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Introduction

In 2001 | enjoyed the honour of presenting the W.E.S. Turner Lecture at the
University of Sheffield. The lecture, titled “Gene Activating Glasses”, published in
Glass Technology 44,1 (2003) 1-10, was a tribute to Professor Turner, a pioneering
glass scientist. The lecture summarized recent discoveries that the ionic dissolution
products of bioactive glasses control the cell cycle of bone growing cells by means
of gene activation. The present lecture is a tribute to Professor Norbert Kreidl, also a
great glass scientist, pioneer and friend who recognized the importance of
multidisciplinary research. The lecture is an extension of the Turner Lecture with
emphasis on recent results that expand our understanding of the role of bioactive

glasses in activating genes that lead to regeneration of tissues.

Background

For thousands of years glass has been used to enhance the quality of life. Recent
discoveries indicate that glass may also provide the means to prolong the length of
a healthy life. For many years it was accepted that placing any man-made material
in the body would result in a foreign body reaction. Non-adherent scar tissue would
always form at the tissue interface with the implanted material. Thus, for decades
the emphasis in biomaterials research was on materials that were as inert as
possible when exposed to the body. This understanding was irreversibly altered in
1969 when a special composition of soda-lime-phosphate-silicate glass was
synthesised and implanted in the femurs of rats. (1-2) This glass composition was
an invert glass containing only 45% SiO,, in weight %. The network modifiers were
24.5% NayO and 24.5% CaO. In addition 6% P,0s was added to provide the CaO

and P,0s constituents of hydroxyapatite, the inorganic mineral phase of bone. The
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glass, designated as 45S5 Bioglass®, did not form interfacial scar tissue. Instead,
Bioglass® implants bonded to the living bone and could not be removed from their
implant site. (1) Bioactive materials, including bioactive glasses and glass-ceramics,
are special compositions made typically from the Na;O-CaO-MgO-P,0s-SiO,
system (1-6). The bond to bone occurs at different rates depending upon
composition. Compositions with the fastest rates of bone bonding also bond to soft
tissues. (7) Bioactive materials are used as bulk implants to replace bones or teeth,
coatings to anchor orthopaedic or dental devices or in the form of powders to fill
bone defects. (5-6)

Classes of Bioactivity

When a particulate of bioactive glass, ceramic, or glass-ceramic is used to fill a
bone defect, both the rate and quantity of bone regeneration depend on the
material's composition. (6-8) More bone is formed in the presence of bioactive glass
4585 than is formed when synthetic hydroxyapatite (HA) or other calcium-
phosphate ceramic particulates are placed in the same type of defect. After weeks
of repair there is more than twice as much new bone in the defect containing
bioactive glass. The quantity, architecture and mechanical properties of bone that is
regenerated matches that originally present in the site. (6) Large differences in rates
and quality of in vivo bone regeneration and repair indicate that there are two
classes of bioactive materials . Class A bioactivity leads to both osteoconduction
and osteoproduction as a consequence of rapid reactions on the bioactive glass
surface. The surface reactions involve ionic dissolution of critical concentrations of
soluble Si, Ca, P and Na ions that give rise to both intracellular and extracellular
responses at the interface of the glass with its physiological environment. Class B
bioactive materials produce only osteoconduction when implanted; i.e., bone only
migrates along a pre-existing bone interface, due to slower surface reactions and
minimal ionic release. Only extracellular responses occur at the interface and soft

tissues do not bond to the material. (8)

Glass Surface Reactions

Twelve stages of reactions occur at the interface of a Class A bioactive glass and its
cellular environment (Fig. 1). Successful tissue bonding or tissue regeneration
depends upon the rates of the reactions and how they synchronize with the
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proliferation and differentiation of cells at the interface. The first five reaction stages
that occur at the surface of a Class A bioactive glass go to completion within 24
hours. The effect is rapid release of soluble ionic species and formation of a high
surface area hydrated silica and polycrystalline hydroxy carbonate apatite (HCA) bi-
layer on the glass surface (Stages 1-5). The reaction layers enhance adsorption
and desorption of cellular derived growth factors (Stage 6). The chemistry of the
phases on the glass surface also influence the length of time macrophages are
present to prepare the implant site for tissue repair (Stage 7). Attachment (Stage 8)
and synchronised proliferation and differentiation of the cells that grow bone,
osteoblasts, (Stage 9) rapidly occurs on the surface of Class A bioactive materials.
Osteoprogenitor (stem) cells colonise the surface of Class A bioactive materials
within 48 hours and begin synthesis of various growth factors which stimulate cell
division (mitosis) and production of extracellular matrix proteins, (Stage 10).
Mineralisation of the extracellular matrix with nano-meter sized platelets of HCA
follows soon thereafter, (stage 11). Mature bone cells (osteocytes) encased in an
unique Type | collagen-HCA matrix, are the final product of the sequence of reaction

stages by 6-12 days in vitro and in vivo.(10)

