WD 20051051447 PCT/ 6B2004/ 004550 Biomaterial The present invention rel ates
to the field of synthetic bone, dental materials and regeneration scaffolds
for 5 bi onbd 28508841 i cations and, in particular, to syntHel/GB200EMSSO dent al
material s and regeneration scaffolds and their precursors conprising
col | agen, a cal ci um phosphate material and one or nore glycosam nogl ycans.
10 Natural bone is a bioconposite of collagen, non- coll agenous organic
phases i ncl udi ng gl ycosam nogl ycans, and cal ci um phosphate. It's conpl ex

hi erarchi cal structure leads to exceptional pechanical properties including
high stiffness, strength, and fractugégﬂﬁﬁﬁﬁﬁéis, which in turn 15 enabl e

bones to withstand the physiological stresses to which they are subjected
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10 Natural bone is a biocomposite of collagen, non-
collagenous organic phases including glycosaminoglycans, and
calcium phosphate. 1Its complex hierarchical structure leads
to exceptional mechanical properties including high
stiffness, strength, and fracture toughness, which in turn

15 enable bones to withstand the physiological stresses to
which they are subjected on a daily basis. The challenge
faced by researchers in the field is to make a synthetic
material that has a composition and structure that will
allow natural bone growth in and around the synthetic

20 material in the human or animal body.

It has been observed that bone will bond directly to
calcium phosphates in the human body (a property referred to
as bioactivity) through a bone-like apatite layer formed in

25 the body environment. Collagen and copolymers comprising
collagen and other bioorganics such as glycosaminoglycans on
the other hand, are known to be optimal substrates for the
attachment and proliferation of numerous cell types,
including those responsible for the production and

30 maintenance of bone in the human body.



Hydr oxyapatite is the cal ci um phosphate nost commonly used as constituent
in bone substitute materials. It is, however, a relatively insoluble

mat eri al wewan2menfiased to other fornms of cal ci um phosphaPeT/GBRE0645S0 such
as brushite, 5 trical cium phosphate and octacal ci um phosphate. The
relatively low solubility of apatite_can_be a di sadvantage when producing a
bi omaterial as the rate of resorption of the material in the body is
particularly slow 10 Cal ci um phosphates such as hydroxyapatite are
mechanically stiff materials. However, they are relatively brittle when

conpared to nafiyHORYGRALIGR |iaydie Calcibtmhniriiale toedh FareeRby, but
has rel atiyely a]ISO\gonsste -fgd]aq]sc]s WheR, o s%%u%@%#{g)lrigfg?' E)f tals 15

conpri sing copolymers of collagen and gl'ycosam nhogl ycans ar e "t ougher

and stiff éowdvatr,cel lrgertialange, itudl Wilid Imdweanei aY ebwén vedyphoadstof f ness
when conpared to natural bone."™ PrevioQus attenpts in the prior art of

produci ng °&hexp formsh&tfi CalgHars asrhate materAlhauey aaprbvalite,
mechant cal, .t ve i ' tif Ss over
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conbi ni ng redladtdge] yandwpailidie hity retheprtciale aw Nnge Sudhs advecnhage cal
nmethod is described in 25 EP-A-0164 484. Later developnents |n the
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hydr oxyapg ate¥aldagen and &#ﬁp?f;&éﬁfb%ﬁ?; hy. the mechani cal

m xi ng 30 of these conponents | scr P- A-0214070. This
docunent further describes dehydrotherm c crosslinking of the

chondroitin-4=sulphate to the collagen. N%E%Eials WD 2005/ 051447
PCT/ GB2004/ 004553 c1um phosphates such as hydroxyapatite are

mechanically stiff materials. However, they are relatively
brittle when compared to natural bone. Collagen is a
mechanically tough material, but has relatively low
stiffness when compared to natural bone. Materials

15 comprising copolymers of collagen and glycosaminoglycans are
both tougher and stiffer than collagen alone, but still have

relatively low stiffness when compared to natural bone.”

Previous attempts in the prior art of producing a
20 synthetic bone-substitute material having improved
mechanical toughness over hydroxyapatite and improved
stiffness over collagen and copolymers of collagen and
glycosaminoglycaﬁs include combining collagen and apatite by
mechanical mixing. Such a mechanical method is described in
25 EP-A-0164 484.

Later developments in the technology include producing
a bone-replacement material comprising hydroxyapatite,
collagen and chondroitin-4-sulphate by the mechanicél mixing
30 of these components. This is described in EP-A-0214070.
This document further describes dehydrothermic crosslinking

of the chondroitin-4-sulphate to the collagen. Materials



3 conprising apatite, collagen and chondroitin-4-sul phate have been found
to have good bi oconpatibility. The nechanical mxing of the apatite with

t he col | agawQ 2@88@d5@pt i onal |y chondroitin-4-sul phate, esspar/iGBRO0H/0045505
collagen / 5 chondroitin-4-sul phate-coated particles of apatite. It has

been found that such a material, aItho§gh bloconpatlble produces |imted
in-growt h of natural bone when in the human ani mal body and no
renodel i ng of the cal ci um phosphate phase of the synthetic material. 10 The

present invention seeks to address at |east sonme of the praoblens aSSOCIated
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brushite and one or nore osanlnog? §ans, salg process conprising the
st eps of pnnwiﬂgngfahhacéphtlaquemuh shéutobhagenpr eadngptdehnladden, a

cal cium source_and a phosphorous source ang%one 20 or _nore
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triple co precipitate termtriple co- e enconpasses
preci pi t atbheen of o tiweesconpaundsenhel g amEhougbobmdsompat&bbeen
precipitated at substantially the sanme _tine from the s
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conponent s een precipitated separa e for instance in d|fferent
phase of the synthetic material.

10
The present invention seeks to address at least some of

the problems associated with the prior art.

In a first aspect, the present invention provides a
15 process for the production of a composite material
comprising collagen, brushite and one or more
glycosaminoglycans, said process comprising the steps of
providing an acidic aqueous solution camprising
collagen, a calcium source and a phosphorous source and one
20 or more glycosaminoglycans, and
precipitating the collagen, the brushite and the one or
more glycosaminoglycans together from the aqueous solution

to form a triple co-precipitate.

25 The term triple co-precipitate encompasses
precipitation of the three compounds where the compounds
have been precipitated at substantially the same time from
the same solution/dispersion. It is to be distinguished
from a material formed from the mechanical mixing of the

30 components, particularly where these components have been
precipitated separately, for instance in different

solutions. The microstructure of a co-precipitate is



solutions. The microstructure of a co-precipitate is WO 2005/ 051447

PCT/ GB2004/ 004550 4 substantially different froma material fornmed from
the mechaw@adosospging of its conponents. In the first aspet/icB200a®o4566 uti on
preferably has a pH 5 of from2.5 to 6.5, nore preferably from2.5 to 5.5
More preferably, the solution has a pH of from3.0 to 4.5. Still nore
preferably, the solution has a pH of Tom 3.8 to 4.2. Mbst preferably, the
solution has a pH of around 4. 10 The cal cium source is preferably sel ected
fromone or nore of calciumnitrate, calciumacetate, calciumchloride,

cal ci um casWostarnt ikl i dif B¢ keoxt déromad chabe hjdt okpdred daloni tivesi | i cat e,

calciun1suu$q§59. |_ci um gl uconat e and thf calciumsalt of heparin. A
cal ci um sal't® ?~H§%§H?%X%%§ 95 be® d&PTRRAPF3m t he porci ne intestina

mucosa. Suitable calciumsalts are commercially available from
Sigma-Aldrich Inc. The phosphorus source is preferably selected fromone
20 or nore of akwoiieink b $iy or et phbephae byt dpRanpbaferebAydheged pHosphat e,

hosphar i id  djsodi um hyd hoph - Na2HPO4. 2H20,
Dot s TorHim G e bt pPFEAIRBETPRECE £ B BeoRGEY  BRRSI ot al
salts (e .grdemibl), ofhdhospheien nhkahipe earthomable €oe4gs.Myst25ior Ca)

of -phosphate. d ycosam noglycans are a famly of macronol ecul es containing

| ong unbr aretfed PRl Ehar Flaessebnt apni hgsad pPBpeht FAgMdBs&céRartti-de unit .
Pr ef er abl he re i |l yc r cted from
Yo dt %#égéfgb e 39 9$Y§gggﬁgggge%a§ﬁio? & 2Ghach

chondroi tifn sul €, rmatin Su ., heparin sul phate, keratin

-

10 The calcium source 1is preferably selected from one or
more of calcium nitrate, calcium acetate, calcium chloride,
calcium carbonate, calcium alkoxide, calcium hydroxide,
calcium silicate, calcium sulphate, calcium gluconate and
the calcium salt of heparin. A calcium salt of heparin may

15 Dbe derived from the porcine intestinal mucosa. Suitable
calcium salts are commercially available from Sigma-Aldrich

Inc.

