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Abstract: Historically the function of biomaterials was to
replace diseased or damaged tissues. First generation bio-
materials were selected to be as bio-inert as possible and
thereby minimize formation of scar tissue at the inter-
face with host tissues. Bioactive glasses were discovered in
1969 and provided for the first time an alternative; strong,
stable interfacial bonding of an implant with host tissues.
In the 1980’s it was discovered that bioactive glasses could
be used in particulae form to stimulate osteogenesis which
thereby led to the concept of regeneration of tissues. This
article summarizes the four eras of development of bioac-
tive glasses that have led from concept of bioactivity to
widespread clinical and commercial use, with emphasis
on the first composition, 45S5 Bioglass®. The four eras
are; A) Era of Discovery, B) Era of Clinical Application,
C) Era of Tissue Regeneration, and D) Era of Innovation.
Key scientific and technological questions answered for
the first three eras are presented. Questions still to be an-
swered for the fourth era are included to stimulate innova-
tion in the field.

1 Introduction

It is an honor to present this opening paper in the inaugu-
ral edition of of the journal Biomedical Glasses. This new
Journal is timely. Numerous clinical applications in diverse
fields routinely use bioactive glasses. Results are reported
in a wide variety of journals. Having a journal devoted ex-
clusively to the field will make it much easier to follow clin-
ical performance and compare clinical findings. Likewise,
many new concepts in the design and processing of inor-
ganic glass-based bioactive materials, such as inorganic-
organic hybrids, are being developed leading to the pos-
sibility of matching bio-mechanical properties of tissues
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and load bearing applications with biological properties.
This journal will provide an excellent source of literature to
follow development of these new bioactive materials. This
new journal will also provide a standard source of litera-
ture to focus on new concepts of use of bioactive materials
for tissue regeneration, as discussed below.

As the field moves forward we much remember that
the purpose of all early, first generation, biomaterials was
to replace diseased, damaged or ageing tissues. The ma-
terials were selected to match as closely as possible the
physical properties of the replaced tissues with minimal
toxic response in the host; ie. be as “bioinert” as possi-
ble. More than 50 types of implants made from 40 differ-
ent first generation biomaterials are used annually to im-
prove the quality of life of millions of people worldwide.
This success clinically provides a standard for comparison
of all new biomaterials, including medical glasses. How-
ever, large numbers of patients are now outliving prosthe-
ses made of first generation biomaterials.

A new approach to tissue repair or replacement is
now possible through the concept of tissue regeneration.
This concept of regeneration of tissues instead of replacing
them is possible in part to the development of second and
third generation bioactive materials, especially bioactive
glasses. In 1969 began the development of second gener-
ation bioactive materials capable of bonding to hard and
soft connective tissues [1-13] and third generation bioac-
tive resorbable materials, specifically designed for tissue
regeneration [14-19].

The objective of this paper is to review briefly the ques-
tions answered in three eras of development of bioactive
glasses from the discovery in 1969 to the present, 2014. The
three eras are; A) Era of Discovery, B) Era of Clinical Appli-
cation, C) Era of Tissue Regeneration. Several important
unanswered questions for the fourth era, D) Era of Inno-
vation will also be suggested. Answers should appear in
the journal in the years ahead.

This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivs 3.0 License.
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Table 1: Composition and Properties of Bioactive Glasses and Glass-Ceramics Used Clinically for Medical and Dental Applications

Composition (wt.%) 45S5 Bioglass S53P4 A-W Glass-ceramic
(NovaBone, Perioglas) (AbminDent1) (Cerabone)
(NovaMin) (BonAlive)
Na,O0 24.5 23.0 0
CaO 24.5 20.0 44.7
CaF, 0 0 0.5
MgO 0 0 4.6
P,05 6.0 4.0 16.2
Sio, 45.0 53.0 34.0
Phases Glass Glass Apatite
Beta-wollastonite
Glass
Class of Bioactivity A* A B

