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For thirty years it has been known that certain compositions of Na
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O-CaO-P
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O

5
-SiO

2
 glasses

will form a mechanically strong, chemical bond to bone. These materials have become known as
bioactive glasses and the process of bonding is called bioactive fixation. Bioactive glasses are
widely used clinically in the repair of bone defects. Recent research at the Imperial College Tissue
Engineering Centre has now established that there is a genetic control of the cellular response to
bioactive materials. Seven families of genes are up-regulated when primary human osteoblasts are
exposed to the ionic dissolution products of bioactive glasses. The gene expression occurs very
rapidly, within two days, and includes enhanced expression of cell cycle regulators. The conse-
quence is rapid differentiation of the osteoblasts into a mature phenotype and formation of large
three-dimensional bone nodules within six days in vitro. These cell culture results correlate with
extensive human clinical results using the same bioactive material. The new genetic theory of
bioactive materials provides a scientific foundation for molecular design of new generation of
resorbable bioactive materials for tissue engineering and in situ tissue regeneration and repair.
Application of this theory to the synthesis of bioactive foams for tissue engineering of bone is
described.
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1. Introduction

The clinical success of bioactive glasses in treatment of
periodontal disease1, facial bone augmentation2, and mid-
dle ear devices3, has stimulated a large number of research
works in the field of tissue regeneration. In vivo studies have
also confirmed the higher bone regenerative potential of
bioactive glasses, compared to glass ceramics and hydroxya-
patite4. Bioactive glasses have the ability to bond to soft
connective tissues as well as bone5. Many materials can be
bioactive with variable rates of bonding to tissue, including
a wide range of melt-derived and sol-gel derived glasses in
compositions within the Na

2
O-CaO-P

2
O

5
-SiO

2
 system5, sol-

gel derived silica, titania7 and to a lesser degree, hydroxya-
patite ceramics8.

The ability to bond to hard and soft tissues has been
described to be the result of interfacial reactions, that start

with the ionic exchange on the glass surface that creates a
hydrated layer of Si—OH. The silanols undergo
polycondensation to form a silica gel layer of high surface
area. The gel layer provides a large number of sites for pre-
cipitation of calcium and phosphate that are dissolved in
the surrounding medium, with nucleation and crystallisa-
tion of amorphous calcium-phosphate (HCA layer)5. Be-
cause of the highly porous texture of sol-gel materials, they
exhibit greater bioactivity in vitro and have expanded the
compositional range of bioactive glasses6.

Recent research at the Imperial College Tissue Engi-
neering Centre has now established that there is a genetic
control of the cellular response to these bioactive glasses.
This was demonstrated by Xynos et al. in experiments in-
volving the exposure of human primary osteoblasts to the
soluble chemical extracts of 45S5 Bioglass9 -11. Xynos et
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al. reported that the ionic products of the glass dissolution
affected the gene-expression profile causing up-regulation
of seven families of genes including cell cycle regulators,
growth related gene and apoptosis regulators10. Expression
of a potent osteoblast mitogenic growth factor, insulin-like
growth factor II (IGF-II), was increased to 290%11. The
genetic stimuli exerts direct control over cell cycle regula-
tion causing the rapid differentiation of osteoblasts into a
mature phenotype, proliferation and formation of large three-
dimensional bone nodules. Osteoblast proliferation with
bioactive glass extract was to 155% of control. These cell
culture results correlate with extensive human clinical re-
sults using 45S5 glass.

This work describes the process for making macroporous
sol-gel derived bioactive glasses, termed bioactive foams,
and characterization for physical structure. The glasses can
be manufactured with specific architectures to obtain con-
trolled rates of glass resorption and rates of chemical disso-
lution of species that promote tissue regeneration, creating
a novel three–dimensional tissue construct similar to natu-
ral tissues.

2. Methods

A novel process was developed through a combination
of previous knowledge on foaming12 applied to the sol-gel
technology typically used to manufacture bioactive glass
powders and monoliths for bone repair. A detailed descrip-
tion of the process is given reference by the same authors13.
The steps for sol-gel foam manufacture are represented in
Fig. 1. The procedure was applied to systems of various
complexities, including the unary pure silica (100S), the
binary 70%SiO

2
-30%CaO (70S30C)14, and the ternary

60%SiO
2
, 36% CaO, 4%P

2
O

5 
(58S)15, in molar percentage.