The phosphorus source is preferably selected from one
20 or more of ammonium-dihydrogen phosphate, diammonium
hydrogen phosphate, phosphoric acid, disodium hydrogen
orthophosphate 2-hydrate (Na,HPQO,.2H,0, sometimes termed GPR
Sorensen's salt)‘and trimethyl phosphate, alkali metal salts
(e.g Na or K) of phosphate, alkaline earth salts ( e.g. Mg
25 or Ca) of phosphate.

Glycosaminoglycans are a family of macromolecules
containing long unbranched polysaccharides containing a
repeating disaccharide unit. Preferably, the one or more

30 glycosaminoglycans are selected from chondroitin sulphate,
dermatin sulphate, heparin, heparin sulphate, keratin

sulphate and hyaluronic acid. Chondroitin sulphate may be



sul phate and hyal uronic acid. Chondroitin sul phate nmay be WO 2005/ 051447
PCT/ GB2004/ 004550 - 5 <chondroitin-4-sul phate or chondroitin-6-sul phate,
bot h of ww@Eosnsa4avail able from Sigma-Aldrich Inc. The PCT/GB2004/004550
chondroi tin-6-sul phate may be derived fromshark cartilage. Hyaluronic acid
may be derived from human unbilical chayd. 5 Heparin may be derived from
porcine intestinal nucosa. Preferably, in the precipitation of the triple
co- precipitate, the solution has a tenperature of from4.0 to 50C More

10 fro 5.to

preferably, the so|lution has, a tenperature of , f 0C., T

Bor Ut on MayOBE=aEtB5h SURRRRAE PE, CRPRAEoRE 1P Gre a0 PP SS0CPARM I ia

t enper at ur g, 9€nf 408 20at Pap24CrheinngiBhat Al hed chMasike . pr @fer ably, the
tenperature is around 25C. 15 The concentration of calciumions in the

aqueous sochendvaitint¢pevabhgter BAYObe0d2E ived] fromdmha rén ¢ apridfagieabl v
fromO0.001.t0.1 noldm 3. Were . th .oces i n¢l udes e .addi.tignal ; further
st eps of_fﬁY?}HFPBﬁCaﬁS}Srmayoaﬁtgﬁ%éygﬁyiéoﬁrép 85 th %&ﬁ%ﬁ%ﬂéﬁﬁﬁ%ﬁlof

cal ci uny i opsphPiROmbhepadyesiisedokubn0polrsifBr @npeeftenall ywidown 0. 05 to 0.5
nmol dm 3 (for exanple from0.08 to 0.25 nmoldm 3) and nost preferably from

0.1 to 0.5 nol dnB. Where the process includes the additional further steps

of freeze drying_apd tionpal i pnjpecti | di.pg, .the cqoncentration of

cal cium 25 ionsgfﬁ??ﬁgggauegﬁs£§8Ig%ggﬁpggagggg BgngFagﬁf%gf%E%%.01 to 0.3
nol dnV3 angreespipaeéprehbysblLagiBn0haboaltdfperbdmrd. ofPriafeat apbly td he
sol ution conprises phosphate ions and the concentration of phosphate ions in
sol ution i80tGpi c¥Pre preferamly, 0bbesspeutinpl Bms3 aa@mmpesiadidtsl Y& rom
0'001]RP 1f@%m 15 to 40°C. The solution may be at room temperature,
that is from 20 to 30°C, with a temperature of from 20 to
27°C being preferred. Most preferably, the temperature is

around 25°C.

15 The concentration of calcium ions in the aqueous
solution is typically from 0.00025 to 1 moldm™ and
preferably from 0.001 to 1 moldm™>. Where the process
includes the additional further steps of filtration and/or
low temperature drying, the concentration of calcium ions in

20 the aqueous solution is more preferably from 0.05 to 0.5
moldm™ (for example from 0.08 to 0.25 moldm™) and most
preferably from 0.1 to 0.5 moldm™. Where the process
includes the additional further steps of freeze drying and
optionally injection moulding, the concentration of calcium

25 ions in the aqueous solution is more preferably from 0.01 to

0.3 moldm™ and most preferably from 0.05 to 0.18 moldm™.

Preferably, the solution comprises phosphate ions and

the concentration of phosphate ions in solution is typically
30 from 0.00025 to 1 moldm™ and preferably from 0.001 to 1 M.
Where the process includes the additional further steps of

filtration and/or low temperature drying, the concentration



Where the

process includes the additional further steps of filtration

and/or | ow tenperature drying, the concentrati on WO 2005/ 051447
PCT/ GB2004MWaD2W5051447 of phosphate ions in solution is noPEl/GB2G4084554, 0. 05
to 0.5 noldm3, still nore preferably 0.1 to 0.5 M for exanple 0.1 t
0.35 noldm 3. Where the process includes_the additional further steps
freeze drying and optionally injection 5 noul ding, the concentration of

phosphat e

ions in solution is nore preferably fromO0.01 to 0.3 noldm 3,
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concentration of collagen in the solution prior to precipitationis
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Preferably, the ratio of collagen to the total amount
of ;ne or more glycosaminoglycans in the solution prior to
precipitation is from 8:1 to 30:1 by weight. More
preferably, the ratio of collagen to the total amount of one
or more glycosaminoglycans is from 10:1 to 12:1, and most

preferably the ratio is from 11:1 to 23:2.

Preferably, the ratio of collagen to brushite in the
triple co-precipitate is from 10:1 to 1:100 by weight, more
preferably from 5:1 to 1:20, still more preferably from 3:2
to 1:10, most preferably from 3:2 to 1:4.

The concentration of collagen in the solution prior to
precipitation is typically from i to 20 g/L, more preferably
from 1 to 10g/L.‘ Where the process includes the steps of
filtration and/or low temperature drying, the concentration
of collagen in the solution is more preferably from 1 to 10
g/L, still more preferably from 1.5 to 2.5 g/L, and most
preferably 1.5 to 2.0 g/L. Where the process includes
freeze drying and optionally injection moulding, the
concentration of collagen in the solution prior to
precipitation is preferably from 5 to 20 g/L, more
preferably from 5 to 12 g/L, and most preferably from 9 to
10.5 g/L.

t he

5to



freeze drying and optionally injection noulding, the concentration of
collagen in the solution prior to 30 precipitation is preferably from5 to
20 g/ L, now 008ef1e4ably from5 to 12 g/L, and nost pref erchp2dosomss t o
10.5 g/L. WD 2005/ 051447 PCT/ GB2004/ 004550 7 The total concentration of
the one or nore gl ycosam noglycans in_the solution prior to precipitation
is typically from0.01 to 1.5 g/L, ﬁ07e~preferably from0.01 to 51 g/L.
Where the process includes the additional further steps of filtration
and/or | ow tenperature drying, the total concentration of the one or nore
gl ycosam nogl ycans in the solution is nore preferably from0.03 to 1.25

g/L, still nor referably from0O. 125 tp 0.25 glL, and nost preferably 10
fromo0.13 to 0.% WEéfvﬁ%?cée?g] aBJr%%egg FReI a’ggsbfhgorﬁddi tional further
steps of f4BRZEs oGl POsn OPLHoRE | ¥o1 hPi 86t bPNoFOEbdpRAcibheatabal is

concentration of the one or nore glycosam noglycans in the solution is nore
pr ef er abl ytyF¥em y 15rem Q.81 gte, 1sbi g/ Lnorerprerefabrplir Swrd. §108ote. 2 15

g/L, and st,preferably, from0.78 to /L, Preferably.t | ytion
conpri@esngéHG$Un“§%%€eé%%et%goc?a?i%n§+8€%$l %%na§8?%ﬁ8né§|gﬁﬁﬁgans IS
typically dtape 1oA0fi 1orS50064 Sydwetr ghéw Yeperaberpr aegssg, nehedestkhe 20

addi tional further steps of filtration and/or |ow tenperature drying, the
rati o of cetnegEhrablemhecEatlee upinei @hsmMPEe g BECpFamnépaplychRRsMiD: 4bet o

