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Scaffolds of bioglass derived from BG45S5 (45 wt% SiO2, 24.5 wt% CaO, 24.5 wt% Na2O 
and 6 wt% P2O5) containing 10 wt% niobium were prepared by gelcasting method. The scaffolds 
presented a 3D porous structure with interconnected and spherical pores (pore size range 100 μm to 
500 μm) and high porosity (89%), similar to trabecular architecture of spongy bone. The compressive 
strength was 0.18 ± 0.03 MPa which is acceptable for bone repair applications. The in vitro biological 
studies showed cytocompatibility for human osteoblastic cells as well tendency for higher alkaline 
phosphatase activity. Therefore, the findings here suggest the great potential of the scaffolds for using 
in bone tissue engineering.
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1. Introduction
Bioactive glasses (BGs) are outstanding materials 

in tissue engineering due to their high bioactivity and 
biocompatibility1. In the last decades, several silicate glass 
compositions have been developed and investigated for a 
number of applications, including bone substitute materials, 
dental and coating applications and hard and soft tissue 
repair scaffolds2. Additionally, research focuses on the 
addition of therapeutic ions with physiological activities 
and therapeutic properties in BGs, which are released during 
the process of dissolving of the material3,4, improving its 
performance5. Among the therapeutic ions, strontium6, 
cobalt7 and niobium8 have been explored.

In the literature, some reports about production of 
bioactive glass and glass-ceramic containing niobium have 
been found8-11. For example, Souza et al.11 shows in vitro 
and in vivo studies of a novel melt-derived Nb substituted 
45S5 bioglass that exhibited similar release profile for Si, 
Na and Ca species compared to BG45S5, in addition to 
the release of niobium species by the compositions of Nb-
containing glass. The release of niobium species may have 
been responsible for the observed enhanced osteogenic and 
osteostimulative properties.

Recently, Souza et al.. also studied the biocompatibility 
of a bioactive glass of calcium and sodium silicate containing 
2.6 mol% Nb2O5 through a variety of in vivo and in vitro 
experiments and the results were compared with the archetypal 
45S5 bioglass. Tests have shown that the material does not 
cause damage to elevated metabolic and excretory organs, 
such as the liver and kidneys and not have genetic toxicity. 
These results attest that this glass composition is biocompatible 
and can be implanted in the body without causing damage.

In the present work, highly bioactive glass-ceramics 
scaffolds containing niobium for bone repair applications 
were produced by gelcasting method. The aim was to 
demonstrate that it is possible to obtain 3D structures with 
suitable porosity by a simple and cheap method. The scaffolds 
were characterized according to its physical, mechanical and 
biological properties.

2. Materials and Methods

2.1 Preparation of BGNb10 scaffolds by 
gelcasting method

The chemical composition of BG45S5 (45 wt% SiO2, 
24.5 wt% CaO, 24.5 wt% Na2O and 6 wt% P2O5) was modified 
by replacing part of the SiO2 in the glass matrix with niobium, *e-mail: eliandra.sousa@unifesp.br
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in the oxide form (Nb2O5) in the proportion of 10 wt%. This 
composition was named BGNb10. Regarding this purpose, 
high purity SiO2, Na2CO3, CaCO3 and P2O5 powders (>99.9%) 
were weighed to obtain the glass composition. All precursor 
reagents were purchased from Sigma-Aldrich (St. Louis, 
MO), except the niobium oxide (Nb2O5, optical grade, 
>99.5%), donated by the CBMM (Companhia Brasileira 
de Metalurgia e Mineração, Araxá, Minas Gerais, Brazil). 
Briefly, the powder, after being mixed in a conventional ball 
mill for 2 h, was placed in a fused zirconia-alumina-silica 
(ZAS) crucible and heated to an intermediate step at 900 °C 
for 90 min to degasify the melt, followed by a second step 
at 1350 °C for 15 min followed by quenching in deionized 
water at room temperature1. The coarse frit form of the glass 
was collected and dried overnight at 100 °C. The glass was 
milled into porcelain mortar, passed through a 140 mesh sieve, 
followed up by an intense grinding in a ball mill (MA500, 
Marconi, Piracicaba, SP, Brazil) with zirconia milling media 
of 2.5 mm of diameter. The resulting powder was analyzed 
by laser diffraction (CILAS 1190L, Madison, WI, USA) and 
by X-ray diffraction (Shimadzu XRD7000, CuKα radiation, 
2θ = 10-60°, 25 mA, 40 kV). As result the glass powder 
presented a mean particle size of 4.02 µm (D50 value) and a 
particle size distribution ranging from 0.92 µm (D10 value) 
to 9.68 µm (D90 value) and presented amorphous structure.