2 Era of Discovery (1969-79)

A characteristic of a “bioinert” tissue response is forma-
tion of a non-adherent fibrous capsule at the materials-
host interface. In 1969 Hench, Splinter, Allen and Greenlee
discovered that certain compositions of Na,0-CaO-P,0s-
Si0, glasses formed a strong, adherent bond to bone [1].
These biomaterials have become known as “bioactive”,
with a controlled reaction in the physiological environ-
ment that leads to bonding of living tissues to a non-
living man-made implant [1-13]. The discovery of bioac-
tive bonding was the result of a research proposal submit-
ted to the US Army Medical R and D Command in 1968 by
Drs. Hench, Allen and Greenlee based upon a simple hy-
pothesis, “The human body rejects metallic and synthetic
polymeric materials by forming scar tissue because living
tissues are not composed of such materials. Bone contains
a hydrated calcium phosphate component, hydroxyapatite
(HA) and therefore if a material is able to form a HA layer
in vivo it may not be rejected by the body.”

The proposal was funded for a one year test of the hy-
pothesis. Dr. Hench designed the first glass compositions
(Table 1) for testing in a rat femoral implant model de-
signed by Dr. Ted Greenlee at the University of Florida, De-
partment of Orthopaedics [1-3].

The implants were made in the Department of Ma-
terials Science and Engineering and inserted into rats at
the Gainesville, Florida Veterans Administration Hospital.
The first tests were for six weeks. Dr. Greenlee reported at
the end of the six weeks,

“These experimental ceramic implants will not come
out of the bone. They are bonded in place. I can push on

them, I can shove them, I can hit them with an osteotome
and they do not move. Control implants easily slip out of
their fibrous capsule but the special ceramic implants are
firmly bonded to bone.”

This finding was the basis for the first paper published
in 1971 in the Journal of Biomedical Materials Research
that summarised the in vivo results and the in vitro tests
that provided an explanation for the interfacial bonding
of the implant to bone [1-3]. The in vitro tests showed
that the 45S5 Bioglass® composition (see Table 1) devel-
oped a hydroxyapatite (HA) layer in test solutions. This HA
phase developed on the surface of the implants in vitro was
equivalent to the interfacial HA crystals observed in vivo
by Dr Greenlee’s transmission electron micrographs of the
bonded interface. The HA crystals in vivo were bonded to
layers of collagen fibrils produced at the interface by os-
teoblasts. The chemical bonding of the HA layer to colla-
gen created the strongly bonded interface [1-13].

The US Army Medical R and D Command continued
funding of the project titled “An Investigation of Bond-
ing Mechanisms at the Interface of a Prosthetic Material”
for ten years. During that time a series of questions was
addressed, raised by the discovery that interfacial bond-
ing occurs between living tissues and non-living implant
materials [11]. These questions are listed below with very
brief summary answers. Most of these questions were an-
swered during the decade from 1969 to 1979 with a multi-
disciplinary team of materials scientists, orthopaedic sur-
geons, dental researchers, biomechanics experts and bi-
ologists at the University of Florida, as summarized by
Hench, Wilson and Greenspan in their comprehensive re-
view, “Bioglass: A Short History and Bibliography” [11].
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A key review article that summarizes the answers to
most of the questions listed above was published in 1982.
It is reference 9; “Adhesion to Bone” by L.L. Hench and
A.E. Clark, in Biocompatibility of Orthopaedic Implants,
D.F. Williams and G.D. Winter, eds, CRC Press. The pa-
per documents in Part A the time sequence of Bonding of
Bioglass® in Rat Femur and Tibia, based upon citations
reviewed in reference 11. In Part B, Bonding of Bioglass®
Implants to the Femur in Canine and Monkey Bones is
summarized [9, 11]. Part C reviews the data of Bonding of
Mandibular and Maxillar Bone of Primates and Swine to
Bioglass® implants [9, 11]. A stable bone bonded implant
in the anterior region of the mandible of a baboon after
four years of functional use is presented in this paper, one
of the longest in vivo studies of biomaterials in primates
ever published [9].

