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Multicomponent Glasses

The present invention relates to multicomponent glasses comprising at legst six
components of the system SI0-NuaQ-Cal-K0-8r0-MaO-Zn0-Polls-BoOs-MP,

5 {where M is a monovalent or divalent cation and x i 1 or 2), and their use as coatings.

A biologically active {ov bloactive) muterial is one which, when implanted into living
tissue, induces formation of an interfacial bond betweeon the material and the
surrounding tissue.  Bioactive glasses are a group of surface-reactive glasses and
14 glass-ceramics designed o induce hiclogical activity that results in the formation of &
strong bond between the bivactive glass and living tissue such as bone.  The
bicactivity of Moactive glass is the result of 8 series of complex physiochemical
reactions on the surface of the glass under physiological conditions, which results in

precipitation and crystallisation of a carbonated hydroxyapatite (HCA) phase.

st
4

Beeause of the ability of bivactive glasses to interact with lving tssue they have
found use 1 g number of medical applications, one of which is in providing a coating

for medical prostheses, including orthopaedic implants,

20 Metallic prosthetics are typically made of metals or metal alloys, such as titantum
{T1), Thalloy (TICAKY), Cr-Co allove and stainless steel (3161). These have good
mechanical propertics and are non-foxic, but are biologically inert. Following
unplaatation, due o the bio-inert nsture of the implant, the body encapsulates the
implant in & dense fibrous tissee layer. This can regult in poor stress distribution and

25 can ultimately lead to failure of the bone-implant interface requiring sdditions!

surgical procedures.

Coating the tnplant with a bloactive laver has the potential of mproving the bone-
implant interface by eliminating the formation of the fibrous tissue gnd resulting in a
30 direct bond o the bone, This also chiminates the need for PMMA-based cements,
which have been used to tmprove implant fixation, but have cansed some controversy

in Japan due to 8 munber of deaths resulting from PMMA-coment fixated implants.
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Hydroxyapatite (HA} {5 a bloactive ceramic similar o inorganic mineralised bone,
HA-based coatings have been plasma sprayed onte metal mmplats, bowever the
plasma spraying process results in g mizture of smorphous and crystalline phases and
complex shapes wre difficult to cost. This compositional uncertainty can resulf in
unstable degradation conditions in the body. In addition, there is 8 large thermal
expansion mismatch between HA and the metal substrate which can tead to tnterfacial

{ailore.

The FDA approved 4385 Rioglass®, developed by Hench o1 af. in the 1970s induces
HCA formation in virro and in vive by a multi-stage dissolution process. However,
4355 has a tendeney o crystallise readily when heated gbove the glass fransition
temperature (Ty). The thermal espansion coefficient (TEC) of this material is also
larger than that of molals generally wsed t make biomedical implanty, This large
thermal expansion mismaich and tendency towards deviirification rules out the use of
Bioglass® as » coating produced by enamelling, where the glass powder is apphied to

the metal substrate and sintered above T, to form a homoegeneous solid coating,

Work has been camried oul on modifying the 4585 glass composition fo increase
thermal stability and lower TEC by Tomsia ¢f of (US2002/0076528). Typically the
sitica content of the glass is raised, the slkali metal {(e.g. Na and K content is lowered
and other components are added such as magneshugn oxide and boron iroxide, These
modifications have a tendency © lower the bloactivity of the coating relative to 4585,
with the increase in the silica content dominating and reducing the hioactive response
Huoear silicate chains). Two compositions are identified which coat Htanium well
6P57 and 6POT containing 57 and &1 wt. %% Si0; respectively. However, the fonmer
glass takes I month to form HCA in sinwlated body fluid (SBF) and the later does not
form HCA at all over & 2 month period in 8BF. As a result, the sarface of coated
substrates are loaded with hydroxyapatite (HA} or 4385 particlkes to inerease the

bingetive responge,
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By tatloring glass compositions, in particular by incorporating g phosphate content
aver 3 mol % and fatloring the content of other oxides within multi-component glass
systems, glass compositions have been shown to have thermal propertios making the
glasses suitable for successful nse as a coabiag by stabilisation with respect fo
devitrification and controlling thermal expansion cosgfficient (TBC) as well
exhibiting good Moeactivity, It has also been detormined thet certain multi-component
glass compositions show anti-bscterial, biocompatible and bloactive properties
rendering them beneficial for use as active ingredients i personal care products such

as toothpastes.

Accordingly, inn a first aspoct, the prosent invention provides an alnnuniun-free glass
having the compositioan:

35-55.9 mol % Si0s;

a combined content of NapyQ and K0 of 4-34 mol 9%

0.5-9 mol % Mgy

0.5-4 mol %% ZnQy

3.1-18 mol % PoOq;

-5 mal. % BaOs;

0-3 mol % of a metal luoride; and

a combined mal % of CaO and S10 of 837 mol %,

wherein st least 2 mol % of each of Nz and K,0 is present,

In the glass composition of the invention the Si()y content may be 40-50 mol%,
preferably 43.5-47 mol%%, more proferably 44-46 mol%, $4-45.5 mol® or even more
preferably 44.5-43 mol%a.

The combined mol % content of N0 and KO may be fom 5 {0 31 mol %.

The NapQ and K20 content of a glass ot the invention may each be, independently, 2~
17 mol%, preferably 2.5-13.5 mol. In ceortain embodiments, the mol® content of
NapO and K0 15 equivalent, although this iz not necessanily the case, Increasing the

number of components within the glass composition is beneficial for thermal stability,
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Therefore, even though as a gencral principle, increasing alkali metal content lowers

thermal stability, the mclusion of both NaxQ and KO is beneficial,

The combined mol % content of Call +810 In a glass of the Invention may be 10-35.5
S ol % For glasses of the mvention, the Cald + SrO content may be made up entirely
of Ca0, entirely 10 or by a combination of Ca0 and $rQ. Preferably, both Ca0 and
SrQQ are present at a content of at least 0.5 mol %, preferably at least 1 mol%. In some

embodiments, on 8 molar basts, up fo half of the total CaQ +Sv0 content is SrO.

10 In g glass of the invention, Mg} may be prosent at 2 1o % mol %, prefarably 3 10 &5

mol. %, preferably 3 to 8.25 mmel%.

