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Unser Kopf ist rund, damit das Denken die Richtung wechseln kann.
...our head is round to allow our thoughts to change directions.

Antoine de Saint-Exupéry

Phantasie ist wichtiger als Wissen, denn Wissen ist begrenzt.
...imagination is more important than knowledge because knowledge is limited.

Albert Einstein
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Abstract

The recent discipline of tissue engineering has developed innovative degradable
and non-degradable (dependant upon application) materials in combination with low
toxicity and good biocompatibility. The major focus of these new technologies is to guide
the regenerative process. The aim of this project was to take the regenerative tissue
healing process a step further by developing a material which not only guides the tissue
regeneration process, but also enhances it and has a degradation profile that is tailored to
the tissue and on degradation, leaves no toxic or irritating debris behind to cause any
tissue reaction. The chosen material was a soluble phosphate based glass, modified with
CaO, Na,0, MgO, K,0 and/or CaF,. Materials have been developed in order to work as
closely as possible to the natural phase of bone, within the limitations imposed by the
glass forming process.

5 different glass systems have been synthesised via conventional glass making
procedures and the solubility process has been investigated via weight loss experiments
and ion and pH measurements. All materials were soluble with different degradation
processes, depending on the composition of the glass. Glasses with low CaO content
showed a linear relationship between weight loss per unit area and time. Glasses with
higher CaO content show an increasing non-linearity in their weight loss behaviour. The
pH showed a significant increase in the first stages of degradation, which was explained
by cation-exchange processes taking place from the material to the solution and vice
versa. The ion concentration in solution was found to increase with time as expected and it
mirrored the weight loss curves.

Preliminary cell culture tests (MTT tests) using the MG63 human osteoblast cell
line were established to test the biocompatibility of the soluble extracts from the different

glasses. The tests revealed that glasses with low CaO content, i.e. high solubility, showed
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reduced proliferation below the control line of tissue culture plastic. Proliferation was
however similar to the control line or above for glasses with CaO contents higher than 30
mol%, i.e. low solubility. The best test results, with enhanced proliferation was seen for
glass with the highest CaO content. The MTT test results look very promising for
materials with a high calcium oxide content, indicating biocompatibility with enhanced
cell proliferation. There was also evidence that small amounts of K,0 and MgQO affected
cell proliferation.

Structural analysis was carried out using DTA and MAS-NMR spectroscopy. The
results from the glasses were found to be in line with X-ray analysis of similar glass-
ceramics, which had been analysed in earlier studies. Thermal analysis revealed multi-
crystallisation events as evidenced by the presence of one or two crystallisation peaks with
more than two or three corresponding melting points. The use of MAS-NMR spectroscopy
showed that two species, Q' and Q* formed the basis of the glass structure and it was
possible to identify the dominant Q” species as Na,Ca(POs)s. The Q' species is
represented by (Ca;(PO,), or Na,P,0,). However, it was up to the present time not
possible to identify the Q' species unambiguously.

The work has shown that it is possible to synthesise biodegradable glasses for hard tissue
surgery, whose composition is close to the inorganic phase of bone. Biocompatibility
studies have helped to define optimal compositions and it is therefore hoped that the
results from this study will contribute towards future implant research utilising soluble

glasses.
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Introduction

1.1 Materials for hard tissue surgery

The quest for materials, which replace parts of the human skeleton, is not new. There
is a general need for some type of bone replacement or regeneration for patients who
have suffered from trauma or chronic degenerative diseases, which lead to bone loss
or abnormalities.

There are many requirements that these materials must meet if they are to be

implanted in the human body.

The main requirements are:
1) Chemical and physical stability for the required lifetime of the device
2) A wound healing tissue response with no toxic, allergic or chronic

inflammatory reaction.
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1.1.1 Host /Tissue Response

No implant material is completely inert. Many years of research have made it clear

that any changes in a material, which is implanted into a living tissue, can be linked to

the tissue response.

According to Hench (1) 4 types of response can occur:

1.) The implant material is toxic and the surrounding tissue dies

2) The implant material is non-toxic and almost inert, fibrous tissue forms

3) The implant material is non-toxic and biologically active and a tissue
attachment is formed

4) The implant material dissolves and the surrounding tissue replace it.

These response types are not discrete and do overlap, but clearly, responses type 1 and
2 are far from ideal and can lead to loss of the implant. Only responses 3 and 4 with
either a direct stable attachment of tissue to the implant, or a complete replacement of
the implant by natural bone will be useful and successful.

Figure 1 shows the general series of overlapping cellular events, which occurs during

hard tissue wound healing.
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Figure 1. Shows the cellular progression after implantation.

Initial events are concerned with cleaning of debris from the wound side, followed by
soft tissue formation, such as the laying down of collagen.

The bone formation usually starts around the 14th day. An ideal implant for bone
regeneration will show low levels of fibrous capsule formation and support and
enhance the bone matrix repair process. Recently, the discipline of Tissue Engineering
has been established to develop degradable and non-degradable biomaterials, which
support and guide the tissue healing process. One example of a biocompatible but
stable polymer is a PTFE fibrous membrane, which is used for treating periodontal
disease. An example of degradable polymers widely used for internally suturing of
wounds would be a polymer or copolymer such as polyglycolic/polylactic acid and is

sold under the tradename Vicryl® (2). These degradable polymers are now being used
i
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in place of PTFE as they are degradable. The major aim of the technologies above is to
guide the regenerative process in terms of reproducing new, fully functioning living
tissue. This newly formed tissue will be formed on top of a polymer matrix or in a
porous scaffold. Degradable polymers, as mentioned above, show the advantage of
initiating and supporting new guided tissue formation, however their disadvantage is

the unpredictable degradation process.

As one can see from Figure 1, the bone mineral matrix formation is generated after 14
days. An ideal material would be a scaffold material, which is stable up to 14 days and
then slowly dissolves and is replaced by the newly developing bone matrix. An
additional advantage would be a material, which dissolves in a way that it will release

beneficial ions, which may be used by the cells to produce mineralised tissue.

There have been developments in the use of glasses for hard and soft tissue
regeneration, which show evidence of at least a partial degradation mechanism.
Developments and features of these materials will be reviewed in the following

chapter.

12
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1.1.2 Bioactive Glasses

In 1969, Hench (1) developed the well known and clinically used Bio glass® and it was
the first synthetic material to bond with living bone. Bioglass® is a bioactive SiO,
based glass. With compositional features such as SiO; content <60 mol.%, high
CaO/P,0s ratio and high CaO and Na,;O content, this distinguishes Bioglass® from
any other “normal” soda-lime silica glass. Today bioactive glasses are clinically used
in non-load bearing situations, and have been used for alveolar ridge augmentation,
periodontal pocket obliteration and maxillofacial reconstruction,

Over several years many other bioactive silica glasses have been developed, however
they are still based on the original 45S5 (Bioglass®) composition, which is today used
as a baseline for many further developments, for example the glass with the
composition SiO;: 45mol%; P,0s: 6mol%; CaO: 24.5mo1% and Na,O: 24.5mol%
Bonding to bone in the compositional range of 45S5 glass was first demonstrated by

Boutin in 1987 (3).

13
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Si0,

CaO NaZO

Figure 2. Compositional dependence (in weight percent) of bone bonding. All compositions in region
A have a constant amount of 6 wt% P,0Os. All compositions within this region bond to bone and the
region is termed the bioactive-bone-bonding boundary. Region E (inside the dashed line) is the soft-
tissue bonding region. Silica glasses in region B behave as nearly inert materials and will elicit fibrous
capsule formation. Glasses in region C are resorbable, 10-30 days after implantation. Region D
represents technical glasses with limited biological use.

Bioactive glasses show a common characteristic feature of a time dependent surface
modification after placing in tissue. When implanted, the surface of the glass
undergoes a transformation to form a biologically active hydroxyapatite layer (HCA).
It forms the basis of a strong bond with bone. Hench (1) concluded that bioactivity
only occurs if certain amounts and ratios of glass forming or modifying oxides are
present. If the tissue forms a bond to the implant a layer of biologically active HCA
must form. “This is perhaps the only common characteristic of all known bioactive

implant materials” (1).

14
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12 reaction steps are needed to successfully bond to bone and these are shown in the

following figure (3).

Bioactive glass surface
1+2 Formation of SiOH bonds
T

Polycondensation of SiOH + SiOH Si-O- Si
Adsorption of amorphous Ca3* + POp"' + COs3
Crystallisation of hydroxyl carbonate apatite HCA
Adsorption of biological moieties in HCA layer
Action of macrophages
Attachment of stem cells

T
Differentiation of stem cells

J

Generation of matrix

11 Crystafisation of matrix
V_
12 Proliferation and growth of bone

Figure 3. Surface reaction stages for Bioglass

The alkali-ion-hydrogen-ion exchange is the first reaction process stage and occurs
quite rapidly. After 20 min. all of the Si-O-Si bonds are broken and transformed to
give Si-OH (silanols). The result is a silica gel-layer of polycondensated silanol
groups. As early as 10 minutes after implantation a calcium phosphate layer appears
due to migration of Ca™ and P04 " ions through the SiOz layer. This formed calcium

phosphate layer will thicken with time by incorporation of further Ca™ and P04 ions

15



Katrin Franks Ph.D. Thesis

from solution. With time, this amorphous calcium phosphate layer will transform into
a hydroxy-carbonate-apatite layer (5), (6), (7).

Bioglass® has the advantage of being able to bond to hard tissue via the HA layer
formed, however the disadvantage of this material is its brittleness. As a consequence,
difficulties in shaping arise and so its use for load bearing applications is limited.
Improvements have been made by incorporation of Bioglass® particles in a high-
density polyethylene (HDPE) matrix. According to Wang et al. (8) microhardness
increased with increased Bioglass® volume while tensile strength and fracture strain
decreased. These composite materials still develop the same biological apatite layer
like the bulk glass when placed in simulated body fluid.

A modification of Bioglass® by Kim (9) was developed. This was a fluoride containing
glass, which might be beneficial for dental applications. With the use of fluoride it was
hoped to form a fluoro-hydroxyapatite instead of a hydroxyapatite layer. A fluoro-
hydroxyapatite can release fluoride, which may help to stabilise the mineral phase in
teeth and prevent decay.

In this study 40mol% of the original CaO content was replaced by CaF,. After soaking
in Tris-Buffered Solution for several hours a crystalline fluoroapatite phase was

formed on the surface of the glass.

Toxicology and biocompatibility studies of Bioglass® took place as early as 1981 by
Wilson et al. (10) on Bioglass® and modified Bioglass®, where CaF2 substitutes CaO.
This work studied the in vitro and in vivo response with different cell types. In
comparison to quartz powders, which showed up to 50% toxicity, both Bioglass®

16
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types proved to show only 2-5% toxic effects to cells. Similar test results were
observed for the in vivo testing where after 2.5 years no toxic effect was seen.

In contrast, a paper on the toxic effect of silica-containing glasses was demonstrated
by Nagase et al. in 1991 (11). This was an extension of a preliminary study published
in 1987 (12) on a fine powder of silicate containing glass-ceramics, which showed
toxic effects in mice. However the mechanism of toxicity and the exact composition of
the silica-containing glass-ceramic, which evoked the toxicity remains unclear.
Suspensions of calcium phosphate glasses with various amounts of SiO, were injected
into mice to determine the mortality rate. The mortality of the mice was directly
proportional to the dissolved amount of released Si** ions. The conclusion was drawn
that SiO, when dissolved in the body has a high toxic potential.

A less strong toxic effect for Bioglass was seen on human synoviocyte cultures.
Bendall et al (13) described the effect of particulate Bioglass® in a concentration range
of 1.0 —10 pg/ml as having low cytotoxicity. However these concentrations induced

the secretion of tumour necrosis factor-a (TNFa), which is an inflammatory cytokine.
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1.1.3 Controlled Released Glasses

Phosphate based glasses — a possible biomaterial?

What can be seen from the above discussion is that it is still not clear what effects the
release of Si*" ions has on human tissue.

Glasses, which consist only of biologically related phosphorus, calcium and sodium
ions, offer great potential as a biomaterial. They show characteristics making them
potentially useful as a temporary device such as predictable solubility, controllable
chemical composition and therefore controllable solubility, biodegradability without
toxic residues and most importantly it might be possible to reproduce the
stoichiometric phase of natural bone within the glass matrix.

Vogel and Héland (14) developed in 1987 silicon free phosphate based glasses and
glass ceramics of various compositions for biomedical applications. CaO-Al,03-P,0s
formed the basic system and gradually this system has been extended to Na,O-CaO-
Al;03-P,05 and Na,O-Ca0-Al,03-P,0s5-F. Na,O was used to break down chains
within the structure in order to enhance the possibility of apatite formation when heat-
treated to convert the glasses to glass-ceramics.

Preliminary in vivo tests showed in general very promising results. However, the idea
of avoiding silicon in bioactive glasses or glass-ceramics for biomedical use is
relatively new and therefore no precise and systematic toxicity studies are available, as
this is the case with silicon based glass materials. Work carried out in this thesis will

show that by avoiding silicon an enhanced biocompatibility may be achieved.

18
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Soluble phosphate glasses can be used not only for guided tissue regeneration, they
can also be used for localised release of specific ions, for example platinum for cancer
treatment or silver in order to treat bacterially infected tissue.

In the sixties phosphate based glasses were originally investigated for their electrical
properties for communication use. From the late seventies onwards many pesticides
commonly used were banned because they were considered to be too hazardous. At
the Standard Telecommunication Laboratories, Essex, UK, Drake and Graham (15-
17) developed slowly releasing biocidal glasses, doped with biocidal ions such as
copper, silver or boron to be considered as a substitute for the banned pesticides or
fungicides. As the glass dissolves, biocidal ions constantly leach out until the glass
completely dissolves leaving no residue behind. A decade later Allen et al (18-22) was
involved in another investigation field to cure trace element deficiencies in cattle and
sheep. Classic metabolic diseases such as milk fever, fatty liver syndrome and ketosis
are caused by nutritional deficiency of either major or trace elements. To prevent for
example milk fever, it is important to ensure an adequate intake of magnesium for the
lactating animal. With the use of slow release phosphate glasses, which are doped with
essential ions, they hoped to cure such diseases and indeed showed that a significant

improvement can be made.
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Aims of This Work.

This project was mainly aimed at the development of novel soluble glasses for
periodontology treatment (Periodontitis). The before mentioned use of a GoreTex®
PTFE fibrous membrane which act as a scaffold to promote hard and soft tissue re-
growth is up to day the best choice for patients who suffer from reduced jaw lines
caused by chronic degenerative diseases which lead to bone loss. The use of this
membrane is proven to rebuild tissue matrix however there is a major drawback. Once
the membrane is set in place by a surgical procedure the tissue starts to regenerate.
This membrane has to be removed, hence this is on the one hand very inconvenient for
the patient and it will on the other hand remove parts of the newly formed tissue. It
seems obvious that improvements are necessary. A possible alternative would be a
system which promotes bone re-growth in the same way the membrane functions but
with the difference that the material itself degrades after the bone healing process
starts.

One aspect of this project is to develop a soluble scaffold matrix, which acts in a
similar way to the GoreTex® membrane in terms of its biocompatibility but also
degrades slowly in an appropriate time. An additional consideration is the careful
choice of the material. When the implant is placed and it starts to degrade and release
structural units, one should bear in mind the toxic or allergic effect this might cause to
the surrounding tissue. The question which will be related to this consideration is: Is
there a material, which not only avoids any toxic and/or allergic reaction, furthermore,

is there a material which can be beneficial for the tissue?
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A potential alternative to a GoreTex® membrane might be a soluble phosphate based

glass modified by chemical elements, found in the natural inorganic phase of bone. It

is well known in the literature that phosphate salts are soluble, however the solubility

of a phosphate based glass matrix has not been fully investigated. Therefére some

questions surfaced here:

I Is it possible to develop a soluble glass which lasts for the duration of the bone
healing process and

2 isit possible to incorporate beneficial elements such as calcium, magnesium and
sodium into the phosphate glass matrix in order to enhance biocompatibility? In
addition,

3 how do these elements affect the solubility of these phosphates glasses and is
one able to calculate and predict their solubility,

4  how will the solubility change by adding different alkaline and alkaline earth
oxides? Most important of all,

5 how will cells react towards a basic phosphate glass and how will they react
towards modified phosphate glass systems? Therefore preliminary cell tests such
as the MTT test has been set up to determine how cells will react towards a
system in vitro.

MTT tests are of great importance; the results help us to understand how cells respond

and to predict if a material is biocompatible or not. Furthermore they can be of great

help to decide if additions of ions are beneficial or even enhance cellular activity.

There is also a more theoretical approach of the project. Up to today the structure of

glasses in general and especially phosphate glasses are not fully understood.
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Structural investigation with the use of Solid State Nuclear Magnetic Resonance
Spectroscopy (SS-NMR), Differential Thermal Analysis (DTA), X-ray Diffraction and
Infrared Spectroscopy (IR) helped at least to understand parts of the structural
arrangements. However, more work needs to be carried out to understand this
completely. With further knowledge of the structure it might be possible to relate the
structure of the glasses with their solubility.

Further questions arise, such as (1) how are structural units arranged in a phosphate
based glass matrix, (2) what kind of analytical tool is best to analyse it (3) how will
additional modifiers intervene and (4) is there a noticeable trend by systematically
incorporating different modifiers to the glass network?

If there is a trend in structural changes, can the same trend be found for the solubility

changes of the glass? Is there a relationship between these two?

23



Katrin Franks

Ph.D. Thesis

Chapter 3

24



Katrin Franks Ph.D. Thesis

Glass

This chapter was drawn up in order to provide information regarding glass science,

including a survey of the literature of glass-structure theories investigated using X-ray

Photoelectron Spectroscopy (XPS), *'P MAS-NMR spectroscopy and Differential

Thermal Analysis (DTA).

MAS-NMR is a relatively new technique allowing close observation of the local

environment around a particular element and will therefore provide new insights to the

glass structure theories. Differential Thermal Analysis (DTA) can be utilised for two
things:

(1) It may be used for measurement of classical polymer characteristics such as glass
transition temperature (Tg), melting temperature (Tn,) and crystallisation
temperature (T.) which are vital for the process of glass making.

(2) On the other hand, phenomena such as phase separation in the glass are still not

fully understood and to a certain extent DTA can help to investigate this effect.

The following pages will start with a simple glass forming oxide, explaining important
terminology and parameters in glass science. The complexity of the system will be
increased and binary systems will be considered. It will also be at this stage that the
glass structure theory with a literature survey will be found. As was mentioned above,
no clear structural theory is today available. However, with the use of MAS-NMR in
conjunction with XPS, a better picture of the glass structure may be elucidated. XPS

and MAS-NMR will be explained at this place followed by literature survey.
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Finally, DTA and the significance of parameters such as Ty, T, and T. will be
explained as well as the glass forming process. The DTA was extensively used for the
observation of these parameters but also the phenomena of phase separation will be

considered.

3.1 Glass in general

Man-made glasses appeared around 4000 BC in Egypt but were merely decorative.
Around 1500 BC there were significant developments in both the art and the
technology of glasses and this was followed by further technological developments in
glass science by Faraday, Zeiss, Abbe and Scott to name but a few. Their primary
interest was in glasses for optical use. Nowadays, glasses are widely used both for
everyday applications such as containers, automobiles and windows, but also for
special applications, such as fibre optics. However, the idea of using a soluble glass as
a biomaterial is a relatively new one.

A glass is in general an amorphous supercooled molten mass, which has not
undergone crystallisation. This supercooled liquid softens very slowly on heating and
its structure shows only short-range order. The “non-crystalline elastic solid” typically
has a maximum ordering range of 2.0 nm with a viscosity >10 '*® poise (10> Nem'™)
(23). Glasses based on oxides such as M,0; (e.g. B,O3, Al,03), MO; (e.g. SiO,, GeO,)
and M,0s (e.g. P>Os, As;Os), where M is an element of the third, fourth or fifth
chemical group of the periodic table have extremely low crystal formation velocities.
The rates of crystallisation are lowest for substances easily cooled to glasses, such as

silica and germania, whereas they are higher for glasses incorporating alkali and
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alkaline earth compounds which must be cooled more rapidly to avoid crystallisation

(24).

3.1.1 Single Oxide Glass System

Vitreous oxides:

Due to their relative abundance in nature (silicon and oxygen are very common on
earth (24) ), silicates have been extensively studied. Historically, silica (SiO,) has been
treated as a classic network-forming oxide in both crystals and glasses. This is due to
the fact that silicon has a high affinity to oxygen and secondly The structural unit of
silica is tetrahedral in which silicon is four-fold co-ordinated by oxygen. This
tetrahedron is the basic unit and one mono silicate is cross linked with its neighbours

over corners to form a whole network.

0 0 0
| | |
Si =S ~ /Sl\
o// ~~o0 o / 0 / 0
0 0 o
(a) (b)

Figure 4: (a) Monosilicate structure [ SiO,*]and (b) two linked (condensed) monosilicate [Si,0,%]

The ability of SiO4 to cross-link is a well-known principle, which is confirmed by the
existence of many known crystals. An example of a crystal is the mineral Beryl
Be;Al;SigO;s. This cross-link principle forms not only the basis for crystals, it can also
be found in glasses (24).
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Vitreous silica can be made, but from an industrial point is not routinely used due to
the very high temperatures involved to form such a glass. Modifying oxides are able to
break down the structure and significantly reduce the melting temperature. This is a
major benefit for the production process.

But silicon in conjunction with oxygen atoms is not the only element, which forms
crystals or glasses. Phosphorus is another example of a chemical element which can be
found in both crystals and glasses with a similar structural relationship.

Phosphorus is an element of the fifth group of the Periodic Table and has an electron
configuration of 352p3 , showing that it has one extra electron in comparison to Si
(3s°p?). In consequence, phosphorus tends to form a P-O double bond but will still be

co-ordinated tetrahedrally as found in silica (24).

O

;

o""/\o
0

Figure 5: Phosphate mono unit

Biscore et al (25) have shown that the unit formation in all P,Os based glasses is the
[PO,4]- tetrahedron which is linked to form a three-dimensional network similar to
mica glasses. The incorporation of alkali ions into a three-dimensional network leads

to chain structures.
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In comparison to SiO, in its vitreous state, P,Os is very difficult to obtain in a glassy
form. This is due to the fact that P,Os is very hygroscopic and volatile and hence the
number of papers investigating the structure of this state is rather limited. DeDecker
(26) observed in 1942 that for a crystalline P,Os(c-P2Os) system 2 crystalline
structures exist.

A rhombohedral polymorph will change at high temperature at around 260°C into a
orthorhombic system. He claimed that the volatile, low temperature modification is
built of P4O;o molecules, whereas the high temperature modification consists of two-
dimensional planes, which have a more network-like nature. This latter form is easily
supercooled to form a glass. At this stage no infrared or no detailed MAS-NMR

spectroscopy observations on vitreous P,Os have been reported.

3.1.2 Binary glass systems:

Oxides, which readily form glasses are SiO,, GeO,, B,03, P05 and As,0;. However,
most glasses are made from a mixture of oxides including network modifiers and

network intermediates.

Network modifying oxides
Technical glasses consist of additional compounds. These additions are called
modifying oxides, as they modify the glass structure, and are in general alkali- and

alkali earth metal oxides, which break down parts of the network.

To clarify this process:
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Using a Na,;O modifier:

R3Sl -0- SIR3 + Na20 > 2 R3Sl —ONa

Using a CaO modifier:
R3Si-O-SiR3 +Ca0 —» R3Si-0-Ca-0-SiR;
R = oxygen linkage

Na;O as well as CaO are able to break down the strong Si - O - Si bonds and therefore
change the structure and characteristics of the glass. If Na,O is used as a modifier the
corresponding Na* ion has only one positive charge and will terminate the network at
a certain point. Ca®* however can cross-link the network as it is a “species with two
arms” (2 positive charges) hence it can re-stabilise the glass network. This may

manifest itself in a significant increase in T with CaO addition.

Intermediate oxides

Other groups are oxides such as Al;O3, Fe;O3, MgO and BeO, to name but a few,
which cannot form glasses on their own but they can to a certain extent substitute for
the SiO,. Colour changes or conductivity changes are examples of the properties

modified by these oxides.

The addition of modifiers will, with respect to silicate based glasses, reduce
production costs. Lime for instance is extremely cheap to manufacture and thus is a

very cost effective network modifier. In terms of P,Os based glasses, the addition of
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modifiers will make this glass less hygroscopic, hence structural information may be
more easily obtained. The hygroscopic nature of phosphate glasses remains a problem

when the modifying oxide is below 30 mol% (27).

When adding alkali oxides to P,Os, 3 main reactions can occur which are shown in

figure 6 (28).
i KL i
2 P—0— MO =— 2 -P—O0—
~ O }) O_m+
\
Q3 Q2
I e,
2 o-P—0— +MO — /O/P\—O- M+
e O-M+ O-M+
Q2 Q1
(I? K3 I
2 o—P—0-M+ +M0 = 'O/P\OO- M+
/ - M+ +M -M+
Q1 Qo

Figure 6: Structural changes by adding alkaline oxides to P,Os with Q-nomenclature for
appropriate species

According to these equations, structural changes continue to occur with increasing
addition of alkali oxides to the system. Starting with ultra phosphates, which are found

in chain or linear arrangements of PO, (Q*) units. By further addition of alkaline
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oxides the structure changes to linear, pyro- and ortho phosphates and finally to ortho

phosphate as single ionised PO, groups (Q°).

3.2 Glass Structure Theories

Glasses may be regarded as polymeric oxides with varying degrees of three-
dimensional cross-linked network structures. It is therefore possible to regard oxide
glasses as polymers of oxygen. In contrast to organic polymers which are formed from
chains of adjacent carbon atoms, oxygen polymers contain networks of alternating
oxygen atoms and intermediate, multivalent atoms, such as silicon, boron and/or
phosphorus. Since the early decades of this century many workers have been studying
the structure of glasses, unfortunately no definitive structure is yet apparent. Two
major structure theories exist and over the years they have been reviewed and refined.
In 1926 Goldschmidt (29) formed a hypothesis that any oxide A, O, with a radius ratio
of Ra/Ro is in the range 0.2-0.4 will form a glass ( R= radius, A= metal or non-metal
and O= oxygen). This work showed that oxides were tetrahedrally co-ordinated and
that this special co-ordination was necessary to form a glass. However, a vitreous BeO
has not been made, although the radius ratio is 0.3, this should according to
Goldschmidt’s theory form a glass. In 1932 Zachariasen (30) published work on the
glass structure concerning simple glass systems such as SiO,. This work considered
glasses as continuous, irregular networks where oxygen polyhedra were linked
together over their corners. Addition of modifiers such as alkaline or earth alkaline
ions were placed in the hollow space of the network without forming any special

chemical phases within the glass.
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M++

Figure 7: Structure of glass with modifying ions. Black circles: metal or non-metal, white circles:
oxygen atoms, M" or modifying oxides (30)

According to this theory, any metal or non-metal oxide should form a glass. The non-
existence of a glass form of TiO] or AI203 could not have been explained with this

theory. A further theory about glass structure and the possibility of glass formation
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was presented one year later in 1933 by Warren (31) who regarded glasses as micro-
heterogens with the existence of defined chemical phases which are linked together
and it was these that therefore built up the glass structure. However, again this theory
could not explain the non-existence of TiO, in a glassy form.

A refinement of Warren’s glass structure interpretation took place one year later in
1935 when Hégg (32) focused on the glass forming process from the point of the
cooling process. He believed that glasses consist of chains or two-dimensional nets
and it was this that was the main difference to the interpretation of Zachariasen. With
this theory he was able to explain why species like SiO, form a glass and TiO; do not.
He believed that the symmetry and the bulkiness of the glass forming units above the
melting temperature are responsible for the glass forming capacity. He supported his
theory with the example of KNO;. Above the melting point the ions K™ and NO;™ are
small and mobile enough that they can easily come together and form KNOj and if
that molten mass cools down rapidly enough it will freeze-in as a glass. Only materials
which will have one-dimensional or two-dimensional unlimited cross-linked units in
the corresponding crystals will be able to form a glass. For example, SiO; exists in
crystalline form as chain and ring silicates (Beryl Be;Al;Si6O;5), which has unlimited
cross-linking. TiO, however exists “only” in the form of 3 defined crystal
modifications, where oxygen atoms co-ordinate Ti in an octahedral form. There are no
long chains or ring structures known.

Still, there is no precise structural model, which covers all glass types. The
development of modern analytical techniques such as solid state NMR-spectroscopy
(SS-NMR), X-ray Powder Diffraction, X-ray Photoelectron Spectroscopy (XPS) and
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Differential Thermal analysis (DTA) has helped to produce a more coherent model for

glass structures.