There are two important aspects of the questions ex-
plored in the Era of Discovery. First the methodology for
investigating the reactive glass surface and bonded inter-
faces of bioactive implants with living tissues had to be
developed as there was no precedence for such analyses.
Thus, instrumental techniques such as infrared reflection
spectroscopy, developed by Sanders and Hench, and ap-
plied to bioactive glasses was a critical part of this early ef-
fort as was cryogenic Auger electron spectroscopy (AES),
developed by Ouichi, Pantano, Ogino and Hench [20-
23]. The extensive bibliography in the Hench, Wilson and
Greenspan review provides the many citations that docu-
ment the methods used to answer the questions listed be-
low [11].

The second aspect of this early era was an empha-
sis on questions related to use of bioactive glass or glass-
ceramics as replacement body parts. Thus, tests were con-
ducted primarily on bulk samples or as bioactive coatings
on high strength metal, 316L or Co-Cr alloys, or ceramic,
alumina, implants [11-13]. The questions assumed that the
eventual applications of bioactive bonding would be to re-
place a diseased, damaged or missing part of the body. The
second Era of Clinical Applications was based upon this
knowledge.

3 Era of Discovery Questions
Answered:

(1) What is the physical, chemical and
biological nature of the bioactive bond?

The interfacial bond between a bioactive glass and bone
is composed of hydroxycarbonate apatite (HCA) crystals
bonded to collagen fibers [1-3].
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(2) What are the mechanisms involved in
formation of the bioactive bond?

A sequence of five surface reactions occur on the glass sur-
face; [11-13] a) ion exchange of sodium ions with protons
and hydronium ions, b) silanols formed from the ion ex-
change undergo a condensation reaction to form a high sur-
face area silica gel, c) calcium and phosphate ions from
body fluids along with ions released from the glass form an
amorphous calcium phosphate phase on top of the silica gel,
d) crystallization of the calcium phosphate rich phase oc-
curs incorporating carbonate ions from solution to form poly
crystalline HCA. The HCA crystals bind to collagen from the
host tissue to form the bond.

(3) How rapidly does the bioactive bond
form?

The rate of bonding depends upon species of animal
and location of implant. Bonding to rat femora occurs in
days, bonding to primates, including humans occurs within
weeks [9].

(4) How thick is the bioactive bond?

The bond to bone is >100 micrometers within a few weeks
and stabilizes at approximately 200-300 micrometers by
approximately six months [24].

(5) What is the mechanical strength of the
bioactive bond?

The strength of the bond is equal or stronger than host
bone [6, 9].

(6) How mechanically rigid or compliant is
the bioactive bond?

Due to microporosity of the thick silica gel and calcium phos-
phate bi-layer on the glass surface the interfacial bond has a
gradient of elastic modulus from the glass to the tissue that
mimics the gradient of elastic compliance between tendons
and ligaments and bone [24].
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(7) How stable is the bioactive bond when
exposed to aging or disease processes?

Limited experiments show that the bond when formed re-
mains stable for many years [9, 11, 24]. Clinical findings, see
below, show stability for >10 years without interfacial fail-
ures to either bone or soft tissue bonded interfaces [25].

(8) Will the bioactive bond form in the
presence of mechanical motion?

The interface must remain immobile for the bond to form,
thus devices require a close mechanical fit in the host bone
or soft tissues [10].

(9) Will the bioactive bond form in the
presence of infection?

The bioactive glass ion exchange process increases the in-
terfacial pH to alakaline levels and renders the material
bactericidal making it ideal to use in sites where pathogens
are present [10, 11].

(10) Is the rate of bioactive bond formation,
properties of the bond or bond stability
influenced by composition of the
implant material?