1o a glass of the invention, Zu0 may be present at 0.5 to 4 mol. %, preferably 2 w0 ¢

mei¥.

15
The content of P05 in a glass of the invention may be 3.1 to 7 mol %%, or 3.1 to 6 mol
Y. In certain embodiments, the PyOyq s at least 3.5 mel %. Accordingly, the Pa0
content may be 3.5 10 10 mol %6, 3.5 10 7 mol ¥ or 3.5 to S mole %,

20 A glass of the invenbion may alse conprise O fo 3 mel¥% ByO;, preferably 0 fo 2 mol¥%
andfor B to 3 mol. %, preferably 0 to 2 mol% of a metal fluoride, for example Cals,
Sr¥y, ZnFy, NgFo, KF or Nab, preferably CaFa.
In one embodiment, a glass of the invention may have the composition: 40-530 mol %

23 SiQy; 2 combuned content of Nax(D and K0 of 4-16 mol%; 3-9 mol % Mg(; 0.5-4

mol % Zn0; 3,110 mol % Pr0s; -3 mol. % B0y (-5 mol 8% of a metal fuoride; and

a combined content of TUa(d and SrO of 26-37 mol %6, A glass of this composition may
comprise 2-8 wol % NgO and 2-8 mol % Ky, A plass of this composition is .
particularly suited for use as 4 coating for Ti or a Ti allow.

A

The glass composition may be 40-530 mol % $i0y; a combined content of Nag( and
KO of 4-16 moi%; 2-9 mol % MgO; 2-3.5 mol % Z00; 3.5-6 mol % P305; -2 mol,
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% B0y 0-2 mol % of a metal Huoride; and g combined mol % of CaQ and 81O of
28-3¢ mol %. In certain embodiments, the content of S is 4446 mol¥, preferably
44-43.5 mol%, more preferably 44.5-438 mol%. The content of K0 and NapQd may

independently be 3-8 mol¥%, preferably 2.5-6.45 mol%,, The Mg content may be 3-0

(]

mol Y, preferably 3.25-8.25 mol%. The Zn0 content may be 2.5-3 mol3%. In certain

embodiments, the combined mol % of CaO and S$r0 15 29.35-35.5 mol %.

In another embodiment, a glass of the nvention may have the composition: 40-30 mol
% 510y & combined content of Nap( and KO of 16-34 mol%; 2-0 mel % Mg(; 0.5-

1¢ 4 mol % Zn0; 3,1-10 mol % Py0s: 05 mol. % B0y 055 mol % of a metal fuoride;
and a combined content of CaQ and 810 of 8-26 mel %. A glass of this composition
may comprise S-17 mol % NaO and &-17 mol % K0, A plass of this composition is
particularly suited for use as a coating for chrome-cobalt alloy or stainfess steel (e
316L).

H
54

Preferably, the glass composition may be 40-50 mol %% S104; 2 combined content of
NapO and KO of 16-34 mol¥; 2-9 mol % MgQ; 2-3.5 mol % Zn(; 3.5-6 mol %
P205; -2 mol. % BaDsy; 0-2 mel %6 of 2 metal fluoride; and a combined mol % of Cad
and 8rQ of 924 mol %, In certain embodiments, the content of $10, is 44-46 molls,
20 preferably 44-45.5 mol%, more pmfﬁ:rabiy 44.5-45 mol%. The content of Ky and
Ny may independently be 9.75-15.3 mol %. The Mg content may be 3-8 mol %,

3

cterably 3-7.5 miol %. The ZnQ content raay be 2.5-3.5 mol%, preferably 3 mol %.

The combined mol % of CaO and $rQ may be 10-23 mol %

oot
L9 )

In certain embodiments, the glass has the composition: 4446 mol % SiQ; {preferably
44.5-45.5, more preferably 45 mol%) a eombined content of NapyO and K0 of 18-22
~mod¥; -0 mol %% Palhs (preferably 4-5 mol¥%, more preferably 4.5 mol®%); 0-5 mol.
%% BxOs; 0-3 mad % of a metal fuoride; and & combined mol % of Cal and 810 of
19-26 mol Y% {preferably 20-33 mol¥). A glass of this composition may comprise,
30 independently, %11 mol 3% of each of NapxQO and K0 (preferably 8.5-10.5 mol 9%,
more preferably 9.75-10 wol%h). A glass of this composition is particularly suited for

ase as & conting for a chrome-cobalt alloy.
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In certain embodiments, the glass has the composition: 44-46 mol % 310, (preferably
44.5-43.5, more preferably 45 mol%); a combined content of NgaO snd KO of 28-34
mol%e;; 2-8 mol % MgQ (preferably 3-7 mol%a); 2-4 mol % ZaO (preferably 3molde);
316 mol Y PyOs (preforably 4-5 mol%e, more preferably 4.5); 0-5 mol. % Ba(y; §-5
mol % of & matal fluoride; and 8 combined mol % of (a0 and O c»f 318 mol %
{preferably 10-14.53 mol¥). A glass of this compeosition may comprise, independently,
14-17 mol %% of each of Nax0 and KO0 (preferably 15-16 mol %, more preferably,
1525155 mol%) A glass of this composition s particularly euited for use as a

coating for stainless steel {e.g. 316L).

Glasses of the frst aspect of the invention preforably have a MgO contont of 823
mol% or less, preferably 7.5 mol% or less and a combined NapO and KO content of
at least &, For glasses of the embodiments described as heing particularly suited for
cogting Cr-Co allovs oy 316L, the combined Nax(d and Ko content is at least 18

mol®s, preferably at least 28 mol%e for the glasses described ag being particularly

*suited for coating 3161

The glass may be provided in particulate form, .0, 8s a glass powder.