201 SULL e BLSlerabhicdcddhlo i andarstyos! grabl g ls 1o L2
and optiongiy préEetdoDy pLbEi 0g1285hecr@i2® g/1, and most preferably
10 fro& 0.13 to 0.182 g/L. Where the process includes the
additional further steps of freeze drying and optionally
injection moulding, the total concentration of the one or
more glycosaminoglycans in the solution is more preferably

from 0.15 to 1.5 g/L, still more preferably from 0.41 to 1.2
15 g/L, and most preferably from 0.78 to 0.96 g/L.

Preferably the solution comprises calcium ions and the

ratio of collagen to the calcium ions is typically from 1:40
to 500:1 by weight. Where the process includes the

20 additional further steps of filtration and/or low
temperature drying, the ratio of collagen to the calcium
ions is more preferably from 1:40 to 250:1, still more
preferably 1:13 fo 5:4, and most preferably 1:13 to 1:2.
Where the process includes the additional further steps of

25 freeze drying and optionally injection moulding, the ratio
of collagen to the calcium ions is more preferably from 1:8
to 500:1, still more preferably 5:12 to 30:1, and most
preferably 5:5 to 5:1.

30 Precipitation may be effected by combining the
collagen, the calcium source, the phosphorous source and one

or more glycosaminoglycans in an acidic agqueous solution and



of collagen to the calciumions is nore preferably from1:8 to 500:1, stil
nore preferably 5:12 to 30:1, and nost preferably 5:5 to 5:1. 30

Preci pi t at Mn2008/9518¢7 ef f ect ed by conbi ni ng the col | agen, PE€HEBZMHOP4IMN
source, the phosphorous source and one or nore glycosam noglycans in an

aci di ¢ aqueous sol ution and WO 2005/QS§447 PCTUGB2004/ 004550 - 8 either
allowing the solution to stand until precipitation occurs, agitating the
solution, titration using basic titrants such as anmonia, addition of a
nucleatlng agent such as pre-fabricated brushite, varying the rate of 5
addi ti on cﬁltt c?dllawjrﬁ%d?h%esoh‘h‘al%yt%o?ﬁﬁ%t‘%ﬁlbfP?ﬁ@éﬁlt?Eéﬁﬂl ques. In

a second 1o al%ﬁ;om e ttﬂé“’se&bht?iblrgr%’i@ﬁétfonpﬁgfﬁgsbgﬁ cthe

product i on 0 iomaterta conprising co oct acal ci um
phosphat e w@ittranrtes aruaioraes qﬁmmmmaunammﬁguxams;fsaiﬂuplé&é$ﬁgcagpnt3|ng t he

steps of praqviding a conposite material co si ng col | age brushite and
one or rmr%u"d? ﬁ%%ﬁﬁ"@% d g eyhver tY %\‘EgIE}égtrég?reogf the brushite

in theg 15, o Qﬁit@f r@r&@ré@icmﬂ%@f@éC'mpmp@@ﬁ\sgmxtléxd?gl ¥ﬁé&b°”

The tern1b|onater|a enconpasses a material that I oconpatible wth a
human or areatalidwedly.. 20 I n the second aspect, the conposite materi al
preferably conprises or consists essentially of a triple co-precipitate
conprising collagen, brushite and one or nore glycosam noglycans. The

triple co-precijj tat&dByd bespOE#Pdche present invention provides a
process for the production of a composite biomaterial
10 comérising collagen, octacalcium phosphate and one or more
glycosaminoglycans, said process comprising the steps of
providing a composite material comprising collagen,
brushite and one or more glycosaminoglycans, and
converting at least some of the brushite in the
15 composite material to octacalcium phosphate by

hydrolysation.

The term biomaterial encompasses a material that is
biocompatible with a human or animal body.
20
In the second aspect, the composite material preferably
comprises or consists essentially of a triple co-precipitate
comprising colladen, brushite and one or more
glycosaminoglycans. The triple co-precipitate may be formed
25 by a process as herein described in relation to the first

aspect of the present invention.

Preferably, the step of hydrolysation (hydrolysis) of
brushite to octacalcium phosphate comprises contacting the
30 triple co-precipitate with an aqueous solution, said aqueous
solution being at or above the pH at which octacalcium

phosphate becomes thermodynamically more stable than



25 by a process as herein described in relation to the first aspect of the
present invention. Preferably, the step of hydrol ysation (hydrolysis) of
brushite t V@e2eawHd1447 um phosphat e conpri ses contacti ng t hCT/SB2044/084580
co-precipitate with an aqueous sol ution, said aqueous solution being at or
above the pH at which octacal ci um phogphate beconmes thernodynamically nore
stabl e than WO 2005/ 051447 PCT/ G832004/ 004550 9 brushite. Preferably, this
aqueous sol ution has a pH of fron16 to 8. More preferably, this agueous
solution has a pHof from6.3 to Most preferably, this aqueous sol ution
has pH of RiBHiliite 65. fﬁf@rﬁﬁﬂé@us 1%36# RIEPERySebptPRehas poPHeRinpl e,

dei oni sed W t e oLution, a
sol ution satur é%wg9mnth resgec f?%%gg%ihgglé'?%éiéggon g?ﬁ?éé égﬁp%und
and/ or  phpis phorioene Gt Rito Y. canpotincre fepatel vf reldi agagoesussebliitdon

conprises acetic acid titrated to the desired pH 10 using anmoni a.
Pr ef er abl y12% R Qe pRAUhRIr®? ysaT}P%na%ecblﬂ%sW%‘ét%%n BRY aEalBF bffphosphat e

| s _pregorgd. aéxz%%ﬁleémec[éfﬁfsfé &égégit%rﬁ)%%gcﬁﬁ)QS Mot 6@3%{16‘%)&1“ Lom 30 to

40C, still nore priefera rom nost pre erably around 37 C
Pr ef er abl yittdentst ep mffﬂ'e;adrmytsiaimmn of shlrwishom esdburatedcalithum phosphat e

is preforned for a tlne1§H?froq%12 to 144 hours, nore preferably from18 to
72 hours, TROREDD T AMHIRY FFOTH PR N UBL R sCOTROUNEhAPE/ 98 pect , t he

present !Wﬂrﬁﬁﬁ—%’drﬁ@éﬁn@r Suh@r tﬂ@gpPéPéiHEéaoﬂqueoésCOWDOS' te
bi omaterial conprising coll agen, apat| te and one or nore

solution comprises acetic acid titrated to the desired pH

-

10 using ammonia.

Preferably, the step of hydrolysation of brushite to
octacalcium phosphate is preformed at a temperature of from
20 to 50°C, more preferably from 30 to 40°C, still more
15 preferably from 36 to 38 °C, most preferably around 37 °C.

Preferably, the step of hydrolysation of brushite to
octacalcium phosphate is preformed for a time of from 12 to
144 hours, more preferably from 18 to 72 hours, most

20 preferably from 24 to 48 hours.