Control of Osteoblast Cell Cycle by Gene Activation

For many years it was assumed that formation of a biologically active HCA surface
layer was the critical requirement for bioactivity (1-6) Recent cell and molecular
biology studies completed under the direction of Professor Julia M. Polak, Director
of the Imperial College London Tissue Engineering and Regenerative Medicine
Centre, show formation of a surface HCA layer to be useful but not the critical stage
of reaction for bone regeneration. These studies greatly expand the understanding
of reaction stages 8 to 11 in Fig. 1 that are critical to regeneration and tissue
engineering of bone. Xynos et. al. compared the effect of Class A bioactive glass
(45S5 Bioglass®) versus a bioinert control (Thermanox® plastic) on the cell cycle of
human osteoblasts (hOBs). (9-10) The hOB cells were primary cultures obtained
from excised femoral heads removed from patients aged 50-70 years, undergoing
total hip replacements. The experimental procedures, ref (9) describe the biological
assays used to quantify the percentages of the bone-derived cells in specific
segments of the cell cycle.
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Figure 1: Time dependence (log scale) of sequence of surface reaction
stages (1-5) and biological reaction stages (6-12) of a Class A bioactive
glass (45S5 Bioglass®) in bone.

In order for new bone to form it is essential for osteoprogenitor (stem) cells to divide,
a process called mitosis, and also to differentiate and start synthesizing Type |
collagen that can mineralize. Few cells in the bones of older people are capable of
dividing and forming new bone. Osteoprogenitor cells that are present at a repair
site must receive correct chemical stimuli from their local environment that enable
them to enter the active segments of the cell cycle. They must receive the stimuli at
a correct concentration and at a correct time. References 9-12 and the Turner
Lecture show that the percentage of osteoblasts that are in the synthesis (S) phase
and G2-M phases of the cell cycle as early as 48 hrs are dramatically increased for
cells growing on bioactive glass substrates or exposed to the critical concentrations
of soluble silica (17 ppm) and calcia (88ppm) ionic dissolution products. The largest
population shift occurs for cells in programmed cell death (apoptosis). At 48 hours
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five times as many osteoblasts are apoptotic when exposed to bioactive glasses.
Primarily cells capable of differentiating to become mature osteoblasts that form
bone nodules in vitro and new bone in vivo are favoured to survive the first few days
of growth on the bioactive glass substrates. In contrast, osteoblasts without
bioactive chemical stimuli quickly attach and enter into a cell cycle that leads to cell
division and formation of a confluent sheet of cells. More cells are alive and few
become apoptotic but they are not capable of differentiating and forming bone
matrix and bone nodules in vitro or new bone in vivo. They are much closer in
phenotype to the cells of scar tissue typically found at the interface of bioinert

materials and Class B bioactive materials at the earliest time of implantation.

The bioactive shift of osteoblast cell cycle described above is under genetic
control.(12) Within a few hours exposure of human primary osteoblasts to the
soluble chemical extracts of 45S5 Bioglass, several families of genes are activated
including: genes encoding nuclear transcription factors and potent growth factors,
especially IGF-Il along with IGF binding proteins and proteases that cleave IGF-II
from their binding proteins. There is a 200 to 500% increase in the expression of
these genes over those of the control cultures. Activation of several immediate early
response genes and synthesis of growth factors is likely to modulate the cell cycle
response of osteoblasts to Bioglass®. These findings indicate that Class A bioactive
glasses enhance new bone formation (osteogenesis) through a direct control over
genes that regulate cell cycle induction and progression. Entry of osteoblasts into
the cell cycle (Go/G1 transition) and subsequent commencement of cell division is
regulated by a family of transcription factors. These molecules do not solely trigger
the initiation of cell division but provide the specific stimuli needed for the
development of cells that bear the osteoblastic phenotype. These specific proteins
must be present for a bone stem cell to become a bone-growing cell. Bioactive ions
activate gene expression of a large number of transcription factors and cell cycle
regulators, including c-jun, fra-1 and c-myc, three well characterised osteoblast
transcription factors. (12-13)

The cell cycle represents a highly synthetic phase in the life of an osteoblast. During
this phase the cell produces proteins and nucleic acids that eventually result in the
formation of two daughter cells. Mistakes in the synthesis of proteins and nucleic
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acids are likely, especially in the division of stem cells of older people. In order to
avoid such mistakes being passed on during cell division the cell possesses an
arsenal of mechanisms that can determine whether damage is present, evaluate its
extent and correct it, if feasible. The families of genes involved in regulating DNA
synthesis and repair and programmed cell death are all activated by exposure of the
cells to the bioactive ions. The upregulated genes include calpain and defender
against cell death (DAD1). Genes responsible for differentiation of the dividing stem
cells into osteoblasts are also activated, including numerous genes that express
growth factors and cytokines and extracellular matrix components. Also, there was
700% increase in the expression of CD44 a specific phenotypic marker of osteocytic
differentiation.