CGlasses of the first aspect of the invention can he used {o coat & metad or metal alloy
substrate. Accordingly, I s second aspect the invention provides a coaling
composition comprising a glase of the first aspect of the invention. The coating
composition may be for use in coating a metal or metal alloy substrate, which is
preferably 2 medical or dental inyplant and may be formed from, for example, T4, Ti-

alloy, Cr-Co alloy or stainless steel,

Prefecably, a glass of the invention has thermal properties enabling it o be coated
onto a substrale and sintered. A coaling may be formed by applying glass powderto a
substrate and sintering sbove Tg to form a solid coating, The sintering tompersture
can be, for example 800-900°C, preforably 700-800°C. The gluss composition may be

formulaied sach that erystallisation during the sintering process s gvoided.
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In addition to coatings the glasses of the invention can be used in powder form (e a8
a bone graft substitute), to form fibres (homogeneous or with a core-clad structure),
porous scatfolds, bull monoliths, & composite structore with 3 biodegradable polymer
or utilised as 3 component in a cement, with the inorganic ions coordinaiing scidic
functional groups in polymer (g, carboxylate groups in PMMA) during the setting
reaction. Glasses of the invention can be ssed 1o form a porous material in a process
comprising forming a slury of melt-derived glass particles, a polymerizable
monamer, a cross-lioker and an initistor i a solvent; adding a surfactant and a

falyst to the shary; agifating a slorry in the presence of a gas to generate a foamy;
drying & foam; and sintering the dried foam to produce a porous scaffold.  This
production process is doscribed in WQ 20007144435,

In a third aspect, the invention comprises a coated substrate comprising a metal or
metal alloy substrate and a coating formed from a glass of the first aspect of the
invention, The coating will be formed from a glass of the Brst aspect of the invention
which has been applied to the surface of the substrate and then sintered o give a
sintered plass coating. The coating may be a mono-layer coating, a bi-layer coating or
a multi-layer coating, wherein at lesst one layer i formed from 8 composition

comprising a glass of the first aspect of the invention,

The coating will typically have an overall thickness of 10-300 pm with around 100

pim being preferred (Le. 30-150 pm, prefersbly R0-120 pm).

The substrate may comprise titanivm metal, 2 titantom alloy {e.g Ti6AKVY, &

chrome-cobalt alloy or stainless steel {e.g. 3161}

The coated substrate may be a medical implant, for example an orthopaedic or dental

implant. The substrale may have an externsl surfsce completely covered by the
coating or aliernatively the substrate may be partislly coated,  For example, if the

substrate 1s a serew, coating ray be present inn the grooves, but not on the thread,
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in 2 fourth aspect, the invention provides a method of coating a substrate, wherein the
substrate is as defined in respect of the third aspeet of the invention, with a coaling
comprising a glass of the first aspeot of the invention, The coaling process nvolves
applying powdered glass {or a composition comprising the glass) to the substrate and
then sintering the glass. The method of costing may be dip coating, sedimentation oy
plasma sprayimg, use of a spray gun, electrostatic dry spraying, electrophoretic
deposition or any combination thereof. The coated substrate is heat treated 1o sinter
the glass. Heat {reatment s profersbly camied out wnder vacwmen o ensure any
bubbles formed by interfacisl reactions in the hesting process will float to the costing

surface.

Aluatininm is a newrotoxin and inhibiter of i vive bone minerslisation oven at very

low levels and the glass of any aspect of the invention is therefore shuninium-free.

Preforred featores of each of the aspect of the invention may be present in

combingtion and apply to all other aspects mudariy mutandis.

The invention may be put into practice in various wiays and a number of specific
embodiments will be described by way of example to iHlustrate the invention with

reference 1o the accompanying examples and figures, in which:

Figure 1 shows differential scanning calorimetry {DSCY traces of glasses HPL, HPZ,
HP3, HPS, HPY, BPS1, FPS, 6937, 6P61 and 4583,

Figures 2{a), (b) and (¢) show Raman spectra of glass powder of the invention and

sinfered coatings comprising these glasses, Figure 2(a) shows spectra for glass HP3
in powdered form and coated on Ti-alloy, sintered at 700°C, 725°C and 730°C, Figwre

2(b} shows spectra for glass BPS1 in powdered form and coated on Ti-alloy, sintered
at 7OORC, T25°C and 730°C, Figure 2{c) shows specira for a sintered glasy, FPSI, in

powdered form and hest treated at 800°C, TO0°C, 750°C and R0O0°C.
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Figore 3(a} and (b} show Raman specira oft (&} glass HP2 after one day, one week and
two weeks in 8BE with orystalline Cachydroxy apadite for comparison; (b glass 6P37

after one day, one week and two wesks in SBF.

1¥ 4

Figure 4 shows the results of an ALP sssay carried out with 4385, HP, HP2 and HPS

glasses,

The glasses of sl aspects of the present inveation may be bloactive glasses. A
bioactive glasy is one which, when implanted into living tissue, can induce fonmation
10 of an intertacial bound between the material sod the swrovnding Hving tissue, The
bicactivity of the glasses of the invention is a result of ion release from the glass
composition and, therefore, the glasses of the mvention should provide ion release
under physiological conditions. Accordingly, glasses of the invention gre ab least

parfially resorbable under plivsiological conditions.

feel
(]

It the context of the present invention, & metal (1) fluoride such as SeFy, CaFy, AnFs,

or MgF, or a metal (1} fluoride such as KF or NaF,

As used herein, “titamum’ relates to moedical grade titanium, for example unalloyed
20 titanium OP grades 1-4 (ASTM-F6TY. A "Tiealloy’ or “Ti6AI4V’ refers to titanium
alloyed with 6 wit. % alominium and 4 wt. % vanadium (with the balance, 90 wt, %%,

being titantum}) as detailed in ASTM F136,

As used herein, a ‘chrome-cobalt alloy’ or ‘Cr-Co alley’ refers to an slloy of

2
Lo

Chromiom and Cobsglt, optionally slse comprising additionsl elements such as

Molybdemum (for example the alloys specified in ASTM-F73, F799 FOO or F362).

As used herein, “316L7 vefers to a low-carbon steduless steed alloy of composition
<G.03 €, <2 Mn, <QU75 S, <0.045 P, <003 8, 1618 Cr, 2-3 Mp, 10-14 Ni, <01 N
30 and the balance Fe, all in wt. % (c.g ASTM A240 7 A240M}.
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The terms ‘4355 and *Biloglass®" are interchangeable and refer o the seda-lime-
phosphosilicate composition: 46.1810:-24 4Nap(3-26.9Ca02.6P,04, in mol, % {435
S10-24 SNap;O-24.5Ca0-8P2 05, in wido).