The BGNb10 scaffolds were fabricated using the gelcasting 
method. Slurries with solid content of 30 vol.-% of the 
glass powder were prepared by dispersing the powder in an 
aqueous solution containing 20 vol.-% of organic monomers 
(methacrylamide - MAM, N,N,N’,N’-hydroxymethyl acrylamide 
- HMAM and methylenebisacrylamide - MBAM) at a molar 
ratio of 3:3:1 (MAM:HAMAM:MBAM) as previously published 
elsewhere1. Briefly, a non-ionic surfactant (0.2% related to 
slurry mass, Lutensol ON-110, BASF) was added into the 
slurry to produce the foam after being stirred for 3 min with 
a mixer. Ammonium persulfate (APS, Vetec Química Fina 
Ltda, RJ, Brazil) and N,N,N,N´-tetramethylethylenediamine 
(TEMED, Sigma-Aldrich, St. Louis, MO, USA) at a molar 
ratio of 1:3.5 were used as initiator and catalyst for gelation 
reaction, respectively. The foam was poured into 250 mL 
beakers where it remained for gelation. After gelation, the 
foams were demoulded and dried at 40 °C for 24 h and then 
the samples were core-drilled (cylinders, d = 6 mm and 
h = 12 mm). The heat treatment was performed as follow: i) 
samples were fired at 500 °C (heating rate of 1 ºC/min and 
dwell time of 1 h) to eliminate all organic components; ii) 
samples were sintered at 850 ºC (heating rate of 5 ºC/min 
and dwell time of 2 h).

2.2 Scaffolds Characterization
A fracture surface of the BGNb10 scaffolds was observed 

by scanning electron microscopy (SEM) (JEOL 6360-LEV). 
In order to investigate the crystalline phases formed after 
the heat treatment, the powdered scaffolds were analyzed 
by X-ray diffraction (Shimadzu XRD7000, CuKα radiation, 
2θ = 10-60°, 25 mA, 40 kV).

Total porosity of glass scaffolds was determined according 
to Equations 1 and 2. The geometric density (ρscaffolds) of 
cylindrical samples was calculated using their dimensions 
(height and diameter) and weight. The theoretical density of 

the scaffolds (ρt) was calculated considering the density of 
the 45S5® Bioglass (ρ45S5® Bioglass) equal to 2.7 g.cm-3 12 and 
the Nb2O5 (ρNb2O5) equal to 4.6 g.cm-3 13. XBG45S5 and XNb2O5 are 
the mass fractions of each phase added for the preparation 
of the scaffolds.
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The compression strength of the scaffolds (cylindrical 
form, h/d = 2) was determined by using a universal testing 
machine (DL2000, EMIC, São José dos Pinhais, PR, Brazil) 
at cross-head speed of 0.5 mm.min-1, with the load cell of 
5 kN. Polytetrafluoroethylene (PTFE) layers were used 
at the two ends of the testing foams to avoid edge effects 
(fragmentation of edges and sliding) during loading. Results 
of porosity and compressive strength are reported as mean 
± standard deviation calculated on 10 specimens.

2.3 Biological analysis of the scaffolds
In vitro cytocompatibility was performed based on the 

standard cytotoxicity assessment set by the International 
Standardization Organization (ISO 10993), using an indirect 
assay. Briefly, for the preparation of the extracts, 0.1 g of 
BGNb10 scaffolds were incubated in 1 mL of cell culture 
medium - α-Minimal Essential Medium (α-MEM) supplemented 
with 10% fetal bovine serum, 100 IU/mL penicillin, and 
100 μg/mL streptomycin (all reagents from Gibco), for 
24 h at 37 °C, in a humidified atmosphere of 5% CO2. After 
incubation, the medium, from now on designated as extracts, 
was collected and serially diluted in cell culture medium. 
Prior to the exposure to these extracts, MG-63 osteoblastic 
cells were seeded at 105 cells/mL (96-well plates, 100 µL) 
and incubated for 24 h at 37 °C in a humidified atmosphere of 
5% CO2. After incubation, the medium was replaced by the 
extracts’ dilutions and the cultures were further maintained 
under standard incubation conditions for 2 and 6 days. 
Cytocompatibility was evaluated regarding cell metabolic 
activity and alkaline phosphatase (ALP) activity.