3.3 Solid State NMR Spectroscopy (MAS-NMR)

Nuclear magnetic Resonance (NMR) spectroscopy is one of the most powerful
methods for structural analysis of inorganic and organic compounds and especially of
disordered materials such as glasses. This technique gives very detailed information
about the very nearest environment around the nucleus under investigation. Even
different surrounding atoms with different charges such as Na* or Ca®* can be
detected. Only magnetically active nuclei such as isotopes of H, C, N, F, and P, which
have a nuclear spin different from zero, can be observed using this technique. NMR
spectroscopy has recently been revolutionised by improved electronics and design,
which have dramatically improved sensitivity and chemical shift separations. With the
development of magic-angle spinning NMR technique (MAS-NMR) chemists no
longer have to rely on liquid NMR spectroscopy techniques to investigate structures.
If normal NMR methods were applied to solids broad peaks would be the result,
hiding the desired information. This is due to chemical shift anisotropy, which leads to
a simultaneous absorption for all possible random orientations for a powder sample.
With magic angle spinning NMR however, the sample is spun at high velocity around
an axis inclined at an angle of 54%44 to the magnetic field. This effect leads to a

modification of the shift anisotropy to give isotropic chemical shift with sharp lines.
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3.3.1 Beginning of MAS-NMR Spectroscopy with Commercial Phosphates

In the early eighties Grimmer and Haubenreisser (33) reported their work on
polycrystalline P4O,¢ and binary phosphates in the compositional range of P,0s.xK,0
(0 £ x £3). Samples included phosphates of P4O,9, K3PO4, K4P,07, KsP30;0, K3P309
and (KPO3)x and were measured at 109.3 MHz. p shielding values gave isotropic
chemical shifts for K3PO; isolated groups of PO, at —11.7 ppm and K4P,0; show end
groups at 0.3, 2.2, 2.4 and 4.9 ppm. KsP30;o consisted of end and middle groups at
1.2, 4.2 and 19.4 ppm and K3P309 showed a cyclic structure with middle groups at
18.2, 19.9 and 21.2 ppm. The polymer (KPO;) consisted of middle groups in a chain
at 18.5 and 20.7 ppm.

In the same year as Grimmer and Haubenreisser published their results, another
publication by Duncan and Douglas (34) dealt with the structural investigation of
condensed potassium phosphates such as K4P,07, NasP4O;, KsP30,, (NaPO;)x and
pure P40, using MAS-NMR spectroscopy. The samples were commercial chemical
products and were measured on a CXP-200 Bruker spectrometer using around 4-4.6
kHz rotation frequency. Experimental results for K4P,0; and NasP,0O7 showed a centre
band at 2.7 and —1.6 ppm, respectively. KsP3010 showed a different pattern with three
different species, having isotropic shifts of 1.2, 4.0 (end units) and 19.5 ppm (middle
group). The chain polyphosphate (NaPO;)x gave a centre band at 19 ppm (middle
group) with minor species at —2 ppm (end units). The cage phosphate P,O;y was
centred at 33 ppm. Unfortunately, the authors did not mention exactly the nature of

this species.
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In 1986 Mudrakovskii et al (35) used MAS-NMR to analyse a series of commercial
phosphates such as AIPO4, Al(PO;)s;, Zr(HPO.),x2H,0, Be;(PO4); x 6H,O and
Mg,P,0; etc. They recorded on a Bruker CXP-300 spectrometer at 121.46 MHz
(magnetic field 7.05 T) and the spinning frequency was 3.5-4 kHz. The anisotropy Ac
is negative or positive depending on the individual sample, and the isotropic chemical
shifts ranged from —13 to 52 ppm. They found that both anisotropy Ac and the
asymmetry parameter 1 equal 0, except for the Mg;(POy4), sample. This indicated the
equivalence of four P-O bonds for each PO4 group. With the help of crystallographic
data, they interpreted that the P-O bonds are close to a regular tetrahedron.
Additionally, they also mentioned that the lack of anisotropy in spectra of AIPO, x
2H,0 and Be3(POs); x 6H,0 is an indication of high symmetry. The nearest oxygen
atoms, which are surrounding the phosphorus atom, are arranged symmetrically.
Distortion in the phosphorus environment with the appearance of anisotropy appeared
in the spectra of Zr(HPO,); x 2H,0, Mg3(PO4); and KH,PO4. According to the
chemical shift values observed for Mg(HPO,) x 3H,0, CaHPO, and Ca(H,PO4) x H,O
there was evidence for two crystallographically non-equivalent phosphorus atoms

present.

3.3.2 Structural Investigation by MAS-NMR Spectroscopy for Binary Glass Systems

Villa et al (36) were the first to use MAS-NMR for structural investigations of alkali
boron phosphate and silver boron phosphate glasses. They examined glasses prepared

in a range of 0.45 < xAg,0 < 0.59 and 0.39 < xLi;O < 0.59 and observed that by
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increasing the alkaline content the polymerisation of the phosphate units was reduced.

In this same work, it was mentioned that binary phosphate glasses of the type M,0-

P,0s, consist of

(1) branching units O=P-O; which have 3 bridging oxygen’s and are neutral in their
charge,

(2) middle units with 2 bridging oxides and 1 negative charge and

(3) end units with 1 bridging unit and 2 negative charges.

Furthermore binary phosphate glasses consist of monomeric units, which can be found

in orthophosphates M3POy.

On the basis of a binary silver phosphate glass, MAS-NMR revealed that these glasses

consisted of middle units at -10- (-20) ppm and end phosphate units at + 10ppm which

gave curves fitted by nearly two Gaussian lines. More complicated glass systems were

prepared by doping this binary silver phosphate glass with B,O;. Here, monomeric

units appear at +30ppm and units at +10ppm, middle units connected to one boron at

around O ppm and another middle unit at -10 to -20 ppm connected to one boron atom

and one phosphorus atom.

In 1987 *'P-MAS-NMR investigations of glassy inorganic phosphates were carried out

by Parbhakar et al. (37). Glasses were prepared using (NH4);HPO,4 as a starting

reagent, heating to 920 K for several hours and the melt was quenched by pressing it

onto a stainless steel plate. The *'P -NMR spectra, recorded at 300 MHz show ortho-

pyro and meta phosphates.
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More modem *'P MAS-NMR studies have dealt with the identification of the relative
amount of Q" phosphorus species present, PO4,(PO), where n denotes the number of
bridging oxygen’s, since each of these species can be resolved in a MAS-NMR
experiment.

A series of x(Na;O + H,0) x (1-x) P,Os glasses were characterised by Brow et al (38)
in 1990 using *'P MAS-NMR experiments. Spectra were collected at 145.7 MHz at a
magnetic field strength of 8.45T. All samples showed a central peak in the range of —
18 to —28 ppm.

3'P MAS-NMR studies of calcium phosphate glasses were presented by Flechter et al.
(39) in 1993. They prepared several calcium phosphate glasses with compositional
molar ratios between (CaO:P,0s = 1) and (CaO:P,05 =1.49) using chemicals such as
Ca0 and Ca(H,PO4); x H;0 and heating them in a platinum crucible at 1300°C for
one hour. The melt was poured into a graphite mould and the 'P NMR spectra were
obtained under MAS conditions using 145.7 MHz with MAS frequencies of 8.0-8.9
kHz. The resulting spectra showed peaks with chemical shifts at -8 to -10ppm and -25
to -28 ppm. They assigned these peaks to phosphorus in tetrahedral co-ordination,
with polymerisation of Q' (-8 to -10ppm) and Q° (-24.9 to -28.0 ppm) and also they
observed a small peak at -44 ppm, which they interpreted as Q’. With increasing Ca
content the Q° peak disappeared and the intensity of the Q! peak increased. In general,
the authors pointed out a systematic variation of the relative peak areas for the
different P polymerisation because of varying composition. They also mentioned an

important fact based on their earlier studies with sodium phosphate glasses that in a
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metaphosphate composition of sodium phosphate glass only Q? species occurred,
whereas the calcium phosphate glasses show detectable species of Q' and Q°.

Brow et al. (40) examined a series of various meta phosphates such as Mg(PO3),,
Ba(PO3),;, LiPO; and NaPO; with MAS-NMR spectroscopy preparing glasses by
melting the appropriate crystalline chemical at 800°C for 1h, quenching and annealing
afterwards. The *'P MAS-NMR spectra were collected at 145 MHz and a magnetic
field strength of 8.45 T. Spinning speeds varied between 6.5 and 9.2 kHz. All spectra
showed typical peak positions between -20 and -30 ppm depending on the counter ion.
The isotropic chemical shift reflected a Q® co-ordination for P -bonding over two
bridging oxygen atoms and two non bridging oxygen atoms which represented the
meta phosphate region and tied in accordingly with the findings of Flechter et al.

In 1995 Kirkpatrick and Bow (41) published results on >'P MAS-NMR measurements
of various alkaline and alkaline earth phosphate glasses and alumino-, boro-, and
fluoro phosphate glasses in conjunction with other NMR measurements probing the
appropriate element such as 'Li and**Na.

They also discussed the bond length (measured in A) of the phosphorus — oxygen
double bond, which became longer with decreasing polymerisation. This reflected a
reduction in double bond character with an increase of non-bridging oxygen atoms per
tetrahedron.

Binary sodium phosphate glasses in the ultraphosphate region with < 20mol% Na,O
are dominated by Q® species. If the Na,O content approaches the metaphosphate
region at around 50 mol% Na;O Q’ peaks become dominant. Q' prevails if the Na,O
content gets even higher. They mentioned that the 3P chemical shift varies
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systematically with composition. This is due to the fact that changes of bonding
arrangements are occurring due to composition. The resulting consequences should be

clarified in a picture:

1
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Figure 8: Schematic representation of electron transfer from oxygen to phosphorus within the double
bond and single bond caused by modifying cation.

Increasing polymerisation will caused by increasing shielding effect at the phosphorus
atom caused by shifted electrons of the oxygen at the double bond. That effect will
shorten the bond length of the double bond and causes an increasing covalency of the
bridging oxygen bond. Adding cations M* or M** will then decrease the degree of
polymerisation and the oxygen atom of the single bond will undergo an electron pull
caused by the modifying cation. This will influence the double bonding by increase its
length. All these effects can be seen in a MAS-NMR experiment by changed chemical
shifts. For example in binary alkaline and alkaline earth ultraphosphate glasses the
positions for Q* and Q* (high degree of polymerisation) become less shielded as the
composition changes from P,Os to the metaphosphate. And for metaphosphate, the Q?
chemical shifts become more shielded (more negative) with increasing cation potential
(charge/ionic radius) of the modifying cation. Therefore the nature of the cation will

have an influential effect.

41



Katrin Franks Ph.D. Thesis

In work by Martin (28) simple binary alkali metal oxide-doped phosphate glasses were
prepared and investigated via solid state NMR spectroscopy. It was observed that a
systematic shift towards positive chemical shift values was seen by adding more non-
bridging oxygen atoms.

In 1997 Feike et al (42) probed the local structure of phosphate glasses with 35 mol%
Na,0, and showed it contained a three-dimensional network of Q™ and Q®® groups
and a glass with 58 mol% Na,O contained two-dimensional chains of Q" and Q®
species. All experiments were performed on a Bruker ASX 500 spectrometer using
resonance frequency of 202 MHz. The rotation frequency was 12.5 kHz. Glasses were
prepared by melting Na;PO4 and P,Os at 1100°C for 5h. Spectra showed for Q"), Q&
and Q¥ species, chemical shifts of 0, -20 and —40 ppm, respectively.

A significant study by Wenslow and Mueller (43) carried out 'H and *'P -MAS-NMR
experiments on simple binary phosphate glasses to monitor the water attack on the
structure forming P-OH groups. NaH,PO4 was used to give glasses near the meta
phosphate region by standard melt/quench technique. Once the glasses were obtained
water was added and investigated by NMR using a Chemagnetics CMX-300
spectrometer with a magnetic field of 7.05T. 'H resonance was observed at 11.2 and
15.7 ppm assumed to be due to strong hydrogen bonds. 3P resonance’s showed 3
different chemical shifts at 1.9 (Q' species), -6.3 and —18.9 (Q* species). The
resonance at —6.3, however, lay outside the value for 3 species commonly found in
phosphate glasses. The only reported Q' species in this region was assigned by
Hartman and co-workers (44). However, another possible source could be the
intramolecular hydrogen bonding as shown below.
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Figure 9: Proposed structure for inter (a) and intra (b) -molecular hydrogen bonding

They drew possible pathways for water attack to the glass network structure which left
either only Q' or Q° + Q! species behind which can be detected via 'H MAS-NMR
and *'P MAS-NMR spectroscopy. Using both techniques and with the additional
interpretation of intra — and intermolecular hydrogen bonding they concluded out of
their results that five distinguishable phosphate units occurred, revealing a more
complex chemistry by water attack than originally thought. Results for isotropic
chemical shifts are:

Q' phosphate side with only sodium next nearest-neighbours at 1.9ppm, Q? phosphate
unit with only sodium next-nearest-neighbours at —18.9 ppm, Q" unit with strong
intramolecular hydrogen bonding at —2.4 ppm. Furthermore, the Q' unit where the
hydrogen is involved in a weaker intermolecular hydrogen bonding at —5.8 ppm and at
—-18.4 ppm they assumed that to be a Q* unit which is attached to a weaker

intermolecular hydrogen bonging.
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3.3.3 Structural Investigation by MAS-NMR Spectroscopy of Temary and Quaternary
Glass Systems

In 1987 Haubenreisser et al (45) were one of the first groups who used the relatively
new MAS-NMR method for complex ternary or multiple glass systems. Originally
they wanted to design glass-ceramics which would result in apatite formation by heat
treating the corresponding glass system. Therefore, glasses such as CaO-P,0s-Al,03,
Ca0-P,05-Al,03-Na;O or even more complex CaO-P,0s5-Al,03-AlF3-Na,O were
prepared and investigated by MAS-NMR with magnetic fields of 6.35 T and spinning
speeds of 1kHz. For the ternary glass system, Q” species dominated the spectra.
Increasing the CaO content resulted in Q' units as the dominant species. They also
mentioned the high value for anisotropy Ac and the asymmetry parameter n, which
was due to the fact, that phosphate units were bonded with AlO,.

The author of this thesis carried out work on complex quaternary-based phosphate
glasses within the system P,0s-Nay,O-CaO-Al,0s. *Na, ?’Al and *'P NMR and X-ray
powder diffraction studies on these glasses have been published in a paper by
Abrahams et al. (46). *'P-MAS-NMR were carried out on a Bruker MSL-300
spectrometer operating at 121.5 MHz and the magic angle spinning frequency was 10-
11 kHz. Spectra of these glasses consisted principally, of two bands at —5 to —9ppm
(Q") and at —21 ppm (Q?), which falls in the range quoted by Haubenreisser et al. (45)

and fits accordingly with their findings.
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3.4 X-ray Photoelectron Spectroscopy (XPS)

Photoelectrons, which have been ejected caused by the X-ray bombardment of the
specimen, can be analysed by the correlation of the expended X-ray radiation and their

kinetic energy Ex. The correlation is given by:

hv=EK+EB

Where Ep = binding energy, Av = energy of X-ray radiation and Ex = kinetic energy of ejected

photoelectrons

This equation reveals that the kinetic energy (Ex) of the emitted electron is dependant
on the energy of the incident photon (Av) and its binding energy (Eg). The measured
kinetic energy and therefore the binding energy will give information about the atom
and its orbital state, which is in the end a characteristic for the material. Commonly,
photons are used in the soft X-ray region (Avaike) = 1486.6 €V; hv (mgko) = 1253.6
eV). According to different chemical environment, a difference in binding energy of
1-20 eV for the inner shell atoms can be detected and used for structural
investigations. For example, by comparison of the integrated areas under the peaks, it

is possible to estimate the stoichiometry.
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3.4.1 Structural Investigation of Glasses using XPS

Graham’s salt, which corresponds to Na,OxP,0s, is a well studied salt used as a
structural reference for binary phosphate glasses. Over the years, other types of
polyphosphate have been discovered and today these glasses have found industrial
applications. For example, they show the ability to complex alkaline earth metals
(used as a water softener Calgon® (24).

As early as 1933 Graham (47) believed that polyphosphates had the basic structure,
consisting of ortho-, pyro-, and meta-phosphoric acid. From these considerations, it is
not surprising that phosphate glasses have been described in these terms. In 1939
Kordes et al (48) considered the formation of non-bridging oxygens in phosphate
glasses. This work assumed that the P-O double bond remained and that the number of
added alkaline oxides was in accordance with the number of formed non-bridging
oxygens. A decade later Van Wazer (27) looked at different glasses based on Na,O-
P,0s in different ratios. This work tried to separate these glasses into two groups.
Case I was a balanced ratio of Na,O and P,0Os; this was also the case for Graham’s
salt, and case II for a range between pure P,Os and Na,O-P,0s. Van Wazer pointed out
that in case I there are no termination points and hence PO, groups must be linked to
give chains or rings. At Na;O:P,Os there were only rings or infinite chains and at
2Na,0:P,0s there were only two-membered chains (pyrophosphate ions).

Gresch et al. (49) appeared to be the first to investigate a series of binary sodium
phosphate glasses with XPS. The authors prepared glasses in the composition of
Na,O/P,05 0.17, 0.28, 0.35, 0.56, 0.79, and 1.13 via standard solid state techniques.

This work described the transformation as being from one compound to another due to
46



Katrin Franks Ph.D. Thesis

an alteration of oxygen atom binding state. By starting at PO, s as the unit of P4Oy,
through PO;™ (NaPOs) and PO; s> (NasP207) to PO4> of NasPO, one of the binding
oxygen atoms was successively replaced by non-bridging oxygen atoms. Therefore the
binding energies of the oxygen atoms changed accordingly. Furthermore, it was
observed that the XPS spectra of nearly pure P40, (lowest alkali) glasses resembled
that of pure P,Os If the alkali content increased, the spectra become more
metaphosphate like.

Brueckner (50) carried out some complementary studies in 1980, which led to
different models in respect of oxygen double bonding. Gresch only saw evidence of P-
O double bonding in very low alkaline glasses. Brueckner however, was able to assign
low energy peaks for the double bonding in higher alkaline containing glasses ratio
Na,O/ P205: 0.61.

This led to the need for more thorough XPS studies especially for low alkaline

phosphate glasses.

3.5 Glass Formation Process

Prior to discussing the theory of DTA, the process of glass formation will be discussed
in order to understand the parameters measured via DTA. In addition the phenomenon
of glass phase separation, currently not fully understood, was another subject, which

hopefully can be explained by DTA.
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Glass formation usually takes place by cooling the molten mass rapidly past the
crystallisation point with solidification at the glass transition temperature Tg. For a
successful transformation into a glass the crystallisation temperature range must be

passed quickly. Figure 10 illustrates this process

Volume
Liquid

Supercooled
Liquid

Glass

Crystal

D
T Tg m

Temperature

Figure 10: Glass formation process

Considering the liquid molten mass (state A), a continuous decrease in temperature
will decrease the volume along line AB. If the decrease in temperature is carried out
slowly enough, crystallisation at the melting point Tm will occur and a crystal product

will form along line CD. However, if the temperature is reduced fast enough, the
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crystallisation process will not occur at T, and the volume change follows along line

BE until it reaches room temperature, which would result in a glass.

3.5.1 Glass Transition Temperature

Phosphate glasses show unique features such as large thermal expansion coefficients,
low optical dispersion and low glass transition temperatures T, (41). Tg is defined as
the temperature at which a polymeric, amorphous material is converted from the
elastic-plastic state to the glassy state (24). Amorphous materials change when heated
from a hard, glassy state to a soft, plastic state over a temperature interval.
Considering polymeric oxide glasses as elastic solids at low temperatures, the degree
of mobility increases within the transformation range as the temperature rises. This
can only take place by bond switching or transfer of covalent bonds between oxygen
atoms. The number of network bonds which become mobile at the glass transition
temperature depends in the first place on the cross-link density of the network. The
strength of the single bonds however, plays only a secondary role. For example,
comparing the bond strength of several oxide glasses (such as oxides of arsenic, boron
and phosphorus) this rises from 70 up to 110 kcal/mol (24) but all three networks have
the same cross-link density resulting in similar glass transition temperatures. The glass
transition temperature of an oxide network also depends upon the tightness of packing.
If the network is less densely packed and more open, for example as a result of large

cation incorporation, the transition temperature Tg will decrease.
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3.6 Differential Thermal Analysis (DTA)

Differential thermal analysis is a technique, which can detect exothermic and
endothermie phase changes. Here, the temperature of a sample is continuously
monitored with a thermocouple against an inert material as a reference sample. The
temperature as a function of time is linear until an exothermic or endothermie event
happens. Sample and reference are placed side by side in a heating block, which are

connected to thermocouples.

AT Exothermic

V  Endothermie

Temperature

Figure 11: Typical DTA trace with two temperature events for a polymer

When sample and reference are at the same temperature, then the net output is zero. A
thermal event in the sample will result in a temperature difference AT, which is
detected by the net voltage of the thermocouples. A third thermocouple is used to
monitor the temperature of the heating block and the results are presented in AT

against temperature. It should be noticed that the temperature of the peak is taken as
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the onset of the derivative from the baseline T; or as the peak temperature T, (see
figure 11).

This analysis methodology is important to use in glass making. It can on the one hand
be used to determine important parameters such as the melting point Ty, of the glass
and the glass transition temperature T,. Another important not fully understood
phenomenon is that of glass phase separation. The following literature review is
conceived in two parts. One part discusses the general observation of T, determination
and trends. The second part discusses the literature review on phase separation.

The first paper to investigate T, of phosphate glasses was published in 1966 by
Eisenberg et al (51). This work wanted to obtain a complete picture of the effect on Tg
of counter ions in pure homopolymers of HPOs;. They determined the Ty for pure
HPO; doped with ions such as Li, Na, Ca, Sr, Ba, Zn and Cd and showed no linear
correlation when q/a’ was increased, where q = charge of the cation and a* = cation
radius + oxygen anion radius.

The same authors also carried out another study on the effect on the T, by using a
neutralising effect of counter ions like Na' or Ca** on POs". Therefore, samples of
either NaPO3;-HPO; or NaPO;-Ca(PO;); were prepared by standard melting
techniques and the T, was measured. Within the NaPO3;-HPO; system, the T,
decreased with increasing Na* ions. By contrast, in the second system, with increasing
Ca®" ion concentration the T, almost linearly increased.

Sahar and Kamaruddin (52) published a paper on the phase equilibrium of binary
MgO and CaO phosphate glasses. Glasses were prepared from P,0s5, CaCO3 and MgO
using standard melting techniques. Glasses in the system (1-x) MO x P,Os (M =Ca,
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Mg) were studied, ranging from 0.4 < x< 0.8 for the MgO glass and 0.4 < x < 0.7 for
the CaO based glass. The authors plotted their data as T, — T, against mol% CaO/MgO
and it revealed two effects:

1. For the CaO based system a systematic increasing stability effect occurred and
2. the MgO glasses show a sudden stability rise for glass compositions above x =

0.46.

The authors speculated that this might be due to the glass structure changes from
metaphosphate MgP,Og (less stable) to pyrophosphate Mg,P,0O7 (more stable). They
backed up their findings with phase analysis of corresponding crystallised glasses via

X-ray powder diffraction.

Hudgens and Martin (53) prepared a series of glasses in the system Li,O - P,Os and
investigated this system with FT-IR spectroscopy and DSC. By adding Li,O to pure
P,0s initially decreased the T, followed by an increase in the T, as the metaphosphate
composition was reached. Since the T, was sensitive to the type and nature of the
atomic bonding in the liquid they pointed out that the network degradation and
intermediate order started at a compositional range of 20-25 mol% Li,O. Beyond 33
mol% alkali long chains and ring structures occurred. Towards the metaphosphate

composition P-O” - Li* chains became theoretically infinite in length.

Another important factor is the charge density effect. If the alkaline cation is replaced
by the alkaline earth cation of the same radius but double the charge, the Ty will

increase
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Another interesting study was published by Suzuya et al. (54). Glasses were prepared
in the region of (Naz;0)x(P20s)100.-x With x = 0, 10, and 20 mol%. The T, reached a
minimum at ~ 20mol% Na,O and increases towards higher Na,O content. This is in
accordance with Hudgens and Martin who worked on Lithium based phosphate
glasses (see above). However, these findings are not valid for larger cations. Here, T,
only decreased with increasing size of the cation. In addition, they mentioned that the
alkaline earth phosphate glasses showed in general higher Tg’s than alkali

metaphosphate glasses. This was due to the higher charge density.

Studies of phosphate based glasses have mainly focussed on their use in optical roles,
metal seals, nuclear waste and conductivity, but were limited by their very low
durability. With the increase in activity of modern biomedical science, this very low
durability may be useful. However, very few papers have been published including

glasses, which have glass compositions that relate to inorganic phase of bone.

In 1993 Uo et al. (55) published a paper with the combination of structural
investigation using DTA and solubility determination of phosphate glasses. They
prepared binary glasses of Na;O-P,Os or CaO-P,0s and a ternary phosphate glass
system of Na;O-CaO-P,0s by standard melting techniques and the T, and T. were
measured on a DTA. The authors found that the T, and T. decreased with increasing
P,0s content as the CaO content was more and more substituted by Na,O. The same
was true for the Na,O-P,0s and CaO-P,0Os binary glass compositions, Ty and T, were

found to increase with increasing Na,O and CaO content, respectively.
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4.1 Soluble Glasses

The handling of glasses based on phosphorus pentoxide is difficult because of their
poor chemical durability and their hygroscopic nature. In general this confines
phosphate glasses to specialised applications such as optical and conducting glasses,
glasses for heat protection or for nuclear waste vitrification (23). Recently however,
phosphate glasses have been investigated for biomedical applications. As was
mentioned in the introduction, advances have been made to treat periodontal diseases
with the use of degradable polymers based on polyglycolic and polylactic acid (56-
58). However, laboratory and clinical studies indicate a non-linear and very
unpredictable degradation process for these materials. With the use of soluble
phosphate glasses it is envisaged that the more predictable degradation will be of
benefit in biomedical use. Prior to clinical use, basic laboratory studies of the

solubility behaviour are imperative because of two reasons.

¢ To understand the material and predict their degradation process and

2) To give a better understanding of their degradation process which will help to
optimise the materials by tailoring the solubility according to the desired

application.

Furthermore, as will be discussed in detail in the glass structure chapter, no precise
structural information is currently available. The degradation process will release

structural units from the glass, which can be detected by a combination of modern
55



Katrin Franks Ph.D. Thesis

analytical methods. It is hoped that with this additional information contributions to

the structure analysis can be made.

Currently, the number of publications regarding the solubility of phosphate glasses is
rather limited. The literature survey has been divided into two parts. First, related
glass systems such as silicon based glasses were reviewed. This was carried out in
order to give preliminary information about the degradation process in the glasses.
Secondly, the survey was focussed on phosphate salts, such as Graham’s salt or very
basic binary phosphate based glass system. There were a limited number of studies,
but further information where possible, discussed more complex ternary phosphate

based systems for biomedical use.

4.1.2 Solubility of silicate glasses

Many familiar glass articles show high durability; for example commercial silica
based glasses such as window glass. This is also clearly the case for vitreous silica. In
1962 Morey et al (59) showed that by rotating vitreous silica or quartz grains in water
only 1 ppm soluble silica was detected after one year. But silica based glasses with
different ratio's of network modifiers can have a range of durability in aqueous
solutions. Enss (60) produced one of the very first publications regarding this subject
in 1928. The paper considered the durability of a soda-lime-silica glass, where SiO,
forms the network and soda ash or potash is necessary to flux the mixture at a more
readily attainable temperature. Lime (CaO or CaO + MgO) increases the chemical

durability of the final product. The extraction of material was measured by water

56



Katrin Franks Ph.D. Thesis

attack on crushed grains of glasses with varying SiO, and metal oxides contents. The
Si0; glass was only stabilised up to a certain point depending on the content of metal

oxides.

Charles published a more detailed study in 1958 (61). The corrosion process of
alkali-silicate and alkali-lime-silicate glasses was examined in aqueous solutions and it
was shown that alkali ions were first extracted and an alkali-deficient layer was
formed on the surface of the glass. This layer acted as a barrier limiting further alkali

ion diffusion, thus rapidly increasing the durability of the glass.