In the context of the imvention, and crystalline structwre, a ‘glass” is an amorphous
solid and a ‘glass-ceramic’ is a glass that, following sintering, has parially

crystallised and therefore has 1 mixed smomphous and crystalline structure,

Throughout the application, where a glass of the invention is described as having or
being formed from a composition of certain oxides/foorides i will be apprec:i ated that
the glass composition comprises the oxides/fluorides in the proportions Hsted, but that
other components may be present. However, in each instance where a glass
composition is listed the invention alse encompasses a plass formed from a
composition consisting essentially of the oxides and fluorides listed, 1.e. without other
compenents.  The components are piven on a batch composition basis, i in the
proportions in which they sre provided in the mixture which is melted to form the

X

2lass.

Glass Preparation

Glasses of the invention can be produced by conventional melt-cast technigues, The
reagents use fo make the glasses may be the oxides of the glass composition andfor
other compounds that decompose with hest to form the oxides, for example
carbonates. Melt-derived glusses can be prepared by mixing the appropriaie
carbonates or oxides, melting and homogenising the mixture st temperatures of
approximately 1250°C to 1300°C, cooling the mixture, for example by powing the
molten mixture into water, to produce a glass frit which can be dried, milled and

sieved to form a glass powder,

The glasses described wi the following examples were prepared by mixing some or all
of the resgents S0, NaplQy, CaC0y, KO0, Mg, Zn0, Ba(s, Pi0s, Cas(Plak,
NaP(h, NayPOy and MgFy 1n amounts calenlated to give the desired mni% of the

various oxides making up the glass composition. Sodivm phosphate and calelum
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triphosphate were preferred as the source of phosphate. It should also be noled that
Sr¥y, Cal’y, Znl;, NaF or KF can be used in plave of Mg, The reagent mixture was
melted & 1330-1400°C jn a platinem crucible, frit cast into water, collected in a sieve
and then dried for 1 hour at 130°CL The glass frifs were milled in a rofary ball mill for
30 min to produce a glass powder and then sioved to produce a glass powder having a
masimum particle size of <38 microns, The average particle size was sround 20

MICTONS,
As s well recognised in the art, glass compositions are defined in tormis of the
proporbions (molSe) of the oxide {or flueride) components in the melt mixture from

which the glass is formed.

Glass Compaositions - Coatings

Proforved glass compositions of the inveniion are set out in Tables 14, 1B, 24 and
2B, The glass compositions shown in Tables 1A and 1B are particelarly wsefid for
coating Ti and Tialloy. The glass compositions shown i Tables 2A and 2B are
particnlarly usefnl for coating Chrome-cobalt alloys (HP14-19) and 3166 stainless
steel (HP20-25). The glasses were prepared according fo the meli-cast technique
described above, with the respective amounts of the reagenis used in the melt mixtore
calculated to give the mol% oxide compogitions indicated in the table. For example,
200g of glass HP1 was prepared from 73.54g Si0s, 11.98g NayCO;, 45.95g CaCQy,

67.78¢ SrC0s, 15.62g K200, 8.54g MO, 6.90g a0 and 18.05g PL0s,

Imporfant  properties laken inte asccount when designing glasses for coaling
applications included thermal stability, thermal sxpaﬁsim coefficient matching with
the substrate and biosctivity, By tetloring the glass composition, the necessary
thermal characteristics to give 8 good coating material can he combined with a glass
that extubits good boactivity, Specifically, improvements in properties were achieved
by increasing the phosphate content {(the majority of previoudy known glasses have

cither ne phosphate or a very low phosphate comtent} and decreasing the SiQ; content.
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in addifion, tmproved properties were achieved by inclusion of magnesiom and zinge,
bt at a low content. Mg and Za are attractive components as they are non-toxic and
zine 15 bacteriocidsl. This is beneficial in & coating to reduce the risk of wound
infection, speed healing and reduce the need for painful revisional surgery. Moreover,
Mg and Zn (a5 well as silice) stabilise the glass thermally, allowing it to be sintered

inte a coating.

To achieve gond bioactivity, it is desirgble fo have super-satwation of the
physiological environment with ealctum, strontium and phosphate fons, by dissolution
of toms frem a glass. This drives the chemical eguilibriom towards spatite
precipitation, bul will not be scen in glasses which do not degrade rapidly. Mg and Zn
are known to block apatite crystal growth due to thelr poor solubility in the apatite
lattice. Thus, too high & magnesivm and zine content will prevent o glass that
mineralises in wive in an sceeplable time pericd. Accordingly, = balance must be
found between sinterability and chemical solubility of the glass and by haeving
magnesion and zinc present ab the amounts specified in the glasses of the invention a
balance between the thermal properties required for suecessiul coating and bicactivity

is achicved,

Table 1A (Compositions in mold):

ID_| HPL | HP2 | HP3 | HP4 | HPS | HP7 | HPR
,,,,, Si0; | 45000 4500 4450 44501 4500 4500 45.00

NaxO 4001  3.00 4.00 2.50 5.00 S.00 3.85

CaQ | 16251 30001 1800 17751 27.001 31001 30.00
""" SO | 16251 0000 16007 1775 3N0F D001 008
""" KO | 3000 SO0 400 2300 500 300] 585

Mgt 78010 7S04 7000 7500 7500 7301 53D

3204 0.00 0.00 Q.00 .00 .00 (.00 0.00
MF, .00 0.00 0.00 (.00 (.00 0.00 0.00

ZnC | 3.00 3.00 2,50 3,00 1.00 3.00 3,40
P05 4.30 4.50 6.00 4.50 4.50 3.50 4.30

D HPY | BP0 | HPIL | BPI2Z | HPI3 | BPS1 | FPSI
SiOs 45001 45001 45001 45001 45001 45001 45.00
NaO .35 6.85 500 5.00 5.00 4.30 4.50
CaO ID00T 30001 20251 IL7ST 34251 157S) 1550
S0 (.00 0.00 0.00 (.00 0001 15751 153D
e £.35 6,85 3,00 500 300 4.50 4.50
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MeO 4801 3.80 828 5751  1332% 3,00 S50
B0 Q.00 0.00 0.00 GO0 000 2.00 0.00
MF, 0.00 .00 0.00 D000 000 0.00 2.00
Zn0 3.00 3,00 3.00 3000 300 3.0 3.00
Pals 450 4.50 4.50 4501 4501 4350 4.50