In a third aspect, the present invention provides a
process for the ﬁroduction of a composite biomaterial
comprising collagen, apatite and one or more

25 glycosaminoglycans, sald process comprising the steps of
providing a composite material comprising collagen,
brushite and one or more glycosaminoglycans, and
converting at least some of the brushite in the
composite material to apatite by hydrolysation.
30
Apatite is a class of minerals comprising calcium and

phosphate and has the general formula: Cas(PO4)3(X), wherein



25 gl ycosam nogl ycans, said process conprising the steps of providing a
conposite material conprising collagen, brushite and one or nore

gl ycosam I and converting at | east sonme of the Oﬁﬁghe
conposi te%tzé?%?’g?‘“?o apatite by hydrolysation. 30 Apati ?g'il?ésﬁzbﬁuq

m neral s conprising cal ciumand phosphate and has the general fornula.
Ca5(P04) 3(X), wherein WO 2005/ 051447 BROGTFGB2004/ 004550 10 X may be an ion
that is typically OH, F and d-, as well as other ions known to those
skilled in the art. Apatite also includes substituted apatites such as

si | i con- subgiait weedn apat ithes. iApatidiealns) wies Bydisdyepatide walicdsis a 5
speci fic exanple of an apatite. The hydroxgapatlte may al so be substituted

with sili@sher ﬁomekmwmdt@s;s@@tset dsi theneldr i alARitekted ablse
CONpri ses ;Qr.,; %Ss' Ssh %%%%@t'dang‘é qf & A %sC051&rle&drP1%Lﬁ$ﬁ éx?aecc?”p“s' ng

col I agen, “brus one or cosanlnogl cans

CO- pr eci plab&'ftﬁ_ttlé%y be,p‘actrlrf@d maﬂmre@ mq;d@ﬁ@amaf@,ssmﬁcmemm descri bed
inrelation to the first aspect of the present invention. 15 Preferably,
the step GPeRdis pFards (qfrp @folapsitditeof ThaudHarotpRpatte "B rpEFes

contacting .t ri:pl reg|y]f5p w th an aqueous sol ution, said agueous
sol ution %begﬁbsgﬁRgﬁ %gévg: 3 at which apatite becones

thernodynanlcally nore stable than brushite. Preferably, 20 for the
conversion of brushite to apatite, the aqueous, solution has a %rqu from

6.65 to 9, nordlpréreldHing ASPRCE, ftheg. Gymgq%qe MRAE et REBFSEIRM 7.2 to
8.5. The %ﬂﬂﬁﬁﬁ%es or consists essentially of a triple co-precipitate

10 comprising collagen, brushite and one or more
glycosaminoglycans. The triple co-precipitate may be formed
according to the process as herein described in relation to

the first aspect of the present invention.

15 Preferably, the step of hydrolysation (hydrolysis) of
brushite to apatite comprises contacting the triple co-
precipitate with an aqueous solution, said agqueous solution
being at or above the pH at which apatite becomes
thermodynamically more stable than brushite. Preferably,

20 for the conversion of brushite to apatite, the aqueous
solution has a pH of from 6.65 to 9, more preferably from 7
to 8.5, still more preferably from 7.2 to 8.5. The aqueous
solution may comérise, for example, deionised water whose pH
is controlled with a titrant, a buffer solution, a solution

25 saturated with respect to another calcium-containing

compound and/or phosphorus-containing compound.

Preferably, the step of hydrolysation of brushite to
aﬁatite is performed at a temperature of 20 to 50°C, more
30 preferably from 30 to 40°C, still more preferably from 36 to
38 °C, most preferably around 37 °C. »



solution may conprise, for exanple, deionised water whose pH is controlled
wth a titrant, a buffer solution, a solution 25 saturated with respect to
anot her calwmo wesosadai ni ng conpound and/ or phosphor us- conpEl/GBREP4HOGSPOUN.
Preferably, the step of hydrol ysation of brushite to apatite is perforned
at a tenperature of 20 to 50C, nore §01$r§ferably from30 to 40C, still nore
preferably from36 to 38 C, nost preferably around 37 C. WD 2005/ 051447
PCT/ GB2004/ 004550 - 11 Preferably, the step of hydrolysation of brushite
to apatite isngerforned for a tine of from12 to 288 hours,  nore
preferably fronfu8fesakdyhotipg, skeBt Ofr BYerabyyatiem 24 bryshgtieoks. 5

Met hods of _J Si cgon i bruyshi.t 0 cal ci um
phosphat e %%%?%?ga%gg?%gﬁ?%g%gdggfi? ¥?ﬁ§r§gs?%8mt%g Egnggﬁapgﬁgg’(ii) t he
brushite capcenprafépabliynfeehulsoto apdheurki i mpstheragietrabilgn f3peed4 10 |t
may be desirable to produce a biomaterial according to the present

i nvention &@onp¥i BPWESboth apatite and octacal ci um phosphate. The processes
of the second and third aspects of the present invention nay be conbined to
15 produce a material conprising both octacal ci um phosphate and apatite.

The brushite i nMébeolisi pFeiferpaethpi theermayg offi cshveesdenveft ed to
oct acal ci um phosphate and then the octacal ci um phosphate may bed@grtially
converted PBuUshhEet BO oFbpgRlCHHMNBRPSPBRER BnddorapPrédde daRludSorver si on

of 20 brushife.0or; gt pRa! CLKPLREPTRRAL €119 2RBL LG tURICHdntentration

in solution, and/or (iii) the agitation speed.
10 ) |
It may be desirable to produce a biomaterial according

to the present invention comprising both apatite and
octacalcium phosphate. The processes of the second and
third aspects of the present invention may be combined to

15 produce a material comprising both octacalcium phosphate and
apatite. The brushite in the triple co-precipitate may
first be converted to octacalcium phosphate and then the
octacalcium phosphate may be partially converted to apatite.
Total, or near total (i.e. at least 98%), conversion of

20 brushite or octacalcium phosphate to apatite typically
occurs by hydrolysation at a pH of 8.0 or more for a period
of about 12 hours. Partial conversion of the brushite
and/or apatite in the material may therefore be effected by

hydrolysation for a period of less than 12 hours.

25
Preferably, the step of hydrolysation of octacalcium
phosphate to apatite is carried out at a pH of from 6.65 to
10, more preferably from 7.2 to 10, still more preferably
from 8 to 9.
30

Preferably, the step of hydrolysation of octacalcium

phosphate to apatite is performed at a temperature of from



occurs by hydrolysation at a pH of 8.0 or nore for a period of about 12
hours. Partial conversion of the brushite and/or apatite in the materi al
may t her ef gigeobgosridect ed by hydrol ysation for a peri od RET/GBAE4/003850 12
hours. 25 Preferably, the step of hydrolysation of octacal cium phosphate to
apatite is carried out at a pH of fr9n1§.§5 to 10, nore preferably from?7.2
to 10, still nore preferably from8 to°"9. 30 Preferably, the step of
hydr ol ysati on of octacal cium phosphate to apatite is perforned at a
tenperature of from WO 2005/051447 PCT/ GB2004/00455Q - 12 20 to 50C, nore
pref er abl y29 rioen 30 o more Brefprably fpPRf dPabPy4frbm S6itd BOCE npst

preferably_arpun referabkye~th e I .gn 16fo ~0ct acal ci um
5 phosphat%régéﬁ%%ﬁgfgr?g gérfgr%édcfO§O§£t$ﬁgggggﬁpgn¥%%kg% f24cﬁours, nor e
preferably from12 to 96 hours, nost preferably from24 to 72 hours. In the

second and third aspects of the Eresent 10_i nvention, the conversion of
brushite to octBeaferaRd Yphbbphaterans/ BYAapayFeEiprs plepsitalsycddfduct ed at

a te r r 0.de tigr.ade, : Mar refenahbly, the
conver & ot h SRt E e ar Bt ot e By S o Fobmiabils 35 Gcoreds ™
centi grade14dbsdups efesabl prefheabdycopurr $2oboi Sechndust echoat: a t enperature
of about 37 degrees centigrade. Preferably, the processes of the present

i nventi on PFefeRPlyohpPisé4t he 4€ePOBFSerosslinking the one or nore

In the second and third aspects of the present
10 invéntion, the conversion of brushite to octacalcium
phosphate and/or apatite is preferably conducted at a
temperature of from 30 to 40 degrees centigrade. More
preferably, the conversion is conducted at a temperature of
from 36 to 38 degrees centigrade. Most preferably, the
15 conversion is conducted at a temperature of about 37 degrees

centigrade.