The grandfather 45S5 Bioglass composition, with
45 weight % SiO,, lies at the center of a bioactivity com-
positional diagram composed of SiO,-CaO-Na,0 with a
constant 6% P,0s, all in weight %, Table 1. The upper
boundary for Class A bioactivity where bonding to both
bone and soft tissue is possible is at 52% SiO,. Compo-
sitions between 52 and 60% SiO, exhibit slower rates of
bonding and bond only to bone, Class B bioactivity. The
upper boundary of bioactivity and bone bonding is at 60%
SiO, (Fig. 1)[11-13, 24].

(11) Can bioactive bonding be obtained at
the interface with prostheses that will
withstand functional loads?

Bonding of 4555 Bioglass implants to monkey femora in a
segmental bone replacement model and to femoral stem
prostheses with normal weight bearing loading of the im-
plants has been shown to be stable. Mechanical tests of the
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implants show interfacial strength to be equal or greater
than host bone [6-9].

(12) What is the nature of other tissue
reactions when the bioactive bonding
was primarily formed in contact with
bone?

4585 Bioglass implants in soft tissues will form a stable bond
if the interface is immobile for sufficient time for collagen
to become incorporated with the growing HCA layer on the
glass [10]. Thickness of the soft tissue-bioactive glass bond
is greater than bone interfacial bonds and the rate of forma-
tion of the soft tissue interfacial bond is more rapid. The soft
tissue bond compositional limit for bioactivity is the same as
for Class A bioactivity [24-30].

(13) When and where was bioactive bone
bonding confirmed?

Confirmation of bonding of Bioglass to bone was achieved
in 1976 by Peter Griss, Professor of Orthopedics, in Hei-
dlberg, Germany. Bioglass-coated alumina implants devel-
oped by Greenspan and Hench at the University of Florida
were tested as load bearing femoral stem and acetabular
cup hip prostheses in sheep. The results showed bone bond-
ing of femoral stems and cups with the Bioglass coated im-
plants but the coatings were not stable [31].

Additional confirmation of bonding of bioactive glasses
to bone and their clinical effectiveness was led by Anders-
son, Karlsson, Yli-Urpo and colleagues at Abo Academy and
University of Turku, Finland [32]. A comprehensive series of
glasses was designed in the 1980s and implanted in animal
models. Glasses within similar compositional range to 4555
Bioglass (Table 1), called S53P4 (BonAlive) also bonded to
bone with long term stability. Glasses outside the bioactive
boundary did not bond. Clinical use of the Finnish-derived
bioactive glass S53P4 in head, neck and spinal surgical re-
pair has been successful for many years [32-35, 35].

(14) Can bioactive implants be made strong
and tough?

An important modification of bioactive glasses was the
development in the 1980s of A/W (apatite/wollastonite)
bioactive glass-ceramic by Professors T. Yamamuro and
T. Kokubo and colleagues at Kyoto University, Kyoto,
Japan [24, 37, 38]. A unique processing method produced a
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Sloz I: Class B bone bonding
II: Non-bonding (reactivity too low)
I1l: Non-bonding (reactivity too high)
IV: Non glass forming
V: Class A bioactive region

* 4585 Bioglass® composition

Na,O

6% P,0;

Figure 1: Compositional dependence of bone and soft tissue bond-
ing to bioactive glasses. Dr. Wilson continued investigation of the
interfacial interaction of soft tissues established, in key papers
with David Nolleti, the compositional dependence of the bonding of
bioactive glasses to soft tissues.

very fine-grained glass-ceramic composed of very small ap-
atite and wollastonite crystals bonded by a bioactive glass
interface. Mechanical strength, toughness and stability of
A/W glass-ceramics in physiological environments are ex-
cellent. Bone bonded to A/W implants with high interfacial
bond strengths. Animal tests led to approval to use the A/W
material in numerous orthopaedic applications in Japan
with high levels of success, especially in vertebral replace-
ment [37, 38].