After 48 h of exposure to the extracts, cell metabolic 
activity was determined using the MTT assay (Sigma Aldrich, 
St. Louis, MO, USA). Briefly, 10% (v/v) of MTT solution 
was added to each well, and the cells were incubated for 3 h. 
After removing the culture medium, the resulting formazan 
crystals were dissolved by adding 100 μL of dimethyl 
sulfoxide solvent (Sigma-Aldrich, St. Louis, MO, USA) to 
each well. The plates were shaken at room temperature for 
10 min to dissolve the crystals and the absorbance were then 
analyzed at 550 nm using a microplate reader (Synergy HT, 
BioTek). The absorbance value readings were normalized 
to untreated control cultures (100%).

Cell viability was evaluated through live/dead staining, 
which is a two-color fluorescence assay that simultaneously 
determines live and dead cells. Live cells have the ability to 
cleave and retain a highly fluorescence calcein appearing 
as green in color, while died cells or cells with damaged 
membrane allow the entry of propidium iodide (PI) and, 
therefore, they appeared as red. After 24 h exposure, the 
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extracts were removed and cells were washed twice with 
phosphate buffer solution (PBS, Sigma-Aldrich, St. Louis, 
MO, USA). Calcein AM (Sigma-Aldrich, St. Louis, MO, 
USA) was diluted in cell culture medium without phenol 
red and PI (Sigma-Aldrich, St. Louis, MO, USA) solution 
was used as supplied. Each solution was added to cells and 
incubated for 30 min at 37 °C, protected from light. Cells 
were then visualized with an inverted fluorescence microscope 
(Axiovert 200M, Carl Zeiss Microscopy GmbH, Germany) 
with green (488 nm) and red (594 nm) filters.

After 6 days of culture, cells were analysed for ALP 
activity. Cell lysates were prepared in 0.1% (v/v) Triton 
X-100 (Sigma-Aldrich, St. Louis, MO, USA) and the enzyme 
activity was evaluated through the hydrolysis of ρ-nitrophenyl 
phosphate (Sigma-Aldrich, St. Louis, MO, USA), in alkaline 
buffer solution, at pH 10. After 1 h incubation at 37 °C, the 
product (ρ-nitrophenol) was measured in a plate reader at an 
absorbance of 405 nm (Synergy HT, BioTek). ALP activity 

was normalized to total protein content and expressed as 
nmol of ρ-nitrophenol produced per µg of protein. Total 
protein content was measured using the Bio-Rad DC protein 
assay (Bio-Rad Laboratories), according to manufacturer 
instructions, with bovine serum albumin used as standard.

2.4 Statistical analysis
Results were expressed as mean ± standard deviation. 

The biological assays were performed in triplicate, in three 
independent experiments. The results were compared using 
the one-way analysis of variance (One-way ANOVA) followed 
by post hoc Tukey HSD multiple comparison test (IBM® 
SPSS® Statistics, vs. 20.0, Chicago). Levels of p<0.05 were 
considered to indicate the significance level.

3. Results and Discussion
The XRD patterns of the BGNb10 glass powder and the 

BGNb10 scaffolds sintered at 850 °C are show in Figure 1. 
It is possible to observe the amorphous nature of the glass 
powder by absence of diffraction peaks. On the other hand, 
it was formed crystalline phase in the scaffolds after the heat 
treatment. The peaks correspond to Na2CaSi2O6 (JCPDS 
77-2189) and NaNbO3 (JCPDS 014-0603) phases, where 
the first one appears as majority phase.

Morphological analysis by SEM (Figure 2) shows that the 
BGNb10 scaffolds present a homogeneous pore distribution, 
high degree of interconnection between them and average 
pore size in the range of 100 μm to 500 μm (Figure 2A1-A4). 
Figure 2A5 and 2A6 shows the densification of the scaffolds 
as well as the presence of crystalline phase in needles form, 
in accordance with the XRD analysis.

The porosity achieved was 89.2 ± 1.4% while the mechanical 
strength was 0.18 ± 0.03 MPa and the relative density 
(ρ/ρ0) was 0.127 (Table 1). According to Elsayed et al.14 the 
compressive strength of cancellous bone is in the range 
of 0.2 MPa to 4.0 MPa when the relative density is ~ 0.1. 

Figure 1. XRD patterns of BGNb10 glass powder and BGNb10 
scaffolds prepared by gelcasting method and sintered at 850 ºC/2 h.

Figure 2. SEM micrographs of BGNb10 scaffolds (A1, A2, A3, A4, A5, A6) prepared by gelcasting method and sintered at 850 ºC/2 h.
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In our work, the BGNb10 scaffolds’ compressive strength is 
closer to the lower limit of this range. However the scaffolds 
presented enough mechanical resistance to be handled 
properly during the tests.

