary to evaluate the biocompatibility of the materials, using the 

cytocompatibility standard described by ISO 10993-5 which is required by the FDA. 

Hydroxyapatite was used as a positive control in this work. Medium containing the extracts 

of sintered powders was found to support proliferation of MG63 cells, and visual microscopic 

observation could identify no gross differences in cell proliferation at day 2 in the following 

six groups of samples: two controls, Bioglass
®

-ceramics sintered at 1000 and 1200 °C with 

the conventional heat treatment (Fig. 9) and materials sintered at 800 and 950°C with the SPS 

technique (Fig. 10c and d). The proportions of dead cells observed in MG63 cultures exposed 

to these sintered materials or HA were not significantly different (p > 0.05) (Fig. 11). 
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However, the cell growth was apparently slow at day 2 in the media containing the extracts of 

materials sintered with the SP technique at low temperature, i.e. 600 and 750°C (Fig. 10a and 

b), which was confirmed by the quantitative assessment (Fig. 11).  

    However, there was no significant difference in cell proliferation after day 2, as indicated 

by the quantitative assessment using the AlamarBlue™ technique (Fig. 12). It was revealed 

that the growth kinetics of MG63 cells were generally similar between media tested, with no 

significant difference seen between any two of the cellular growth kinetic curves (p > 0.05) at 

day 4 and 6. Further evaluation at extended time points is needed to verify the long-term safety and 

efficacy. 

 

4. Conclusions 

    This work has explored the spark plasma sintering (SPS) of sol-gel derived 45S5 

Bioglass
®
-ceramics. The SPS has been proved to be much more efficient than the 

conventional heat treatment for sintering the present sol-gel derived 45S5 Bioglass
®
-

ceramics. The optimal SPS conditions were found to be around 950ºC for 15 min, which can 

improve mechanical properties of the sol-gel derived 45S5 Bioglass
®
-ceramics, compared to 

those sintered with the conventional heat treatment at above 1000ºC for 2 hr. This 

investigation also revealed that the Bioglass
®

-ceramics sintered at the optimal conditions 

released alkaline ions slowly, especially at the early stage of incubating, such that the change 

of pH value in the surrounding medium was mild. As a result, the well densified Bioglass
®

-

ceramics exhibited better cytocompatibility at the early stage of cell culture, compared to the 

counterparts sintered at other conditions, although there was no significant difference from a 

long-term point of view. Hence, we recommend that SPS technique be used in the process of 

sol-gel derived Bioglass
®

-ceramics
 
and its tissue engineering scaffolds.  
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Bioglass
® 

 Sol-gel derived  

Bioglass
®
-ceramics 

mol % 

Nominal Bioglass
® 

 

mol% 

Si 47.22 46.1 

Na 45.96 48.8 

Ca 27.03 26.9 

P 5.54 5.0 

 

Table 1
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