There are 2 equations to describe the corrosion process:

(1)  R3;-Si—-OR+H,0<=>R3-Si—-OH+R"+O0OH"

The formed hydroxyl- ion in equation (1) can now react with another siloxane bond in

the glass:

(2) R3-Si—-0-Si—-R3+OH <=> R3-Si—-OH+R3-0O

Douglas and Isard (62) presented another study on the durability of ordinary glasses
in 1949. The extraction of alkali ions from a commercial silicate based glass by
distilled water was the subject of this study. The rate of sodium removed from the
surface of the glass was found to be a function of the square root of time. The
conclusion from this study indicated that this process was diffusion driven and that the
rate of extraction of the sodium ions could be related to electrical conductivity of the
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glass. During the diffusion of Na' ions to the surface of the glass the overall electrical
neutrality must be maintained and that can only occur by counter-diffusion of other
ions such as H3O". If this were not the case, an electric double layer would occur,

preventing further sodium ions from leaching out.

Dubrovo and Shimdt (63) published a more systematic study of a binary
sodiumy/silicate glass where they studied the effect of water and hydrochloric acid
solutions on a whole series of Na,O-SiO, glasses. The interaction of sodium silicate

with water can be divided into two stages:

1. Exchange of sodium ions in the glass for hydrogen ions in the solution. This

process leads to a residual layer of silicic acid on the surface of the glass.

2. This formed layer can further react with the alkaline solution resulting in silicic

acid.

Additionally, it was shown that if the Na,O content is high (SiO; low), dissolution of
the glass takes place and a kinetic equilibrium is established between stage 1 and 2. If
the silica content is high (Na,O low), the main process that occurred was the leaching

of Na,O from the glass.

Work by Rana and Douglas (64) indicated that rate of alkali extraction varies linearly
with the square root of time for short measuring periods developing into a linear

relationship for longer measuring time.
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In 1963 Hlavac et al (65) developed a mathematical model to describe the whole
course of decomposition of a soda-silicate glass. A study on how the sodium ions
leaching out of this glass and it's dependence on the temperature of the aqueous
solutions. For all temperatures ranging from 60 — 100°C the following 2 process were

found:

Process I: exchange of cations from the glass for H;O" ions. This is a diffusion driven
process, which ends up forming a destroyed (leached) layer. Process II: dissolution of

the leached layer, which is controlled by surface reactions.

In terms of a mathematical description, this means that there is a linear short-term

relationship with a function of time (min)?

is followed by a long-term linear
relationship for measurement times of greater than 30 hours. These findings are in

accordance with the previous authors.

Dimbleby and Turner (66) carried out a study on a ternary Na,O - MgO - SiO; glass
where they questioned whether the surface area of the glass has any influence on the
dissolution process. The weight loss was increased by a factor of 2 if the amount of
the initial material was increased four times. Another study was carried out in 1966 by
Shamy (67) on a binary KO — SiO; glass where the volume of the solution was kept
constant at 100 ml while the weight of the glass grains was increased systematically.
The amount of extracted silica per gram glass increased as the ratio of the surface area

of the glass to the volume of the leaching solution increased.
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Phosphate glasses differ from silicate glasses, in that they are usually completely
soluble. Every possible ion will leach out into solution until the glass is completely
degraded. The following passage will review the literature on the degradation process
of soluble phosphate glasses in an aqueous environment. This review will start, like
the review on silicate based glasses, with simple binary phosphate glasses or even
phosphate salts and will then consider more complex phosphate glass systems. At this
point the survey will also include a consideration of what occurs to the out-leached
ions immediately on release from the glass and also at longer term. This is an
important consideration as it is hoped that the phosphate-based glasses will form a
precursor phase, which transforms into hydroxyapatite, the natural inorganic phase of
bone, similar to the mechanism seen with Bioglass®. This way the implant can form a

bond to bone.

4.1.2 Solubility of Phosphate Glasses

Over 100 papers have been published on the rate of hydrolysis of phosphates salts but

only a handful considered the degradation process of phosphate based glasses.

One of the first phosphate based materials, where studies have been made on their
solubility characteristics, is Graham’s salt. A paper published by Strauss et al. (68)
showed that a freshly prepared solution of Graham’s salt decreases its pH and
viscosity for several hours before it attains stability. This effect was ascribed to the
degradation of weak P-O bonds at branch points in the polymeric chain. Van Wazer
(27), who discussed the results of water attack on sodium phosphate glasses, published

similar findings. The structure of Na,0-P,0s glasses consists of a three dimensional
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network, which will be destroyed when placed in water. Findings were verified by

Westerman and Crowther (69) in 1954 and by Stevels and Trap (70) in the same year.

One year later Schulz and Hinz (71) examined the solubility of phosphate glasses and
their structure. The question was raised whether the water insoluble fractions of
phosphate glasses have the same chemical structure as the solid itself. An
investigation via chromatography was carried out by preparing several water soluble
binary phosphate glasses based on the system P,Os / MO (where MO= ZnO, CdO,
PbO, MgO and Ca0O). In the case of an existing POs-tetrahedra, the P-O-P linkage
were broken down in the solubility process whereas any other P-O-P linkage in the
structure, such as di-, tri-or tetraphosphates or other long PO;- chains were not broken
down. These results gave evidence for the existence of meta phosphates and long POs-
chains, rather than POy-tetrahedra, which are linked together, over a 3 dimensional

network.

Kanazawa et al. (72) examined the solubility and physical properties of some alkaline
earth binary and ternary phosphate glasses. The composition range studied was with
RO:P,0s5 ratio varied from 0.7 to 1.7 in molar ratio. The corrosion behaviour in
different acidic and basic solutions was examined. The solubility increased as the
RO/P;0s ratio increased in acidic solution whereas the reverse occurred in basic

solutions.

Bunker and co-workers (73) did the first more systematic study on a series of ternary
Ca0-Na,0-P,0s glasses where the solubility was reported in a systematic and

mathematical way, plotted in weight loss per unit area per unit time (g.cm?.min™).
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Glasses were prepared via a classic glass synthesis route. The glasses obtained were
polished and pulverised with a mortar and pestle to give particle size ranges of 45-75
pm and 75-100um. Surface areas were determined by BET N, or Kr adsorption
isotherms. Weight loss experiments were carried out in deionised water. Solubility

rates were obtained for the following glasses:

Composition Leach rate
(mol%) (g.cm™?.min™")
40Na,;0-10Ca0-50P,05 5x107°
30Na,0-20Ca0-50P,05 3x10°
40Li,0-10Ca0-50P;0s 6x10°
30Li,0-10Ca0-50P,0s 3x 107

The rate of dissolution was found to be sensitive to glass composition; the higher the
alkali content, the higher the solubility. They observed the same mathematical
function to describe the leaching process as other authors previously mentioned. Again
there was evidence of it being a 2-stage dissolution process, where for the first stage,

12

weight loss is a function of t“ and the second stage can be described as linear weight

loss with time.
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Shih et al. (74) studied the corrosion behaviour of ternary phosphate glasses with the
following compositions: P,0s> 40, CuO<50 and Na,O<60 mol%. The chemical
durability was measured via weight loss experiments in deionised water for 4-24h at
30°C. Each sample was measured in duplicate and the solubility was measured in
(g.cm™.min™). Glasses with 60 mol% P,Os have solubilities in the range of 1x10™ —
8x107, glasses with 50 mol% P,Os range from 2x107 to 9x10® and glasses with 40
mol% P,0s are reported to have solubilities ranging from 5x10 to 2x107 (g.cm™.min’
", depending on composition. Glasses were more stable when the CuO content
increased. Unfortunately the author did not assign any mathematical function to the

dissolution process.

An interesting study of the ternary system, which was also examined in this thesis,
was published by Uo et al (55). Solubility of the ternary system Na,O-CaO-P,0s was
measured in distilled water and SBF and showed similar trends for both mediums.
P,0s content ranged from 30-80mol%; CaO and Na,O varied respectively. In addition,
Almar Blue Assay estimated preliminary cytotoxicity in vitro using on human pulp
cells. 1.00g of granules pieces was placed in 100ml of fluid at 37°C and after certain
time intervals weight loss measurements were carried out. Solubilities were obtained
in g.cm™?.min"'. Depending on the P,Os content, solubility rates ranged from 1.7x107
for the very high containing P,Os glasses to 2.8x10°® for low P,0s containing glasses.
Results are similar for tests in SBF, however dissolution in SBF (Simulated Body
Fluid) was suppressed. Only glasses with P,Os content of 50 mol% showed
cytotoxicity. The findings were in accordance with that of Bunker (75), however the

measurement temperatures were different. According to Uo, the addition of CaO has a
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major effect on the solubility. Only S or 10 mol% will lower the solubility by a factor
of 10. The reason for this is the cross-linking ability of Ca®* jons. This fact has been

discussed structurally by Var Wazer and other authors (see glass structure chapter).

Dissolution processes for sodium-calcium phosphate glasses were examined by
Delahaye et al (76). This more recent study carried out the corrosion process in two
different aqueous solutions on metaphosphate glasses in the compositional range of

(50-x)Na,O-xCa0-50P,0:s.

Dissolution rates in (mg.cm”.min™) in distilled water ranged from 107 to 10™ where
the lowest rates were found for the highest CaO containing glasses. The 34Na,O-
16Ca0-50P,0s glass was found to have a linear relationship in neutral solution. At pH
3 however a non-linearity was observed, especially for measurement times greater
than 100 min. They could not explain the suppressed dissolution rate towards the end
of measurement time in acid solution with the theory of an ion-exchange process. This

would have resulted in a t"?

behaviour, which was not observed. They assumed that
the increased ion strength of the solution was an influence on the dissolution rate.
Therefore a further experiment was carried out, where the medium was replaced by
fresh medium after certain time intervals. Under these conditions, the ionic strength of

the solution was nearly kept constant. Dissolution rates were increased. Therefore, it

was assumed that the solution influences the leaching process.

At this point having considered the dissolution process, the fate of the ions in the

aqueous media will now be considered.

64



Katrin Franks Ph.D. Thesis

Materials, which are close to the inorganic phase of bone with a Ca/P ratio of 2 and
1.5 like tetracalcium phosphate, hydroxyapatite and P-whitlockite have different
degradation properties, as shown by Klein et al. (77). The solubility and the chemical
changes of hydroxyapatite and PB-whitlockite when they were placed in different
buffers at 37°C was examined. They also had considered the formation or re-
precipitation of HA from Ca®" - and PO, ions in the solution. Ionic concentrations
were measured by atomic absorption spectroscopy. The buffers used were lactate,
citrate, Michaelis and Gomoris buffer which were freshly prepared with pH of 6.2 and
of 7.2. The dissolving of phosphate and calcium ion concentration was highest in the
citrate buffer. Overall they found that the dissolution process was higher for pH
medium of 6.2 compared to 7.2. Only three thermodynamically stable calcium
phosphates are known, all of them are most stable at different pH's. They discussed the

possibility of hydroxyapatite formation from these:
1. Monocalcium phosphate is stable at pH < 2.5,
2. brushite at 1.5 < pH < 4.2 and

3. hydroxyapatite at pH > 4.2.

They concluded that at a sufficiently high concentration of calcium and phosphate

ions, precipitation of hydroxyapatite should occur for all the buffers used.

Kokubo et al. (78) examined the chemical reaction of bioactive glass and glass-
ceramics in simulated body fluids. Glasses and glass-ceramics in the MgO-CaO-Si0O,

system were prepared with different chemical compositions, pulverised to grain sizes
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below 500pm and 4.0g of these powders were immersed in 50ml SBF. Temperatures
were kept at 36.5°C and after certain times aliquots of the fluids were taken and
analysed with inductively coupled plasma (ICP) to measure the ion concentration
changes. Depending very much on the individual material, pH and ion concentration
curves were almost exponential for most of the glasses and glass-ceramics. However,

only one material, the apatite-wollastonite glass-ceramic showed linearity.

Knowles et al. (79) measured the out-leaching ions of soluble phosphate glasses when
the glasses were placed in simulated body fluid SBF. The interaction of the ions from
the dissolving glass and the ions in the fluid were responsible for forming a crystalline
layer on the glass. This layer was detected and analysed by FT-Raman spectroscopy
and thin film x-ray diffraction. Quaternary glasses P,0s-Na,O-Ca0O-Al,0; were
prepared via traditional glass preparation methods. Discs of glasses were placed in
SBF, which was prepared from a method of Kukubo et al. (80). After certain time
intervals samples were taken out of solution and analysed. FT Raman spectroscopy
and this showed changes occurring at very early time points, with evidence for a
carbonate containing compound forming on the glass surface, which may act as a
precursor on which bone can attach. However, due to the soluble nature of these

materials this layer appeared to be short lived.

A very recent paper by Kumar (81) described the transformation of brushite and
modified brushite in Hank’s Buffered Saline solution (HBSS). Brushite, a calcium
phosphate, is relatively soluble in physiological type solutions. When used as an

implant, the calcium and phosphate ion concentrations can increase at the
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implant/tissue interface. This study was carried out to prove the transformation of
brushite to hydroxyapatite using SEM, XRD and FTIR spectroscopy. The overall
transformation rate was assumed to be altered if calcium was partially substituted for

potassium (modified brushite).

Transformation studies were carried out by placing samples of brushite and modified
brushite in 50 ml of HBSS and stored at RT without agitation for 24h. XRD and FTIR
spectroscopy results confirm for both types of brushite, transformation into
hydroxyapatite occurred with a signature peak in the FTIR spectrum at 960 cm™. The
main difference however is that for the modified brushite type, an FTIR band occurred
at 1112 cm™ which was assigned to a poorly crystalline HA. This peak was not
observed for the non-modified brushite. An important difference in transformation rate
was observed for modified brushite, which transformed to HA much faster than non-
modified brushite. The findings were the result of x-ray diffraction studies, where
reflections for normal brushite remained after 48h whereas for modified brushite no

such reflections were present.
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5.1 Materials and Methods

The experimental part contains four sections:

1.) Glass preparation for 5 glass systems

2.) Solubility testing for 5 glass systems

3.) Ion release measurements for 5 glass systems

4.) Detailed structural analysis for 2 systems

5.1 General Remarks

In total five different glass-systems have been prepared. The first system was from the
ternary phase diagram of Na,O-CaO-P,0s and was carried out as the other glasses
investigated were modifications of this basic system. A wide compositional range of
glasses with varying CaO, Na,O and P,0s content was undertaken for the Na,O-CaO-
P,Os system. Preliminary cell culture tests were carried out to determine the best
compositional range for optimal cell response. Once established, this in vitro data was
used to select glasses for further modification. In addition, it was hoped that with the
simplicity of the first ternary system, interpretable results would be achieved which
can answer some of the questions regarding structural inaccuracies seen in the
literature (discussed in the glass structure chapter). The second ternary system, a K,O-

Ca0-P,0;5 system, was produced to determine the effect of substituting Na,O with
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K;O, in terms of structural changes, solubility effects, biocompatibility and
bioactivity.

Two quaternary system Na,0-K;0-CaO-P,0s and Na,0-CaO-MgO-P,0Os were
prepared. The first system is seen as an extension of the studies on the Na,O-CaO-
P,0s5 and the K,0-CaO-P,0s systems and the second is to investigate the possibility of
producing glasses with compositions more closely related to the composition of
natural dentition. Attempts to work as close as possible to the composition of natural
dentition failed because of glass manufacturing limitations. However, it was tried to
work as closely as possible to natural hard tissue composition. Again, a whole
spectrum of glass compositions was produced and in vitro studies were carried out to
optimise the cellular response.

In order to limit variables, the valence of substituted cations has been kept constant.
Oxides like Na;O with sodium having one positive valence have been substituted by
potassium having the same valence. The same logic was used for the other quaternary
system where the cation calcium with a valence of two has been replaced by
magnesium with the same valence.

The final glass system investigated, based on Na,O-CaO-CaF,-P,0s was carried out to
investigate whether fluoride may structurally affect this system. In this system, oxygen
was partially replaced by fluoride. It should be noted that the use of fluoride is
difficult because of the relative ease with which F~ will bond to H' to give HF. HF is a
very volatile substance which may be easily lost at the elevated temperatures used
during glass making. Incorporation of fluoride in a glass system was found to be
difficult but was achieved by the use of a different precursor compound (see
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preparation of this glass system) to limit fluoride loss. Preliminary solubility testing

and structural analyses have been carried out.

5.1.1 Selection of Glass Composition

As it was mentioned in the aim chapter, glasses were prepared in order to synthesise
implant materials, which are closely related to natural hard tissue phases. As it was
discussed before, the inorganic part of hard tissue like bone and teeth consist of
mainly hydroxyapatite. Calcium and phosphate are present at high levels in
hydroxyapatite, hence it was tried to incorporate as much calcium as possible. A
quantitative analysis of enamel revealed additional magnesium,- carbonate,- fluoride,-
sodium and potassium ions as minor representatives (82).

Not all compositions could make the same range of glasses and so glasses within a

system have been selected according to this.
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5.2 Preliminary Glass Making Studies for the ternary System

5.2.1 Establishment of glass production methodology.

Preliminary studies were carried out in order to determine the optimal chemical
precursors for adequate glass production.

The major problem encountered was with the use of raw P,0Os. This chemical is
extremely hygroscopic and very volatile at elevated temperatures. This lead to two
problems (1) water absorption can affect the batch weights and (2) loss of P,Os during
melting. Both of these will ultimately alter the final glass composition.

Chemicals of NaH,PO4 and CaHPO, were initially tested as precursors in an attempt
to limit the use of P,Os. With these precursors, it was possible to make glasses with up
to 16 mol% CaO. Over this limit, crystallisation of the glass readily occurred. This
was likely to be due to the presence of water in the glass, which is known to readily
nucleate crystallisation in glasses.

It was found that using CaCOs; to deliver CaO, in combination with fresh and dry P,Os
and NaH,PO, gave optimal results. With this choice of chemicals a whole range of .
varying Na,O0-CaO-P,0s glasses could be readily achieved. To avoid excess loss of
P,0s, a layering technique for the chemicals before the melting process was
established. The appropriate amount of NaH,PO, and CaCO; were weighed out,
mixed together and put aside. P,Os was weighed out and placed into the bottom of the
platinum crucible. The NaH,PO4 and CaCO3 mixture was then placed on top of P,0s.
That way two things were achieved. During the mixing time of CaCOj; and NaH,POy,

P,Os was kept sealed in the bottle without having extended contact with moisture.
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After use, the bottle was additionally sealed with Parafilm (Solmedia Ltd, England) to
avoid contact with moisture. During the melting process H,O and CO, was evolved,
helping the molten mass to flux. However if P,Os was within the mixture, it would
contact the evolved H,O more easily and bind the water into the glass structure with
the associated problems described above. When the P,Os is placed at the bottom of the
crucible, the surface area was minimised to avoid contact with the gas evolution
process. All the glasses, which have been used for further testing, have been produced

in this way.

5.3 Chemical Equations and Compositional Calculations

The following pages detail the chemical reactions and how the glass compositions

were calculated:

Using NaH,PO,
2 NaH,PO, | Na,O + P,0Os + 2H,0
240 g/mol 62 g/mol 142g/mol 36g/mol
0.258 0.59 0.15
Using CaCO;
CaCO; > CaO + CO,
100. g/mol 56 g/mol 44g/mol
0.56 0.44
Example:

1f 20 mol % CaO is needed:

(0.20 mol x 56 g/mol) / 0.56 = 20 g CaCOs;
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Using KH,PO,
2 KH,PO, > K,O + P,Os + 2H,0
272.24 g/mol 94.2 g/mol 142 g/mol 36g/mol
0.346 0.521 0.13
Using MgCO;
MgCO3 > MgO + CO,
84.31 g/mol 40 g/mol 44 g/mol
0.474 0.52
Using (NaPOj3),
2 (NaPO3)x > NaZO + P205
236.35 g/mol 62 g/mol 142 g/mol
0.30 0.69

The final glass composition was calculated according to the above mentioned
equations, following rules for stoichiometric calculations, for example, if 39 mol%
Na,O is required in the final glass, the amount of NaH,PO4 required would be
calculated as followed:

Example:

(0.39 mol x 62 g/mol)/ 0.2 = 120.9 g of NaH,PO,

This also means that by using 120.9 g NaH,PO,, 55.614g P,Os will be processed at the
same time. This total P,Os content has to be offset by this amount when considering
the total amount of P,Os required.

P,0s and CaF, amounts were calculated from the mol percentages needed.
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5.4 Glass Preparation

5.4.1 Standard Glass Preparation

General procedure

All chemicals, apart from phosphorus pentoxide and sodium polyphosphate (Aldrich),
were of analytical purity, manufactured by BDH, England.

The precursors were weighed out on analytical balance (Precisa, England) and placed
as described above in a Pt/10%Rh crucible (Type 71040, Johnson Matthey, Herts,
UK). Immediately after the chemicals had been layered in the crucible, it was placed
in a pre-heated furnace at between 1000-1200°C dependent on the final glass
composition (for appropriate temperatures see Table 3). In general a batch of glass
comprised of around 60g of glass product, which means that around 120g of precursor
chemicals were required. The starting materials were divided into three smaller
batches. The separate amounts were melted consecutively and after each melting cycle
the glass was set aside. After having produced the three batches they were combined
and re-melted for 3 hours at the appropriate temperature. This re-melting process had
two additional benefits, (1) it helped to entirely homogenise the melt, as
inhomogeneities may occur with the layering method, and (2) it would help to reduce
the possibility of phase separation.

When the final melt was ready for pouring, another furnace was used for the annealing
process. This was important to ensure stress free glasses for any further testing. The
furnace and graphite mould was kept at temperatures between 300-400°C depending

on the glass (see table 3). Upon removal of the melted glass, the melt was poured very
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rapidly into the graphite mould. This split mould was cut out of a graphite block,
which had 2 separate holes (6¢cm long, 1,5 cm wide) hollowed out. The graphite mould
was then placed in the second furnace and kept at temperature for one hour. The

furnace was then switched off and allowed to cool down over night.

5.4.2 Glass Cutting and Storage

Having obtained glass rods, these were cut into 15mm diameter and 2mm thickness
discs, using a Testbourne diamond saw. The optimal cutting liquid was found to be a
50:50 mixture of H,O and methanol (BDH, Poole, UK). The final discs were
thoroughly dried with cotton tissue. Using heat guns to dry the specimens rapidly were
found to create extra stress in the glass surface.

Any glass rods remaining were stored in sterile test tubes (Sterilin, England). The
method of storage was found to be sufficient to overcome the problem with phosphate
based glasses, which are known to absorb moisture from the atmosphere. Assurance
that this method was adequate was obtained by carrying out a simple weight change
experiment. A glass rod was weighed over the course of a year to check any weight
change, which would be the case with moisture absorbency. Note, a high solubility

glass was used, i.e. with high Na,O and low CaO content.

Initial weight for glass CazoNay3Pss Final weight for glass CayoNay;Pss
On date 3/02/1998 On date 17/02/1999
20,1831 g 20,1836 g

Table 1: Weight gain check
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The weight gain was 0.0005g (0.024%), or 2.77 x 10”° mol H,0 have been absorbed. It
should be noted that this level of absorbed water is negligible compared to the levels
of water absorption after placing in water. Furthermore, the solubility testing was
carried out very soon after glass production. Also for any glasses to be used for
spectroscopic analyses, the measurements were carried out as soon as possible after

glass preparation.

Solubility tests

All measurements for this test were performed in triplicate to ensure accuracy.

Surface area of the glass discs was calculated from measurements of the disc thickness
and diameter measured with vernier calipers (Mitutoyo, Tokyo, Japan). The samples
were weighed and then the discs were placed in 75ml volume plastic containers, which
were sealed with plastic lids. The liquid in which the test was carried out was double
distilled water. For the ternary system, an additional test in Hank’s Buffered Saline
Solution (HBSS) (Gibco BRL, Scotland) was also carried out. The test protocol used
was based around protocols drawn up for toxicity testing of biomaterials from the
British Standards Institute (BSI). The standards did not precisely specify any volume
to surface area relationship. Therefore, after preliminary volume to surface area
relationship tests, 25ml volume to 1.5 cm? of specimen surface area were used. The
containers were kept for the entire test period in an incubator maintained at 37+1°C.
At various time points, the samples were removed and dried with cotton tissue until no
excess surface moisture was visible. Specimens were weighed on an analytical balance

(Precisa 120A, European Instruments) and then placed back in the solution. The
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weight loss M; at a certain time t point was subtracted from the initial weight M, and
divided by the surface area A to give weight loss per unit area:
Weight loss: (M, — My)/A
Where A = surface area (cm?)
The data was then plotted as weight loss per unit area against time. From the resultant
graph, a slope was determined with the slope giving solubilities in g.cm2hr'. All

measurements were carried out to a maximum of 8 weeks.

5.4.3 pH Measurements

Over the solubility test period, pH measurements have been carried out on a Jenway
3045 Ion Analyser with an Orion pH electrode. The electrode was calibrated with
standard solutions (BDH, pH colourkey buffered solution, pH 4,7 and 10) before the
measurements. The electrode was placed in the solution in which the specimen had
been immersed and then the reading was allowed to stabilise for three minutes prior to

noting the value. Again, triplicate measurements were performed.

5.4.4 Ton Measurements

During solubility tests the out leaching ion process was followed for the following

jons: Ca®*, Na", K" and F".

Ion measurements have been carried out on a Jenway 2240 Ion Meter at certain time
points. ELIT mono solid state ion selective electrodes with appropriate reference

electrodes were used obtained from BDH, England.
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The following ion selective electrode/reference electrode systems have been used

Ca*VAgCl, NaVLiAc, K*/NaCl and FVAgCI.

Ph.D. Thesis

Standard solutions for calibration of each electrode were prepared in 1000, 100, 10

and 1 ppm concentrations. Sodium and fluoride volumetric standards were obtained

from Aldrich, calcium volumetric standard from Russell (Russell pH Limited,

Scotland) and the potassium volumetric standard solution was obtained from Fluka,

UK. Examples of the calibration curves are as follows:

Calcium standard y=-28.881x + 392.41
R2=0.9632
500
400
300
200
100
0.5 15 2.5 3.5
logo

Figure 12: Calibration curve for calcium standard

Sodium standard y=-64.71x +465.34
R2=0.9198

500 p -

400 »
~ 300 —
A200

100

logo

Figure 13: Calibration curve for sodium standard
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Potassium standard y=-55.62x+473.49
R2=0.9967
500
400
A 300
E 200
100

0 0.5 1 15 2 2.5 3 3.5
logo

Figure 14: Calibration curve for potassium standard

Fuoride Starxiard 7 52.235x - 446.47
R2=0.974
-100 0.5 25
=200 -
A =300 -
-400 —
-500
logo

Figure 15: Calibration curve for fluoride standard

Ph.D. Thesis

Calibration curves have been plotted of log concentration (ppm) against the mV

reading (according to manufacturer).
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For this type of measurement it was found best to calibrate the appropriate ion
selective electrode every day to ensure regular performance, even when no
measurement took place that day. For measuring times greater than 3 weeks,
calibration took place once a week. If this was not performed, difficulties occurred to
obtain comprehensive values especially for the extended measuring times.

However, it should be noted here that the accuracy of ion measurement was difficult to
maintain if the measurement time exceeded 8 weeks. This was thought to be due to

overlong storage of the calibration solution.
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Chapter 6
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Ternary system CaO-Na,0-P,05

6.1 Special Procedures for the Ternary System CaO-Na;0-P,0s5

NaH,PO4, P,O5 and CaCO; have been used to form this glass system. P,Os has been
kept constant, with CaO and Na,O content varying. All of these glasses have been
synthesised to form the sodium based termary system. Compositions have been
calculated based on equations mentioned previously.

Note that the used glass code represent the mol% of each oxide.

Glass code CaO content Na,O content P,0s5 content
(mol%) (mol%) (mol%)
CagNay7Pys 8 47 45
CajoNaysPss 10 45 45
Ca;2NaysPys 12 43 45
Ca;j6Na3gPas 16 39 45
CayoNa3sPss 20 35 45
Caz4Na;31Pys 24 31 45
Ca,gNay;Pys 28 27 45
Ca3;NaysPys 32 23 45
CazgNajgPys 36 19 45
CasoNa;sPss 40 15 45
Table 2: Glass codes and oxide composition in mol%
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Glasses with CaO content greater than 40 mol% have been prepared but were found to
crystallise on casting, hence they have been rejected for any further testing. Thus, 40

mol% CaO can be regarded as the upper limit for CaO content.