Preferably, the processes of the present invention
further comprise the step of crosslinking the one or more
20 glycosaminoglycans and the collagen in the triple co-
precipitate. By triple co-precipitate this includes the
triple co-precipitate comprising collagen, brushite and one
Oor more glycosaminoglycans and derivatives of the co-
precipitate. Derivatives include the co-precipitate wherein
25 at least some of the brushite has been converted to
octacalcium phosphate and/or apatite, and the co-~precipitate
that has been shaped or moulded, or subjected to any further
chemical or mechanical processing. Crosslinking may be
achieved using any of the conventional techniques.
30
Preferably, at least some of the brushite is converted

to octacalcium phosphate and/or apatite, the



20 gl ycosam nogl ycans and the collagen in the triple co precipitate. By
triple co-precipitate this includes the triple co-precipitate conprising
col | agen, Wwasdsns4end one or nore gl ycosam nogl ycans anBCTHEBRA0D458E of
the co- precipitate. Derivatives include the co-precipitate wherein 25 at

| east some of the brushite has been gqﬂyejted to octacal ci um phosphate

and/ or apatite, and the co-precipitate “that has been shaped or noul ded, or
subj ected to any further chem cal or nechani cal processing. Crosslinking
may be achjeved using any of the conventional techniques. 30 Preferably, at
| east soneg%ﬂc@$ﬁm¥ﬁQéhﬂ@%ﬁi%néoﬁQéiﬁéﬁn 2Be oeragal énkrrpRedpkate &R&/ or

apat i te. 'the,Y0.2005/ 051447 ECTLEER0AL 004580, =147 ppLYASEE npglycan and

col l agen are crosslin rior conversion of rushi

oct acal ci uapphbsphatEhandé possapakihe. mANi secebSsttoli by sapiketehect ed by
subjecting the triple co-precipitate to one or nore of gamma radiation, 5
uItravioIé¥h$aﬁ¥%ﬁl%nﬁ°%P%@ﬁ¥PHg@E8rHﬁl0@?e9¥ﬁ§ﬂ¥? RENI2BRZY FRGLE td feat i on

with agsi ”@if réyg%é%Qdfét%ﬂcogggghg?{aﬁeﬁsrmﬁbe%sa@fa ngucmﬁe-,

cont act’i ng e e co-~ preci pi one or nore o I"ut ar al dehyde,
et hyl di nefhyhat ©op) eyt icarvodhi a1 demphd/ stgasr sh@hdieby dilagwaki,ar et i c

acid, or any conbination of these nethods. These nethods are conventi onal
in the artManpeeerihPyse|andt SRERSBCsoRBNBACERBIDENENLEAPILE EOverted to

octacalciQ§%€£%5§€%%g @P@ﬁoénép?%iﬁSreth %§u95¥3?§gﬂk?§2L%%%@land col | agen

are crossl equent to e conversron o ite'to octacal ci um
phosphat e dimethylaminopropyl carbodiimide and/or nor-

10 dihydroguariaretic acid, or any combination of these

methods. These methods are conventional in the art.

Preferably, if at least some of the brushite is

converted to octacalcium phosphate and/or apatite, the

15 glycosaminoglycan and collagen are crosslinked subsequent to
the conversion of the brushite to octacalcium phosphate
and/or apatite. The crosslinking subsequent to the
conversion of the brushite to apatite/octacalcium phosphate
may be effected by one or more of the methods mentioned

20 above or a dehydrothermal treatment, or any combination of
these methods. A dehydrothermal treatment includes
subjecting a substrate to a low pressure atmosphere at a
raised temperatufe. The temperature in the dehydrothermal
treatment may be of from 95°C to 135°C. The temperature may

25 preferably be of from 100°C to 110°C, and most preferably of
from 105°C to 110°C, if completion of the dehydrothermal
treatment is desired in typically 18 to 36 hours. The
temperature may preferably be of from 120°C to 135°C, and
most preferably of from 125°C to 135°C, if completion of the

30 dehydrothermal treatment is desired in typically 4 to 8

hours.



and/ or apatite. The crosslinking subsequent to the conversion of the
brushite to apatite/octacal ci um phosphate nay be effected by one or nore of
t he met hodsvoremesiosrrerl 20 above or a dehydrot hermal treat mRET/GBRO04HAAES0

conbi nati on of these nmethods. A dehydrothermal treatnent includes

subj ecting a substrate to a Iom1pressu% atnosphere at a raised

tenperature. The tenperature in the de gdrothermal treatnent may be of from
95C to 135C. The tenperature nay 25 preferably be of from 100C to 110C, and
nost preferably of from 105C to 110C, if conpletion of the dehydrothernma
treatment is deBfederallyypiial £9lizgen sedhggﬁsglrﬁesaméﬁﬁ@ﬂé{wpeaﬁ?&y

prefer abl yobs. of 1 LLOgAZ0E 10 435C, and oIBsLoRCRLeEabky oL Lriam 125C to

135C, if conp Ion of déh reat nent &Sitred

typically éhéQbBusMDUéstoVKbQQGél65ﬁﬂ4§h8§§h5880@#&@6455@at1tb4 Preferably,
the col l agen and the gl ycosam noglycan are crosslinked both prior to and
subsequent to conversion of the brushite to octacal ci um phosphate and/ or

apatite. 5 The ppocssses.olethe prLesebleLA¥enhOn:UBY FAWPLLAB.LNE step of

shapi ng the conposi romaterr a ructure sul Or use as a
bone or destep sfibshapime.tiseichomposiep bhymateutadf fatof ar satruantuak t he
triple co-precipitate, but prior to any conversion of the brushite or

crossl i nkiFigtadPbe iPe eDP| aged QﬁﬂegP?cé@ﬁﬁ?%oéP?EEﬁtFﬁ§t meyACHc &ur .
Al
ternati V&L'%%\}Iggg SEER O%ﬁgggpfggm%?oﬁ' 8?3{:{?9 @hgg}\éocgcg cﬁ%cst%%‘ée”t to

either the ¢ ion O rushite to I'tée a i um
phosphat e bthpﬁSSflﬂ&IE@yo&ohhérsiBnccflagenbﬁﬂdhﬁbe gty cesamliagiyean.

10 of the collagen and glycosaminoglycan that may occur.

Alternatively, the step of shaping the biomaterial may
occur subsequent to either the conversion of the brushite to
apatite and/or octacalcium phosphate or crosslinking of the

15 <collagen and the glycosaminoglycan.

Preferably, the composite material is shaped using a
technique selected from (i) filtration and/or low
temperature drying, (ii) freeze drying, (iii) injection

20 moulding and (iv) cold pressing. Filtration and/or low
temperature drying, wherein the temperature is from 15°C to
40°C, most preferably of from 35°C to 40°C, typically
results in a dense granular form of material. Freeze drying
typically results in an open porous form. Injection

25 moulding results in a wide variety of shapes/morphologies of
a material depending on the shape of the dye used. Cold

pressing typically results in a dense pellet form.

