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ABSTRACT

This study aims to produce 45S5 bioactive glass scaffolds

(45% SiO2-24.5% CaO-24.5% Na2O-6% P2O5) through a

novel process of powder technology and polymer foaming,

patented by the IMI (Industrial Materials Institute, NRC).

Initially, various foaming agent/binder/bioglass powder ratios

were proved and the optimal ratio was 0.5/54.5/45.0 in wt.

%, respectively. The mixing of the powders was carried out in

a shaker-mixer and it was compacted in alumina molds. The

samples obtained were submitted to a heat treatment in two

stages, the first one, foaming, and the second one, pyrolysis

and sintering in the same thermal profile, with the goal of



obtaining scaffolds with mechanical properties and a

bioactive response by immersion in SBF appropriated for

orthopedic applications. The sintering temperature of

scaffolds was 975°C. Then, the scaffolds were machined to

obtain uniform cylindrical samples for mechanical testing

and cut into tablets of 3 mm in thickness that were

immersed in SBF for bioactivity tests for 0, 1, 3, 7, 14, 21

and 28 days. The characterization of scaffolds before

immersion in SBF was performed by scanning electron

microscopy (SEM) and microtomography (μCT), also they

were tested for compression, and measurement of density

and porosity. After immersion the samples were observed

with SEM and analyzed by EDS, X-ray diffraction (XRD) and

infrared spectroscopy (FT-IR), also the mass variation was

estimated. The scaffolds obtained by the experimental

method described above, showed a 55 to 65%

interconnected porosity and an average compressive

strength of 13.78 ± 2.43 MPa, and showed the formation of

hydroxyapatite layer after 7 days of immersion in SBF,

fulfilling the requirements to be used as a regenerative

scaffold. The proposed method of powder technology and

polymer foaming, allows controlling the porosity, pore size

and compression strength of the scaffolds by varying the

ratio foaming agent/binder/bioglass powder and sintering

temperature.

INTRODUCTION
The potential of biomaterials for tissue regeneration has

been shown in vitro and in clinical practice; these materials

have been certain compositions of bioactive glasses that

offer the ability to adapt to the soft and/or hard tissue. The

bioactivity of a material has been associated with the

formation of hydroxyapatite crystals in the surface in contact

with natural or synthetic body fluids, similar to the inorganic



structure of the bone and it has been shown that bioactive

glasses exert a control in the production of osteoblasts on

cell cycle.1 This discovery has stimulated research into the

use of bioactive glasses as scaffolds for tissue engineering

and has concluded that the bioactive glass 45S5 is the one

with the highest potential to be used as three-dimensional

matrix (regenerative scaffold) in a large number of human

bone components. Recent studies have shown that the

ability to regenerate human tissue through the production of

hydroxyapatite depends on the porosity of the bioactive

glass; the bioactive glass has a higher capacity, if this is

more porous.2–5 Note that this porosity should be

interconnected, which is why research continues to study the

different ways to produce bioglass foams to obtain

characteristics similar to human bone. Currently there are

three techniques to produce bioglass foams, the replica

technique, technique sacrifice and direct foaming

technique.6

The main objective of this study is to implement a

methodology to obtain bioactive scaffolds from bioglass

powders and to examine the relationships between their

microstructure and bioactivity. This work is based on the

principle that it is possible to obtain controlled reabsorption

and dissolution rates of species that promote the

regeneration of tissue by manufacturing glasses with

structure that mimics trabecular bone structure. The

bioactivity of the bioglass scaffolds will be monitored by

evaluating the in vitro formation of calcium phosphate layer

on their surface.

METHODOLOGY

Preparation of 45S5 Bioactive Glass



45S5 glass was prepared by the traditional melting-

quenching method of a mixture of high purity powders of

SiO2, Na2CO3, CaO and P2O5 (Sigma-Aldrich, St. Louis, MO,

USA), prepared stoichiometrically to obtain the final

composition of 24.5Na2O-24.5CaO-6P2O5-45SiO2 (wt. %).

Fabrication of 45S5 Bioglass Scaffolds

Scaffolds of 45S5 bioactive glass were produced by the

combined method of powder technology and foaming of

polymers, described in [7], since it is a novel method, easy

to handle, and does not generate high costs. The glass

powder was mixed with a phenolic resin (Varcum 29217,

Durez Corporation, Niagara Falls, NY, USA) and a foaming

agent (p-toluenesulfonyl hydrazide or TSH, Sigma-Aldrich, St.

Louis, MO, USA) in the ratio 45/54.5/0.5 in wt. %,

respectively. The powder mixture was poured into a SS mold

for foaming, during this process the binder was melted to

form a suspension with the glass particles and then the

foaming agent decomposed to generate a expanding gas.

After foaming, the resulting material was a phenolic resin

foam loaded with 45S5 bioactive glass particles. The foams

were machined into small cylinders of 18 mm in diameter

and 20-30 mm in length, and then heat-treated at 500°C for

2 h to burn out the binder and sintered in air at 975 °C for 1

h to consolidate the material.

Bioactivity Tests

The cylindrical scaffolds were cut into discs with dimensions

of 10 mm in diameter and 3 mm in thickness, taking

precautions to have no contamination. The discs were

immersed in simulated body fluid (SBF) following the

protocol published by Kokubo et al.8. Various times were

selected for immersion in SBF, 1, 3, 7, 14, 21 and 28 days.