Glass code Melting Casting result

temperatures and | temperature Cc)

time (°C/hours) and time (hours)
CagNay7Pss 1050/3 300/1 Glass, stress free
CajoNaysPss 1050/3 300/1 Glass, stress free
Ca;;Nayg3Pss 1050/3 300/1 Glass, stress free
CagNazoPss 1050/3 300/1 Glass, stress free
CaoNajsPss 1050/3 300/1 Glass, stress free
Cay4Na3zPss 1050/3 380/1 Glass, stress free
CaygNay7Pss 1150/3 380/1 Glass, stress free
Caj;NaysPys 1150/3 380/1 Glass, stress free
CazgNajoPss 1150/3 380/1 Glass, stress free
CaygoNajsPss 1200/3 400/1 Glass, stress free

Table 3: Melting and casting temperatures
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The processing temperatures were originally established by trial and error, until the
glass was formed. Afterwards the glass has been analysed by DTA to obtain thermal
characteristics for the glasses. Once established, precise temperatures (see table) were
used in order to avoid crystallisation and also to avoid residual stress on casting. The

methodology was used for all glass systems.

6.1.1 Solubility Tests in Distilled Water. Preliminary Experiments

In these preliminary experiments, glasses CagNay7Pss and CajoNaysPss were
completely dissolved within 2-3 hours which was not the case for the remaining
members of this system. It was not possible to measure the solubility for these two
glasses. However, in some additional experiments, detailed later, it was possible to
measure the solubility accurately by decreasing the interval between measurement
times.

As a first approximation weight loss results were plotted in g.cm™ against time and
using the curve fit in Excel, a line was fitted, forcing through zero and with a minimal
R? value. The slope of the lines gave the solubility in g.cm™h™. It was found to be
very unrealistic to line fit members of this system with CaO content higher than 28
mol%. The slope was more of an exponential nature; this needed further mathematical
analysis. However, in this preliminary study a line was fitted, even for the glasses with
high CaO content (see dotted line fittings). This was carried out in order to rank
glasses within the same glass system. It should be emphasised that this is not correct
and subsequently a more precise study was carried out, where measurements were

carried out approximately every 10 minutes. In this way more precise weight loss
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results were achieved even for glasses with lower CaO content than 12 mol%. Log 10
weight losses were plotted against log 10 time [min] and the straight lines were

observed.

6.1.2 Preliminary Studies on the Solubility ofthe Na20-Cao -P205 System.

All measurements were carried out in distilled water
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Figure 16: Weight loss curve for Cai:Naa;:4s
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Figure 17: Weight loss curve for CaisNaso:as
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Figure 18: Weight loss curve for Ca:oNass:4s
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Figure 19: W eight loss curve for C a24N a3i?45
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Figure 20: Weight loss curve for Ca:gNa:7Pas
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Figure 21: W eight loss curve for C a32N a23745
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Figure 22: Weight loss curve for CassNaisz4s



Katrin Franks

0,003

0.0025

0.002

0.0015

0.001

0.0005

Figure 23: W

able 4: O verview o

cight loss curve for

Glass code

CagNad7P45

CaioNa45P45
Cai2Na43P45
Ca16Na39P45
Ca2oNa3sP45
Ca24Na3iP45
Ca2gNa27P45
Ca32Na23P45
Ca36NaioP45

CadoNai5P45

400

C ad4oN a, 5P 45

600

800

time [hours]

1200 1400

Solubility [g.cm' .h' ]

Too fast to measure

Too fast to measure

2.36 X 10"

5.40 X 10"

6.00 X 10"

2.00 X'10™

5.00 X10”

1.00 X 10°

6.00 X10°

3.00 X 10°

220-Ca0 -P205 system

Ph.D. Thesis

90



Katrin Franks Ph.D. Thesis

The first major feature of these graphs that can be seen is that as the CaO content is
increased, the solubility decreases. The second feature seen in the graphs, is that the

curves become non-linear with increasing CaO content.

6.1.3 pH Measurements

100 200 300 400 500 600

time [hours]

Figure 24: pH progress with time for the ternary CaO-NaaO-PiOs system
O Ga2NeA3P45 © Ca2ANa3|PA5 A Ca3oNaiOPA5
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Figure 25: pH progress with time for the ternary Cao -Nazo-2205 system

O Cag\eMP4; © Car"NaggPA Ca2gNeo?Pss+ Ca'\gNai"P4;
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Figure 26: pH progress with time for the ternary Ca0-Na20-P20s system
O CaioNeA5P45 © Ca20Na3sPas A Ga32Ne23Pds
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It can be seen from figure 24 to figure 26 that the pH of'the solution can have different

patterns of change with time, depending on the CaO content of the glass. Glasses with

lower CaO content show the highest initial increase in pH from 5.5 (distilled water) to
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8.5, whereas glasses with higher CaO content show only an increase of one pH unit,

from 5.5 to 6.5.

6.2 lon Measurements

6.2.1 Calcium Measurements

& S 10

BiSo
1500

time [hours]

Figure 27: Ca™ ion measurement for ternary system Ca0Q-NaaOQ-PaOs
O Cai2Nad3P45 ° Ca24Na3iP45 A Ca36NaioP45

It can bee seen from figure 27 that glasses with low CaO content show lowest Ca™ ion
concentration change with time, even though these glasses have the highest solubility
compared to their counterparts with higher CaO levels. Glasses with higher CaO
content show highest Ca™" ion release against time. It can also be seen that the curve
shape is similar to the weight loss curves (see solubility test No I).

Figure 28 and figure 29 show the ion release for the other members of this glass

system and these were found to be similar to glasses discussed for figure 27.
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Figure 28: Ca*" ion measurement for ternary system Cao -Nazo-2205
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Figure 29: Ca ion measurement for ternary system Ca(0-Na20-P20$
O GaioNsdSP45  © C2oNa35P4S5 A Ca32Ne23Pds
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6.2.2 Sodium Measurements
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Figure 30: Na” ion measurement for ternary system Cao -Nazo-2205

O Cai2NeA3PA5  © Ca24Na3iP4S5 A Ca36NaiOP45
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Figure 31: Na” ion measurement for ternary system Ca0-Na20-P20s

O CagNd7PA5 © CaioNa39PA5 A Ga28Na27Pds + CadoNai$PA3
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Figure 32: Na” ion measurement for ternary system Cao -Na2o-2205

O CaioNa™PY; © Ca20Na35P45 A Ca32Na23Pds

The Na” ion measurements seem to show a similar trend to the Ca™" ion measurement
results, however, the values in ppm are much higher than for calcium measurements
and the curves appear slightly more linear.

The decrease in ion concentration was assumed to be due to precipitation after
measuring times greater than 400 hours. Therefore sodium ions are no longer
detectable in solution. However, precipitate analysis should be carried out in order to

verify this.

6.2.3 Solubility Test in HESS

A second series of dissolution testing was performed in HESS. Only 3 selected glasses
are shown here because of the similarity to the solubility test carried out in distilled

water.
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Figure 33: Weight loss plot for Ca:zoNass24s

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

100 20 300

time [hours]

Figure 34: Weight loss plot for Ca:gNa:7Pss
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Figure 35: Weight loss plot for CasoNais24s

Table 5: Solubility overview for ternary system in HBSS
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The solubility values determined from experiments using HBSS compared to distilled
water seem to be similar. The main difference discerned from the experiments using
HBSS is that the curves for the test in HBSS are found not to become more and more
exponential when the CaO content of the glasses is increased. Solubilities in HBSS
were found to be higher for lower CaO containing glasses compared to distilled water

and slightly suppressed for the higher CaO containing glasses.

For the pH, the changes were found to be very similar in HBSS compared to distilled
water, however since HBSS is a buffered solution, the effects are not as strong as

those seen for distilled water.

Ion measurements were carried out but were found to be unsatisfactory. This was due
to the type of ions being measured in the HBSS. HBSS is a buffered cell culture

solution, including the following inorganic salt in g/L.:

CaCl; x 2 H,0 (0.185);
KC1(0.40);

KH,PO, (0.06);

MgCl, x 6 H,0 (0.10);
MgSO4 x 10 Hy0O;
NacCl (8.00)

NaHCO; (0.35);

Na,HPO, (0.048) and D-glucose (1.00).
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Thus the relatively low levels of ions released from the glass was masked by the ions

already in solution.

6.3 Discussion of the Ternary System Na,O-CaO-P,0s

The solubility test in distilled water showed that the ternary Na,O-CaO-P,0Os glass
system has basically two different dissolution processes. For the glasses with CaO
contents up to 20 mol% there seemed to be only one process responsible for the more
or less linear dissolution process. This is in accordance with findings of other workers
(17,83). At around 20 mol% CaO content, a slight exponential curve appears which
increases in non-linearity right to the end of the ternary glass spectrum studied. It
should be mentioned that ion-exchange processes are occurring where alkaline ions (in
this case Na' ions) are exchanged by H;O" ions (1,84,85). This is one part of the
dissolution process. Glasses with higher sodium content (lower CaO content) show a
more linear curve because one sodium ion is gradually replaced by H3O" ions and
logically, this exchange is most severe for glasses with highest Na,O content. The
proof that this exchange really takes place is reflected by the sharp pH increase for
high sodium containing glasses. If H,O is the starting solution, obviously the glass
must consume H30" ions. This will release OH" ions, which will then increase the pH.
Glasses with higher CaO content and less Na,O content do not show such extreme
changes in pH because of the reduced Na,O content, which decreases the ion
exchange process. For these glasses the weight loss curve is more of an exponential
nature. This is particularly clearly seen for glasses containing high levels of CaO. It is

clear that the Ca®>" ion release measurements are more closely mirroring the weight
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loss compared to the Na* ion curves. This might lead to the conclusion that the overall
degradation process is mainly driven by the nature of the CaO interaction with the
P,0;s in the glass structure, which slowly breaks down. For glasses containing higher
sodium levels, this process is covered by the ion-exchange process, which will lead to
more linear overall release characteristics.

For the test results of the solubility measurements in HBSS, it can be seen that for
glasses with high sodium content, glasses dissolve at a faster rate in HBSS compared
to distilled water. This can be explained by the fact that HBSS contains other cations,
which can contribute to a faster ion exchange process. HBSS also contains
nucleophilic ions, such as CI ions, which can attack the glass structure more easily
than water on its own. This might account for the fact that even for high CaO
containing glasses, which show exponential weight loss behaviour in distilled water,

the weight loss curve is more a markedly linear.

6.4 Detailed Study of the Non-Linear Behaviour of the CaO-Na;0-P;05

System

When the weight loss of the glass is plotted against time, two basic curves can be
obtained for the ternary system. For glasses with a low CaO content a straight line is
observed out of which the slope can be calculated to give the solubility. If the CaO
content is high, curves are more exponential in their nature and it is no longer correct
to fit these curves with a straight line. Other functions should be considered for these

cases.
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One possible approximation is to use an exponential plot in which the weight loss C

can be described by

Where C = weight loss
k = constant
t =time

n = exponential term

In order to obtain a straight line function from this equation, applying log;o would

give:

logioC=1logok+nlogiot

It can be seen from this equation that n is described by the slope if log 1o C is plotted

against log 1o t.

If n is % the dissolution is described by Fick’s law. If the slope is 1, case II diffusion is

present occurring (86).
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On the following pages the above mentioned approximation has been used in order to

describe the dissolution process.
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Figure 36: Solubility plot for Cag
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Figure 37: Solubility plot for CaioNass-4s
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Figure 38: Solubility plot for Cai:Na4324s
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Figure 39: Solubility plot for CaisNaso:4s
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Figure 40: Solubility plot for Ca:oNass24s
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Figure 41: Solubility plot for Ca:sNasi:4s
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Figure 42: Solubility plot for Ca:sNa27245
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Figure 43: Solubility plot for Ca;:N2s:45
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Figure 44: Solubility plot for CassNaio24s
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Figure 45: Solubility plot for Ca:oNais-s
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Glass code n 1 n 2
CagNay7Pss 0.8845
Ca;oNassPss 1.085
Ca;;Nay3Pys 1.179
Ca;¢NajzoPss 1.021
CayoNaj3sPys 1.0277 0.4937
Cay4Na31Pys 0.8744 0.7738
CaygNay7Pss 0.977 0.3497
Ca3sNay3Pss 1.9702 0.6419
Ca36Na;gPss 0.5069 0.341
CasoNajsPss 0.6152 0.1392

6.4.1 Discussion

measuring times (grey line).

Table 6: Overview of Fickian/case II diffusion portion

represents the gradual breakdown of the remaining glass-structure.

It can be seen from this way of analysing the solubilities that at 20 mol% CaO a clear

change in slope occurs. A second line can be fitted, linking values obtained from later

Two different processes occur, the first curve is represented by the ion-exchange and

this curve decreases as a function of the decrease in Na,O content. The second curve
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The first curve is of case II diffusion in nature, which is the main driving force for the
dissolution process for glasses with CaO contents up to 16 — 20 mol%. With CaO
contents above this level, an additional Fickian process takes place, which would

represent the gradual breakdown of the remaining glass structure.

6.5 Comparison with findings of other authors

6.5.1 Solubility values

4 different authors (55,65,73,76) tested solubilities of phosphate based glasses and
plotted them in g.cm™.min". In this study solubilities were measured in g.cm™h™ in
order to give values that are within a reasonable number range. If the values in this
thesis were re-calculated in g.cm'z.min'1 than comparison could be made more easily

with this other work.
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Glass code Solubility g.cm™.h™ Solubility g.cm™ min™
CagNayg7Pss Too fast to measure /
CajgNaysPss Too fast to measure /
Caj2NausPss 236x10-2 3.93x 107
Ca;gNazgPys 5.40x10-3 9.0x 107
CayoNaszsPys 6.00x 10-4 1.0x 107
CaysNajPys 2.00x 10-4 3.33x107
CaygNay7Pys 5.00 x 10-5 8.33x 107
Ca3;Naz;Pys 1.00 x 10-6 1.66 x 10™
CazeNajgPss 6.00 x 10-6 1.0x 10"
CayoNa;sPys 3.00x 10-6 50x 107

Table 7: Solubility values

Bunker et al. carried out solubility measurements for 2 ternary Na,O-CaO-P,0s
systems with CaO/P,0s ratios of 0.2 and 0.4, which would be represented in this thesis
by Ca;2Nas3P4s and CayoNa3sPss. Bunker et al. found leaching rates (for the glass with
CaO/P,0s ratios of 0.2) 5x107 and (for the glass with CaO/P,Os ratios of 0.4) 3x107°
g.cm™”.min"'. These values are slightly lower than those found in this thesis. However
this difference may be accounted for by the study being performed at a different pH
(2-6) and at a lower temperature of 20°C, which influences the dissolution process.

The dissolution values in this thesis, for this system, were also compared with the

work of Delahaye et al.
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The glasses had comparable compositions, with P,Os content of 49 mol% and CaO
and Na,O content ranging from 10-40 mol%. Glasses with CaO contents up to 20
mol% show very similar solubility rates. With CaO contents above 20mol.% however,
the glasses showed a higher dissolution rate. This might be due to the fact that the pH
was kept constant by the addition of HC1 during measurement period.

Uo et al. carried out a dissolution study in both distilled water and simulated body
fluid; however, glass compositions were different in that they had a much higher P,Os
content. In addition the measuring time was much shorter, hence weight loss curves
are straight lines which is not the case for all glasses used in this thesis. However,

they found similarities for solubility rates for both liquids.

Hlavac et al. developed a mathematical model to explain the whole course of the
decomposition of silicate based glasses. They plotted weight loss (or cation increase in
solution) against time” which results in a linear plot for short time measurements. For
longer measuring times, plots become linear. A major point to emphasise is that the
authors stated that there are two major processes occurring: the first will be a diffusion
driven process where cations (Na* and Ca’") exchange for H;O" ions from the solution
forming a destroyed leached layer. The second step will be the dissolution of this
leached layer. However, this process cannot be directly applied to the phosphate based
glasses in this thesis. In the case of phosphate glasses, calcium and sodium ions are
not leaching out in the same way as was mentioned by Hlavac et al. If thatlis the case,

a glass which has similar levels of Na' and Ca®" in the glass, for example CaygNay7Pys,
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then the levels of measured Na® and Ca™ should be the same at different time points
and this is not the case. Calcium levels are much lower than sodium ion levels.

In addition, both ion curves should give a straight line, plotting ion concentration
against time'"" to represent the first stage of a two step dissolution process. This is not

the case as seen below.

atEO
*i an

200

Figure 46: Ca " concentration plot for Ca:gNaz27Pss Figure 47: Na” concentration plot for CazgNa2 ?Pss

Only the plot for the sodium ion dissolution process gives an approximately straight

line. Therefore these two ions are leaching out in different ways.
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Chapter 7
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7.1 Ternary system K,0-CaO-P,05

Glass preparation for this system was undertaken with the general glass making
procedure. The precursor chemical used were KH,POy4, P2Os and CaCO; to form this
glass system and chemical compositions have been calculated using the methodology
detailed previously.

This system was originally prepared for structural analysis to see if any differences
occurred if sodium was exchanged for potassium. Therefore a more thorough study for
this system was carried out with the DTA and NMR investigation (see structural part).
However in addition, 3 glasses have been selected for solubility testing, including pH

and ion measurements.

Glass code CaO content K,O content P,0Os content
(mol%) (mol%) (mol%)
Ca;6K39Pss 16 39 45
CayoK3sPys 20 35 45
Cay4K31Pys 24 31 45
CaysKo7Pss 28 27 45
Ca3K,3Pss 32 23 45

Table 8: Glass codes and oxide composition in mol%
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Glass code Melting temperatur | Casting temperature| result
time (°C/hours) time (°C /hours)

Ca;6K39P4s 1000/3 311/1 Glass, stress free
CayoK35Pss 1000/3 330/1 Glass, stress free
Caz4K31Pys 1050/3 330/1 Glass, stress free
CaygKy7Pys 1150/3 370/1 Glass, stress free
Ca3K23Pss 1200/3 400/1 Glass, stress free

Table 9: Melting and casting temperature overview

Attempts at making glasses with CaO content lower than 16 mol% or higher than 32

mol% were unsuccessful due to crystallisation on casting. Therefore, materials outside

these limits have been rejected for further testing and are not listed here because they

represent the borders of glass forming region of the phase diagram. Casting

temperatures have been chosen according to DTA results.
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7.1.1 Solubility test results for ternary K20-Ca0 -P205 glass system

All tests have been carried out in distilled water. It should be noted that the rate of
dissolution is different depending on composition, similar to the Na20-Ca0-2205
ternary system. Therefore, tests have different measuring time end-points in relation to

the loss of material.
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Figure 48: Solubility plot for CaisK3924s

The solubility curve is very similar to the corresponding glass of the Na20-Ca0-2205

ternary system. The weight loss is still linear and a straight line can be fitted.
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Figure 49: Solubility plot for Ca::K: 45
The weight loss curve seems to be similar to the corresponding Na20-Ca0 -P205
ternary glass system; the weight loss curve is almost linear and a straight line is fitted.

However, little changes in the first few hours of the weight loss experiment can be

seen because this curve appears more linear than the corresponding Ca24Na3iP45 glass.
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Figure 50: Solubility plot for Ca32K23P4s

Here, the exponential nature of the weight loss curve is obvious and similar to findings

ofthe sodium based ternary glass system.

Glass code Solubility [g.cm' .h" ]
Cai6bK39P45 7.2 x 10"
Ca24K3iP45 2.0 x 107
Ca32K23P45 5.0 x 10"

Table 10: Solubility overview for ternary Ca0-K20-P20$
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7.1.2 pH measurements

pH and ion measurements have been carried out as described before.
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Figure 51; pH measurement for o CaisK39245 ° Ca24Ksir4s A Ca32K23245

pH measurements were found to be identical for both ternary systems and therefore
plots are not shown here. The similarity for both systems reveals that ion-exchange

process takes place in the same way for both systems.
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7.1.3 Ion measurements

10n measurements
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Figure 52: Ca "~ ion measurements for o CaiiKagP?"; ° C a24K 3iP 45 A C a32K 23P 45

The Ca™ ion leaching process was found similar to the sodium based ternary glass
system. The ions in all three cases having an exponential nature and mirroring the

weight loss process.
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10n measurements:
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Figure 53: ion measurements for o CaisKso245 ° Ca2aKsizas A Ca32K23P4s

The potassium ion measurements were found to be similar to the sodium ternary

system; sodium and potassium ions leaching out in an almost linear behaviour.

It was questioned if one or the other ion will influence each other in terms of their
solubility behaviour. By completely replacing sodium oxide by potassium oxide, it can
be seen that the Ca™ ion release is not affected. For the weight loss, this process
appears more exponential. In the same way, comparison of the ion release
compared to the Na” release for the same glass showed no difference. Overall it can be
said that no differences between the Na20-Ca0 -P205 and the K20-Ca0 -P20$ were
seen and it can be assumed that Ca™" ions leaching out of the whole glass structure are

independent from Na” or  ions, otherwise differences would have been seen.
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Ternary potassium oxide based glasses show similar trends in their solubility
behaviour with identical pH changes and similar ion measurement studies. However,
glasses were found to dissolve more quickly when Na,O is completely substituted by

K,O.
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Chapter 8
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Quaternary system Na.O-K;0-CaO-P.05

Glass preparation was carried out for all glasses using the general procedure.
NaH,PO,4, KH,PO,, CaCO; and P,0s were used as precursors for this system and

oxide contents were calculated as documented in the Materials and Methods section.
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Glass code CaO content | Na,O content | K,O content | P,0Os content
(mol%) (mol%) (mol1%) (mol%)
NazoK5CazoPss 20 20 15 45
Nay5sK30CazoPss 20 15 20 45
Na0K25CazoPys 20 10 25 45
NasK;30CazoPss 20 5 30 45
NayK sCazPus 24 26 5 45
Nay K 9CazPss 24 21 10 45
Nay6K15CazePss 24 16 15 45
Na;1K30CazPys 24 11 20 45
NagK4CagPys 24 6 24 45
Nay,KsCajsPus 28 22 5 45
Na;7K10CazsPss 28 17 10 45
Na ;K 5CazsPys 28 12 15 45
Na;K20CassPus 28 7 20 45
NayoK3Cas;Pys 32 20 3 45
Na,sK5CasoPus 32 15 8 45
Na oK 13Ca3;Pus 32 10 13 45
NasK(5Ca3;Pss 32 5 18 45

Table 11: Glass codes and oxide compositions in mol%
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Glass code Melting Casting Result
temperature and temperatures
time (°C/Hours) (°C/Hours)
NayK5CayoPys 1000/3 350/1 Glass, stress free
Na;sK30CajoPss 1000/3 350/1 Glass, stress free
Na;K55Caz0P4s 1000/3 350/1 Glass, stress free
NasK30CajzoPys 1000/3 320/1 Glass, stress free
NaysK5CayyPys 1000/3 320/1 Glass, stress free
Nay K 0Cas4Pys 1000/3 320/1 Glass, stress free
Nay6K5Caz4Pys 1000/3 320/1 Glass, stress free
Na; K;0Cay4Pys 1000/3 320/1 Glass, stress free
NagK4CanPys 1050/3 320/1 Glass, stress free
NayKsCajsPys 1050/3 350/1 Glass, stress free
Na;7K0Ca;sPys 1100/3 350/1 Glass, stress free
Na;2K5CazsPys 1100/3 350/1 Glass, stress free
Na7K20CasPys 1100/3 350/1 Glass, stress free
NayoK;Ca3;Pys 1100/3 350/1 Glass, stress free
Na,sK5Caj,Pys 1100/3 320/1 Glass, stress free
Na K 3Ca3;Pys 1100/3 350/1 Glass, stress free
NasK5Caz,Pss 1200/3 320/1 Glass, stress free

Table 12: Melting and casting temperatures
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Temperatures for melting and annealing were chosen from experience with the other
systems. However, this was confirmed with DTA results obtained later on. It should
be noted that occasionally some of the glasses with CaO content of 32 mol% showed
evidence for partial crystallisation (marked with *. This occurred at the very top of the
rod when cast at 350°C. The casting temperature was altered to 320™0 (see table 12) to
obtain glasses without any remaining crystallisation that were also still stress free.
This onset of the crystallisation event reflects the glass making limitation for glasses

with CaO content higher than 32mol%.

8.1 Solubility test for Quaternary Glass System Na20-K20-Ca0‘P20s

The data that is presented here, is for glasses with fixed P205 content, CaO content of
20, 24, 28 or 32mol.% with varying NaiOiKzO ratio.

Glasses with fixed CaO content of 20mol%
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Figure 54: Solubility plot for Na:oK,sCa:0P:s
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Figure 55: Solubility plot for NaisK20Caz20Pss
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Figure 56: Solubility plot for NaioK:sCa:oP:s
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Figure 57: Solubility plot for NasKsoCa:0Pss

Figure 54 to 57 show the solubility for a fixed CaO content of 20 mol% and
Na20:K20 ratios of 1.3, 0.8, 0.4 and 0.16. The solubilities are relatively linear; glasses

with highest K20 content dissolve quicker than glasses with lower K20 content.

129



Katrin Franks Ph.D. Thesis

Glasses with fixed CaO content of 24 mol%.
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Figure 58: Solubility plot for Na:6KsCaz4Pss
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Figure 59: Solubility plot for Na: |K|oCa:4Pss
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Figure 60: Solubility plot for Na,sK,sCaz4Pss
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Figure 61: Solubility plot for NanK:0Ca:4P:s
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Figure 62: Solubility plot for NasK:;Caz:Pus

Figure 58 to Figure 62 show the solubility for a fixed CaO content of 24mol.% and
Na20:K20 ratios of 5.2, 2.1, 1.1, 0.6 and 0.24 respectively. For the high ratio, the

solubility appears relatively linear as it does for the low ratio.
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Glasses with fixed CaO content of 28 mol%
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Figure 63: Solubility plot for Na2:KsCa2gPss
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Figure 64: Solubility plot for Na, K,0Ca:gP:s
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Figure 65: Solubility plot for Nai:K,sCa2sPss
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Figure 66: Solubility plot for Na;K:0Ca: gP:s
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For glasses with a CaO content of 28mol.% (Figure 63 to figure 66) similar trends are
seen. They appear to have a relatively linear relationship but show some evidence of
the exponential nature of the weight loss curve, similar to the ternary Na20-Cao -P205

system.

Glasses with fixed CaO content of 32 mol%
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Figure 67: Solubility plot for Na:0KzCas224s
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Figure 68: Solubility plot for NaisKgCas:Pas
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Figure 69: Solubility plot for Na,0K,:Ca::Pss
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Figure 70: Solubility plot for Nas;K,gCas>Pus

As expected, for glasses with high CaO content and as seen in the ternary system, the
glasses become more non-linear. Figure 69 and figure 70 show weight losses in the
negative area, this was because the glasses gained weight after they have been placed
in distilled water. This phenomenon was only found for glasses NaioKnCasiPas and
NasKisCa32P45 and was seen in the same way when tests were repeated. It is assumed
that the weight gain is due to water absorbance. Overall it can be said that there be

some evidence for the K20 content affecting this non-linearity.
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Glass code Solubility
(g.cm™>h™)
NayoK;5CazPys 2.0x 10"
Na;sK0CazoPss 40x 107
Na;K25CazPss 8.0x 107"
NasK30CazoPss 1.2x 107
Na,Ks5Caz4Pys 7.0x 107
Nay1K0CazsPss 9.0x 107
Na;6K15Ca4Pys 1.0x10™"
Na;1K20Caz4Pss 1.0x10™
NagK74Ca4Pss 20x 107
Nay,KsCazgPss 3.0x 107
Na,;7KoCaygPss 3.0x10°
Na;,K5CazsPys 40x10
Na;K;0CaysPss 5.0x 10°
NayK3Ca3;Pss 1.0x10°
Na;sKgCaszyPys 2.0x10°
Na; oK 13CasPss 2.0x107°
NasK;3CazyPys 7.0x 107

Table 13: Solubility overview for the quaternary Na,0-K,0-CaO-P,0s system

As can clearly be seen, the measured solubility values show a systematic trend, with

solubility values decreasing with increasing CaO content as seen with the ternary
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Na20-Ca0 -P205 system. There is also a secondary effect in that as the Na20:K20 ratio

decreases, the solubility increases for a fixed CaO content.