The present invention further provides a precursor
30 material suitable for transforming into a synthetic
biomaterial, said precursor material comprising a composite

material comprising collagen, brushite and one or more



Preferably, the conposite material is shaped using a technique selected
from (i) filtration and/or low tenperature drying, (ii) freeze drying,

(iii) injewowesBR44mpoul ding and (iv) cold pressing. FiltrBET/EB2WAEIEH0 | ow
tenperature drying, wherein the tenperature is from15C to 40C, nopst
preferably of from35C to 40C typical{y _results in a dense granular form
of material. Freeze drying typically results in an open porous form
Injection 25 noulding results in a wide variety of shapes/nnrphologles of a

mat eri al dependi ng on the shape of _the dye used Col d res ypi cal ly
resul ts-i rfeY RIREIRI I EE2RHr m ﬁ?@@{ﬁ%&%ﬂt ?%v%ﬂ??%ﬁlF rWﬂ SF vi des a

precursor .30, material syidable é&éeﬁff\mwr&w ipig1@ syopbetipitate

bionateriéf sal d precursor material conprising a coﬁp05|te mat eri al
conprisirmpampﬂrgmng dml&ﬁge@,deu@mmteram®renamb20m5t651447

PCT/ GB2004/ 004550 , - 15 | ycos ans. Preferabl t he conposite
materi al TORRTRRNFLY st's Eﬁkgg?l9°o?r%9%PF cﬂaﬁrgélpltate

conpri gi gy Gl AgeMc L HeM g eté‘nl%@nﬁr@éeé@r@f 9ﬂ1¥09§§§tn99b¥€€n§f The
triple co-precipitate may be 5 produced according to the process of the

first aspemtesnt henveamies@emt i nvention. The present invention also provides
a conposite biomaterial conprising collagen, brushite and one or nore 10
gl ycosam nogl ycans, which biomaterial is obtainable by a process according

to the present TH@“§¥é§@hﬁslﬂ€éﬁ%ﬂond£§§6'@?@v1&@§ 9r§§ﬁﬂbshﬁéent'0” al so
provi des a conposite 15 biomaterial conprising collagen, octacal ci um
phosphat e faimeinaterial comprising collagen, brushite and one or more
10 glyéosaminoglycans, which biomaterial is obtainable by a
process according to the present invention as herein

described.

The present invention also provides a composite
15 Dbiomaterial comprising collagen, octacalcium phosphate and
one or more glycosaminoglycans, which biomaterial is
obtainable by a process according to the second aspect of

the present invention.

20 The present invention also provides a composite
biomaterial comprising collagen, apatite and one or more
glycosaminoglycans, which biomaterial is obtainable by a

process accordiné to the third aspect of the present

invention.
25
The present invention also provides a composite
biomaterial comprising a triple co-precipitate of collagen,
glycosaminoglycan and brushite.
30 The present invention also provides a biomaterial

comprising particles of one or more calcium phosphate

materials, collagen and one or more glycosaminoglycans,



one or nore glycosam nogl ycans, which biomaterial is obtainable by a
process according to the second aspect of the present invention. 20 The
present i nWMedosAsSIdB0 provi des a conposite biomaterial BOHGBREKGHISSO
col l agen, apatite and one or nore glycosam noglycans, which biomaterial is
obt ai nabl e by a process according to e third aspect of the present
i nvention. 25 The present invention also provides a conposite biomateri al
conprising a triple co-precipitate of collagen, glycosam noglycan and
vention,al so, provides a biomaterial conprising

brushite.vgg The present |

particl es "6 %6ne 62 1fore A9 UAThoRPIhtE™ it dPP5Fs, col | agen and one or
mor e gl ycoparid el ANS c MR 2005/ ORI T GRRO08 BR455Rat ri k6 subar ein
said collagen and said one or nore glycosam noglycans are crosslinked and
forma matpasticldEid oparalelws piosphatiumatrsphht 2rendésparsadeldi spersed
in said matrjx,_.and sai d,cal cium phosphat e terial, is.select [ Qm one
or nore ofs%%ér}ﬁttrel,x’ocatrh%aﬁ%}%rﬁ%:ﬁ%ls‘bxﬁéf%eo%é}%%? m%%%ﬁ‘?g.l%hgg?’%#% i Ng
descrigti ofvdrelceeort tdtd @spseishDie ! heot £LONPOShh ephb §PBALET @hdaseor di ng
to the present invention 10 unless otherw se stated. The col |l agen and the

one or noraafiesam nogl ycans have preferably been crosslinked. 15 The
collagen is preferably present in the material in an anount of fromb5 to 90
(dry) wt% nore preferably from 15

The following description relates to all aspects of the
composite biomaterial according to the present invention

10 unléss otherwise stated.

The collagen and the one or more glycosaminoglycans

have preferably been crosslinked.

15 The collagen is preferably present in the material in
an amount of from 5 to 90 (dry) wt%, more preferably from 15

to 60 (dry) wt%, %, more preferably from 20 to 40 (dry) wt%.

Preferably, the one or more glycosaminoglycans are
20 present in the material in an amount of from 0.01 to 12
(dry) wt%, more preferably from 1 to 5.5 (dry) wt %, most
preferably from 1.8 to 2.3 (dry) wt %.

Preferably, if the material comprises brushite, the
25 ratio of collagen to brushite is 10:1 to 1:100 by weight
(dry), more preferably 5:1 to 1:20 by weight (dry), most
preferably 3:2 to 1:10 by weight (dry), for example 3:2 to
1:4 by weight (dry).

30 Preferably if the material comprises octacalcium
phosphate, the ratio of collagen to octacalcium phosphate is

10:1 to 1:100 by weight (dry), more preferably 5:1 to 1:20



to 60 (dry) wt% % nore preferably from20 to 40 (dry) wt% Preferably, the
one or nore glycosam nogl ycans are 20 present in the material in an anpunt
of from O. %D 2005088447 dry) W% nore preferably from 1l to BCHGBA0YPOIRED %
nost preferably from1.8 to 2.3 (dry) vt % Preferably, if the material
conprises brushite, the 25 ratio of %ch)lagen to brushite is 10:1 to 1:100
by weight (dry), nore preferably 5:1to 1:20 by weight (dry), nost
preferably 3:2 to 1:10 by weight (dry), for exanple 3:2 to 1:4 by weight
(dry). 30 Preferably if the material conprises octacal cium phosphate, the
rati o of d@ll‘lﬁ@eﬁhtt o Hatlac T Urp phHeRpHate 12 19:1:19 By1eeishtwei ght
(dry), eferably 5:1 to 1:20 WD 2005/ 051447 PCTI GB2004/ 004550 - 17
by wei ght ?ﬁgb nost preferably 3:2 to 1:10 by weight (dry). Preferably,
the ratio of collagen to the total armunt 5 of one or nore

gl ycosam nogl ycans is from8:1 to ght % rmre preferably
from10:1 to 3CPIPW%/R§I|Bthth€E d?%los@fwo%%%%elbr%@eﬁ: Bl yotaliapguad: 1 by

wei ght 5(dryp Sy 283 2¢ Pym WEL ght 5 (gHY) - pj0 The
CONposi te%l orraetaerl a cg% ng Jyna-z’ﬂ;le);tpérrgssent ]l'an{l/ent?onorray %e %sed as a
subst i t ut evéhiagter ofdant aloreaprsfetabIhef poreskhil i tweB0t dnbal seiphbdvi des a
synthetic bone 15 material, bone |j£bant bone raft, bone substitute, bone

scaffol d, ?qqﬂkw SQk%ﬁlmﬁf?np¥ﬁ§ﬁﬁﬁ r&ﬁ1%| c%ansWFég Bi éABYerial of
t he prese fe@?oifrﬁ cpathngs. QW%@I‘?@V 3995| ng conprising the

bi omat eri al or pre ursor

-

10 The composite biomaterial according to the present
invention may be used as a substitute bone or dental

material.

The present invention also provides a synthetic bone

15 material, bone implant, bone graft, bone substitute, bone
scaffold, filler, coating or cement comprising a composite
biomaterial of the present invention. The term coating
includes any coating comprising the biomaterial or precursor
of the present invention. The coating may be applied to the

20 external or internal surfaces of prosthetic members, bones,
or any substrate intended for use in the human or animal
body, which includes particulate materials. The composition
of the present iﬁvention may be used for both in-vivo and
ex~-vivo repair of both mineralized biological material,

25 including but not limited to bone and dental materials. The
biomaterials of the present invention may be used in the

growth of allografts and autografts.