The immersed discs were maintained at 37 °C in

polyethylene vials under sterile conditions in a cell culture



room. After each immersion time, the sample was removed

from the fluid and dried in an oven at 90 °C for 24 h and

subsequently was placed in a desiccator.

Characterization of 45S5 Bioglass Scaffolds

The microstructure of the scaffolds was characterized with a

JSM-6100 JEOL scanning electron microscope (JEOL, Tokyo,

Japan) and a X-Tek HMXST 225 X-ray μCT (Nikon Metrology,

Tring, UK). Scaffolds, before and after bioactivity tests, were

characterized by X-ray diffraction (Bruker AXS D8 Discover X-

Ray Diffractometer) to determine the crystalline phases after

sintering and the evolution of the hydroxyapatite layer,

respectively. The acquisition data was carried out in the

range of 20-90° 2θ using a 0.04° step and 2 s/step. The

specific surface area, which is an important feature that

influences aspects such as reaction kinetics and it is also

required to calculate the SBF volume for immersion of each

disk, was measured in a surface area analyzer HORJBA-SA

9600 series. The gas used for the analysis was nitrogen and

the value for the bioglass scaffolds was 0.13 m2/g.

Functional groups of bioactive glass and hydroxy apatite

phases were determined by infrared spectroscopy in 45S5

bioactive glass scaffolds before and after immersion in SBF.

Each spectrum comprises 32 independent scans in

transmittance, measured at a spectral resolution of 1 cm−1

within the 4,000 – 400 cm−1 range, in a Bruker Tensor 27 FT-

IR Spectrometer (Bruker, Germany).

For scaffold unconfined compression tests, six cylindrical

samples (10 mm in diameter and 5 – 9 mm in length),

selected randomly, were tested in a universal machine MTS

with a load cell of 5 KN. The cross-head loading speed was

set at 2.5mm/min.



RESULTS AND DISCUSSION
The scaffolds had porosity between 55 – 65% and the

volume decreased about 25% of the initial volume after

pyrolysis and sintering.

The SEM micrographs of the sintered scaffolds are shown in

Figure 1, it can be seen that the porous structure is uniform

throughout the sample and the porosity is interconnected

with pore size in the range of 50 – 600 μm.

Figure 1. SEM micrographs of porous structure of 45S5

scaffolds sintered at 975°C at various magnifications: (a)

15x, (b) 200x, and (c) 400x.

Figure 2 shows 2-D and 3-D microtomography (μCT) images

obtained from sintered sacffolds. It can be observed a

uniform and interconnected porosity as well as the thickness

of the struts in the scaffolds. The graph represents the pore

size distribution, on the left side is the volumetric frequency

up to 10.5% for a pore size 250 μm and on the right side is

the a volumetric cumulative frequency up to 100%. The

behavior is cuasimodal and the pore size distribution is in the

range of required parameters (50-600μm) for a regenerative

scaffolds.

Figure 2. Pore size distribution and microtomography (μCT) of

scaffold sintered at 975°C.



Figure 3 shows the XRD pattern of 45S5 bioactive glass and

foams made at 975°C. The spectrum of the powder showed

that the initial powder for producing foams is amorphous.

However foams spectra show peaks representative of the

crystalline phases: Na6Ca3Si6O18 (JCPDS 77-2189) y

Na2Ca4(PO4SiO4 (JCPDS 29-1193), the same have been

identified by other investigators in previous studies of

sintered bioactive glasses of the same composition9–11 This

clearly indicates that a process of crystallization is present

during sintering of foams.

Figure 3. XRD spectra of 45S5 bioglass powder and bioglass

scaffold sintered at 975°C.



Figure 4 shows the formation of hydroxyapatite layer as a

function of immersion time on the surface of bioglass

sintered structure. It can be observed that hydroxyapatite

tends to form agglomerates of spherical nanoparticles as of

7 days of immersion in SBF. The presence of hydroxyapatite

phase was also confirmed by XRD and FT-IR analyses.

Figure 4. SEM micrographs showing the development of the

hydroxyapatite layer on the surface of bioglass scaffolds at

various immersion times in SBF: (a) 0, (b) 1, (c) 3, (d) 7, (e)

21, and (f) 28 days.



Figure 5 shows the XRD patterns for the scaffolds at various

times of immersion in simulated body fluid. It can be

observed the presence of the peak of the hydroxyapatite

phase, which increases in intensity as a function of

immersion time while the intensity of the reflections

correspoding to the crystalline phases in the scaffold

developed after sintering decrease.

Figure 5. X ray spectra of bioglass scaffold sintered at 975°C

and immersed in SBF for various times.



The IR spectra for the scaffold sintered at 975°C, before

and after immersion in SBF for 14 days, are shown in Figure

6. A typical HA phase shows bands in FTIR spectrum in

(3600, 3569, 3578, 3448 and 633) cm−1 for OH− groups,

bands (474, 571, 601, 692, 1032 ≈ 1087, 1092, 1040) cm−1

corresponding to groups PO4
3- and bands (870, 1420 and

1480) cm−1 if the sample contains CO3
2- groups12. Several

of these bands are present in the sample subjected to 14

days of immersion in SBF, as can be observed in Figure 6

(3746, 3409, 1483, 1450, 1038, 692, 630, 572 cm−1). This

means that the obtained peaks are representative of a phase

very close to a stoichiometric HA.

Figure 6. Infrared spectroscopy analyses for bioglass scaffols

before and after immersion for 14 days in SBF.