8.1.1 pH Measurements

pH and ion measurements have been carried out as described previously.

pH measurements for glasses with fixed CaO content of 20 mol%
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Figure 71: pH progress for o Na:20KisCa:0P45 and ° NasK3oCa:zo0Pss
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Figure 72: pH progress for o Na,sK:0Caz0 P45 and ° NaioK:sCaz0Pss

The pH values for glasses with fixed CaO content of 20 mol% were found similar to
the pH values and progress as for the corresponding glasses of the ternary Na20-Ca0-

P205 system.
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pH measurement for glasses with fixed CaO content of 24 mol%
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Figure 73: pH progress for o Na:iK,0Caz24Pss and ° NacK24Caz4Pss
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Figure 74: pH progress for o Na26K;Ca24P45 and - Nai6K|5Ca24P45 A Na, K20Ca24P45
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pH measurements for glasses with fixed CaO content of 28 mol%
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Figure 75: pH progress for o Na:2KsCazsPss and ° Na7K:0Ca:gPss
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Figure 76: pH progress for o NanKioCa:gP:s and - Na,:K,sCa:gP:s
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pH measurement for glasses with fixed CaO content of 32 mol%
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Figure 77: pH progress for o Na20KsCas2245 and qNasK,gCas2Pus
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Figure 78: pH progress for o Na,s KgCas:P:s and ° Na,oK,: Cas:Pss
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pH values and progress for glasses with fixed CaO content of 24, 28 and 32 mol %
were found similar to the ternary Naz2o-Cao -P205 glass system indicating an ion-
exchange process, which was previously discussed for the Nazo-Cao -P205 ternary
system. Glasses with fixed CaO content of 20 mol% show the same trend with one

abnormality of glass NasK3oCazoP4s- Here the pH is closer to neutral for extended

measuring times.

8.1.2 Ion Measurements

Calcium measurements for glasses with fixed CaO content of 20 mol%
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Figure 79: ion measurement for o0 Na:20KisCaz0Pss and ° NasKsoCa:0Pss
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Figure 80: Ca*" ion measurement for o NaisK20Ca:z0Pss and ° NaioK25Caz0Pss

ion measurements for glasses with fixed CaO content of 24 mol%
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Figure 81: Ca*" ion measurement for o Na: ,K,0Ca:«Pss and - NasK:4Caz4Pss
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Figure 82: Ca™" ion measurement for o Na:sK$Caz24Pss ° Na,6K,5Ca24P45 and A Na,, K20Ca24P45
The calcium ion releases for glasses with fixed CaO content of 20 and 24 mol% were
found to be similar to the corresponding glasses of the ternary Nazo-Cao -P205 glass

system. The ion release curves mirror the weight loss curve, which is, for this level of

CaO content (20 and 24 mol%), still linear.
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ion measurements for glasses with fixed CaO content of 28 mol%
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Figure 83: G ion measurement for o Naz2:Ks a:s245 and ° Na7Kz0CazgFus
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Figure 84: Ca* ion measurement for 0 NanK]oCa:gP:s and ° Nai:K,sCa: gPss
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Figure 83 and figure 84 show calcium ion release, which represent an almost straight
line for glasses with fixed CaO content of 28 mol%. This is not in accordance with

glasses of the corresponding ternary Na20-Cao0 -P205 system. No apparent reason was

found for this.

Ca™ion measurements for glasses with fixed CaO content of 32 mol%
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Figure 85: Ca™ ion measurements for o Na:0KsCas:Pss and ° Na*Kig Cas2P4s
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Figure 86: Ca"" ion measurements for o NaisKgCas2Pss and aNa,0K 3 Cas:Pus
Figure 85 and figure 86 show ion release curves for glasses with fixed CaO

content of 32 mol%, which are similar to counterpart glasses of the ternary NaiO-

CaO-PiOs glass system. The ion release curve describes the exponential weight loss

curve.
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Na” ion measurements for glasses with fixed CaO content of 20 mol%

4000
3500
°o 3000
2 2500
2000
1500
1000
500

500 1000 1500 2000

time [hours]

Figure 87: Na”* measurement for o Na20K,sCa:0Pss and ° Na;K30Caz0Pss
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Figure 88: Na'"" ion measurement for o Na,sK:0Ca:oP:s and ° Na,0K:sCa:oP:s
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Figure 87 and figure 88 show relatively linear sodium ion releases, similar to ion
releases for the ternary counterpart glasses. However, total values for sodium ions are

decreased because ofthe sodium substitution.

Na” ion measurement for glasses with fixed CaO content of 24 mol%
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Figure 89: Na'""ion measurements for o Na:2iK,0Ca24Pss and °© NasK24Caz4Pss
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Figure 90: Na” ion measurement for o Na:sK$Caz4Pss, ° Na,cK|sCa24P4s and A Nai iK20Caz24Pss

Na” ion measurement for glasses with fixed CaO content 0f28 mol%
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Figure 91: Na'"" ion measurements for o Na::KsCa:gPss and - Na-K:o0Ca: gP:s
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Figure 92: Na'"' ion measurement for o Na,’K,0Ca:gPss and ° Na,2K,sCa2gPss

Sodium ion release for glasses with fixed CaO content of 24 and 28 mol% were found
to be similar to the counterpart glasses of the ternary Na20-Cao -P205 glass system

and show a relatively linear release rate.
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Na'"* ion measurement for glasses with fixed CaO content of 32 mol%
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Figure 93: Na"* ion measurement for o Na*oKsCagzP"; and ° Na;K|gCa32Pss
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Figure 94: Na"™ ion measurement for o Na,sKgCa;:Pss and oNa,0Ki;Cas:Pss
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Figure 93 and figure 94 show linear ion releases, which is similar to the counterpart

glasses ofthe ternary Na20-Ca0 -P205 glass system.
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8.2 Discussion

Solubility curves were found to be similar to the ternary Na20-Ca0-P20s system. At
around 20 mol% CaO curves starting to show a slight exponential weight loss
behaviour which is similar to both ternary Na20-Ca0 -P205 and K20-Cao0 -P205 glass
systems. This trend was found to be the same for the quaternary Na20-K20-Cao -P205

system.

Change in solubility with potassium oxide content
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Figure 95: CaO content 20mol% Figure 96: CaO content 24 mol%
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Figure 97: CaO content 28 mol% Figure 98: CaO content 32 mol%
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Figure 95 to 98 plots the calculated solubility values against K,O content for a fixed
CaO content. With this way of plotting solubility it highlights that potassium can
further affect the solubility. For the 20mol% CaO containing glasses, two trends can
be seen here. (1) Small amounts of potassium will initially decrease the solubility,
however, increasing the K,O content then increases the solubility. For the glasses with
24 and 28 mol% CaO content this same trend can be observed. However, when the
end point of potassium substitution is reached, the glasses do not show any difference
in solubility values compared to the same glass with Omol% Na,O. The reason why
this shift is seen is due to the effect of mixed alkaline ions, which diffuse at different
rates through the glass structure. Potassium, being the larger ion will a.) be transported
with a slower speed through and out of the glass network and b.) as the potassium ion
(K 39.098 g/mol) is leaching completely out of the glass structure, the measured
weight loss will be higher in comparison to the effect of the lighter sodium ion (Na
22.989 g/mol).

It should be noted that for the glasses with 20, 24 and 28 mol.% the levels of K,0 can
equal and in some cases exceed the CaO content. However, for the glasses with 32
moi% CaO, compositional limits are reached and the upper limit for K,O content is 18
mol%. Thus the major weight loss effect comes from the gradual breakdown of the
glass structure and not from an ion exchange process.

pH values were again found to be similar to the ternary system. pH values show
significant initial increases and decrease towards neutral for longer measuring times.
This effect is strongest for glasses with the lowest CaO content. This feature reflects
the ion exchange process (see ternary system Na,O-CaO-P,0s). One event which can
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be observed is that, in general, glasses with higher potassium oxide content have
slightly higher pH decreases than glasses with less K20. One abnormality is glass
Ca2oNasK3oP45, which has the highest potassium content of all prepared glasses in this
system. It showed a reduced change in pH and values are more neutral than found for
any other glass. However, it is not clear if the highest potassium content is the reason

for this finding.

As was performed for the ternary Na20-Ca0 -P205 system, the glasses with fixed CaO
content of 28 mol.% and an Na20:K20 ratio of 4.4 and 0.35, the Na+ and Ca™ ion
measurements have been plotted against t"* to try and explain whether an ion-

exchange process is taking place.
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Figure 99: Ion concentration plotted against t** for o Na2:KgCa:gPss and ° Na7Kz20Ca:gPss
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Figure 100: Ion concentration plotted against t"* 0 Na2:KsCaz2gPss and ° Na7K20CazsPas

These plots reflect a difference compared to the ternary system. For the ternary
system, only the plot for sodium ion measurement followed a rule of t"* (see figure
47), this was not really observed for the calcium ion measurement (see figure 46). For
this quaternary system however, the calcium measurement follows a similar trend as
the sodium ion measurements and it might be possible to fit a line through some data

points. This would indicate that there is an ion-exchange process for both ions.
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Chapter 9
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Quaternary system Na,0-CaO-MgO-P,0s

NaH,PO4, CaCO3;, MgCO; and P,0Os precursors were used for this glass system.

Chemical compositions were obtained via previous calculation methodology. Glasses

were prepared using general glass making procedures detailed previously. The glass

compositions were made such that the P,Os content was kept fixed as was the Na,O

content and the Ca0:MgO ratio was varied.

Glass code CaO content MgO content Na,O content P,Os content
(mol%) (mol%) (mol%) (mol%)
CasoMgyNay;Pys 30 2 23 45
Ca,sMg;Nay3Pys 25 7 23 45
CaxMg ,Nay3Pys 20 12 23 45
Ca;sMg 7Nap3Pys 15 17 23 45
Ca;oMg;;Nay3Pys 10 22 23 45

Table 14: Glass composition with oxide contents
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Glass code Melting temperature |Casting temperatures Result
and time (°C/Hours) (°C/Hours)
CazoMgyNay;Pys 1200/3 350/1 Glass, stress free
CaysMg7Nay;Pys 1200/3 350/1 Glass, stress free
Ca,cMg ,Nay;Pys 1200/3 350/1 Glass, stress free
Ca;sMg 7Nay;Pys 1200/3 350/1 Glass, stress free
Ca;oMg;oNay3Pys 1200/3 350/1 Glass, stress free

Table 15: Melting and casting temperatures

At either end of the CaO:MgO compositional ratio spectrum, attempts to increase CaO
or MgO content were unsuccessful due to spontaneous crystallisation of the glass.
Because of this consequence, only a very small compositional range in this Na,O-
Ca0-MgO-P,0s glass system is presented in this chapter.

Because of the relative ease with which crystallisation occurred, great care was taken
in terms of casting temperatures. For this system, if the casting temperature was too
close to the glass crystallisation temperature (T.) crystallisation occurred. Thus to
optimise the glass forming process, the T, was measured for the glass and was found
to be around 500°C and the casting temperature was chosen to be much lower than
this. 350°C was chosen as this gave non-crystalline materials with little residual stress.

This casting temperature was (relative to the T, for these glasses) much lower than

other systems.
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9.7 Solubility Test Results

As the number of glasses made in this system is much reduced, all the data will be

presented for all five glasses.
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Figure 101: Solubility plot for CasoMg:Na23Pss

The solubility figure is very much similar to the corresponding sodium based ternary

system (Ca32Na2]P45). It shows the exponential nature ofthe weight loss.
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Figure 102: Solubility plot for Ca:sMg?Naz3Pas

Here again, the exponential nature of'the weight loss is clearly seen.
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Figure 103: Solubility plot for Ca:oMgi:Na:3Pus
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The weight loss behaviour begins to change slightly for this glass composition. The

curve starts to flatten and becomes less exponential.
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Figure 104: Solubility plot for CaisM gir Naz324s

For this glass composition (Figure 104) an even lesser exponential curve can be seen

in this plot.
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Figure 105: Solubility plot for CaioMg22Na23Pus

At the end of the spectrum with only 10 mol% CaO and consequently the highest

MgO content, the weight loss curve is almost linear and has lost its exponential nature.

Glass code Solubility [g.cm' .h' ]
Ca30Mg2Na23P45 2.0E-06
Ca25Mg7Na23P45 9.0E-06
Ca20Mgi2Na23P45 7.0E-06
Cai5Mgi7Na23P45 7.0E-06
CaioMg22Na23P45 8.0E-06

Table 16: Overview of solubilities for quaternary system CaO- Mg0-Na20-P20s

It can be seen from the plots that the non-linearity/linearity of the weight loss nature

can change with increasing MgO content. The more CaO is replaced by MgO the more
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linear the weight loss curve gets. This lead to the assumption that the calcium oxide
places the major part and therefore has a greater impact on the weight loss process

than for example magnesium oxide.

For the following pH and ion measurements, data will be presented for glasses with a
fixed P205 and Na20 content and varying CaO:MgO ratio. The first figure represents a

glass with low and very high CaO:MgO ratio to highlight the difference, followed by

glasses with all other ratios.

9.2 pH Measurements
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Figure 106: pH measurement for o CasoMg:Na23245 and °© Ca,0Mg2:Na23Pss
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Figure 107: pH measurement for o Ca2;Mg7Na23P45, - Ca20Mgi2Na23P45 and A Ca,SMgi7Na23P45

9.3 Jlon Measurements

ion measurements
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Figure 108: Ca*" ion measurement for o CasoMg:Na::Pss and - Ca,0Mg:2Na:;Pis
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Figure 109: G ion measurement for o Ca:sMg7Na23Pss, © Caz0MgizNa23Pss and A CaisMgi7Na23Pss

The leaching process (figure 108 and 109) is similar to previous findings, the
Ca™ ions mirroring the weight loss process; the higher the CaO content the more the

curve becomes exponential in nature.
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Na” ion measurements
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Figure 110: Na” ion measurement for o Cas;oMg:Na23Pss and a Ca,oMg2:Na23Pss
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Figure 111: Na” ion measurement for o Ca:sMgiNa23Pss, © Cazo0Mgi:Na23Pss and A CaisM g,7Na23Pss
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Similar findings are seen for these Na* ion measurement curves (figure 110 and 111),

with ion concentration increasing almost linearly with time.

9.4 Discussion

This system study was carried out by systematically replacing calcium oxide with
magnesium oxide to determine the effect of replacing an ion with one of the same
valence, but with a differing ionic radius and to determine how this affects the
solubility behaviour. It clearly demonstrates that the CaO content plays a major
contribution in terms of solubility behaviour. It can be seen from the curves that by
systematically replacing CaO with MgO, the solubility curves lose their exponential
nature. This might be deduced as evidence that CaO makes a significant contribution
to controlling the solubility process more than for example sodium oxide or potassium
oxide. This system has been calculated as 32 mol% of 2" valence oxide in total. A
Casz;Nay3Pss ternary glass has a solubility value of 1.00 x 1006 g.cm'z.h'l, which is
lower (dissolves less quickly) than the glasses of the corresponding magnesium
quaternary system. This effect can not necessarily be explained by the fact of Mg2+
being the lighter ion (Ca 40.1g/mol Mg 24.3g/mol) (24). If that would be the case
solubility values should be smaller. It might be the case that the magnesium ion is
smaller and hence is able to leach through and out of the glass structure more easily
and therefore account for the higher weight loss and higher number.

However, it was found to be unrealistic to just compare this system with the ternary
system simply by comparing solubility values based on their divalent oxide content.

For example within the ternary system values varying from “too fast to measure”
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(CaO 10mol%) to 1.00 x 10 g.cm™h™ (CaO 32mol%). Within the quaternary system

this effect has not been observed.

pH
The pH progress with time was found to be similar to other systems. However, the
glass with the highest MgO content shows the lesser decrease in pH even for longer

time periods.

Ion measurements

Both ion measurements were found to be expected and are very similar to other glass
systems. Again, lower CaO content show less exponential ion concentration curves,
higher CaO containing glasses show a more exponential figure which then reflects the

weight loss curves.
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Chapter 10
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10.1 Fluoride System Ca0O-Na,O-CaF2-P205

10.1.1 Preparation

Preliminary experiments were carried out to produce fluoride containing glasses.

Glass code | CaO Mol% | Na,O P,0s CaF, NaF
Mol% Mol% Mol% Mol%

1 35 15 45 5 /

2 30 15 45 10 /

3 25 15 45 15 /

4 20 15 45 20 /

5 / 35 50 / 15

6 / 35 50 15 /

7 / 40 40 20 /

8 / 30 30 40 /

9 / 35 35 30 /

'}‘able 17: Preliminary compositions attempted
For this system the phosphate precursor was changed to (NaPOs).

For all glass with codes 1-6, incorporation of fluoride failed if the level of H' ions was

too high. This was because during melting, H" will easily bond with F~ to give HF,
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which is highly volatile. Therefore, P,Os had to be avoided because of its hygroscopic
nature. Also NaH,PO, will release H,O, which can react with fluoride to form HF.
Attempts with NaH,PO; in combination with NaF and CaF, failed to incorporate
fluoride. Quantitative F~ ion measurements with fluoride selective electrodes (Orion)
have shown that for code No 5, a 10 ppm calculated solution of the dissolved glass
had a reading of 0.056ppm, a 100 ppm calculated solution of the dissolved glass gave
a 0.076 ppm reading. Codes 1-4 gave similar findings. Code 6 gave a 0.59 ppm
reading for a 100 ppm calculated solution. These findings showed that no matter how
high the amount of P,0Os, CaF, or NaF were, the reading of fluoride never matched the
calculated amount of fluoride. Also, no changes were seen whether fluoride precursors
NaF or CaF, was used. In addition tests have been repeated with the use of EDTA as
an ion-complex material to check if any ion interference is occurring. But no change
was found.

Only the use of the polymer (NaPOs), was successful. Glasses with codes 7-9 gave
readings around 80-90 ppm for 100ppm calculated solutions. The advantage of this
material is that no decomposition and loss of H,O or H, occurs during melting and
thus, the only route for moisture absorption will be at the surface. Because of this,
CaF, was placed at the bottom of the crucible and covered by the other precursor
chemicals. It was found that by using this method, even small amounts of P,Os could
be used without too much fluoride loss.

Therefore, this system has been made from (NaPQ3)y, P,Os, CaCO; and CaF,.
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Glass code CaO content | Na,O content | P,Oscontent | CaF, content
(mol %) (mol%) (mol%) (mol%)
1 0 35 35 30
2 0 40 40 20
3 0 45 45 10
4 30 27,5 37,5 5
5 25 27,5 37,5 10
6 25 325 37,5 5
Table 18: Glass codes and chemical compositions
Glass code Melting Casting Result
temperature  and [temperatures
time (°C/Hours) (°C/Hours)
1 1050/3 320/1 Glass, stress free
2 800/3 320/1 Glass, stress free
3 800/3 370/1 Glass, stress free
4 1150/3 400/1 Glass, milky
5 1150/3 420/1 Glass, stress free
6 1150/3 400/1 Glass, brittle

Table 19: Melting and casting temperatures
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10.1.2 Solubility Test for Fluoride Glasses

Having produced a range of glasses, a number of further problems were encountered.
Glasses with codes 1,2 and 3 were tested, but were found to have a very high
solubility. Glass code No 6 was found to be too brittle for further testing and this was
attributed to the high levels of network modifying oxides. Re-melting and re-casting
at different temperatures failed. These glasses have not been considered for further
testing. Therefore only glasses with code 4 and 5 have been finally tested; tests have

been carried out in distilled water as described previously.
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Figure 112: Solubility test for code 4
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Figure 113; solubility plot for code 5

Glass code Solubility [g.cm' .h' ]
4 7.0 X10°
5 7.0 X10°

Table 20: Solubilities for code 4 and code 5

Glasses with codes 1,2 and 3 dissolved very rapidly which was similar to the rate seen
for glasses in the ternary NaiO-CaO-PzOs glass system with CaO contents of 8 and 10
mol%. The reason why glasses 1, 2 and 3 dissolve too quickly might be the missing
CaO content, however this was surprising as the reduced CaO content was balanced
by the presence of Cap2 in which fluoride delivers the negative charge instead of the

oxygen. For the rest of the tested glasses it can be seen that both glasses show have
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identical solubility values, which are, with respect to the CaO content of the glasses,
slightly higher compared to previous systems.

It can be said from the preliminary study of this system that even if compositions are
comparable to other systems with different precursors, the solubility values are altered.
This might be explained by the use of a different precursor (NaPOs)x instead of a
combination of P,Os, NaH,PO4 and CaCQO;. The presence of the fluoride may also be
significantly affecting the network connectivity.

More tests should be carried out to verify this unambiguously.

10.1.3 lon Measurements

The fluoride ion measurement was done according to other already established ion

measurement protocols.
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Figure 114: F'ion measurements for A code 4 0 code 5
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Figure 115: pH measurements for A code 4 - code S
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Figure 116: Ca*" ion measurements for A code 4 - code 5
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Figure 117: Na” ion measurements for A code 4 - code 5
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10.1.4 Discussion

Solubility curves have been found to have similar trends to those previously seen.
However the curves appear to be much more extreme. The fitting of a straight line for
calculation of the solubility was found unrealistic and has been fitted as an
approximation (grey line), similar to the ternary Na,O-CaO-P,Os (approximation
study). Therefore other models have to be found to describe their solubilities more
accurately. One point to note however is remarkable that the overall calcium ion
content is around 35 mol% and solubility curves show similar shapes to for example
the ternary CaO-Na,0-P,0s system with CaO contents greater than 30 mol%. With
the use of (NaPO;) precursor, the overall amount of P,Os was reduced and at the
same time, the Ca®* ion content in the glass system was increased. This is of
significance since it was never possible to increase CaO content over 40 mol% in the
ternary Ca0O-Na,O-P,0s system. With this way of producing biomedical glasses it
may be possible to increase the Ca/P ratio and maybe it is possible to move towards a
glass with a Ca/P ratio of 1.67 as seen in hydroxyapatite and this could have some
very interesting properties.

This system delivers some information, which has not been seen in previous systems.
The pH value increases in the same way as before, however it is not then followed by
the expected decrease as seen in other systems. It stays more around the neutral level,
without decreasing. Calcium ion measurements however show very similar trends as
seen before but the values much lower, which is not surprising because these glasses

have a much lower solubility. Sodium ion measurements are lower in their values as
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well and show a more exponential curve, which has not seen before in such extreme
shape. Fluoride measurements showed that fluoride is being released from the glasses
similar to other ions and with similar values. The shape of the curve resembles sodium
ion measurements of glass systems discussed previously. One reason for the lower
values found for the ion measurements and the lack of change in pH might be the fact
that the ion exchange process does not take place so strongly as in previous discussed
systems. Fluoride and oxygen being the negative counterpart in the glass structure are
holding positive charges firmly together. This effect is stronger for fluoride since
fluoride has a higher electron negativity.

It can be said that the fluoride glass system is a promising system for biomedical

application however more extensive work is required to investigate thoroughly.

182



Katrin Franks Ph.D. Thesis

Chapter 11
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Structural Analysis

This chapter presents results of the structural analysis. DTA and SS-NMR
spectroscopy were used in order to establish insights into the glass structure. As
mentioned earlier, no precise glass structure exists and in this study the analytical
methods were used to achieve two things. First, to analyse prepared glasses and
secondly it might be possible to comment on the structural inconsistency seen in the
literature, as far as this is possible.

As for the solubility tests, the ternary system Na,O-CaO-P,0s was used as a baseline
and the materials and methods used are explained within this system. Abnormalities,

which might have occurred for other systems will be discussed separately.

11.1Differential Thermal Analysis DTA

11.1.1 Materials and Methods

Three thermal parameters, glass transitions temperature Ty, crystallisation temperature
T, and the melting point T, have been measured using a Setaram Differential Thermal
Analyser (DTA). Measurements were carried out under an inert nitrogen atmosphere
and a heating rate of 10°C/min to a maximum of 1000°C was used. Before samples
were run, a blank run was done to establish a baseline, which is subtracted from the

data. Around 60 mg of powdered sample was used for each measurement.
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11.2 SS-NMR Spectroscopy

One-dimensional single-pulse spectra were recorded for the whole Na20-Ca0-
P20s ternary glass system and the K20-Ca0 -P205 ternary glass system, using a Bruker
MSL-300 spectrometer operating at 121.5 MHz. The samples were contained in 4mm
zirconia rotors and magic angle spinning rate was typically ca. 10-11kHz. 4 to 16
transients were accumulated for the *'P spectra using a 60s relaxation delay. Glasses
were measured shortly after they had been synthesised to avoid any unnecessary

contact with moisture.

11.3 Differential Thermal Analysis

11.3.1 DTA Results for Ternary System Ca0 -Na20-P205
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Figure 118: Shows the glass transition point Tg o plotted against the CaO content.
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As can be seen from the graph the glass transition temperature increases almost

linearly with the increasing CaO content.
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Figure 119: Shows the crystallisation temperatures TJ o and Tc2 Qplotted against the CaO content.

With increasing CaO content Tc increases. At either end of the compositional
spectrum there are only single crystallisation events occurring, the mid regional
composition shows two crystallisation points, one of which seems to decrease and

disappear at higher CaO content.
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Figure 120: Shows melting points T*1 o, 72 ©° and 773 A plotted against CaO content.

As can be seen, there is more than one melting event taking place for most of the
composition. No clear linear trends for either ofthe curves was seen, except for the Tm
3 melting point. This curve increases consistently up to a CaO content of 28 mol%,

and then formed a plateau region.

11.3.2 Discussion

The glass transition temperature varies almost linearly with CaO content.

The glass transition temperature is the temperature at which a polymeric, amorphous
material is converted from an elastic-plastic to a glassy state. That also means that
below the glass transition temperature the molecular mobility is limited. Above this
point, when heat is added, chain segments begin to move (87). Calcium is known to be
a network re-stabilisor because ofits 2 positive charges. An increasing Tg is therefore

expected and is in accordance with findings of Eisenberg et al (51) and Uo et al (55).
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T, and T,, show some variation and this is related to a phenomenon called phase
separation which is common in many silica based glasses (88-91). This very much
depends on the glass making and cooling process (14). A theoretical and detailed
study about the occurrence of glass separation was published by Vogel (92). Another
publication by Vogel and W. Hoelland (14) dealt with the phenomena and the use of
phase separation in silica based glasses. It was hoped that if phase separation can be
controlled, beneficial apatite formation will occur when glasses are transformed to
glass-ceramics. This was achieved by additions of CaO/P,Os into the silicate glass.
Another glasses system was investigated, based on P,0s5-CaO-Na;0-Al,Os. Similar to
silicate based glasses, phosphate glasses showed phase separation as well and apatite

formation was achieved by adding oxides like FeO/Fe;0; and fluoride.

In this study, regarding Tc and Tm plots, it is obvious that there is more than one
single event occurring. Glasses with CaO content above 10 mol% show either one or
two crystallisation peaks corresponding to two or more melting events, respectively.
Glasses with either very high or very low CaO content show no such phenomena;
these plots showed one crystallisation peak corresponding to one melting event
occurring. The middle region of 12-24 mol% CaO, however, phase separation occurs.
Especially in the melting temperature plot for the lower CaO containing glasses two
phases appear one of which disappears when the CaO content increases.

This complex behaviour can be explained by the phenomenon of phase separation in
the glass (93). According to Dietzel (94) for binary glass systems, when a glass cools,
three different phenomena can occur, which explain our findings. Dietzel ordered
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cations according to their field strength. The field strength is defined as z e/r 2 where z
= valence, e = elemental charge (constant) and r = radius of ion. Because of the
constant factor e, to simplify the equation we will omit this constant factor. For further
discussion, the field strength was altered to z/a’, which means that the field strength is
measured in terms of cation distance to anion (oxygen).

For a binary silicate glass, Dietzel discussed three simple conditions: if the difference
in field strength of two cations AF is above AF = 0.3z/a’, crystallisation and compound
formation occurs, whereas at AF = 0 z/a* phase separation takes place. Glass formation
occurs when AF > 1.33 z/a’. A similar consideration may be extended to the phosphate
glasses in this work. According to Dietzel the element P has a field strength of 2.1, Na
0f 0.19 and Ca 0.33. In our case, we have a range of glasses with different CaO/Na,O
ratios and different phenomena occur. At one end, low CaO high Na,O content no
phase separation occurs. In the middle with balanced CaO/Na,O ratio phase separation
occurs. At the other extreme, with high CaO and low Na,O content only a single phase
is formed. To explain this phenomenon of separation in the middle region a binary
P,0s5 — Na;O system should be considered, in which increasing levels of CaO are
incorporated. In the case of the binary system, one phase will form which means that
the relatively low field strength of Na,O does not have a strong influence. Hence, the
difference of two field strengths AF will not be 0 (the case for phase separation). If
one incorporates a third component, such as CaO phase separation can occur but only
if CaO is incorporated at a certain level that enough material is present to form a
phase. In other words, the more CaO (Ca®* has a higher field strength than Na") is

incorporated the more AF tend towards zero. If the amount of CaO is further

189



Katrin Franks Ph.D. Thesis

increased, sodium content becomes extremely low and phase separation is not

possible.