4 Era of Clinical Application
(1980-95)

A key paper by Wilson et al. “ Toxicology and Biocompat-
ibility of Bioglass®?”, in the Journal of Biomedical Mate-
rials Research, 15, 6, 805-817 (1981) established that soft
connective tissues could also form a bond to 45S5 Bio-
glass [10]. This is one of the most important papers in the
history of Bioglass for two reasons. The discovery of soft
tissue bonding is one. Evidence of rapid, stable and strong
bonding of collagen from soft tisssues paved the way for
development of the first bioactive glass clinical applica-
tions that required both stable bone and soft tissue inter-
faces. These devices are considered second generation de-
vices made of bioactive glass with the objective of replac-
ing deseased, damaged or missing body parts.

A second important feature of the Wilson et al. paper
is extensive documentation of results of sixteen in vitro
and in vivo tests that established the safety of use of partic-
ulate forms of Bioglass as well as bulk implants [10]. This
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compendium of data provided the basis for ethical com-
mittee approval of the use of Bioglass in clinical trials at
the University of Florida and Guy’s Hospital in London, as
well as application for regulatory approval of commercial
sales of these devices by the FDA and a CE mark from the
EU [12].

5 Era of Clinical Application
Questions Answered

(15) Are devices made from bioactive glass
safe?

The Wilson et. al. paper cited above provided evidence
that various compositions of Na,0-CaO-P,0s-Si0O,glasses
within the Class A bioactivity range shown in Figure 1 do
not exhibit toxicological responses regardless of form of the
glass [10, 11]. Particles, fibers and bulk samples with a wide
range of dimensions exposed to a wide range of cell culture
studies were all non-toxic, in some cases superior to control
materials [10].

(16) Are implants made from bioactive glass
biocompatible?

The Wilson et. al. paper cited above also showed that var-
ious compositions of Na,0-Ca0-P,0s-Si0, glasses within
the Class A bioactivity range shown in Figure 1 when used
as implants in various forms of the glass functioned in a sta-
ble manner in a variety of animal models. There was equiv-
alent behaviour of a stable bonded bone and soft tissue in-
terface regardless of species, including mice, rats, rabbits,
dogs, sheep, pigs, monkeys and baboons [9-12, 26].

(17) What were the first clinical products
made of Bioglass?

The first Bioglass device cleared for marketing in the United
States was a device used to treat conductive hearing loss by
replacing the bones of the middle ear [12, 27-30]. The device
was called the “Bioglass® Ossicular Reconstruction Pros-
thesis”, and tradenamed ‘MEP®”. The device was cleared by
the U.S. Food and Drugs Administration (FDA) via the 510(k)
process in January 1985. It was a solid, cast Bioglass struc-
ture that acted to conduct sound from the tympanic mem-
brane to the cochlea. The advantage of the MEP® over other
devices in use at the time was its ability to bond with soft tis-
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sue (tympanic membrane) as well as bone tissue [28]. Other
uses in head and neck surgery of bioactive glasses are de-
scribed in reference 11.

The second Bioglass device to be placed into the market
was the Endosseous Ridge Maintainence Implant (ERMI®),
which was cleared by the FDA via the 510(k) process, in
November, 1988 [12]. The device was intended to support
labial and lingual plates in natural tooth roots and to pro-
vide a more stable ridge for denture construction following
tooth extraction. The devices were simple cones of 4555 Bio-
glass that were placed into fresh tooth extraction sites [40—
45]. They bonded to the bone tissue and proved to be ex-
tremely stable, with much lower failure rates than other ma-
terials that had been used for that same purpose.

(18) How successful were the first Bioglass
clinical products?

In several reviews of clinical studies, it was shown that the
Bioglass MEP® outperformed other bioceramic and metal
prostheses [31]. Most other types of middle ear prostheses
were lost by extrusion after a few years. In contrast, Bio-
glass middle ear devices formed a stable bond to both bone,
such as the stapes footplate and the soft tissues of the tym-
panic membrane and thus remained stable for more than 10
years as reported in follow-up studies at both the University
of Florida and Guy’s Hospital in London [12, 31, 46, 47].