Physical characterization of the porous foams consisted of
microstructural observation, pore size and textural analy-
sis. Scanning electron microscopy (JEOL, JSM T220A) on
gold-coated specimens was used to examine the morpho-
logical and textural features of the foams. Larger pore size
ranges were assessed by intrusion mercury porosimetry
(PoreMaster 33, Quantachrome). The specific surface area
and the porosity in the framework were determined by ni-
trogen adsorption technique (Autosorb AS6,
QuantaChrome).

3. Results and Discussions

Flawless foamed glasses were successfully produced
with various compositions in a wide range of shapes and
sizes. The foams exhibit a 3D hierarchical structure of an
interconnected macropore network in a bioactive glass ma-
trix containing mesopores (Fig. 2). Macropores appear in
broad distributions with diameters in the range of
10-200 µm, as seen by mercury porosimetry (Fig. 3a).

Figure 1. Schematic representation of the manufacture of bioactive
foams.

Larger pores were noted under SEM obseravtion, in the
range of 500 µm. The pore size range and interconnectivity
of macropores significantly depends on the amount of foam
produced. The mesoporous texture of the foam walls is typi-
cal of sol-gel glasses. Nitrogen sorption analysis of the sol-
gel foams revealed surface areas in the range of
106-283 m2/g and average mesopore size in the range of
10-28 nm, as seen in Fig. 3b. Although foaming leads to a
slight textural variation, a small shift in pore size distribu-
tion towards larger sizes is noticed. This effect is more sig-
nificant in the three-component system due to its greater
complexity in condensation16.

The manufacture of hierarchical structure using bioactive
compositions creates a number of advantages. The main
potential application for these materials involves repair and
reconstruction of damaged tissue. This is the main aim of
tissue engineering, the multi-disciplinary science that de-
velops new natural tissues from isolated cells for repair and
functional regeneration of failed organs or parts of tissues
damaged due to diseases, trauma and tumours17. Scaffold-
ing constructs with specific porous architectures are used
to support organisation and formation of 3D differentiated
tissue, given that conventional monolayer cell cultures are
unable to produce this effect. These constructs are impreg-
nated with specific cells and growth factors that can trigger
certain types of cell differentiation cascade resulting in rapid
tissue formation. Cells are obtained from the patient in bi-
opsies or clinical interventions and are seeded on the
substrates, then cultured in vitro for varied periods of time
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or immediately re-implanted.
The bioactive foams combine many of the requirements

for use as tissue engineering scaffolds. Mesoporosity sup-
plies the high surface area, sites for cells to attach and ad-
sorption of chemical substances, while the intricate frame-
work and open macropores can potentially support 3D or-
ganisation of cells and tissue ingrowth. Bioactive composi-
tions supply a combination of ions that provide biological
stimuli to enhance cellular differentiation and proliferation
via gene activation and the ability of tissue bonding. The
glasses can be produced in resorbable compositions and
desired pore size range to dissolve at controlled rates and
match those of tissue growth, creating a novel three-dimen-
sional tissue similar to natural tissues and organs.

The new genetic theory of bioactive materials provides
a scientific foundation for molecular design of new genera-
tion of resorbable bioactive materials for tissue engineering
and in situ tissue regeneration and repair.

4. Conclusions

Discovery of a novel technology that comprises foam-
ing of sol-gel systems has made possible the manufacture
of scaffolds for tissue engineering. The bioactive foam struc-
ture is characterized by a three-dimensional array of open
pores enclosed in a mesoporous matrix that is typical of
sol-gel materials. This combination of properties places the
bioactive foams into a new class of bioactive materials with
the potential of supporting tissue proliferation as well as
providing the biological stimuli to enhance cell growth and
differentiation, and resorb by controlled rates creating a
novel three–dimensional tissue similar to natural tissues and
organs.
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