11.3.3 DTA Results for the Ternary Glass System K20-Ca0 -P205
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Figure 121; Tg plotted against CaO content

The values for Tg tend to show a slight drop followed by a linear increase with CaO

content. It is not apparent if the initial drop is significant.
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Figure 122: 2 crystallisation points Tc 1 o and Tc 2 aplotted against CaO content.

Crystallisation slightly decreases with increasing CaO content.
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Figure 123: Shows melting points T* 10, T*2 aand T* 3 A plotted against CaO content.

All melting events show a decreasing trend of temperature values with increasing CaO

content.
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For the second termary glass system of K;0-CaO-P,0s, phase separation is less
favourable. It seems that the onset of this phenomenon is shifted towards higher CaO
content in comparison to the Na;O-CaO-P,0s ternary glass. From 16 to 20 mol%
CaO, two crystallisation effects occur with two corresponding melting events which is
an indication of two distinct phases. However, phase separation does occur for glasses
with CaO content higher than 24mol% CaO; this is in contrast to the other ternary
system for which just a single phase and crystallisation event persisted at the higher
CaO content.

In further comparison to the first ternary Na,0-CaO-P,0s glass system, all
crystallisation and melting events show a different trend. Crystallisation and melting
temperatures are decreasing with increasing CaO content, which is not the case for the
other ternary glass system. The trend for the glass transition temperatures T is,

however similar.,

11.3.4 DTA results for the Quaternary Glass System CaO-Na,0-K,0-P,0s System

The DTA results have been plotted in a slightly different way to demonstrate the
influence of potassium. Therefore, plots have been made for 4 different quaternary
glass types. Each glass type has a different, but fixed CaO content and varying K,0
content. It should be noticed here that for these glass systems phase separation is
occurring. Note here that on the following plots, glass parameters for glasses with zero
potassium content are used as reference points from the corresponding ternary Na,O-

Ca0-P,0s glass system.
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Figure 124: Thermal parameters for Naz o -K2 0 -Cao-2205 with fixed 20mol% CaO and varying K:0
oTg; oTc: Aim

For this glass type, the effect of NaiO substitution is almost insignificant.

800
700
600
500 -
400
300

200
10 15 20 25 30

potassium content [mol%]

Figure 125: Thermal parameters for Naz o -K2 0 -Cao -P20s with fixed 24mol% CaO and varying K20
o Tg, °Tc; ATm
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Here, compared to the previous glass type with 20mol% CaO, the effect of 5 mol%
Na20 substitution is the biggest, Tg, Tm and Tc decreased but slightly increased again

towards higher substitution rate.
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Figure 126: Thermal parameters for Naz o -K20-Cao-2205 with fixed 28mol% CaO and varying K:O
0Tg; oTc; Aim

For this system only a slight decrease for all parameters were found.
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Figure 127: Thermal parameters for Naz o -K2 0 -Cao -P205 with fixed 32mol% CaO and varying K:O
oTg oOTc; ATm
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The effect of sodium substitution by potassium does not have a major influence, only
a slight decreasing trend with increasing substitution can be seen. The effect is

probably strongest for substitution by just 5 mol% K20.

11.3.5 DTA Results for Quaternary Glass System Ca0 -Na20-Mgo0 -P205
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Figure 128: Shows increasing Tg o against increasing MgO content

195



Katrin Franks Ph.D. Thesis

620
600
0
2. 580
3 560
Q 540
500 Y.

MgO content [mol%]

Figure 129: Crystallisation points against increasing MgO content

o Tel, ° Tc2; a Tec3; +Tc4d

The replacement of CaO with MgO has a strong effect on the Tg, even for very small
substitutions and this stabilising effect is also described by Sahar and Kamaruddin
(52). They assumed that for a binary MgO-PiOs glass compositions change from
metaphosphate (less stable) to pyrophosphate (more stable). The stability effect was
seen for glasses with Mg0/?205 ratio higher than 0.46. In this study however, the Tg
increases linearly and is in general higher than the corresponding ternary Na20-Cao0 -

r205 glass system.
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Figure 130: Melting points plotted against MgO content

o T,.; o Tnr; A v 1.4 XTs

The complexity of this system seems to be greater in comparison with other systems.
In almost every glass there are at least 2 crystallisation and 3 corresponding melting
events occurring which is an indication of 1.) phase separation and 2.) greater
complexity of'the system verified by the multiphase appearance.

Glasses with MgO content of 12 mol% and 22 mol% show further crystallisation
points, which are higher in temperature. This has not been seen in other members of
the same system. For the same glasses, it appears that two crystallisation events at 560
and 520"C collapse into a new crystallisation point at S40®C which is not seen in other
glasses. However, no corresponding events take place for the melting points. Here,
only at very high MgO content, two new melting points appearing at 650 and 800"C.

All other glasses ofthe same system show relatively consistent melting trends.
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11.4 ~"P-MAS~NMR Spectroscopy

The following figure is representative of all MAS-NMR spectra for two ternary Na20-
Cao -P205 and K20-Ca0-P20s glass systems. For all solid-state “'P- MAS spectra
please see Appendix.

All spectra show two main peaks Band A (— 20ppm) and Band B (~ Oppm) with
corresponding spinning side bands located on the left and right hand side of the main

two peaks.

Spinning side band
for Band A "

Spinning side band
for Band B

SO0 450 400 550 500 250 200 150 100 50 0 -50 100 -ISO -200 =250 -500 =550 -400 -450

Figure 131: Show a typical *'P-MAS-NMR spectrum for ternary glass system Na20-Ca0-P20;
with Band A and Band B and their corresponding side bands
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11.4.1 Chemical Shift Assignment

The spectra of all glasses consists of basically 2 bands, one with a lower frequency,
band A assigned to be Q* phosphates, and another band with a higher frequency, band
B assigned to be Q' phosphates. The assignments of these bands was originally
discussed by Hartman et al. (44) and the isotropic chemical shift falls within ranges
quoted by Haubenreisser et al.(45) Therefore, polycrystalline phosphates are typical at
4 to —338 (Q' units) and -18 to —53 & for Q° units.

Brow et al. (40) assigned chemical shifts for binary sodium-phosphate glasses as
follows: Q' ~ Oppm, Q* ~ -20ppm and Q® ~ -40ppm which very much goes in
accordance with the ternary Ca0O-Na,O-P,Os glass system. They reported the
occurrence of Q' and Q7 species and additionally Q® species occurred at higher P,0Os
content.

Flechter et al. (39)assigned chemical shifts for Q' of -8 to —108, Q* —24.9 to —285 and
Q? around —443. They also mentioned an important fact about the occurrence of Q
species in binary calcium phosphate glasses, however they decreased and disappeared
with increasing CaO content.

In contrast to Flechter et al. no such peak at ~ -448 indicating Q® species was
observed in any of the spectra reported here. The reason for that might be the sodium
content of all glasses, which does not allow the formation of Q’ species.

Overall both authors® assignments are comparable with the ternary glass system

investigated here.
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Earlier studies on similar glass system within the composition of Na,O-CaO-P,0s-
A1, O3 have shown aluminium free glasses having peaks falling in the same ppm range
(46) as discussed above.

From this information, the peaks were assigned to be Q' for the B band and Q for the

A band.

11.5 Structural Investigations

11.5.1 Ternary CaO-Na,O-P,0s glass system

As one can see from the spectrum see Appendix 1, 2 bands, A and B, occur with
corresponding spinning side bands. These bands have been deconvoluted separately
using Bruker WIN-FIT software program. The sum of the intensities of band A
together with all its sidebands was compared with the sum of the intensities of band B
with its sidebands, to determine the Q'/Q? ratio. The intensities of the spinning side
bands were analysed by the method of Herzfeld and Berger (95) within the Bruker
WIN-MAS program. This analysis yields the principle components (811, 822, 833) of

the chemical shift tensor, for which the isotropic chemical shift is given by

Biso = (811 + 822+ 833)/3

With the Haeberlen convention (96)|833 - diso |>|811 - diso |>|822 - diso | the
chemical shift anisotropy (A8) and asymmetry parameter (1) are given by:

AS = 833- (811 +0822)/2
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M = (322 - 311)/(333 - iso)

The result of this deconvolution is shown in table 21

Glass Code Siso %Q’ S 8 83 Ad n
CagNaPys

Band A -19 72 75 28 -160 -212 0.3
Band B -1 -66 -41 104 157 02
CayoNaysPys

Band A -20 69 81 20 -160 -211 04
Band B -2 -76 -32 103 157 0.4
CajaNaysPus

Band A -19 70 80 21 -159 -209 04
Band B -3 -66 -34 93 143 0.3
Ca;gNajzoPys

Band A -20 72 82 20 -161 -212 04
Band B -3 -66 -49 105 163 0.2
CazoNassPys

Band A 221 66 92 5 -158 -206 0.6
Band B -5 -95 -6 87 137 1.0
CaggNayrPys

Band A =22 65 83 9 -159 -205 0.5
Band B -7 -73 47 99 159 0.2
CazgNay9Pys

Band A -23 70 75 15 -160 -206 04
Band B -7 -68 -51 98 157 02

Table 21: Listed chemical shifts, % of Q® amount and anisotropic shift parameters with asymmetry
parameter for the temary Na,0-CaO-P,Os glass system
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11.5.2 Ternary CaO-K;0-P,0s glass system

For measurements please see CaO-Na;O-P,0s glass system

Glass Code Siso %Q° i [ 813 A3 n
CaKi9Pss

Band A 20 70 80 20 -159 -209 04
Band B -7 91 -19 89 144 0.8
CazoKasPas

Band A 20 71 82 21 -164 215 0.4
Band B 6 -81 29 91 146 0.5
CayK31Pss

Band A 22 74 73 26 -164 213 03
Band B -7 -74 41 94 151 03
CazsKz7Pss

Band A 22 70 76 17 -158 -204 04
Band B -7 -79 -36 92 150 04
Ca3KasPas

Band A 22 60 74 16 -155 -200 04
Band B 7 -83 22 84 136 0.7

Table 22: Listed chemical shifts, % of Q* amount and anisotropic shift parameters with asymmetry

parameter for ternary K,0-CaO-P,05 glass system

The isotropic chemical shifts are measured directly from the *'P spectra and the error

on the peak maxima will be about +/- 200Hz making an error on the J;5, values ca. +/-

1.5 ppm. However the errors on the components (3;;) calculated from the spinning side

band intensities are likely to be considerably larger (+/- 10ppm) with correspondingly

large errors on Ad and 7.
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In comparison with previous studies on calcium phosphate glasses, the values in the
table are very similar. In earlier studies, CaO was substituted by 1203, which had a
greater effect on the chemical shift anisotropy than the variation of Na20/Ca0 ration.

In the following plots, the dependence of chemical shift parameters on the CaO

content is demonstrated and compared with the results of other authors.

11.5.3 Discussion for Ternary Glass System Na20-Cao -P205

CaO content [mol%)]

Figure 132: o Isotropic chemical shift diso plotted against CaO content for the ternary glass system

Na20-Ca0-P205

203



Katrin Franks Ph.D. Thesis

Delahaye et al. (76) published similar findings about the variation in chemical shift in
calcium-sodium phosphate glasses, where the chemical shift changes from ~ -21 ppm
for lower CaO containing glasses to ~ -24ppm for higher CaO containing glasses. The
chemical shift changes with CaO content for this system is just about significant
according to previously mentioned errors.

Martin (28) observed a systematic positive chemical shift change when more non-
bridging oxygens were added to binary alkali phosphates. In this study the opposite
effect was found, chemical shifts for both species shifting towards more negative

values.

11.5.4 Discussion for ternary glass system KiO-CaO-PiOg

45— 25

CaO content [mol%)]

Figure 133: o isotropic shift plotted against CaO content for ternary K20-Cao-2205 glass system

For this glass system no significant relationship between chemical shift variation and
CaO content was found. The changes seen on the plot are within the error range,

mentioned earlier.
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11.6 Composition of the glass

11.6.1 Combined discussion of NMR and DTA results

It can be seen from the Table 20, spectra show the predominance of Q? species which
is indicative of cyclic or long-chain meta phosphates

Chemical shift ranges for Q% Q' and Q? overlap, depending upon the cation.
Therefore, isotropic 8 value alone is not necessarily a definitive test of speciation.
From previous studies of ternary glass and glass-ceramics within the Na;O-CaO-P,0s
using X-ray Diffraction in combination with DTA, it is known that two species
predominate, their relative amounts depending on the CaO content (46). Glasses with
8 mol% CaO show a very simple DTA spectrum with a crystal phase of only NaPOs
(linear metaphosphate), confirmed by XRD. When the CaO content is increased, a
second phase appears being NasCa(PO3)s (cyclic metaphosphate), which at the very
highest CaO containing glasses is the main crystal phase. This is mirrored in the DTA
traces, which show multiphase behaviour with more than one crystallisation and
melting point with respect to single crystal and melting points at each end of the
compositional range. However, it should be noticed here that not all multi
crystallisation and melting points in the DTA traces can be explained by the presence
of two different species in the glasses; the previously discussed phenomenon of phase
separation should be considered here.

The structure of both two species are Q® and account for the fact that the percentage
amount of this species does not alter much over the compositional range, because in

any case, one Q species will be transformed into another.
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A structure has been suggested by Griffith (97)

CI)Na Cl)Na
P P
o I ™o o I ™o
% %
_p=0 Oxp_(cao P=0 Oxp_gnNa
NaO \o/ \O/

Figure 134: Suggested structure for Na,Ca(POs)s

As can be seen from the structure, phosphorus will be influenced by the sodium and
calcium ions and that will account for the isotropic chemical shift values, changing
from —19 to -23ppm. No such big shift is seen in the other ternary K,0-CaO-P,0s
glass system. The effect is not as significant in the K,O containing system because of
the smaller compositional range.

The same effect is seen for the Q' species; isotropic chemical shift changes from —1 to
—7ppm. This effect is in accord with the observation by Hartmann et al. (44). The
isotropic chemical shift is consistent with calcium orthophosphate [Ca3(PO,),] (37) or
sodium pyrophosphate NasP,O7 (98). However, the chemical shift anisotropy Ad for
the band B is around 140-160, which is close to that reported for NasP,0; (A8 127)
(99) and very different to that for Cas(POs), (AS 0) (35). Hence, it is likely that the Q'

species is in fact a sodium pyrophosphate.
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The results of the second ternary glass system K,0-CaO-P,Os were found to be
similar and it is suspected that the compositional species of this glass is similar to the
ternary Na;O-CaO-P,0s system, however more structural analysis needs to be carried

out to verify this.
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Chapter 12
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12.1 The MTT Test- Cell Culture Testing

The MTT assay has been useful for examination of the effect of extracts from the
glasses on the proliferation of a bone cell line. In this study the MTT assay was used
to determine the cytotoxicity of selected soluble ternary and quaternary phosphate

based glasses as a preliminary cell culture study and screening exercise.

12.2 Introduction

The MTT test was developed by Mosmann (1983) (100) for the study of cellular
growth and survival of cells. This test is therefore sensitive to the number of living
cells present and related to the mitochondrial activity of living cell. The MTT
substrate is a (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetra sodium bromide, which
will be transformed to a dark blue formazan product due to activity of active
mitochondria. This product can be colorimetrically analysed by measuring the
absorbance at 570nm on an ELISA plate. Thus if cells are active and hence
mitochondria are active, more of the dye will be converted to the formazan product
and hence there will be an increased absorbance measured via the spectrometer.

We have already been able to deduce that the high solubility glasses will be unsuitable
for testing as the release rate will be too high. However, with higher CaO content in
the glass i.e. lower solubility, these glasses should be suitable for implant use. Hence,
in general the glasses tested via the MTT assay had CaO contents of at least 24mol.%.

The following glasses have been tested:

209



Katrin Franks Ph.D. Thesis

Temary glass system CaO-Na;O-P,0s
Cay4Naz) Pss
CaygNay7Pss
Ca3Naz3Pys
CazNayoPss

CayoNa5Pss

Quaternary glass system Ca0O-K;0-Na,0-P,0s
CagNanKsPss
CazgNa; 7K oPss
CaygNa; 2K 5Pss

CajgNa7K;0P4s

Quaternary system CaO-MgO-Na,O-P,0s
CazpMgyNay3Pys

CaysMg7Nay;3Pys

CazoMgi12Naz3Pys

Ca;sMgi7Naz;Pys

Caj;oMg2Nay3Pss

A Human osteoblast cell line (MG63) was incubated in culture medium containing

increasing concentration of phosphate glass extracts for 2 days and the cell
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proliferation was measured using MTT test (Chemicon, Temecula Ca., USA).
Absorbance at 560nm was measured at a Titertek Multiskan Spectrometer.

Cells were plated at a density of 2000cells/well in replicate 96 well culture plates and
allowed to attach overnight at 37°C, after which the media were removed and replaced
by the diluted/neat extracts. Cells maintained in normal culture medium were used as
controls. The cells were incubated for 2 days and then the proliferation was measured.
The results were expressed as the average absorbance of six replicate wells. The
results were normalised with respect to the tissue culture plastic, by dividing the test
values by the tissue culture control values. Hence a value of 1 indicates proliferation
similar to the tissue culture plastic, below 1 indicates decreased and above 1 increased

cellular activity.
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12.3 Results

12.4 Ternary glass system CaO-NazO-PzOs
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Control 1/64d T16d 1/4d

Extract Dilutions

Figure 135: MTT test result for glass Ca2aNasiz4s5 (test result after 2 days of incubation)

This figure represent a typical plot of a glass extract incubated with MTT assay for 2
days. After this time the absorbance has been measured for dilutions in 1/64, 1/16, 1/4
and neat extracts as a proliferation indicator and has been plotted against the dilutions.
The line at value 1.00 is the control line for cell tissue culture plastic. The tissue
culture plastic is designed to promote cell attachment and proliferation. Thus the
plastic represents a relatively high level of cellular activity. Values below this line
indicate a down regulation or suppression of cellular activity in comparison to the
tissue culture plastic material. Above this line indicates that enhanced cellular activity

and proliferation in comparison to cell tissue plastic is occurring.
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For this glass, the proliferation is down regulated for neat and all dilutions. However,
it should be noted that as the extracts are diluted, the down regulation becomes less

marked.

2.000 .
¢ 1.500
1.000
0.500 -
0.000 .

Extract Dilution

Figure 136: MTT test result for glass CaxsNa27245 (test result after 2days of incubation)
With following dilution 1= control; 2 = 1/64 d; 3 = 1/16 d; 3 = %and 5 = neat

For this next glass, as the CaO content is higher, the solubility is lower. This can be
seen in the MTT assay in that overall the cellular activity is not suppressed as much as
the previous glass and furthermore, at the highest dilutions, cellular proliferation is

enhanced relative to the tissue culture plastic.
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Figure 137: MTT test result for glass Cas:Na23Pas (test result after 2 days of incubation)
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With increasing CaO content i.e. decreasing solubility, cellular activity is increasingly

less suppressed. It appears that cellular activity in general was enhanced relative to the

tissue culture plastic. However, at a dilution of 1 in 16 the values are suppressed. This

appears to be a spurious result.
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Figure 138: MTT test result for glass CassNaioP4s (test result after 2 days of incubation)

Again the effect of this glass is very similar to the previous one. This glass showed

cell proliferation around or slightly above the control line.
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Figure 139: MTT test result for glass Ca”oNaisP*g (test result after 2 days of incubation)
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For the final glass in this ternary system, it has the highest CaO content and hence the
lowest solubility. This glass seemed to further enhance the cellular activity compared
to the tissue culture plastic. For the undiluted extract, the cellular activity is
approximately 6 times higher compared to the tissue culture plastic control. As the

solution is diluted, cellular activity further increases.

As it can be seen from these results, cell proliferation can be low or even down
regulated for glasses with low CaO content (24 and 28 mol%), cell proliferation
become similar in value to the control line for glasses with higher CaO content than 30
mol% . The best proliferation result was achieved for glass CaqNa;sP4s with the
highest CaO content of the whole glass series. Therefore, the higher the CaO content,

the higher the proliferation rate.

12.5 Quaternary system Ca0-K;0-Na;O-P,0s

Obviously with a quaternary system, with the number of variables it is not possible to
investigate the effect of all variables. Therefore it was decided to fix the CaO content
at 28 mol.%, fix the P,Os content at 45mol.% and vary the Na,O:K;0. The reason for
choosing the CaO content of 28mol.% is because if glasses with very high CaO
content were used, the cellular activity may be very high and any effect due to the
NayO:K,0 ratio may be lost. Therefore it was decided to choose this CaO content as
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the cellular activity in the ternary glass is similar to that for the tissue culture plastic.
Thus it was hoped that varying the Na20:K20 ratio would give further subtle

variations in the solubility which may be detected via the MTT assay.
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Figure 140: M TT test result for glass C a28N a 22K 5?45 (test result after 2 days incubation)

For this first glass, the cellular activity is down regulated even at the very high

dilutions. This was not seen in the equivalent ternary glass.
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Figure 141: MTT test result for glass Ca:gNairKioPas (test result after 2 days of incubation)

With an increase in the K20 content, cellular activity is still down regulated relative to

the tissue culture plastic for all dilutions. There is some evidence that the K20 may be

further suppressing the cellular activity.
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Figure 142: MTT test result for glass Ca:gNa,.K,sPss (test result after 2 days of incubation)

218



Katrin Franks Ph.D. Thesis

For this next glass, cellular proliferation increased for the higher dilutions and slightly
dropping below the control line at the lower dilutions. In general the results were

better than the previous glasses in this system.
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Figure 143: MTT test result for glass Ca2sNa7K20Pss (test result after 2 days of incubation)

For this final glass, with the highest K20 content, the cellular activity seems very
similar to the tissue control plastic. There is some evidence for increased cellular

activity at the lower dilutions and the neat solution.
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12.6 Quaternary system CaO-MgO-NazO-PzOs

As with the previous quaternary system, a systematic study was performed, but with
some variables fixed. The Na2U content was fixed at 23mol.%, the P205 content was
fixed at 45mol.% and then the CaO was systematically replaced with MgO and this

series was examined in vitro using the MTT assay.
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Figureld44: MTT test result for glass CasoMg:Naz3245 (test result after 2 days incubation)

For this first glass, cellular activity is enhanced for all dilutions. This should be
compared with the Na20-Cao0 -P205 glass equivalent, with 32mol.% CaO. This
corresponding ternary system showed cellular proliferation around the control line,
here however, with just a small amount of MgO (2 mol.%) proliferation appeared to

be enhanced.
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Figureld45: MTT test for glass Ca:sMg7Naz3245 (test result after 2 days of incubation)
Further increasing the MgO content appears to have little effect. There is some

evidence for down regulation of cellular activity with the higher concentration and

neat solutions.
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Figure 146: MTT test for glass Ca:0Mgi:Na::Pss (test result after 2 days of incubation)
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This plot shows that with increasing MgO content the cellular proliferation is down
regulated. Only at a 1in 64 dilution does cellular activity appear comparable with the

tissue culture plastic control.
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Figure 147: MTT test result for glass Ca,sMg,7Naz3Pas (test result after 2 days of incubation)

Again, with more MgO content proliferation rate is falling particularly at the neat

concentration.

1.20
1.00

A~ 0.60
1 040 L
0.20

0.00 .
Control 1/64d 1/16d 1/4d N

Extract Dilution

Figure 148: MTT test result for glass CaioMg::Na:3;Pss (test result after 2 days of incubation)

222



Katrin Franks Ph.D. Thesis

At the highest MgO levels, all dilutions and the neat show down regulation of cellular

activity.

12.7 Discussion:

The test results for the ternary glass system showed that the higher the CaO content of
the glasses, the higher the cell proliferation, the better the cell response. All glasses
with CaO contents higher than 24 mol% show cell proliferation around the control
line. The rate of proliferation becomes higher with increasing CaO content resulting in
one case in an enhanced rate 10 times higher that the control and this was for the glass

with the highest CaO content, i.e. CasoNa;sPss.

The test results of the CaO-Na;0-K;0-P,0s system reveals that potassium only has a
positive effect on cell proliferation in higher contents, otherwise cell proliferation gets
down regulated. This is a little unusual as the addition of K,O to the glass appears, as
shown in previous chapters, to increase the solubility. Thus, the presence of K,O
appears to be beneficial. In fact it could be postulated that the K,O is beneficial in

these systems, and may be a component that should routinely be used in these glasses.

From the MTT assays for the MgO containing glasses, it can clearly be seen that only

small amounts of MgO appear beneficial. This again is unusual in that the MgO
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decreases the solubility. Thus it may be concluded that at low levels, the MgO was
having a beneficial effect as seen by the increased cellular activity, but at the higher
levels, there is evidence for a negative effect due to the MgO.

A preliminary conclusion can be drawn from this study that cell proliferation is very
sensitive to the CaO content in soluble phosphate based glasses and that in general, the
higher the CaO content the better the cell response. Howeyver, it also appears that low

levels of MgO and high levels of K>O may also play a positive role.
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Chapter 13
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13.1 Conclusions

This study showed that it was possible to

1.) Develop a soluble glass system based on CaO-Na,O-P,0Os and extend this
basic glass system with the use of different oxides.

2) Match the chemical composition and solubilities in order to obtain a positive
cell response

3) With structural investigations it was possible to obtain further insights into the

glass structure

Conclusion 1. Overall Summary.

Clearly, it was possible to obtain a whole range of compositions within the Na,O-
Ca0-P,0s ternary glass system. All members are soluble, revealing a continuous
degradation process. The higher the CaO content of the glasses, the slower the
degradation process and the more the solubility curve becomes non-linear. The
degradation process has been investigated, such that prediction of the solubility from
composition for any further systems could be made. The degradation process would
however benefit from a more precise mathematical approach, which might be
established in the future. The pH measurement revealed an ion-exchange process
taking place where H3O" ions are exchanging for Na*/Ca®* ions which accounts for the
increase in pH in the preliminary stages of the measurement and is followed by a
decrease towards neutral. The results of the ion measurements mirrored the weight
loss curves, however it was found that the out-leaching process of Ca®* ions had a

bigger impact to the weight loss curves.
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Glasses with CaO content around 32 mol% and above showed proliferation rates
around the control line or above. Glass CaqoNa,sPss was found to have an enhancing
proliferation effect, which is a very promising result for future research.

It was found that cell response was best with a high CaO content. It may be of
significance that these glasses have non-linear solubility behaviour.

It was also possible to extend the basic Na,O-CaO-P,0s glass system by substituting
either totally Na,O to give the second ternary K,0-Ca0O-P,0s system or substituting
parts of the Na;O content via K,O giving the first quaternary system Na,0-K,0-CaO-
P,0s. The second quaternary system was achieved by replacing parts of the CaO
content with MgO. Further, it was possible to create another system doped with
fluoride, which needs to be tested more thoroughly for future research. The weight
loss behaviour for the second termary system K,;O-CaO-P,Os was found to be very
similar to the first terary system, however solubilities were found to be higher, pH
and ion measurements however are similar.

The first quaternary system Na,0-K,0-CaO-P,0s was found to be similar to both
ternary systems, however it was possibly to alter the solubility with addition of K;O.
This was explained by potassium being the heavier ion. No change was seen for pH
and ion measurements.

With the second quaternary system it was possible to demonstrate the effect calcium
has on both weight loss behaviour and cell proliferation. With increasing MgO content
the curves lose their non-linearity/ exponential nature. Again, pH and ion
measurements were no different from previous systems with the exception that the
Ca®* jon curve becomes less exponential.
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Conclusion 2. Overall Summary

It was possible to establish a cell culture test, which allowed a preliminary measure of
the level of biocompatibility/ toxicity. Within the ternary system, glasses with a high
CaO content initiate a positive cell proliferation result. Especially glasses with
extremely high CaO content show an enhanced proliferation rate, 10 times higher in
comparison to cell culture tissue plastic.

Both quaternary glass system have been tested in terms of their proliferation rate and
the result of these tests show again a positive influence on cells if the CaO content is
high.

MgO in small contents can increase proliferation and the same is true for K,O in high
quantities.

The overall positive cell response was found to be due to the chemical composition

which is closely related to chemical composition of natural hard tissue.

Conclusion 3. Overall Summary

Q? species as NaPO; and NasCa(PO;)s dominating the glass content and Q! species as
Ca3(POy); or NasP,0; are present in form of minor parts. All isotropic shifts for these
species are shifting towards more negative values.