Equivalent long term, >10 years, success of the Bio-
glass ERMI’s were reported by Stanley et. al. Alternative
Class B bioactive implants made of synthetic HA were lost
by extrusion or exfoliation from the jaw after only a few
years post implantation. In contrast, 45S5 Bioglass implants
maintained stable bonding in alveolar bone and a stable
gingival interface for long term and maintained thickness of
the bone without ressorbtion generally experienced by den-
ture wearers [40-44].

6 Era of Tissue Regeneration
(1985-2005)

(19) What experiment led to the discovery of
osteoproduction (osteostimulation) and
the concept of using Bioglass
particulate for regeneration of bone?

The first paper to describe potential use of 4555 Bioglass®
particulate in repair of bone was published in 1987 by Wil-
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son, Low, Fetner and Hench, Department of Periodontology
and Bioglass Research Center, University of Florida [48].
The paper described the effect of various sizes of Bioglass
particulate on regeneration of bone in periodontal defects
created in a monkey model. The seminal finding was the
stimulation of new bone throughout the defect. Bone growth
was initiated at the surface of the bioactive glass particles
and rapidly formed connections between the particles re-
generating a trabecular bone network that mimicked the
original trabecular bone of the jaw prior to creating the de-
fect. The study showed that there was an optimal rate of
bone repair when a range of particle sizes of Bioglass was
used. The results also showed that bone regeneration was
sufficiently rapid that it prevented encapsulation of the site
by epithelial tissues. This paper and follow-up publications
by Wilson and Low [49] providedthe foundation for a clin-
ical trial in patients at the University of Florida that led to
FDA regulatory approval of the use of bioactive glass partic-
ulate for periodontal repair [12].

(20) How was it possible to quantify and
compare the rate of bone regeneration
for different bioactive materials?

Quantification and comparison of the effect of bioactive
glass on regeneration of bone was based upon a series of
important studies conducted by Dr. Oonishi et al. in Osaka,
Japan [50, 51]. The Oonishi investigations used a critical size
defect in a rabbit femoral condyle model to compare rates
of bone formation in the presence of different types of bio-
ceramics particles of the same particle size.

Details of evidence to support the distinction of Class
A and Class B bioactive materials along with a description
of the temporal sequence of material and cellular events in-
volved in the regeneration of bone by Class A bioactive ma-
terials are in numerous reviews [12-14, 52, 53]. Many stud-
ies have led to the conclusion that there are twelve reaction
stages involved in the regeneration of bone at the interface
of a Class A bioactive glass. The sequence and time required
for these twelve reaction steps are summarized in Figure 2.

(21) In the Oonishi critical size defect model
in rabbits how rapidly did 45S5
Bioglass regenerate bone?

The studies showed there is more bone formed in just
one week in the presence of bioactive glass 45S5 than
is formed when synthetic hydroxyapatite (HA) or other
calcium-phosphate ceramic particulates are placed in the
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Figure 2: Twelve stages of reaction to form new bone (osteogenesis)
bonded to a 45S5 bioactive glass surface. Stages 1-5 are controlled
by the kinetics of surface reactions. Note the logarithmic time axis
on the left. The early stages of glass surface reactions (Stages 1-4)
occur within minutes to a few hours on the most bioactive glass
surfaces with compositions ranging from 45 to 52% silica.
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Figure 3: Rapid regeneration of new bone from Class A Bioglass
versus Class B bioactive A/W and HA particle particles in Oonishi
critical size defect rabbit condyle model. (Adapted from [51]). Note
rapid growth of new bone within 4 weeks in the presence of Bio-
glass particles and eventual greater amount of bone regenerated
within the critical size defect.