The cDNA gene microarray analysis showed that expression of a potent osteoblast
mitogenic growth factor, insulin-like growth factor Il (IGF-Il) was increased to 320%
by exposure of the osteoblasts to the bioactive glass stimuli (11-12). This is
important because IGF-Il the most abundant growth factor in bone and is also a

known inducer of osteoblast proliferation in vitro.

Bioactive Gel-Glasses

The above results of gene activation are based upon use of melt-derived 45S5
Bioglass® and the ionic dissolution products of these glasses. Sol-gel processing of
bioactive glasses offers additional versatility of tailoring the controlled release of the
dissolution products in the form of particulates, fibres, composites, and bioactive
foam scaffolds. Prior work shows that bioactivity is enhanced for ternary CaO-P,0s-
SiO2 (58S) and binary CaO-SiO; (70/30) gel-glasses. (8) Beilby et.al. recently
concluded that both primary mouse and human osteoblasts in culture respond to the
dissolution products of 58S bioactive gel-glasses in a manner similar to that
described above for the melt-derived 45S5 Bioglass® dissolution products (14). The
same families of growth growth factors, such as IGF-Il, and principal genes that
control osteogenesis were activated. This finding supports the use of sol-gel glasses
with controlled hierarchical porosities for a broad range of tissue engineering and
regenerative medicine applications.
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Bioactive Control of Embryonic Stem (ES) Cell Differentiation

Embryonic stem cells are a potentially powerful source of cells for tissue
regeneration. Studies by Buttery et.al. have shown that it is possible to stimulate
formation of populations of osteoblasts from both mouse and human ES cells using
biological compounds. Use of inorganic ions dissolved from the matrix of bioactive
gel-glasses to stimulate ES cell differentiation is especially interesting because of
the possibility of controlling the rate of ionic release as well as the concentration of
the stimuli over long periods of time. Results of Beilby et.al. establish that soluble
extracts prepared from 58S gel-glasses do enhance differentiation of mouse ES
cells into osteogenic cells. (14) Exposure to critical concentrations of soluble silica
and calcia ions led to rapid formation of mineralized bone nodules in culture. The
nodules contained cells expressing the transcription factor runx2/cbfa-1, similar to
the gene activation studies reviewed above for primary human osteoblasts. The
bone nodules exhibited osteocalcin within the extracellular matrix, a specific marker
of highly differentiated bone cells.

Conclusions

Thirty years ago it was discovered that bioactive glasses bond to bone. This unique
material has been used clinically for more than 15 years with several hundred
thousands of successful cases. Research has shown that the mechanisms of bone
bonding and bone regeneration and repair (osteogenesis) involve rapid ion
exchange reactions on the glass surface, nucleation and growth of biologically
active surface reaction layers and release of critical concentrations of ionic
dissolution products composed of soluble silicon and calcium ions. The molecular
biological mechanisms involved in the behaviour of bioactive glasses are finally
beginning to be understood. The bioactive response appears to be under genetic
control. Class A bioactive glasses and gel-glasses that are osteoproductive enhance
osteogenesis through a direct control over genes that regulate cell cycle induction
and progression. Cells that are not capable of forming new bone are eliminated from
the cell population, a characteristic that is missing when osteoblasts are exposed to
bioinert or Class B bioactive materials. The biological consequence of genetic
control of the cell cycle of osteoblast progenitor cells is the rapid proliferation and
differentiation of osteoblasts. The result is rapid regeneration of bone. The clinical
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consequence is rapid fill of bone defects with regenerated bone that is structurally

and mechanically equivalent to normal, healthy bone.

Understanding the genetic basis for bioactive glasses provides an important
opportunity for glass research. It should now be feasible to design a new generation
of gene-activating glasses tailored for specific patients and disease states. The new
generation of gene activating glasses can also be fabricated into bioactive
resorbable scaffolds for tissue engineering of bone constructs for patients with large
bone defects. Perhaps of even more importance is the possibility that bioactive ionic
dissolution products can be used to activate genes in a preventative treatment to
maintain the health of our bones as we age. Only a few years ago this concept
would have seemed to be impossible. We need to remember that it was only thirty
five years ago that the concept of a material that would not be rejected by living
tissues was considered to be impossible. If we can use glasses to activate genes it

is possible that we may one day be able to use glasses to control genes.
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