The DTA results supported the NMR results, with varying changes in crystallisation
points and corresponding melting points revealing phase changes in addition to phase
separation, a common phenomena in silica based glasses.
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13.2 Future Work

This work has made a significant contribution to the systematic study of soluble

glasses. However there are a number of interesting avenues to be explored in future

work:

¢ Expand the studies in the fluoride systems. Of particular interest the fact that
higher CaO contents could be achieved with these systems, opening the way to
glasses with Ca:P ratios closer to apatite

e Investigation of the effect of different in vitro media on dissolution rates

e A more rigorous investigation of the kinetics of dissolution in these glass systems

e Studies to determine the effect of dynamic dissolution systems compared to the
static system used in this PhD

e Investigation of different cell types and how the glasses affect these different cells

e Performing in vivo studies to correlate in vitro results with a more complex in vivo

system
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NMR spectra

Ternary glass system Na20-Ca0~P20s

'? MAS-NMR spectra for Glass CagNas?Pss

*'P MAS-NMR spectra for Glass Ca,oNaisPis
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AP MAS-NMR spectra for glass Cai2Na43Pas
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~'P MAS-NMR spectra for glass Ca,sNasoPus
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'? MAS-NMR spectra for glass Caz0Nass24s

'? MAS-NMR spectra for glass Ca:sNaz7245
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A'P M A S-NM R spectra for glass C a36N a , 9P 45

Ternary glass system K20-Ca0-P20s

AP MAS-NMR spectra for glass Ca,s KssPus
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A'MAS-NMR spectra for glass Ca20Kss245s

~P MAS-NMR spectra for Ca::sKs,Pss
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’P MAS-NMR spectra for glass CazsK2?Pss

A'P MAS-NMR spectra for glass CaszRzsP*g
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The techniques of X-ray powder diffraction and solid-state magic angle spinning (MAS) 2Na, 2*Al, and *'P nuclear magnetic
resonance (NMR) spectroscopy have been combined to investigate the speciation in a series of glasses and glass ceramics of
general formula (P,05)g.45(Ca0)g 24(Na,0)q 3 - (A1, 05),, x =0.0-0.05. The principal phosphate species are shown to be various
P,04*~ containing phases. and cylic trimetaphosphates bridged by Ca, i.e. Na;Ca(PO;) (instead of open-chain metaphosphates).
Higher concentrations of Al,O5 result in glass ceramics which are phosphate-depolymerised (Q* —Q!) with respect to the parent
glasses. At a lower level of Al,O5 (2%) the aluminium is present in octahedral coordination, while the higher level (5%) results in
the formation of tetrahedrally coordinated aluminium. X-Ray powder diffraction of the ceramic with the higher aluminium content
indicated the presence of NusCa,Al(PO,),, and the P NMR spectrum provides cvidence for Q,? specics similar to phosphorus in

aluminium metaphosphate. The more detailed structural information available from the aluminium-free glass ceramic, and the
similarity in the Q'/Q? ratio between the glass and its derived ceramic leads to the thesis that the ceramic structure may, in
favourable cases, be used to model phosphate speciation in the glass.

There is a general need for some type of bone replacement for
patients who have suffered from trauma, chronic degenerative
diseases leading to bone loss, or congenital abnormalities.
Some bioactive materials are available, which might potentially
be used in this clinical situation and they are based on calcium
phosphates,' e.g. hydroxyapatite (HA), tricalcium phosphate
(TCP), fluorapatite (FHA). The bioactivity of these materials
is normally attributed to their close chemical relationship to
the inorganic phase of bone. Other bioactive materials are also
available based on silicates, e.g. Bioglass®, and apatite
wollastonite glass ceramic (AWGC),2 which maintain high
bioactivity through a dissolution—reprecipitation mechanism
as opposed to a close chemical affinity. These materials how-
ever, have serious limitations. Firstly, the calcium phosphate
based materials are crystalline compounds and their chemistry
. may not easily be altered, due to their stoichiometry. The
second group of materials are hindered in their use by being
silicate based and are therefore essentially insoluble and fur-
thermore, their long-term effects are unknown. In this respect
soluble phosphate glasses and glass ceramics offer potential
advantages, particularly the ability to alter the solubility to a
rate suitable for the application. The development of bioactive
glass ceramics has been reviewed by Vogel and Holand.?
Our interest focuses on CaO-Na,O-P,O; glasses including
structure-modifying oxides, and we present here our data on
these glasses doped with Al,O;.

In order to optimise the glasses, techniques need to be
applied to probe their chemistry and currently, because of the
non-crystalline nature of glasses, the number of techniques
available is few. Solid-state nuclear magnetic resonance (NMR)
is one of these few techniques and it can give a wealth of
information, which may be used to develop models relating
the chemical structure and bonding to the bioactivity of the
glass. The application of NMR to the study of phosphate
glasses has been recently reviewed by Kirkpatrick and Brow.*

+ Present address: Department of Chemistry, University of Durham,
South Road, Durham, UK DH! 3LE.

3'p NMR spectroscopy is particularly useful and can enable
the quantification of the relative amounts of Q" phosphorus
species present, PO,_,(OP),, since in favourable cases reson-
ances due to each of these species are resolved in the magic
angle spinning (MAS) spectra. Hartmann et al® used 3'P
NMR in their study on a series of Ca/Na/Al/phosphate glasses
and ceramics and found predominantly Q' and Q2 phosphorus
units. Their aluminium-free glasses contained 39-53% Q?
units, and for glasses containing aluminium they found a
significant decrease in Q? content from 67 to 30% as the Al,O,
content increased from 1.1 to 3.1%. In a subsequent investi-
gation on glasses and ceramics of similar composition
Hartmann et al® used *'P 21 exchange NMR to show the
contribution of pyrophosphate to the Q' region of the spec-
trum, and also showed a connectivity between the Q' and Q?
regions indicating the presence of open chain metaphosphate
groups. Fletcher et al.” reported qualitative P NMR data on
binary calcium phosphate glasses which showed Q!, Q? and
Q> units. Brow et al® quantified Q', Q* and Q? units from
binary sodium phosphate glasses, whereas Born and co-
workers”!* found only Q* and Q? units in a sodium phosphate
glass and from 3'P 2D NMR experiments showed connectivity
between the two types of unit suggesting an almost regular
alternating sequence for the Q2 and Q? units.

For glasses incorporating Al,O;, 2’Al MAS NMR spectra
can be used* to quantify relative amounts of four-, five-, or
six-coordinate aluminium in the structure. ?Na MAS NMR
has been applied in relatively few studies®!! of glasses, and the
information content from these spectra has been restricted by
their relatively poor resolution and the relatively large second-
order quadrupole effects which influence the spectra. More
recently Koller e al.' presented a systcmatic analysis of the
2Na NMR parameters from a series of crystalline sodium
compounds, and their data may provide a sound basis for the
interpretation of spectra from glasses.

Heating of glasses above the glass transition temperature T,
results in crystallisation within the glass matrix to form a glass
ceramic. The phases crystallised in this way can be stoichio-
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metric or non-stoichiometric depending on the parent glass.
Materials prepared in this way generally contain a mixture of
crystalline phases with some residual glass. Whilst the individ-
ual phases may not reflect the composition of the original
glass the overall composition is the same. The advantage of
crystallising glasses is that other techniques such as X-ray
powder difl'raction can then be used in the study of the material
and the results extrapolated to the glass. In addition the NMR
linewidths of crystalline phases are much narrower due to the
smaller range of chemical environments in ordered crystalline
solids when compared to glasses.

We present here our -“Na. ‘““Al and P MAS NMR
and X-ray powder diffraction data on a series of
glasses and glass ceramics of general formula
(P:0 5)0.,;(CaO)ol(Na20L 3, .,fAI20jL. x=0.04).05. This
composition was chosen because it has an accessible melting
point, and glasses with this composition are likely to exhibit a
significant bioactivity.® The Ca/P ratio was held constant in
order to minimise the number of variables across the quatern-
ary glass series.

Experimental
Preparation of glasses and ceramics

Samples of three glass compositions were prepared using
appropriate molar quantities of CaCO,, NaHiPO*, CaHPO*,
P205 and AIPO4. The mixtures were blended in a Seward 400
stomacher prior to heating, and were then melted at 1200°C
in a platinum crucible for 1h. Previous work® ' has shown
that compositional changes due to evaporation of volatile
components during glass formation in such materials are
negligible especially over short intervals as used in this study.
The melt was then poured into a preheated (600°C) graphite
mould and slowly cooled from 600 °C to room temperature at
4"C mill"'. The glass rods produced of approximately 12 mm
diameter were cut into discs of approximately 2 mm thickness
using a diamond saw.

Investigation of crystallisation and glass transition tempera-
tures was carried out by differential scanning calorimetry using
a Perkin Elmer DSC 7, varying the temperature from 25 to
600"C at a heating rate of 20°C min“ * Subsequent conversion
to ceramic samples was carried out by heating glass discs on
gold foil for ca. 2-3 h at temperatures just below the crystallis-
ation temperatures. The compositions of the glasses and
conditions for crystallisation are summarised in Table 1.

X-Ray crystallography

X-Ray difl'raction data were collected on powdered glass
ceramic samples on a Siemens DS5S000 diffractometer in flat-
plate mode using graphite-monochromated Cu-Kx radiation
(/= 1.5418 A). Data were collected in the range 29 10-90% in
steps of 0.03". Data for glass ceramic 3 were collected on an
automated Philips PW 1280 diffractometer in ffat-plate mode

Tabic 1 Compositions (%) of the glasses and ciystoUisation conditions

glass 1 glass 2 glass 3
P,Os 45 45 45
Na.O 31 29 26
CaO 24 24 24
AI2O3 0 2 5
TTC 250 380 415
478 522 —
ceram.* 2b, 430 “C 2 h, 520 “C 3 b, 539 “C

“The glass transition temperature. 'The crystallisation temperature.
‘The length of time and temperature (T ) for ceramic formation.
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using nickel-filtered Cu-Kx radiation in the range 20 5-70% in
steps 0of 0.02T

NMR spectroscopy

The one-dimensional single-pulse "w"Na, ~Al and ~'P spectra
were measured in London using a Bruker MSL-300 spec-
trometer operating at 79.4 MHz for ""Na, 78.2 MHz for -"Al
and 121.5 MHz for ~'P. The samples were contained in 4 mm
o.d. rotors and magic angle spinning (MAS) was used at ca.
10-11 kHz for ~*Na and ~"Al, and 7.5 kHz for *'P. Typically
300-1000 transients were acquired for the “ Na spectra using
a 2 s relaxation delay, up to 10000 transients for the -"Al
spectra with a 0.5 s relaxation delay, and 16 transients for the
~'P spectra using a 60 s relaxation delay. The two-dimensional
triple-quantum MAS spectrum'"’’* was measured in Lisbon
using a Bruker MSL-300 spectrometer. The sample was con-
tained in a 4 mm o.d. rotor and MAS used at 14 kHz; 72
transients were acquired with a 10 s recycling time; 512 and
256 points were acquired in the FI and F2 dimensions
respectively.

NMR spectral simulation

The "+*Na MAS NMR spectra were simulated using the pro-
gram QUASAR.” The overlapping resonances in the *'P MAS
NMR spectra were deconvoluted using the XEDPLOT routine
within the Bruker XWINNMR software.

Results
“N'a solid-state NMR spectra

The single-pulse solid-state magic angle spinning (MAS) ‘“Na
NMR spectra of the glass 1 and the corresponding ceramic
are shown in Fig. 1. The overall widths of the two spectra are
about the same, however it is clear that there is significantly
improved resolution of the band shape for the ceramic. It
appeared likely that there were two chemical shifts contributing
to the spectrum of the ceramic, and to confirm this the two-
dimensional triple quantum MAS spectrum”  was acquired.

/\

‘A

40 -100

Fig. 1 The 79.4 MHz **Na M.A.S NMR spectra of glass I (upper) and
ceramic 1 (lower). For both spectra the MAS rate was 10.5 kHz.
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Fig. 2 The 79.4 MHz ~"Na triple quantum 2D MAS NMR spectrum
of ceramic 1. The MAS rale was 14 kHz and the diagonal arrows
indicate the two distinct sites.

fhe result is shown in Eig. 2, which shows two principal
sodium sites. The extractable parameters from the spectrum
are the isotropic chemical shifts and the ‘second order quadru-
pole’ parameters'(SOQE):

SOQC=Cj |+ * "

where and are the quadrupole coupling constant and
asymmetry parameter respectively, and the values obtained
are given in Table 2.

With the information from the 2D-3Q MAS experiment as
a starting point the single-pulse ww™ MAS spectrum was
simulated. The parameters obtained from this fitting procedure
are also collected in Table 2, and the calculated spectrum is
shown in Fig. 3. As can be seen there is good agreement
between the quadrupole coupling parameters from the two
methods, and between the isotropic shifts. There is a small
difference (2-3 ppm) in the isotropic shifts from the two
experiments, and those values from the single-pulse spectrum
are probably the more reliable. The ~*Na spectrum of ceramic
3 was similarly fitted as two sodium sites (Table 2) while that
for ceramic 2 showed evidence, at the high-frequency edge of
the band, for a third site. The spectrum of ceramic 2 was fitted
as three sites (Fig. 4) and gave the parameters in Table 2.

” Al solid-state NMR spectra

The -""Al data for the glasses and ceramics 2 and 3 are given
in Table 3. The chemical shifts are measured directly from the
spectra and so are not corrected for the quadrupolar shift.

20 -20 -40 -60 -80 -100
o

Fig. 3 Experimental (upper) and simulated (lower) 79.4 MHz
M.A.S NMR spectrum of ceramic 1. The parameters from the
simulation arc given in Table 2, and the arrows indicate the isotropic
chemical shifts.

Fig. 4 Experimental (upper) and simulated (lower) 79.4 MHz °**Na
MAS NMR spectrum of ceramic 2. The parameters from the
simulation are given in Table 2, and the arrows indicate the isotropic
chemical shifts.

~'P solid-state NMR spectra

The solid-state ~*P MAS spectra of glass 1 and of ceramic 1
are shown in Fig. 5. As with the ~"Na spectra (Fig. 1) the
spectra are basically similar, but that of the ceramic shows
considerably improved resolution, and it is possible to resolve
eight resonances in the high-frequency band (band B, 6 0 to
—10) and four resonances in the low-frequency band (band
A, S —20 to —23). The integrated intensities of the individual
lines were determined by deconvolution of the experimental

Tabic 2 -'Na NfvIR parameters for the ceramics

an" site occupancy (%)

ceramic 1 -2.7
(2D-3Q) -13.4
ceramic 1 -0.7 452
(single pulse) -10.3 55+2
ceramic 2 -2.4 40 +2
(single pulse) -11.4 48+2

5.7 12+2
ceramic 3 —1.8 44+ 2
(single pulse) -10.6 56+2

SOQE/MHz Cq/MHz

1.59

2.47

1.62 1.55+0.03 0.53 +0.05

245 2.27+0.04 0.69+0.05
1.52+0.01 0.68+0.01
2.26+0.01 0.72+0.01
1.41 +0.04 0.50+0.1
1.51+0.01 0.60+0.01
2.36+0.02 0.65+0.02

“The chemical shifts are referenced to external NaCl solution. We are unable to estimate the error on the shifts from the 3Q MAS experiment,
but the errors are £0.4 and +0.8 ppm respectively for the high- and low-frequency signals from the single-pulse experiment.
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1 able 3 -’A1 NMR data for the glasses and ceramics

5 Avj,2*/Hz
glass 2 -15 540
(10, 37)' (ca. 500)'
ceramic 2 -14, -21 130
glass 3 -16 620
(8, 33) (cn. 500)"
ceramic 3 -17(93% ) 220
39(7%) 150

“Chemical shifts in ppm to high frequency of external 1.0m AICI3.
"Full-width at half height. "These are minor resonances that constitute
<10% of the total **Al sf)ectnim.

100 0 -100 -200

———

I/U ;

20 -20 -40

Fig. 5 The 121.5 M Hz MAS NMR spectra of: (upper) glass I with
MAS rate 8.0 kHz, (middle) ceramic 1 with MAS rate 7.4 kHz, (lower)
expansion of the centre band region for ceramic 1

spectrum, as described in the Experimental section, and the
total intensity of each band (A and B) was obtained by
summation over all spinning side-bands. The result for glass 1
was band B 22% and band A 78%, and for ceramic 1 band B
29% and band A 71%. A similar analysis was performed for
glasses and ceramics 2 and 3, and the results are given in
Table 4. For ceramic 2 bands A and B were treated as
comprising four and eleven overlapping resonances respect-
ively, and for ceramic 3 these two bands comprised four and
ten overlapping resonances. In addition the spectrum of cer-
amic 3 showed two new bands C (a single resonance) and D
(three overlapping resonances). The results of deconvolution
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of bands B and A are shown schematically in Fig. 6 and 7
respectively. For the ceramic samples the isotropic chemical
shift (fiiso. Table 4) for each band is calculated by:

X (2)

where the index i runs over the number of resonances within
that band, J, is the shift of each resonance and n, is the
fractional intensity of the ith resonance in that band. The full
width at half height (Ar, 2) quoted in Table 4 for each band is
the average for the resolved resonances in that band.

The intensities of the spinning side bands were analysed by
the method of Herzfeld and Berger," as we have previously
described.' This analysis yields the principal components (<5,,
<2, §3) of the chemical shift tensor, for which the isotropic
chemical shift (8-,%) is given by:

So= (M +22+ X3)/3 3
These principal elements were ordered according to the
Haeberlen convention:"® > M 1—<Suol > 1<522-"isol'
The chemical shift anisotropy (A<§) and asymmetry parameter
in) are given by:

AS=E346,-H52)2 14)
7=0221 ®

These data are reported in Table 4 for each of the bands in
the glasses and the ceramics. The analysis was not performed
for the individual resonances within band A and within band B
because of the large errors in the integrals of these resonances
in the weaker side bands.

A selected range of the X-ray patterns for the three glass
ceramic samples are shown in Fig. 8 The pattern for ceramic
1 has been successfully indexed"' with Na”~CafFOj)* as the
major phase. Ceramic 2 has a similar pattern and again
indicates that Na”Caf FOj)" is the major phase present with a
slight shift in lattice parameters, indicative of solid-solution
formation with aluminium. At 5% AUOj in ceramic 3 the
appearance of a second major phase, which has been indexed
as Nas5Ca2A1(P04).4 based on the reported crystal structure,'
suggests that this phase becomes increasingly more favoured
as the Al concentration increases. Again a shift in lattice
parameters for Na”CafPO"jf, is observed. Table 5 summarises
the Na~CafPOj)g lattice parameter variation with ceramic
composition.

Discussion
“Na solid-state NMR spectra

Inspection of the data in Table 2, from the fitting of the single-
pulse spectra, shows two principal sodium sites with isotropic
chemical shifts 0 —1.6+0.9 and —10.7 + 0.6, and the occu-
pancy of the lower frequency site is slightly greater. The
quadrupole coupling constants are consistent over the three
ceramics with values 1.4-1.6 MHz and 2.3-2.4 MHz, respect-
ively for the low- and high-frequency sites. There is a paucity
of published “ Na solid-state NMR data on sodium phosphate
phases, but it is noteworthy that the parameters obtained here
are very similar to those measured by Roller et aV~ for the
cyclic trimetaphosphate phase NajPjO,, wherein there are“
two equally populated, five-coordinate sodium sites.

“ Al solid-state NM R spectra

The features of the aluminium spectra reported in Table 3 have
also been measured by Hartmann es al” The lower frequency
resonances in the range 6 —14 to —21 are due to aluminium
octahedrally coordinated by oxygens, AI(OP)e (see Brow
et 0/.°), while the higher frequency band {6 33-39) is most
likely-~ arising from four-coordinate aluminium, probably as
AIPO4. The signals at intermediate chemical shift, 0 8-10, are
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Table 4 3'P chemical shift“ tensor components for the glasses and the ceramics

%" [ Avyy Oy O 033 Ad n

glass 1

band B (Q!) 22 -5 940 —-80 —-22 87 138 0.6,
band A (Q?) 78 -21 1190 77 16 —158 —204 0.4,
ceramic 1

band B (Q") 29 —5.1 137 -73 —-21 80 127 0.6,
band A (Q?) 71 —21.1 183 91 25 —181 -239 0.4,
glass 2

band B (Q!) 27 -7 1360 —88 —15 82 134 0.8,
band A (Q?) 73 ~21 1430 73 13 —149 —192 04,
ceramic 2

band B (Q") 49 -10.6 199 —87 -20 75 128 0.7
band A (Q?) 51 —21.1 175 91 26 —179 —238 04,
glass 3

band B (Q?) 25 -9 1313 —86 27 87 143 0.6,
band A (Q%) 75 -2t 1729 63 11 —138 —175 0.4,
ceramic 3

band C (Q") 4 —04 1035 —86 -9 94 141 0.3,
band B (Q') 41 -10.0 204 —87 —-16 73 124 0.8
band A (Q7) 44 —20.5 202 74 25 —159 —-209 0.3,
band D (Q,2) 1 —283 187 -91 -35 41 104 0.8,

«31P chemical shifts, ;. the tensor components 8;, and the anisotropy, Ad, are in ppm. The chemical shifts are referenced to external 85%
aqueous phosphoric acid. Errors on the J;; values estimated to be ca. +5 ppm for the ceramic bands Q' and Q? the isotropic chemical shifts are
the weighted average of the shifts of the individual resonances within the band. *Errors are believed to be <10% of the stated value. “Full width
at half height of the resonances, obtained from deconvolution of the MAS spectra as described in the Experimental section. For the ceramics the
valucs given arc the average of the individual resonances within that band. Errors arc ca. £90 11z for the glasses.

Table 5 Variation of lattice parameters for Na,Ca(PO,;)s with ceramic
composition

ceramic a/A b/A c/A B v/A3
1 13.06(13)  8.04(8) 1446(12)  94.1(3) 1515
2 13.11(9)  805(5) 1432(8)  947(2) 1506
3 13.18(8)  790(17)  1403(9)  942(4) 1456

more difficult to assign unambiguously. Dupree el al®
reported octahedral AI(QAl)g shifts in the range & 1-12, while
Brow et al®® assign a ?’Al peak at § 15, from a sodium
aluminophosphate glass to arise from five-coordinate AI{OP)
sites. Hartmann et al.® assigned ?’Al peaks at 6 ca. 11, from
Na/Ca/Al/phosphate glasses to Al({OM)s (M =metal) sites.
The linewidths of the intermediate shift *’Al peaks in this
study are ca. 6 ppm, and therefore we are probably observing
signals from the six-coordinate Al sites with metal in the
second coordination sphere, but we cannot categorically
exclude the five-coordinate Al sites.

3P solid-state NMR spectra

The spectra of both the glasses and the ceramics consist of
two principal bands each, with the lower frequency band A
assigned to Q? phosphate units and band B to Q' units (see
Table 4). The assignment of these bands respectively to Q'
and Q? phosphate units has recently been discussed by
Hartmann et al.’ The isotropic chemical shifts fall within the
ranges quoted by Haubenreisser et al.?” for polycrystalline
phosphates as 6 4 to —33 for Q' units and 6 —18 to —53 for
Q? units. In addition the 3'P chemical shift anisotropies for
the Q! and Q? units were originally established?’ to be in the
ranges Ad 14-80 and —160 to —250 respectively. Our values
for band B in the glass and ceramic (Ad 138 and 127) are
outside that original range, but in agreement with the sub-
sequent data of Hartmann et al.’ for Q' units with sodium
and calcium ions in the second coordination sphere (Ad=
137 +6). The values for Ad reported here for band A in the
glass and the ceramic (Ad —204 and —239) are within the
range quoted by Haubenreisser et al.?” (see above) aud similar

to the values (A6 —176 and —204) for the Ca/Na/Al/phosphate
glasses and ceramics studied by Hartmann et al.®

The individual chemical shift tensor components determined
here for band B (Table 4) in both the glass and ceramic are
close to the values indicated by Haubenreisser et al?’ for Q'
units (§; —55, —30 and +75), and similarly thc valucs here
for band A are close to the reported values for Q? units (5;
+80, +20 and —155).

When Hartmann et al.® formed ceramics from their glasses
they obtained incomplicte crystallisation, but in their ccramic
phases there was a clear reduction in the Q? content for those
samples containing Al,O,, whereas they reported no such
reduction for the aluminium-free samples. Our ceramic 1
contains no detectable glass contamination, is aluminium free,
but does show a slight reduction (ca. 7%) in Q? content when
compared with the glass. However this reduction is not signifi-
cantly greater than the error limits (ca. +5%) we estimate
from the integrations.

Composition of the glasses

A major difference between the data reported here and that of
the glasses prepared by Hartmann et al® is the relative
proportion of the Q' and Q? units. The aluminium-free
CaO/Na,0/P,0; glasses from Hartmann et al.’® contained
39-53% of Q* units, and those glasses with low levels of Al,0,
contained 67-30% Q? units. For all three glasses in this study
the Q2 content is in the range 73-78% and clearly the presence
of aluminium in our glass structures, at the expense of sodium,
does not significantly change the Q' /Q? ratio. This observation
is in contrast to that of Hartmann et al® who observed a
significant decrease in Q? content with increase in Al,O,.
However in those glasses investigated by Hartmann et al®
other factors varied, for example they maintained a fairly
constant mol% Na,O (ca. 28.4%) whereas the atom ratio P/Ca
varied in the range 2.17-2.69. In the glasses reported here the
atom ratio P/Ca was constant at 3.75 and the mol% Na,O
varied in the range 26-31%. The preponderance of Q? units
over Q! units in our samples suggests a relatively high pro-
portion of cyclic phosphate structures. ,

To consider the effect of aluminium content on the glass
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Fig. 6 Schematic presentation of the results of deconvolution of the

resonance bands A for the ceramics I (upper), 2 (middle), and 3
(lower). The height of the bars indicates the total integrated intensity
of each resonance and does not reflect the width of the resonance.

structure we note that the glass transition temperature (7%)
increases with increase in the aluminium content (Table 1).
This observation is in agreement with that of Brow ez

who ascribed the effect in sodium aluminophosphate glasses
as being due to AKOP)" species altering and strengthening the
glass network by cross-linking neighbouring phosphate chains.
The data in Table 4 for the glasses show that increasing
aluminium content results in a slight low-frequency shift for
the Q ¢ signal without significantly affecting the position of the
Q' signal. By comparison with the model studies on shifts
from crystalline ortho-/~'"' pyro-"°-*' and meta-phosphates”™'
such low-frequency shifts would he expected from replacement
of P—0~Na” or P—0 “Ca® by P—O—Al bonds in the
structure. We use the ‘Q’ nomenclature for aluminophosphate
species as suggested by Grimmer and Wolf;"" ie. Q," where
as before n is the number of coordinated —OP groups and m
is the number of coordinated —OAIl groups. Therefore the
low-frequency shift is due to the change Qo*-»Qi¢ (in agree-
ment with the observations of Brow et al.~*%. The effect of the
low levels of aluminium on the linewidths of the Q’ and Q-
resonances is that for 0- 2% AI203 (glass 1 to glass 2) there is
an approximately 45% increase in the width of the Q' reson-
ance, while the width of the resonance increases by 20 %.
Such increases in the linewidth can arise from a greater
diversity of the metal ions in the second coordination sphere
of phosphorus (see above) and a greater spread in P—O —P
and O—P O bond angles.*”* Further increase in the level of
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Fig. 7 Schematic presentation of the results of deconvolution of the

resonance bands B for the ceramics I (upper), 2 (middle), and 3
(lower); this also includes band C at J —0.7. The height of the bars
indicates the total integrated intensity of each resonance and does not
reflect the width of the resonance.

AI203 from 2 to 5% (glass 2 to glass 3) does not result in an
increase of the width of the Q' resonance. There is however a
further 21% increase in the width of the Q“ resonance which
may be due to the bond angle effect or to the inclusion of
lower-frequency, aluminium-containing components (see below
the discussion of band D in ceramic 3).