Table 1B (Compositions in wid):

Oxide HPY HP2 HPI HPY HPS HPT HPE HPY
Si0: 3777 4256 3708 3774 4183 43,15 4234 4180
NagpO 350 488 345 219 477 485 565 610
Cald 1287 2048 1248 1405 2331 2774 2822 2607
SrO 2379 Q.00 23.06 2398 479 000 000 Q.00
K0 8§32 741 524 1332 725 752 839 927
Mg 427 476 382 427 465 482 384 30
10 B0z Q00 000 000 0.00 000 000 000 000
' Mgk, 000 000 Q00 030 0060 000 000 (00
ZnO 345 384 28} 348 376 390 31 A7
P0s 202 1006 1184 602 983 7983 995 Q80
Total  100.00 100.00 104.00 100.00 100,00 100.00 100.00 100,00

¥4

Oxide HPIO HPI1 HPI2 HPI3 BPSI FPSI
Si(; 4165 4264 4238 42,12 3784 382
Nag;O 634 489 486 483 390 392
Cald 2591 2887 2790 2892 1236 1222
20 SQ 0 000 000 000 000 2284 22359
B0 984 743 738 734 393 3
Mg 236 524 363 204 282 312
B0 000 000 000 000 195 0.0
Mgh; 000 000 Q00 000 000 1L
25 ZrQd 376 385 38 380 342 343
Po{dy 984 1007 1001 995 894 R98
Total 100,00 100.00 100.00 100.00 100.00 100,00

Table 2A {compuositions in mole):

iD | HPI4 | HPIS | HPI6 | HPI7 | HPIS | HPIO
S0y | 4500 | 4500 | 4500 | 4500 | 4500 | 4500
NaQO | %78 975 975 10,00 1 1000 | 1000
CaQ | 2300 | 2070 | 11.50 | 2000 | 1800 § 10.00
S .00 230 1 1130 | 000 2.0 10.00
KO 1 975 975 978 1000 | 1000 | 1000
Ma(y | 3.00 5.00 SO0 | 750 750 7.30
B0 | 000 0.00 3,00 000 | 000 0,00
MF, (.00 0.00 .00 .00 000 | 000
ZnO | 3.00 3.00 300 1 300 3400 3.00
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Po0s | 4.50 4.50 4,30 450 4,50 4.50
I HP20 L HP21 | HP22 | HP23 | HP24 | HPS
S0 | 4450 1 4450 1 4450 | 44950 | 4450 | 44.50
Nagd | I525 { IS25 | 1528 | 1530 | 1550 | 1350
Cad | 1450 1 13035 1 723 | 1000 { 200 300
Qe GO0 | 145 728 0.00 1.00 5.00
Ko | 1825 1 1828 | 1825 | 1850 | 1550 | 15.80
MO | 300 1 300 | 300 | 7.00 7.00 7.00
B0y | 000 .00 .00 0,00 0.00 0,00
MF. | (.00 4.00 0.00 0.00 0.00 0.00
Zn0 | 3.00 200 3.00 3.00 3.00 3.00
POy | 430 4.50 4,50 4,50 4.50 4.50

Table 2B {compositions in wi%sh

Oxide HP14 HPIS HPI6 HPI7 HPIR HPIQ HP20 HP21
Sith 4096 4020 3783 4114 4055 3836 3891 3832
Na;O 216 901 R45 943 930 879 1375 13.62
Cad 1954 1730 902 1706 1514 796 1183 1054
SrQ 000 3535 1647 000 311 1470 000 218
K0 1391 1369 1285 1433 1413 1337 2090 2069
Mg 305 300 282 460 453 429 176 174
B.0s 000 000 000 000 000 000 000 000
Mgk, 000 000 000 000 000 000 000 000
ZnC 370 364 342 37 3686 346 355 382
P.Os 9068 952 884 972 938 906 829 920
Total 100,00 100.00 100.00 100,00 100.08 100.00 100.00 100.00

Oxide HP22 HP2Y HP24 HP2S
Sy 3705 3920 3883 3788
Ne;O 13,10 1409 1399 1361
CaQ 503 822 735 397
SvG 1041 000 151 734
K0 19850 2141 2126 20069
MgQ 168 414 411 400
Bady 000 0043 000 Q00
MgF, 0.00 000 000 000
Znid 338 3358 3586 346
P05 B8Y 937 B30 Q05
Total 10000 100.00 100.00 100.060

As the major component of the glasses is silica, the silice confent tends to dominate
the properties. As the silica content increases the non-bridging oxygen coutent
decreases and there wre more network linkages. This is associated with a more rigid

glass network so chemical reactivily decreases (dissclution and bicactivity} and
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thermomechanical properties incresse {crystallisation resistance, softening peint,

mechantcal strength),

As phosphate content is increased the glasses also become less thermally stable as you
are increasing the size of the phosphate phase which increases the surface area of
heterogeneous nucleation sites (phosphate droplets) Hor the silicate phase to nucleate

and crystallise on.

As g comparison of the compositions! design of the glasses of this invention fo the
glasses of Tomsia e o (US2002/0076328) and also those disclosed in
WO2007/144662, taking 4585 as a starting point, Tomsia increasss Silkh
significantly, keeps P3O« the same, drops Na;©O and CaO and adds K0 and MgQ. In

W07/ 144062, Si0y increases shghtly, POy Nep (OO and CaO drop, and K0, Sy,
Zn0 and Mg are adided,

To wrrive at the glasses of this invention a different approach is taken, in which 810y
cortent is dropped, and phosphate content ts increased. This approach has obtaiped
good bicactive responses coupled with good thenmal stability, This can be attributed
¢ (a) the large number of components in the glass that increases the entropy of
mixing which i3 3 bamrier to orystallisation due to the energy barrier needed io
regrrange at the atomic level and Torm a oritical size nuclet; and (b} as the phosphate
phagse forras PO’ complexes, these need modifier ions to charge balance. This takes
non-bridging oxygens out of the silicate phase, so the glass is slighly more
polvmerised than i indtially sppears from the composition. This will thermally
stabilise the glass but not affect the dissolution behaviour significantly, Accordingly,
incresses in phosphate nt play a major role in obtaming thermal stability without

dinninishing solubility and wnseqm:ntiy bicactivity.