The biomaterial according to the present invention
30 comprising octacalcium phosphate may by free or essentially
free of any of the precursor brushite phase. This

biomaterial may comprise less than 2% by weight of brushite



of the present invention. The coating nmay be applied to the 20 external or
internal surfaces of prosthetic menbers, bones, or any substrate intended
for use i nWOOKOSH47 or ani mal  body, whi ch i ncl udes par t PELCHRW/EASEN i al s.
The conposition of the present invention may be used for both in-vivo and
ex-vivo repair of both mneralized hi Oj‘lgﬁg- cal material, 25 including but not
limted to bone and dental naterials. blonaterlals of the present
invention may be used in the growth of allografts and autografts. The

bi omat eri al accor ding to t resent invention 30 co i sing,octacal ci um
phosphat e iy aé‘gmﬁ"rt &ie‘?ﬁ‘f%‘i"? ph %&’%"fe alﬁi‘/t%lffgin% PeE\E?sor brushite
phase. Tm5ao$gggg§§¥3al may conprise Iess t han 2% by melght of brushite WO

2005/ 051447 PCT/ GB2004/ 004550 - 18 in total anount of cal ci um phosphate
materials in tlhe bi orrat erial. The cal ci um phosphate material nay conprise

i st t t | hosphat ite.
By phase. pur e, i Eatin fleinre BErTEraf Motk CPBHEESCo8s, Shppact | ©
prefergbl yodedeast1,P9% @%@D@&r@r@é@é@@idm@tphwpﬁat@%%%gétahe .desired

phase (as neasured by x-ray diffraction). Alternatively, the biomateri al
may conpr iBe Rhase riudaaw eﬂtﬂfs d@%&l@t@mmbh@@@t@hﬂlagaﬁtt déeagépendi ng on

e ool S operd v oL, Momml gt s gt oL ot

;
i nvention To as a“ pre ursoEl}maerlaI
for 15 makidwsa é@%t@flt’ﬂe @ési@ddbﬁhéélét@@éemé@suié@' byf arrege as a
biomaterial. The processes according to the present invention may be
dlffractlon) Alternatively, the biomaterial may comprise a
10 mixture of octacalcium phosphate and apatite, depending on

the desired properties of the biomaterial.

The material of the present invention comprising
brushite may be used either as a precursor material for
15 making a biomaterial, or may be suitable in itself for use

as a biomaterial.

The processes according to the present invention may be
preformed using the following sequential method, which may
20 be applied in whole or in part, to produce biocomposites of
collagen, one or more glycosaminoglycan and one or more
calcium phosphate constituents. The following description
is provided by wéy of example and is applicable to any
aspect of the processes according to the present invention.
25
I: Triple Co-precipitation of Collagen, GAG, and the
Calcium Phosphate Brushite at Acidic pH

This step is performed to initiate simultaneous
30 formation, via precipitation from solution, of the three (or
more) constituents of the composite, and to control the

ratio of the three (or more) respective phases. Control of



preformed using the follow ng sequential nethod, which may 20 be applied in
whol e or in part, to produce bi oconposites of collagen, one or nore

gl ycosam nqgl yeaes1844d one or nore cal ci um phosphat e consgdt/GB2nS/N04550e

foll owi ng description is provided by way of exanple and is applicable to
any aspect of the processes accordlng o the present invention. 25 1;
Triple Co-precipitation of Collagen, “and the Cal ci um Phosphate
Brushite at Acidic pH This step is perforned to initiate simultaneous 30
formation, via precipitation fromsolution, of the three (or nore)
constituentbeotompeS¢bmposﬂtproaadtﬂescoﬁtthb thaporsdttieo (@na He t hr ee (or
nore) respe

he. Composht bYGE BFobBFt FOL BReDREAFoRAbSFRE | Paniah PopArAla The

col I agen: Ge\gr%ﬁgr ahb0)>rrrmsreeo@clahevgﬁ bxemﬁarr&rtnh&eon%g@m@ortqn@f the pH,
tenperature, ageing time, calciumion concentration, phosphor ous i on
concentratC@hClEmc@bhagenceohcéhﬂpab|DhoanhO@AGSca@®emmnmﬁnﬁratmﬂ@,pH may be

mai nt ai hed ci?st ant USI n H- st at tit I’l_gtl Qn . or

ohar e e RGER, cblP et Rony ARUP . SO ebRiel Lol on diie, B G E Kohant )

phases inchyédgatgathen é@h@tﬁnt04h§hﬁqbpE@%DQ&bﬁ@l@e Bu fTRAe,| tdi-gadtci um
hydrogen 10 phosphate) and conpl exes |nclud|ngﬁ@y products of titration and

react ant atdrrRbnofed. Oéhﬁ@nméﬁhﬁﬁéépﬁétbe a Wamﬂtonﬁﬁﬂéte)Tﬁﬁddltlves to
o0 cr 05l LML, (e Beofli T corLROTSLSS" 8 B0 20G LI Wit spnane
pepti des) &alBRMmaprespBadddededyri ﬁl@nb|ﬂ|l$‘_e$t eBlcium hydrogen
10 pho;phate) and complexes including by-products of titration
and reactant addition (e.g. ammonium phosphate, ammonium
nitrate). Additives to aid crosslinking (e.g. glucose,
ribose) or to enhance in-vivo response (e.g. growth factors,

gene transcription factors, silicon, natriuretic peptides)

15 may also be added during this step.
ITI: Net Shape Formation

This step may be performed to produce the desired

20 architecture of the final composite form, with particular
emphasis on control of pore architecture. Examples of
techniques include filtration and low-temperature drying
(resulting in a aense granular form), freeze drying
(resulting in an open porous form), injection moulding

25 (resulting in a wide range of shapes depending on the type
of dye) and cold pressing (resulting in a dense pellet

form) .

ITI: Primary Crosslinking
30
This step may be performed to preferably ensure that,

when placed in a solution of elevated pH, the GAG content of



I1: Net Shape Formation This step nmay be perfornmed to produce the desired 20
architecture of the final conposite form wth particular enphasis on
control of wipsmsmesa t ecture. Exanpl es of techni ques i ncPaUieBROMOH4ES0 on and
| ow-t enperature drying (resulting in a dense granular form, freeze drying

(resulting in an open porous form, % ction moulding 25 (resulting in a
w de range of shapes dependi ng on the § of dye) and col d pressing
(resulting in a dense pellet form. Ill: Primary Crosslinking 30 This step

may be performed to preferably ensure that, when placed in a solution of
el evat ed pthetbem@asitendens pbtWeledes1epidly, 4 andPCTUGBIGERE84550 - 20

h d d dl h h
mechan bal AR degh ARaPEGHEBY 60 PHs 8 pHEt BinBOSPEEt Reanl St

t echni queschigbydeel ovekanperat e tePAShGak §aeNNHRUaSW-& chpedafie
irradiation, ultraviolet 5 radiation, dehydrothernal treatnent), chem cal

technlquesthSlgalnbﬁCbnng§§|deggycaﬁm@ﬁ wrrhdaa§n@pbeu§¢g@W1o et

gl ut ar al deh et hyl th anln car bodi i m de,

nor di h dro§%§+?5}8?fcd3é§§f°¥gFr88 §%£8 ﬁth8h§mf€al teSmmI e e ous
non- enzyﬁakécgglM@ﬁteﬁayﬂadlgagmgcat&adla&tﬁnh siqQplie tsheyaavent that
conversion to octacal ciump hosghate (i.e. as in step IV) is desirable,

primary cresstanridghyvde, agbhi aéé@§§hylé@ﬁﬂépﬁ@@YdtC@I#éWbémﬁﬁﬁme bel ow
AR R R S T R e
simultaneous non-enzymatic glycation and gamma-irradiation).
10 1In ;he event that conversion to octacalcium phosphate (i.e.
as in step IV) is desirable, primary crosslinking is
advantageously performed at a temperature below about 37°C
to prevent conversion of the brushite phase to its

dehydrated form, monetite, which is a calcium phosphate that

15 does not readily hydrolyse to octacalcium phosphate.
IV: Hydrolysis

This step may be performed to partialiy or fully

20 hydrolyse the CaP phase from brushite (phase with high
solubility at physioiogical pH) to octacalcium phosphate
and/or apatite (phases with lower solubility at
physiological pHi, and to substantially remove any soluble
contaminant phases (e.g. ammonium nitrate, calcium hydrogen

25 phosphate). 1In the case of hydrolysis to OCP, the selected
pH is advantageously maintained constant at about 6.65
(using a buffer, pH stat, or other method), and the
temperature at about 37°C for around 24-48 hours. As was
the case in Step I, additives to aid in crosslinking (e.qg.