Composition of the ceramics

A comparison of the schematic ‘P spectra (Fig. 6) shows
band A in all three ceramics is dominated by the same four
isotropic chemical shifts (6 —IX.9, —19.9, —21.5 and —2.10),
which have approximately the same relative intensities within
each spectrum. These four resonances contribute somewhat
less to the total *'P spectrum for ceramic 2 than for ceramics
1 and 3. These isotropic chemical shifts are characteristic of
metaphosphate groups (Q¢) with sodium ions in the second
coordination sphere of phosphorus; for example, Prabhakar
et al.”' reported five resolved resonances in the region § —15.6
to —26.8 from crystalline (NaPo03),, and commented that the
number of resonances was not simply related to (being greater
than) the number of crystallographically distinguishable phos-
phorus sites. It is likely that the four component signals of
band A observed in this study, which have quite different
relative intensities, are due to a mixture of phases. This is
consistent with the X-ray data. The predominance of units
is indicative of cyclic or long-chain phosphates. The crystal
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Fig. 8 X-Ray powder diffraction patterns in the range 20= 1040"" for
ceramics 1 (lower), 2 (middle), and 3 (upper)

structure of the major phase present, Na“CafPOa)”", is
unknown, however it has been suggested™'" that the structure
is a calcium-bridged trimctaphosphatc (Fig. 9). The change in
Q‘/Q' ratio with Al content can be explained by the replace-
ment of phosphorus atoms in the metaphosphate rings, through
solid-solution formation as indicated by the change in lattice
parameters. The phosphorus environment thereby changes
from Qp” to Q,' which is consistent with the appearance of
P resonances at the low-frequency edge of band B for
ceramics 2 and 3. The Q'/Q" ratio will also be influenced by
ring opening of the cyclic metaphosphates and depolyraeris-
ation; a process suggested by Hartmann ez ol.* to be catalysed
by aluminium. The Na”CazAIfPO*)”" structure proposed”- as
a component of ceramic 3 has aluminium tetrahedrally coordi-
nated by four crystallographically distinct Q,° P0,, groups.
The ~'P chemical shift for species has not been reported,
but almost certainly it will occur within the range covered by-
band B. Certainly the observation of a significant tetrahedral

Na Na

NaOPO OPOCaOPO OPONa

Fig. 9 The suggested*” structure for Na*CafPO)),

” Al signal from ceramic 3 (Table 3) is consistent with the
presence of NagCa”"AhPO"),,.

On the basis of the NMR data alone the phases in the
ceramics could include the distinct"*-** crystal modifications
of sodium metaphosphate, (NaPOj),,, or cyclic structures as
in NagPjOg. From the isotropic chemical shifts it is possible®'"
that these Q- units have sodium and/or calcium ions in the
second coordination sphere of phosphorus although Fletcher
et al." reported P shifts from binary calcium phosphate
glasses to somewhat lower frequency, in the region 0 —25
to —28.

The appearance of band B is diflerent for the three ceramics.
The most salient feature (see Fig. 7) is the number of distinct
chemical shifts, and this must be due to a complex mixture of
phases wherein the Q* phosphorus atoms have difierent combi-
nations of sodium and calcium and aluminium in their second
coordination sphere. At the high-frequency edge of the band
{0 ca. 0) Q' phosphorus influenced by sodium is expected, and
with substitution by calcium, lower frequency Q' shifts occur.
The presence of aluminium in the ceramics results in even
lower frequency resonances, in the region 6 —11 to —16,
contributing to band B. This is in accord with the observations
of Hartmann e al.” who assigned resonances in this region to
Q’ (Al, Ca, Na) species. For ceramic 2 these new aluminium-
containing species are produced at the expense of species with
resonances at the high-frequency edge of the band (sodium-
dominated O units), and arise as described above by the
conversions Qo”*-"Qt' or Oo' -»Q, '

The patterns of the sharp resonances from ceramics 2 and
3 are similar, with the addition in ceramic 3 of a broad
resonance (band C) centred at § —0.4. The width of band C
suggests it is due to an amorphous component in the sample.
The isotropic chemical shift is consistent with calcium ortho-
phosphate®' [Ca”fFO”li] or sodium pyrophosphate"®
(Na”PiO”). However the chemical shift anisotropy of band C
is AS 141, which is close to that reported"’ (46 127) for
Na”P~0?, and very different to that"® for CajfPO"), (A> 0).
There is no corroborative evidence for the presence of Na”PzO;
from the X-ray data since a low level of an amorphous phase
would not give rise to identifiable features in the powder
pattern.

With the higher level of aluminium in ceramic 3, three new
w"'P resonances appear (band D) al ¢ —27.9 7.110), —28.7
(3.5%) and —30.6 (0.7%). From consideration of the isotropic
chemical shift alone these lowest frequency resonances could
be due to one or more of the AIPO4 polymorphs which are
reported’” show resonances in the region t —24.5
to —29.5. Another possibility for these resonances is Q /
units®" similar to those from [AhPOa)”|,, which has@® its ®'P
resonance at §—30. The chemical shift tensor components for
band D (&, —91, —35 and 41) show some similarity with
those for [Al(POj)p],, (6, -120, 15 and 15), with the chemical
shift anisotropy being somewhat lower for band D (Ari 104 vs.
A0 135 for aluminium metaphosphate). However the values
for the chemical shift tensor components and the chemical
shift anisotropy for band D (see Table 4) are effective averages
for the three component resonances. Therefore an interpret-
ation of our data is that the major component of band D (6
—27.9) is a Q® resonance similar to that for aluminium
metaphosphate, and either or both of the other two resonances
are from AIPO4 for which A6 is expected®® to be near zero.
The presence of the AIPO” phase is also supported by the
tetrahedral ®"Al resonance (see Table 3). The X-ray data do
not provide evidence for or against the presence of these phases
as such relatively low levels (*7%) would not be detected in
the diffraction data.

Conclusion

The solid-state ®'P speetra of the glass ceramies show a
preponderance of Q® units, indicative of long-chain or cyclic
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metaphosphates. The **Na spectral parameters are similar to
those reported'? for the cyclic trimetaphosphate Nas(POs);,
and the X-ray powder diffraction data shows the dominance
of Na,Ca(PO,), for which the structure is thought3* to consist
of bridged trimetaphosphate rings. The presence of the small
ring structures, instead of the long-chain polyphosphates has
relevance to the long-term solubility of the materials since the
alkali-metal polyphosphates are highly insoluble.3® Because
the Q? environment dominates the materials, the Q! environ-
ment must therefore be largely due to pyrophosphate, P,O,*~,
and the various Q' resonances from the ceramics are due to
the array of different pyrophosphates possible in the presence
of the mixed cations. The broad, high-frequency band C in
ceramic 3 is probably mostly due to amorphous Na,P,0, in
the sample, in spite of the increased time employed for the
ceramic formation (Table 1). The higher fevel of aluminium in
this sample may result in less efficient crystallisation of the Q'
phases through Al cross-linking of the phosphate species. The
27Al spectra of samples 2 and 3 show that the aluminium is
predominantly present with octahedral coordination, and at
the higher concentration (5% in sample 3) there is additionally
four-coordinate aluminium. The X-ray powder pattern for
ceramic 3 indicates the presence of NaCa,Al(PQO,), for which
the Q,° 3'P resonances would fall within band B. The lowest
frequency band D in the 3'P spectrum of ceramic 3 could be
due to Q,? phosphorus similar to that in aluminium meta-
phosphate, but we cannot exclude the possibility of contri-
butions from Q,° sites from one or more of the polymorphs
of AIPO,.

The Q'/Q? ratio for both samples 2 and 3 shows a significant
increase upon ceramic formation, which does not occur for
sample 1. Hartmann et al’ have made a similar observation
for Na/Ca/Al/phosphate glasses and ceramics and have specu-
lated that the aluminium in some way catalyses the depolym-
erisation of the metaphosphate during ceramic formation. It is
noteworthy that the Q'/Q? ratios for the glasses in this study
did not vary significantly with Al,O; content, and this effect
certainly merits further study. Our observation that the Q' /Q?
ratio in the aluminium-free sample 1 is not significantly
different between the glass and the ceramic raises the possibility
of using the more detailed structural information from
aluminium-free ceramics to model the phosphate structures
in glasses.
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ABSTRACT

Two human osteoblast cell lines, MG63 and HOS (TES8S), were incubated in vitro in culture medium
containing increasing concentrations of extracts of phosphate-based glasses. The effects of the extracts on the
proliferation of the cells were measured using the MTT assay. A cell ELISA assay was used to measure
fibronectin (FN), osteonectin (ON) and bone sialoprotein (BSP), antigens which play a fundamental part in
connective tissue integrity and function. The results indicated that, over a period of 5 days, the glass extracts
did not adversely affect the growth of the cells compared with control cultures. However, the expression of
FN and especially ON, but not BSP, was found to be down-regulated, especially when cells were cultured in
the presence of the more soluble glass extracts. These findings suggest that these glasses are not cytotoxic and
could be effective for use in bone repair systems after their composition is modified to elicit an optimal
biological response from the host tissue.

KEYWORDS: soluble glasses, osteoblasts, proliferation, extracellular matrix.

INTRODUCTION

A novel group of glasses has recently been developed that are phosphate-based, the solubility
of which is directly related to their chemical composition'. Such biomaterials could promote the
growth of soft and hard connective tissue cells as occurs, for example, in the repair of periodontal
defects and bone’. The purpose of this study was to determine the biocompatibility of these soluble
glasses by examining certain key features of the cellular response of two human osteoblast-like
cell lines in vitro.

MATERIALS AND METHODS
Glass Formulations

The glasses were composed of calcium oxide (Ca0O), sodium oxide (Na,O) and phosphorous
pentoxide (P,0s). They were prepared in the form of rods, approximately 70mm long. Individual
discs, of total surface area approximately Scm?, were cut from each rod using a diamond rotary
saw. All discs had a smooth finish and appeared opaque. The P,Os mol.% weight was kept
constant at 45%. The solubility of the glasses is related to the proportion of CaO present, glasses
containing lee than approximately 20% CaO being very soluble, whereas those containing more
than approxlmately 20% are much less soluble. The composition of the glasses used in the present
experiments is shown in Table 1, which also indicates their solubility.

Preparation of Glass Extracts

Glass discs were sterilised by dry heat at 180°C for 2 h. They were placed into 50 ml Falcon
tubes containing 10 ml of cell culture medium. This latter volume was chosen in accordance with
BS-EN 30993-5 (1994), which recommends that the ratio between the surface area of the test
material and the volume of the extraction vehicle is equal to or greater than 0. 5cm?*/ml. A volume
of 5 ml of each extract was collected for each glass, after 1 day and after 5 days of incubation at
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37°C, with occasional agitation. Because of precipitation of the more soluble glasses, extracts of

all the glasses were passed through a 0.22pm Millipore filter and then stored at —20°C.

Table 1 — Composition and relative solubility of phosphate-glass preparations.

Glass No.  Solubility Composition (mol. %)
Ca0 NaZO P205
44 ++H+ 8 47 45
47 ++ 16 39 45
51 + 28 27 45
54 + 40 15 45

Cell Culture

Two human osteosarcoma cell lines, HOS (TE85) and MG63, were used in this study. Both
show osteoblast-like characteristics and are often used as experimental models for investigating
aspects of osteoblast function®. The cells were cultured at 37°C in a humidified atmosphere of 5%
CO, in air, in flasks containing 10 ml of DMEM supplemented with 10% (v/v) foetal calf serum, 2
mM L-glutamine, 50 IU/ml of penicillin and 50 pg/ml of streptomycin. The culture media were
changed twice weekly and for sub-culture the monolayers were rinsed with phosphate-buffered
saline (PBS) and incubated with trypsin-EDTA for 5 min at 37°C, prior to reculturing in 96-well
microtitre plates. Dilutions of 1:100 (1%) and 1:2 (50%) of the glass extracts were prepared using
DMEM culture medium. HOS and MG63 cells were incubated with the 1% and 50% dilutions of
the glass extracts in 96-well microtitre plates as described below.

MTT Assay for Cell Proliferation

MTT is a substrate that is converted by a mitochondrial enzyme, which is active in living cells,
to yield a dark blue formazan product. The intensity of the colour produced is directly related to
the number of viable cells, and thus their proliferation in vitro. Cells were plated at a density of
2000 cells/well in replicate 96 well culture plates and allowed to attach overnight at 37°C, after
which the media were removed and replaced by the diluted extracts. Cells maintained in normal
culture medium were used as controls. The cells were then incubated for a further 5 days. Cell
proliferation was measured after 1, 3 and 5 days using the MTT test (Chemicon, Temecula Ca.,
USA). Absorbance was measured at 560nm using a Titertek Multiskan Spectrophotometer. The
results are expressed as the average absorbance of 6 replicate wells.

ELISA for Expression of Tissue-Specific Antigens

The enzyme-linked immunosorbent assay (ELISA) requires few cells and can measure large
numbers of samples simultaneously. 2000 cells/well were seeded into 96-well microtitre plates and
incubated for 2 days at 37°C, after which the medium was removed and replaced by either 100 pl
of fresh DMEM (controls) or the respective diluted extracts. After a further 5 days of incubation
the medium was removed and the cells fixed and permeabilised with 3% paraformaldehyde/0.1%
saponin in PBS. The cells were then washed with PBS containing 0.05% Tween. Non-specific
binding was inhibited by adding 200 pl of PBS-Tween containing 1% milk to each well and
incubating for 1 h. After washing, the cells were reacted with rabbit antibodies against FN, ON and
BSP (1:1000 dilution) for 1 h. After washing, horseradish peroxidase (HRP)-conjugated goat anti-
rabbit antibody (1:5000 dilution) was applied for 30 min. After further washing, the enzyme
substrate, o-phenylenediamine dihydrochloride was added for 10 min. The reaction was stopped
by adding 25 ul of 2 M H,SO,. The absorbance was measured at 450nm.
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RESULTS AND DISCUSSION
Cellproliferation

Fig. 1 shows the proliferation of MG63 cells cultured in the presence of the glasses extracted
for 1 day (a, b) and 5 days (c, d).

Fig. la - 1 day extract, 1 Yodilution Fig. Ib - 1 day extract, 50% dilution
0.700  1mControl+ 1.800
~0.600
1.400 ,
0.500
5. 0.400 1.000 .
i 0300 0.800
0.600 .
U 0.200
0.400
U o0.100 0.200 J
0.000 :
Culture Time (Days) Culture Time (Days)
Fig. Ic - 5 day extract, 1% dilution Fig. Id - 5 day extract, 50% dilution
0.800
m Control+'
0.700 44 , 1.400
1 0.600 o 47
5 0500 1.51 000
50400 ; S 34 0.800 J
1 0300 ,
H 0.200 0.400
u 0.100 ! 1 U 0.200 J
Q000 .
1
Culture Time (Days) Culture Time (Days)

Fiigg .1.- The effects of glass extracts on the growth of MG63 cells at 1, 3 and 5 days.

There is a marked difference in the growth of the MG63 cells depending on the concentration and
composition of extract used. Extracts obtained after 1 day and diluted 1:100 had little effect on cell
proliferation, except for the glass with the highest CaO concentration (No. 54), which resulted in a
decrease in cell number (Fig. la). In contrast, when higher concentrations (50%) of extracts of the
more insoluble glasses (Nos. 51 & 54) were added, they did not affect cell growth compared with
the control cells, whereas the low CaO glasses (Nos. 44 & 47) increased the apparent cell numbers
(Fig. 1b). Similar results were obtained when the 5-day extracts were added to the cells either
dilute (Fig. Ic) or highly concentrated (Fig. Id). Flowever, the apparent increases in proliferation
caused by the very soluble glasses (Nos. 44 & 47; Fig. 1b. Id) may not have been due to an actual
change in cell numbers, but rather to an absorbance effect caused by precipitation of these glasses
in solution. This caused turbidity in the media, which interfered with the absorbance measurements
and the cells in these cultures were found not to be viable and became detached. The results for
HOS cells were very similar (data not shown). These results suggest that at low concentrations
(1%) of glass extracts, there are no obvious deleterious effects on the viability and proliferation of
MG63 cells even in the presence of the very soluble glass extracts. However, at higher
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concentrations (50%), the more soluble glasses (CaO content <20%) appeared to inhibit
proliferation, even when extracted for only 1 day.

Antigen expression

The expression of FN, ON and BSP was measured by ELISA as described. Table 2 shows the
levels of these antigens expressed by MG63 and HOS cells incubated with the concentrated (50%)
extracts obtained on days 1 and S of a soluble (No. 44) glass and less soluble (No. 54) glass.

Table 2 — Expression of connective tissue antigens in MG63 and HOS cells

Cell Glass Days of Relative Antigen Expression
Type No. Extract (% of control)
FN ON BSP
MG63 44 1 41 31 59
44 5 51 36 86
54 1 79 33 131
54 5 59 34 93
HOS 44 1 44 44 68
44 5 46 38 62
54 1 50 4] 61
54 5 61 33 60

The results show that, in the presence of the concentrated extracts, both cell types expressed all
three antigens, although at reduced levels compared to the controls. The more soluble glass (No.
44) appeared to inhibit expression of all 3 antigens more than the less soluble glass extract (No.
54), for both cell types. Thus, in MG63 cells, while FN levels were only 41 and 51% of the control
in the presence of the more soluble glass, they were 79 and 59% of control with the less soluble
glass (day 1 and day 5 extracts respectively). Similar differences were found for HOS cells. ON
was the most severely affected antigen being only 31 to 44% of control levels under all conditions.
In contrast, while BSP was 59 and 86% of controls in the presence of the soluble glass, this
antigen was unaffected by the low solubility glass (131 and 93% of control levels). In HOS cells,
however, BSP expression reached only 68% of that in control cells. The apparent down-regulation
of expression of some of these proteins by the presence of soluble glass products may be due to
direct effects on protein synthesis or to the different turnover rates of the proteins.

CONCLUSION

These studies have shown that human osteoblast cell lines can proliferate and express several
antigens even in the presence of highly concentrated (50%) extracts of phosphate-based soluble
glasses. However, while the expression of BSP was largely unaffected by the extracts and
remained near control levels, particularly in the MG63 cells, the expression of FN and especially
ON were considerably reduced compared to controls. Further chemical modification of these
glasses is now in progress in order to elicit a more optimal biological response for potential
clinical application.
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Development of Phosphate Based Glasses for Periodontology.
K. Franks*, J.C. Knowles, G.E. Hawkes, I. Abrahams, I. Jalisi and D. Lee
Department of Biomaterials, Eastman Dental Institute, London. UK.

Soluble phosphate based glasses show great potential for use in hard tissue surgery due to their chemical
relationship to bone. Variation in composition allows alteration of the solubility rate of the glasses. However,
no systematic study in the literature has been carried out to investigate the relationship between composition
and solubility and extend this to in vitro or in vivo results. The aim of this work was to characterise the
glasses by SS-NMR and X-ray diffraction and also measure the solubility and solution pH change of a range
of glasses. This work was then extended to characterise the cellular reaction to the extracts from these
materials using the MTT assay. Ten glasses were made in the ternary phase diagram Na,0-CaO-P,0;. The
P,0s content was kept constant at 45mol.% and with CaO varying between 8 and 40mol.% and the remainder
being made up with Na,O. Disks were placed in either distilled water or Hanks Buffered Saline Solution
(HBSS) and the weight change measured at various time periods. Any solution pH changes were also
recorded. For the MTT assay, the glasses were extracted in culture medium for 24 hours and the effect of
these extracts on cell proliferation was measured by MTT die uptake. From X-ray diffraction and SS-NMR,
the glasses were consisted of a mixture of pyrophosphate and trimetaphosphate groups. As expected the
glasses showed a strong relationship between composition and solubility. With increasing CaO content, the
solubility rapidly decreased. Solubility was also higher in the HBSS. For the MTT assay, again a very strong
correlation between composition and cellular proliferation was seen. Furthermore, evidence for increasing
the cellular activity above normal levels was seen.

We conclude that due to the ease with which the solubility of these materials may be altered. will allow
optimal properties to be obtained, to combine slow resorption with enhanced tissue activity.

This study was supported by Colebrand Inc.
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Biological response of human osteoblasts to soluble glasses

V. SALIH*, K. FRANKS', M. JAMES', G. W. HASTINGS?, J.C.
KNOWLES' AND 1. OLSEN® (Departments of Biomaterials' and
PeriodontologyB, Eastman Dental Institute, University of London, U.K.;
IMRE, National University of Singapore)

A group of novel glasses has recently been developed that are phosphate-based, the solubility of
which is directly related to their chemical composition. Such biomaterials could be useful for
promoting the growth of soft and hard connective tissue cells as occurs, for example, in the repair of
periodontal defects. This study has assessed the biocompatibility of the soluble glasses by examining
certain key features of the cellular response of two human osteoblast-like cell lines, MG63 and HOS
(TES8S), incubated in vitro in culture medium containing increasing concentrations of extracts of
these glasses. The effects of the extracts on the proliferation of the cells were measured using the
MTT assay and flow cytometry was used to measure expression of fibronectin (FN), osteonectin
(ON) and bone sialoprotein (BSP), antigens which play an important role in connective tissue
integrity and function. The results indicated that, over a period of 5 days, the glass extracts did not
adversely affect the growth of the cells compared with control cultures. Similarly, the expression of
extracellular matrix proteins was comparable to that of control cultures. These findings suggest that
the phosphate glasses are not cytotoxic and do not adversely affect connective tissue production.
Further chemical modifications are now in progress in order to develop formulations, which promote
an optimal biological response and could be clinically effective for the repair of periodontal effects.
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PHOSPHATE BASED GLASSES FOR HARD TISSUE SURGERY
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Department of Biomaterials, Eastman Dental Institute, University of London, 256 Gray's Inn
Road, London WCIX 8LD UK. *Department of Chemistry, Queen Mary and Westfield

College, Mile End Road, London EI 4NS UK.

Introduction Phosphate based glasses are
soluble and their solubility' in aqueous
solutions can be used to develop implant
materials, which are used as temporary
devices. Two major benefits of soluble
phosphate based glasses are (I) their
chemical similarity to the inorganic phase
of bone which indicates biocompatibility
and (2) as a temporary device, a second
device removing operation is no longer of
need. The out-leaching ions are beneficial
for the surrounding tissue and the cells can
use these ions to rebuild their own
inorganic matrix. To develop these
materials for implant use, it is essential to
understand simple phosphate glass system
in terms oftheir in vitro solubility.
Materials and Methods.. A ternary system
based on Nazo0-Cao -P20< has been
developed (with fixed P20s content of
45mol.%). To monitor the dissolution
process the weight loss has been recorded
in both distilled water and Hanks Buffered
Saline Solution (HBSS). The pH values
and ion measurements such as Ca™ and
Na” have been monitored. The bulk
glasses were characterised using DTA,
MAS-NMR and XRD. A quaternary
system K20-Na2o-Cao -P20$ has been
prepared for comparison to the ternary'
system and the same tests as above carried
out on this system. In addition,
preliminary cell culture tests have been
performed on both glass systems to
evaluate biocompatibility.

Results. The solubility of the ternary
system is very sensitive to the glass
composition. It shows an inverse
exponential relationship between

solubility and CaO content as seen in
Figure 1.
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Figure 1. Solubilitv of temarv glass
svstem in distilled water and HBSS.

With increasing CaO content, the pH of
the test solution changes less dramatically
with time. For the quaternary system, the
substitution of Naz2o with K20 gives an
increase in solubility as seen in Figure 2.

n*#d CaO contant of 20 mol%

1.00E-03
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Figure 2. Effect of KiO addition on
solubilitv in distilled water.

The ion measurements for the quaternary
system are similar to the ternary system.
Cell culture tests show enhanced cellular
activity of cells placed in extracts from the
quaternary system compared to the ternary
system.

Conclusion. The solubility of the glasses
may be easily varied and a number of
different ions substituted. The ternary
system shows bioactivity and this has been
further enhanced by development of a
quaternary system. Thus, these materials
have great potential for hard tissue
surgery.
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BIOLOGICAL RESPONSE OF HUMAN OSTEOBLASTS TO SOLUBLE GLASSES

V. Salihl, K. Franksl, M. Jamesl, G. W. Hastingsz, J.C. Knowles', L. Olsen®
(Departments of Biomaterials' and Periodontology’, Eastman Dental Institute, University of
London, U.K.; 2IMRE, National University of Singapore)

Introduction

A novel group of glasses has recently been
developed that are phosphate-based, the
solubilities of which are directly related to
their chemical composition. Such soluble
glasses are considered to be of potential
clinical value in orthopaedic and dental
surgery, for promoting the growth of soft and
hard connective tissue cells as occurs, for
example, in the repair of periodontal defects.
However, the biological response of human
cells to these materials is not well known.
This study has therefore assessed the
biocompatibility of the soluble glasses by
examining the effects of increasing
concentrations of extracts of these glasses on
cell proliferation and the expression of
extracellular matrix proteins in two human
osteoblast-like cell lines, MG63 and HOS
(TES8S).

Materials and Methods

A number of different compositions of a
quarternary glass system, K;0-Na,O-CaO-
P,0s, were prepared. The relative amounts of
P,05 and CaO were kept constant at 45 mol%
and 28 mol%, respectively. The effects of
various dilutions of extracts of the glasses on
the proliferation of cells were measured over
a period of S days using the MTT assay, in
which the intensity of the colour produced is
directly related to the number of viable cells
and thus their proliferation in vitro. Flow
cytometry (FCM) was used to measure the
size and granularity of the cells and the
expression of bone sialoprotein (BSP),
osteonectin (ON) and fibronectin (FN),
antigens which play important roles in
connective tissue repair, integrity and
function.

Results

The MTT results showed that, over a period
of 5 days, the glass extracts did not adversely
affect the overall growth of the cells
compared with that of control cultures. Thus,
while there was some inhibition of cell
proliferation at the early time period (2 days),
the proliferation rates became similar to
control cells by the end of the culture period
(5 days). The FCM results showed that, even
in the presence of the undiluted extracts, both
cell types expressed all three antigens,
although at 2 days the levels were reduced
compared to the controls, particularly of BSP,
which was only 60% of control cultures.
However, as with the growth of the cells,
expression of all three antigens by 5 days had
recovered to levels that were similar or higher
than control cells. Thus, while the expression
of some of these proteins appeared initially to
be down-regulated by the presence of soluble
glass products, possibly as a result of a direct
inhibition of protein synthesis or acceleration
of protein turnover, these apparently
deleterious effects were only transient. Both
cell function as well as growth returned to
control levels on prolonged culture.
Conclusion

These findings suggest that the phosphate
glasses are not cytotoxic and do not adversely
affect connective tissue production over an
extended period in vitro. Further chemical
modifications are now in progress in order to
develop material formulations which promote
an enhanced biological response and thereby
clinically improve the repair of both
orthopaedic and dental defects.
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Development of Soluble Glasses for Regeneration of Hard Tissue: A
Chemical and Biological Evaluation. J.C. KNOWLES, K. FRANKS, V.
SALIH and I. OLSEN. (Eastman Dental Institute, University of London,
256 Gray’s Inn Road, London WCIX SLD, UK)

Soluble glasses are a unique group of materials, which offer great potential for hard tissue
surgery. These glass based on an Nazo-Cao -P205 system, may potentially release ions which
help to stimulate osteoblast activity. The aim of this work was firstly to characterise the
glasses in terms of their solubilitv and then to canw out an in vitro cell culture study to
determine optimal compositional ranges for further study.

Glasses were made with fixed P205 content and varying CaO content (glass code 44: 8mol.%
CaO, 47: 16mol.%, 51: 28mol.%, 52: 32mol.%, 54: 40mol.%) between 8 and 32mol.%. These
glasses were cast into rods and then annealed to remove residual stress. The rods were cut into
discs solubility assessed in distilled water at 37°C. For the cellular activity assays, certain key
features of the cellular response of two human osteoblast-like cell lines, MG63 and HOS
(TES8S), incubated in vitro in culture medium containing increasing concentrations of extracts
of these glasses. The effects of the extracts on the proliferation of the cells were measured
using the MTT assay and flow c\lometr>’was used to measure expression of fibronectin (FN),
osteonectin (ON) and bone sialoprotein (BSP), antigens which play an important role in
connective tissue integrity and function. For the solubility studies, it was seen that as the
Na:U content was decreased, the solubility decreased. Furthermore, as the solubility
decreased the graphs became more non-linear. This non-linearity was attributed to differences
in the H+ and OH- attack, dependant on glass composition. A precipitate formation was also
seen which X-ray diffraction revealed to be brushite. a precursor of apatite formation.
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Figure 1. Soiubilit\' curv e for glass 54 Figure 2. Solubilih curve for glass 52
For the MTT assays, using HOS cells, after 5 days

HOS day 5
there is a strong correlation between both glass
640 solubility and dilution of the extracts. As the glass
I16d becomes more soluble (glasses 44 and 47), this
0.50 . affects the proliferation of the cells and as would be
0.00 . expected, if this is diluted with normal medium,

cellular proliferation returns to normal values. The
low  solubility glasses appear relatively unaffected
and there is evidence for the glasses increasing

Figure 3. MTT assay of HOS cells.

cellular activity even when the cells were cultured in the neat extracts. In conclusion, these
glasses mav promote enhanced cellular activity, dependant on the composition. Further
development mav be undertaken to examine other glass systems and also more complex

quaternary systems.
Cop>-right © 1999 Academy o f Dental Materials
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