As biosctivity and crystallisation resistance change rapidly arcund the metasilicate
{S0% SOy} composition the glasses of this invenfion are just on the right side of the

fransition in properties.



{0

fod
Fonc)

WO 2011/000865 PCT/EP2010/059277

16

In summary, bioactivity has a structural dependence but it is alzo element dependent
{Ca, P, St m particular, so a lead-metasilicate glass would not form HA i wive); the
silicate content snd hence structure does not divectly cause HA deposition, it controls

the rate other long are released into solution to form HA.

Thermal Propertics

The glass compositions of the invention have been designed to have a thermal
expansion coefficient that either mafches or is shightly higher than the thermal
explanation coefficient of a metal substrate {for exampie, titanium, Ti-alloy, Tr-Co
alloy or 3161}, This will ensure that in the coated subsirate there are either minimal
thermal stresses or compressive thenmal stresses.  As an example of this, glass HP1
was coated onto a stip of TIOAMV. A concave curve on the metal strip wag
ohserved, indicating the glass to have a slightly higher TPC than the metal and
consequently putting the object in compression. This is desirable for brittle material

such as glass.

Difterent short scanning (DSC) was carried out on selected glass powders in order to
obtain the thermal data set out above, namely the onset of the glass transition
temperatore {Ty), onset of orystallisation (1)) and peak crystallisation (1) of the
glasses,  Glass samples were rim between 200 and 1000°C at a heating rate of

18°Cimin,

The glass transition temperature (T} of the glasses of the invention is sefficiently low
and the T Ty 18 maximised o ensure that viscous flow sintering will occur below the
alpha to beta phase fransition of the metal substrate, which is sccompanied by a large

volume change,

The thermal expansion coefficients for some common biomedical material are: Pure
titanium and TIGAMY - 92 x 10%°CT, OrCo (Vitalliom ~ ASTM F75) - 14.0 x 107

Sorrt 4885 - 151 x 10700 and 316L ~ 17.5 x 10°%0 ),
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Taking tianiom snd Ti-alloy as a specific example, as mentioned above the thermal
expansion coefficient for pure titanium and TICAMY is 9.2 x 10™C7. The thernwal

properties of various glasses of the invention are set out in Table 3;

Table 3:

D T, 00 L T.00 | T,0C | T-Te (fCQ) | TEC («10% °C)
1Pl £08 756 500 150 11.1
Hp2 SO0 72 767 123 114
HP3 H06 781 772 145 11.2
HP4 641 778 804 134 112
HPS 599 842 914 243 11.2
HPS | 63 004 946 307 111
HP? | 597 928 968 13} 11.1
FPS1 | &7 701 731 126 112
BRST 583 06 | 729 123 112

As can be seen from the data set out above, the glasses shown in Table 3 have a TEC
slightly above that of T1 and Ti-alloy. The working range (Tx-Tg) of all glasses of the
first aspect of the invention 13 >100°C. Moreover, the optimum firing temperature for
these glasses 15 in the 700-800°C range. This is well below the alpha to beta phase
transition of titantum which cccurs in the range of 955 to 1010°C (for TIGAMV). At
T30°C, the glass powders can be fired for 30 winutes onto tHauium or Ti-alloy
without significant inferfacial reactions occurring. Diffusion of metal {ons from the
metal or mmetal alloy substrate {eg. Th, V, Al is Hmited to aronnd a 5§ micron

interfacial region when fred at 750°C.

Glasses of the invention which are described as particularly suited for coating Ti or
Ti~aloy prefersbly have a TEC in the range of 9-11.5 (x10°%C), glasses described as
particularly suited for coating a Cr-Co alloy preferably have a TEC in the range of
13.5-16 (x10°%°C) and glesses described as particutarly soited for coating stainfess

steel, preferably have a TEC in the range of 17-19.5 (x16°°°C),

Preparation of Coated Substrates

Glass powders prepared as described abeve were used to coat subsirates by dip

coating (using a suspension in a chloroform-PMMA selution or an ethanol-glass
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shary) and sedimentation (from a suspension in ethanol}. The coatings were fired in a
dental porcelain furnace (Jelus V.LP. Universal) which was preheated to 42000 at
which point vacuum was applied and held for 30 minutes, The furnace was then
heated at H0°Ciminute to 750°C and held for 30 minutes.  The vacuwum was then
removed and the sample cooled slowly o 120°C at which point the sample was
remved from the furnace. This firing schedole does not produce any prain growth of
the titaniam or Ti-alloy and hence no reduction of fatipue strength of the metal would
be expectad,  In one experiment, g dental sorew was suocessfully coated with glass
HES. The thickness of the glass layer could be controfled and & screw produced
comprising & coaiing in the grooves, where bone would not typically osscointegrate

and an un-coated thread to preserve the cutting edge of the screw.

The amorphous nature of the glasses and coalings was sssessed nsing Raman micro-
spectrometry between 200 and 1200 em™. Samples were visnally inspected for cracks
and other defects.  Samiples which bonded well were selected for forther study by
cross-sectioning in epoxy resin and examining with scanning electron microscopy and
energy dispersive x-ray analysis (SEM-EDX). This allows assessment of the quality
anad chemistry of the interfacial region bobween the glass costed and the metal

suhsirate,

Glass-ceramic coatings were prepared from horate and fluorine confaining glasses,
with miner orvstalline components forming during beat treatment.  Generally
crystatlisation in glass coatings should be avoided as it can have negative effects on
bloactivity,  Accordingly, within a sinfered coating of the invention the glass
amorphous struchure s preferably refained.  However, some crystallisation of an
grthophosphate phase in the borate and Duorine plasses did not adversely affect
coating properties, provided the crystalline components do not induce any negalive
cellalar response, do not hinder glass depradability and eccur only within the glass
arthophosphate phase. In fact, apatite-like fluoroapatite crvstals which can form with
fluonne containing glasses present at minor levels with nancescale orthophosphate

hase toughened the coating and provided epitaxial growth sites for HA orystals,
P g
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Raman spectra were carried on the powdered plasses as well as on simered plass
coatings. These are shown in Figures 2{a), (b) and (¢} It can be seen from these
spectra that the sintered glass coatings exhibit identical Raman spectra to the
unsintered glass powders, indicating that no structural changes have cecwrred on
processing.  Small changes are seen in coatings comprising borate or chloride. The
main vy orthophosphate {{") phosphate vibrational band at 960 cm” sharpens and
shifts slightly to a higher wave number, indicating nanocrysiailites of a phosphate
phase close in structure to apatite.  This band is g result of the nondegenerate P-O

symmetric stretching mode.