same type of defect for several weeks, Figure 3 [50, 51]. Af-
ter several weeks of bone regeneration there is almost twice
as much new bone present in the defect containing bioactive
glass. By 12 weeks the amount of bone that is regenerated by
Bioglass particles matches that originally present in the site.
The architecture of the trabecular bone is also equivalent to
the original bone. In other studies Wheeler and colleagues
demonstrated that the mechanical properties of the defect
site have been restored by the regenerated bone [53), as dis-
cussed inreviews [12, 52, 53]. These large differences in rates
of in vivo bone regeneration and extent of bone repair con-
firm that there are two classes of bioactive materials, Class
A and Class B [12, 52].
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(22) What is the difference between Class A
and Clas B bioactive materials?

Class B bioactivity occurs when only osteoconduction is
present; i.e., bone migration along an interface, due to
slower surface reactions, minimal ionic release and only ex-
tracellular responses occur at the interface. Class B bioac-
tive materials bond to bone via osteoconduction but do not
bond to soft tissues as the surface reactions to form a HCA
layer are too slow to bind collagen fibers of soft tissues [12—
14, 52, 53].

Class A bioactivity leads to both osteoconduction and
osteostimulation of new bone; i.e., enhanced osteogenesis
as a consequence of rapid reactions on the bioactive glass
surface [12-14, 52, 53). 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 A bioactive materials bond to both bone
and soft connective tissues as the surface reactions to form
a HCA layer are very rapid and the HCA layer forms quickly
to bind collagen fibers of soft and hard tissues.

(23) What is the effect of Bioglass on cell
cycle of primary bone cell cultures?

Seminal papers by Xynos et. al. established that there is con-
trol of the cycle of a mixed population of cells as well as ge-
netic control of the cellular response when the cells are ex-
posed to the surface of bioactive glasses (4555 Bioglass) or
the ionic dissolution products released from the glass sur-
face [15-17]. Cells that are not capable of differentiation into
a mature osteoblast phenotype are switched into apopto-
sis by the ionic stimuli or bulk Bioglass surfaces eliminating
them from the culture environment within the first days of
exposure to the bioactive stimuli.

(24) What genes are activated or
up-regulated in osteoblast progenitor
or stem cells exposed to ionic
stimulation products released from
45S5 Bioglass?

Seven families of genes are up-regulated when primary hu-
man osteoblasts are exposed to the ionic dissolution prod-
ucts of bioactive glasses [18-20]. The gene expression oc-
curs within 48 hours, and includes enhanced expression by
more than 2-fold of the families of genes listed in Table 2.
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Table 2: Families of genes up-regulated or activated by ionic dissolution products from bioactive glass

1) Transcription factors and cell cycle regulators
2) Signal transduction molecules
3) Proteins in DNA synthesis, repair, recombination
4) Growth factors and cytokines
6) Extracellular matrix components
7) Apoptosis regulators
5) Cell surface antigens and receptors

2 to 3.7 fold
2 to 7 fold
2to 3.2 fold
2 to 3 fold
2 to 6 fold
2 to 5 fold
1.6 to 4.5 fold

(25) What is the function of the genes
activated or up-regulated in the
presence of bioactive ionic dissolution
products from Bioglass?

The up-regulated genes encode nuclear transcription fac-
tors and cell cycle regulators [18-20]. Potent growth fac-
tors, especially insulin-like growth factor II (IGF-II), were in-
creased by 3.2 fold along with IGF binding proteins and pro-
teases that cleave IGF-II from their binding proteins. Similar
bioactive induction of the transcription of at least five extra-
cellular matrix components (2 to 3.7 fold) and their secretion
and self-organization into a mineralized matrix is responsi-
ble for the rapid formation and growth of bone nodules and
differentiation of the mature osteocyte phenotype [18-20].

(26) How general are the findings of effect of
bioactive stimuli on gene expression of
osteoprogenitor and stem cells?