The data were not compared with literature values, as far 
as we know, this is the first time that 45S5 bioglass-derived 
glass-ceramic scaffolds containing niobium have been 
prepared by gelcasting method. Only results of scaffolds 
prepared by sol-gel method were found15, which hinders the 
direct comparison between the results since the process of 
obtaining scaffolds influences directly in the physical and 
mechanical properties of the scaffold.

For biological evaluation none of the dilutions of the 
extracts was found cytotoxic to MG-63 cells (Figure 3A). 
In fact, the cell viability of osteoblastic cells cultured 
at various dilutions of BGNb10 scaffolds extracts was 
superior to the control adopted. This fact is believed to 
be due to the presence of Nb in the composition of the 
bioglass. The addition of Nb2O5 caused a significant 
increase in cell viability, which reinforces its use as a 
therapeutic ion. Recently, similar results of non-cytotoxic 
behavior involving niobium were observed in the study 
by Capanema  et  al.16 and Souza  et  al.8. In the work of 
Capanema et al.16, a preliminary cytocompatibility response 
of niobium-doped hydroxyapatite (Nb-HA) nanoparticles 
was obtained by culturing human osteoblast cells using MTT 
and resazurin assays, which did not presented cytotoxicity 
of niobium-linked hydroxyapatite. Souza et al.. investigated 
the biocompatibility of a bioactive sodium calcium silicate 
glass containing 2.6 mol% Nb2O5 (denoted BGPN2.6) and 
compare the results with the archetypal 45S5 bioglass. 
The BGPN2.6 glass was not cytotoxic to bone-marrow-derived 
mesenchymal stem cells showing excellent cytocompatibility. 
Besides this, it was observed that Nb-containing glass was 

capable of stimulating the regeneration of a 5-mm calvarial 
defect in 56 days. In our study, as a functional parameter 
of MG-63 cells, ALP activity was also evaluated. ALP is 
a characteristic osteoblastic marker with a major role in 
the initiation of the mineralization process17. As shown in 
Figure 3B, ALP levels were visibly/significantly higher for 
cells exposure to BGNb10 scaffolds extracts as compared 
to the control. Thus, the BGNb10 scaffolds when are in 
contact with tissues may affect cell behavior showing that 
the presence of niobium dispersed in the matrix promotes 
more effective regeneration.

A previous work carried out by our research group 
showed evidences that when the content of Nb2O5 added 
to the composition of BG45S5 is 10 wt% a new structure, 
open and fragmented, can be formed which is interesting 
from the biological point of view. It is known that the 
biocompatibility of 45S5 Bioglass® occurs by the ionic 
dissolution products (Ca, Si, Na and P)18-20. As reported 
by Lopes et al.21, the elemental analysis using Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
revealed that the ionic products of niobium-containing 
glass (45S5 Bioglass containing 1, 2.5 and 5 mol% of 
niobium) are similar to those from 45S5, apart from 
trace amounts of Nb, thus, this material is not expected 
to be toxic to living cells. However we believe that the 
influence of niobium ions on the metabolic activity of 
cells depends on their concentration (availability) in 
the medium.

Evidences of cell viability also were additionally 
confirmed by live/dead staining (Figure 4). MG-63 cells 
grown in the extracts are viable and are homogeneously 
distributed in the wells while dead cells appear in small 
quantity, that is, the addition of niobium did not cause a 
cytotoxic effect on cells.

Table 1. Porosity, compressive strength and relative density (ρ/ρ0) values for BGNb10 scaffolds.

Sample Porosity (%) Compressive strength (MPa) ρ/ρ0

BGNb10 89.2 ± 1.4 0.18 ± 0.03 0.127

Figure 3. (A) Viability of MG-63 cells after 48 h in contact with several dilutions of the extracts of BGNb10 scaffolds. Results were 
expressed as mean ± standard deviation (n = 3). Statistical analysis was performed using One-way ANOVA followed by post-hoc Tukey 
HSD multiple comparison test (*p < 0.05). (B) ALP activity of MG-63 cells after 6 days of culture with several dilutions of the extracts 
of BGNb10 scaffolds.
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Figure 4. Fluorescence staining of cells cultured on BGNb10 scaffolds: A) 1:2 and B) 1:4 dilution for 24 h.

4. Conclusions
BGNb10 scaffolds were successful fabricated by gelcasting 

method, a simple and cheap method which allowed the obtaining 
of a 3D porous structure with interconnected and spherical 
pores and high porosity (89%), similar to the trabecular 
architecture of spongy bone. The presence of niobium in 
the glass matrix may have been responsible for stimulation 
of cell viability and osteogenic parameters. These findings 
indicate a possible application of the BGNb10 scaffolds for 
bone tissue engineering.
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