Measurement of bioactiviiy

The rate of development of a hydroxyearbonated apatite (I1CA) layer on the surface
of glass exposed to simulated body fhuid (SBF) provides an in viteo index of
bioactivity. In the context of the present invenfion, a glass is considered to bhe
bicactive if, on exposure to SBF in accordance with the following procedure,
deposttion of a crystalline HCA layer occurs, Following this procedure for glass HPZ,

HCA formation was seen in vifre in 2 weeks, which is comparable to Bioglass®.

Preparation of Stmulated Body Fluid (SBE)

The preparation of SBF was carried out according to the method of Kokubo and
Tokadama, Biomaterials 27 {2008); 2907-2913 with one lifre of SBF containing the

following reagents dissolved in distilled water:
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Order Reagent Amount
i Na(l 8.035g

2 NaHCO; 10385

3 K 0.225g
4 KaHPOLIHO 0.231g
3 MgCl,6H20 0.311g
6 1. Om-HCl 39m}

7 CaCl, 1 o2%we
8 NSO, ' 0.072g
9 Tais 6.118g
10 | LOm-HC 0-Smi

Assay to deterntine bloactivity:

(Hass powsders were analysed using the standard (ISO23317) simulated body fhad
{SBF} test to delermine in vitro apatite forming abhility, an indicator of i vive
behaviowr. In the analysis, glass powder was used rather than a solid disk specimen.
The amount of glass powder used was caloulated to give a surface area ratio of the
powder to the SBF volume comresponding to the ratio given in the standard, which

was 67.53 mg of 223 micron diameter glass powder to 60 mi of SBE,

The formation of HCA can be measured by micro-Raman spectroscopy. After soaking
in SBF for 1 day, 1 week, 2 weeks, 3 weeks and 4 weeks, the dried powders were
analysed using micro-Raman spectroscopy to observe the development of the

characteristic HCA phosphate vy vibrational band st sround 960 em ™.

ALP Assay

Bioactivity can also be measured in an & wire homan osteoblast ALP assay as
dusertbed below, in which alkaline phesphutase (ALP) ix a marker for bone
mineralisation. In this assay, human osteoblast cells are cultured in glass dissolution

progucts,
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Caolnue media preparation: Glass powder was sterilised (3mg in & well plate) by UV
light, Glass-conditioned mediwn was prepared by incobation of 1 g glass particalate
m 100ml of DMEMF-12 NUT medivm containing 1% A/A gt 378C, 5% OOy
overnight. Following Rliration, the elemental concentrations were determined using

S Inductively Coupled Plasma {ICP) Spectroscopy.

Cell culture: SAOSZ cells were cultared in RPMI 1640+ 10%FRS+2mM L-glotamine.
30,000 cells were seeded per ont® on tissue culiure plastic in weoll with sample. Cells
were allowed to attach for 30 minutes. The wells were topped up with media and

10 changed every other day,

Assays
Remove all media, add 300ul DMSQ, transfer 100ud of 1t to 3 now well and read at

13 620 num. {This assay shows metabolic activity).

ALP: Remove all media, add 300l ddH;0, freeze-thaw, mix S0ud cell lysates with
50ul ALP sclution {0.1M Glyein0.IM ZnCl, 0.1M MpClh,1 tablet aitropheayvi
phosphate tablet per § mi), Stop reaction with 1M NaOH for 30u! per well. Read at

20 405nm.

Total DNA: From same cell lysates; mix 30p! cell lysates with 30pl Hoechst
Dye(R0ng/ml in TNE Buffer-10 mM Tris 1mM EDTA 2M NaCl pH 7.4). Read at
exe. 360mm em. 460 nm. (Rage R, Mitchell J, Wilding (G, Analyticsl Biochenustry
191, 31-34,1900)

[
L

Rosults of the ALP assay {(normalised to DNA} are shown in Figure 4. In Figure 4 the
glasses are plotted, from lefi to right, in order of Sr content, 1.e. 45385, HP2, HPS and
HPI. ALP is generally higher for glasses of the invention and increases with Sr

30 conlent,



i

[

T

]

(%]

0

o)

WO 2011/000865 PCT/EP2010/059277

Additional Cell Assay Results

(Hasses HPS, HP2 and HPI were produced by a melt-quench route. 1.3 /L. of glass
powder {<38uun} was added o the RPMI 1640 culture medinm and incubsted on g
rotler at 37°C for 4 hours and then excess glass was filtered. The dissolved ion
concentrations were confirmed via inductively coupled plasma-mass spectrometry
{ICP-MR3}. The culture media enriched was sapplemented with 10% (w/iv) FBS, 2mM
L-glutamine, 1% (w/v} pentcillin-streptomyein snd bone mineralizing agents {5 mM
B-glycerophosphate and 30 pg/ml ascorbic acid). 8a Os-2 human osteosarcoma cells
were plated at 30,0004%m” for metabolic activity (MTT) and alkaline phosphatase
(ALP) analyses, whereas for tetracycline staining a density of 34,400/cm™ was used.
4385 was used o control in all experiments. MTT activity based on redaction of &
tetrazolim salt was messured on days 1,7,14 and 21 post-plating. ALY activity was
measured using p-nitropheny! phosphate as a substrate and normalhized to cell number
against lactate dehydrogenase (LDH) enzyme activity which measures the conversion
of tetrazolium salt {INT) to red formazan. 10 ughml of tebracycling HCY was added
to cultures after 20 days to visnglize newly formed mineral fluorescence images were

taken after 24 houra. A semi~quantitative analysis of fmages was performed.