Subsequent studies confirmed the results of the early Xynos
et.al. findings and extended the generality to include several
types of precursor cells and differing sources of biologically
active Ca and Si ionic stimuli [55—57]. Bone biology and gene
array analyses of five different in-vitro models using four dif-
ferent sources of inorganic ions provide the experimental
evidence for a genetic theory of osteogenic stimulation. All
experiments showed enhanced proliferation and differenti-
ation of osteoblasts towards a mature, mineralizing pheno-
type without the presence of any added bone growth pro-
teins, such as bone morphogenic proteins (BMPs). Shifts in
osteoblast cell cycles were observed as early as six hours for
most experiments, with elimination (by apoptosis) of cells
incapable of differentiation. The remaining cells exhibited
enhanced synthesis and mitosis. The cells quickly commit-
ted to generation of extracellular matrix (ECM) proteins and
mineralization of the matrix. The expansion of the research
field is leading to the development of alternative bioactive
glass formulations incorporating other biologically active

ions [58], and there is emerging in vivo and in vitro evidence
on the effects of bioactive glass dissolution products on an-
giogenesis [59].

7 Era of Innovation (2000-2020)

There are many challenges still ahead for the field of med-
ical glasses that require advances in a fourth era; an era of
innovation. Significant scientific and technological issues
remain unanswered, such as:

1) Tissue engineered constructs for replacement of
large bone defects have been investigated since the
beginning of this era around year 2000 but are still
not available as routine clinical products. Is it possi-
ble to achieve a stable vasculature in situ in tissue
engineering constructs that can be maintained in
culture before implantation or be generated in vivo
following implantation?

2) Load bearing devices that can be used in orthope-
dics with long term, predictable reliability and bond
to living bone without stress shielding are still not
available cllinically. Is it feasible to produce and
test bioactive implants that have predictable 20 year
lifetime survivability under simulated load bearing
physiological conditions?

3) Numerous soft tissue engineering applications have
been investigated at an exploratory level but still re-
quire development into clinical products. Is it possi-
ble to obtain regulatory approval for clinical trials of
soft tissue applications based upon limited in vitro
and in vivo data and lack of understanding of ba-
sic biological mechanisms of soft tissue response to
bioactive materials?

4) Control of stem cell technology to use with tissue
engineering scaffolds is in its infancy. What are the
fundamental mechanisms of stimulation of stem
cell differentiation towards specific phenotypes and
can these mechanisms be controlled to achieve
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greater than 99.999% accuracy to avoid potential tu-
mourogenesis?

Design and production of bioactive materials with
tailored bio-mechanical properties that are bioac-
tive and rapidly incorporated with living tissue are
exciting possibilities but can they be developed into
clinical devices with predictable long term perfor-
mance?

As discussed above, tissue regeneration via gene ac-
tivation is a clinical reality that leads to enhanced
osteogenesis but what are the fundamental mecha-
nisms involved at the nucleus in the cell?

5)

6)

8 Conclusion

Until the questions related to the topics above, and more,
are answered, applying the concept of bioactive ionic stim-
ulation broadly to a wide range of regenerative medicine
is largely trial and error. A general theory of bioactivity at
the gene expression level still waits. The long term poten-
tial for new clinical applications for medical glasses is ex-
traordinary. Achieving this potential is a great challenge
with enormous socio-economic pay-off ahead. The need is
great. The concepts and stimuli exist. The incentives are
real. Will the field rise to meet this challenge?

A challenge for authors of this journal is to avoid pur-
suing small incremental advancements in this exciting
field. Instead, authors should to strive for unique and in-
novative approaches at a fundamental molecular biology
level to create new bioactive materials and test them in
representative biologicial conditions that mimic their use
clinically. The goal must be to create materials that are rev-
olutionary and can improve the quality of life and care for
our ageing population without increasing the cost of care.
This is a goal worth striving for and a vision that will last
for decades.
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