All of HP1, HPF2 and HPS showed a similar level of metabolic activity to 4385, ALP
getivity affer 7 days in cultwe was enhanced in all coting glasses compared to 4385,
Sals-2 exposed to HP1, HP2 and HP3 showed greater ALP activity compared o
4585 after 14 days in culture. Sals-2 treated with dissohution tons displayed bright
staining for tefracycline staining compared to all groups including 4585 after 21 days.
A posttive correlation between Sr substitution and tetracycline staintng was confirmed

by semi-quartitative analysis of stein area.

ALP activity per cell, a marker of actively muneralizing cells was higher in cultures
treated with HP 1, HP? and HPS compared to Bioglass® 4383, The increasing

addition of Sr resulted in proporiional increases in ALP sctivity, This is in agreement

- with results from tetracycline staining which show the brightest staining for bone

nodule formation in cultures treated with HPL.
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Claims
I An aluminiom-free plass formed from the components:

35-55.9 mol %% $10y;

a combined content of Nap© and K20 of 4-34 muol %
£.5-9 mol 3% MgO,

0.5-4 mol % Zn(y

3.1-10 mol % P0g

*5 mol. % B0y

0-3 mol %% of a metal fluoride; and

a combined mol % of Ca0 and 8rQ of §-37 mol %,

wherein at least 2 mol % of cach of NayQ and KO is present.

2. The glass of claim 2, wherein the SiOp content is 40-30 mol%e, preferably
43.5-47 mol%%, more preferably 43-46 mol%, 44-45.5 mol¥% or even more preferably
44.5-45 mol%,

3. The glass of claim 1 or claim 2, wherein the content are each independenily, 3-

17 mol%, preferably 2.5-15.5 mol%.

4, The glass of any preceding claim, wherein both Ca®? and $rQ are present at a

content of af least 0.5 mol %, preferably at Jeast 1 mol%,

5. The glass of any preceding claim, wherein the glass comprises one, more than
one or all of the following:

a} an MgO content of 2 to ¥ mol¥%, preferably 3 to 8.3 mol%%, profersbly 3 to
8.23 mol%:

by a Znd} content of 2 to 4 mol¥y;

¢} a minimum P05 content of 3.5 mol% andfor @ maximum P05 comtent of 10
mol%, 7 mol% or & moldo:

d) # BaO: content of 0 1o 3 mol%, preferably 0 to 2 mol%; and

&) a metal fhionide comtent of 0 to 3 mol%%, preferably 0 to 2 molde.
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f. The glass of any preceding claim, having the composition: 40-30 mol¥% Si0y;

& combined content of Nax(d and B0 of 4416 mol¥%; 2-9 mol % Mg, 0.5d mal %
Zn0; 3.1-10 mol 9% PyOg 05 mal. % BaOy 05 mol %% of a metal Hluoride; and a

combined content of CaQ and 5S¢0 of 26-37 mol Y.

7. The g;i.ass of claim &, wherein the glass comprises one, more than one or all oft
a) mol % Nag();

B} 2-8 mol¥h KOy

¢} 2-3.5 mol % Znd;

&) 3.5-6 mad 96 POy

e} -2 mol¥% B0y

} -2 moi% of a metal Huoride;

@} g combined moi®s of Call and SO of 240-36 mol %6 and
h} a Si0y content of 44-46 mol%s,

&. The glass of any one of claims 1 to §, having the composition: 40-30 mol %
Si(}g; g combinad content of Nax and k:@ of 16-34 mol%; 2-9 mol % MgQ; 0.5-4
% ZnQY; 3110 mol % P04 0453 mol. % 8205 0-3 mol % of & metal fluoride; and

a combined content of CaQ and 3r0 of 8226 mol %,

a} 817 mol¥ Napy(y
b) 817 molt KO,

<) 2-3.5 mol % Zn(,

d) S-6 mol% PaQOs;

e} -2 mol%s B:04;

f) -2 mol% of a metad fluoride;

£) a combined mol% of Ca0 and 10 of 224 mol %; and

I $4-46 mols, 810,
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10, The glass of claim 8 or 9, having the composition: 44-48 mel % Siy; 2
combined confent of NapO and K0 of 18-22 mol%s; -0 mol % P05 05 mol, %
Ba(s; 0-5 mo! % of a metal fluoride; and g combined mol % of Ca) and Sr0 of 16-26

mol¥s.

£l The glass of claim 8 or 9, having the composition: 44-46 mol% 510y a
combined content of Na;U and KyO of 2834 mol¥oy; 2-8 mol % Mp0; 2-4 mol %
a0y 3.1-6 mol 3% P04 0-5 mol % Bo0Os; 08 mol % of a metal fluonide; and a

comibined mol % of Ca0 and SrO of & 15 mol % .

12, The glass of any preceding claim, having a MgO content of 825 mol% or less,

and g combined NayO and KO content of at least § mol%,

The glass of any preceding claim, wherein the glass is in particulate form,

14, A coating composition comprising a glass as defined in any one of ¢laims { to

13, A coated substrale comprising a metal or metal alloy substrate and o sintered

coating formed from a glass as defined in any one of claims 1 o 13,

16,  The coated substrate of claim 15, wherein the substrate comprises Utanium

metal, & Htanium alloy, a chrome-cobalt alloy or stainless steel,

17, The cogted substrate of claim 15 or 16, which is a medical or dental implant,

for example an orthopaedic or dental implant.

i8. The coated substrate of any one of claims 15 to 17, wherein
¥

a) the sabstrate comprises Ti or T1 alloy and the coating is formed from a glass as

defined anvoneofclaims 1 0 7, 12 0r 13
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b} the substrate comprises Cr-Co alloy and the coating is formed from a gluss as

defined in any one of claims 1 t0 5, 8 to 10, 12 or 13;

<) the substrate comprises stainless steel and the coating is formed from a glass
3 as definped 1o any one of claims T 0 5,8, B or 11 o 13,

19, A method of coating a metad or metsl alloy substrate, comprising applving 2

glass as defined in any of claims 1 10 13 to the snbstrate and then sintering the glass,

& 20, A glass as defined in any one of claims I to 13 or 8 composition of claim 14,

for use in coating & metal or metal alloy substrate.
21, A porous scaffold comprising a glass as defined in any one of claims 1 to 13,

13 22, A glass, coating, coated sohstrate, glass powder or method substantially as

deseribed herein with reference to one or mors of the examples and/or gures.
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