30 glucose, ribose) or to enhance in-vivo response (e.g. growth

factors, gene transcription factors, silicon, natriuretic



15 does not readily hydrolyse to octacal cium phosphate. [V: Hydrolysis This
step may be perforned to partially or fully 20 hydrolyse the CaP phase from
brushite (PHA2OSHPIE hi gh solubility at physiol ogi cal pHPCHEBRMABEPEI um
phosphate and/or apatite (phases with |ower solubility at physiol ogical
pH), and to substantially renove any | ubl e contam nant phases (e.g.
ammoni um nitrate, cal ci um hydrogen 25 osphate). In the case of hydrolysis
to OCP, the selected pH is advantageously naintai ned constant at about 6.65
(using a buffer, pH stat, or other nethod), and the tenperature at about
37C for arRRRidGRE)AgaI0Aks0 Aee vedded HAuBHRE e Sheprelyadai 6Fees (BBCRId in
crossl i nki (e.g. 30 glucose, ribose) or to enhance in-vivo response (e.qg.
grow h fact'ors, gene transcription factors, silicon, natriuretic WO
20051051447 PCT/ GB2004/ 004550 - 21 peptides) may al so be added during the
hydrolysis step (Ste : V Secondary Crosslinking 5 This step may be
perfornmed Yo furadisy %Qﬂ K¥Ee®ani cal and degradation properties of

t he cogp05|te Any or all of the crosslinking procedures listed in Step Il
above iy be used to effect secondary crosslinking.. 10 The foll ow ng

Exanpl es and thﬁnas:cmm;arryaﬁgo& PRI ESrRE® tanﬂyr’dledrtbaiﬂmthEheassi st in the
understanding the present inventjon. The Exanples and Figures are not to be
consi der ed"¢§ Q49&}t%ﬁqrﬂﬁ%%ﬁﬁﬁ¢%ﬁntPEP?%ﬁ%h?$o%f Bhg composite. Any

or all of the crosslinking procedures listed in Step III
aboye may be used to effect secondary crosslinking..

10

The following Examples and the accompanying Figures are

provided to further assist in the understanding the present
invention. The Examples and Figures are not to be
considered limiting to the scope of the invention. Any

15 feature described in the Examples or Figures is applicable

to any aspect of the foregoing description.

Example 1

20 Example 1 is an example of the synthesis method
described above, executed via application of steps I through
ITI only. Triple co-precipitation is carried out at room
temperature (20-25°C), at a pH of about 3.2 (maintained by
titration with ammonia). In this example, co-precipitates

25 are dried at 37°C and crosslinked via a dehydrothermal
treatment. Neither hydrolytic conversion of the CaP nor

secondary crosslinking is performed in this example.

Materials

30



15 feature described in the Exanples or Figures is applicable to any aspect
of the foregoing description. Exanple 1 20 Exanple 1 is an exanple of the
synt hesi s W0 2o8051déscri bed above, executed via applicat i BAT/&B2HEMSSE
through 111 only. Triple co-precipitation is carried out at room
tenperature (20-25C), at a pH of abou? 2 (maintained by titration with
ammoni a). In this exanple, co-precipi é&es 25 are dried at 37C and
crosslinked via a dehydrothermal treatnent. Neither hydrolytic conversion

of the CaP nor secondary crosslinking is perfornmed in this exan;g
Mat er i al s C30- MAGEZ005/REEDASE I QB2 (BN DU S5t racted R fhyender

5% Type. [LOLLSAET) pa G D ape el o o (Cg%é@ﬁﬁﬁpé%e'c;%%’%age””

Chondr oi t iMe£- Szldcp&aftse (fO’SHKaShaTa{paﬁa)l‘tl | age; sodium 5 salt; Sigma-Aldrich
Inc (St. Louis, NO USA) Calcium Sources: (i) Calcium hydroxide; B Ca(OH)2
Si gma- N(ﬁﬁqﬂ1IQR9W§ﬁ01ﬂkﬂnQTSW&PhQEﬁnfrqm|§hQ¥%cﬁ%ﬁﬁh 294t esodium

Ca(NCB 2.4 Wj{} ? Phosphor ous Sour ce:
Ot hophosp O]qu c%agﬂ% B%ﬁfl F_abor a][Sory Supp es (Pool e, United
Ki ngdom) Tdranim Syomrdse; (H3;CHBRH waboydt ax ydSuppd (@8) { Roiajreg -  Uni t ed
Ki ngdom) Procedure 15 Step | . . , ,
Aldrich Inc (St. Louis, MO, USA), (ii) Calcium nitrate;
Ca (NO3),.4H,0; Sigma-Aldrich Inc (St. Louis, MO, USA)
Phosphorous Source: Orthophosphoric acid; H3PO4; BDH
10 Laboratory Supplies (Poole, United Kingdom)
Titrant: Ammonia; NHj3; BDH Laboratory Supplies (Poole,

United Kingdom)

Procedure

15
Step I
Solution A:
- Ca(OH), is dissolved in 0.48M H3PO; to a concentration of
0.12M at room temperature, and the resulting solution

20 titrated to pH = 3.2 using ammonia.
Suspension B:
- Chondroitin-6-sulphate is dissolved in dionised water to a
concentration of.3.2g/L. Under constant stirring,
Ca (NO3)7.4H,0 and Ca(OH), is then added to the chondroitin

25 sulphate solution at a nitrate:hydroxide molar ratio of 1.5,
to produce a suspension with a total calcium concentration
of 2.4M.
- 0.144g collagen is added to 20mL of Solution A, and
blended using a homogeniser until dissolved. 4mL of

30 Suspension B is then added to Solution A under constant

stirring.



Solution A: - Ca(OH)2 is dissolved in 0.48M H3PO4 to a concentration of
0.12M at roomtenperature, and the resulting solution 20 titrated to pH =
3.2 usi ng w@eE/gs1447SUspensi on B: - Chondroi ti n-6- sul phatRCT/EBUWHEEPPed i n
di oni sed water to a concentration of 3.2g/L. Under constant stirring,
Ca(N03) 2. 4H20 and Ca(OH) 2 is then addegéto the chondroitin 25 sul phate

solution at a nitrate: hydroxi de nol ar

tio of 1.5 to produce a suspension

with a total calciumconcentration of 2.4M - 0.144g collagen is added to
20mL of Solution A and blended using a honogeniser until dissolved. 4nlL of
30 SuspensioRtBIridnghas @@@édnp6dsép§tﬁ8nnﬁ éﬁﬁ%ﬂéﬁﬂ“o%H39F§4mfo\MD

20051051447 P§E§G§§094/@0 ﬁghgf %g thed en% H%S QU4 nyed f

renalns |n t'h ange 3. 15<p

and pH mont efAsure

60 m nut es,
3.30. The

resul ting gkduly¥ihg themryl liewetieho aagewier tyatwr&xatza cmm;rsI enperadmire. 5
Step Il - The slurry is allowed to dry at 37Cin air for 5 days, and the

remai ni ng temMpe&agyLerecipitate rinsed with deioni sed water,

and

subseqqfntly dried again at 37.C for an 10 additional 24 hours. - The X-ray
C

diffra

ion pattern of the resultant triple coprecipitate is shown in

Figure 1 (€uel(alrpha) radiation) and an SEMinmage is shown in Figure 2.

- The slurry is allowed to dry at 37°C in air for 5 days,

and the remaining triple co-precipitate rinsed with

deionised water, and subsequently dried again at 37°C for an

10 additional 24 hours.

~ The x-ray diffraction pattern of the resultant triple

coprecipitate is shown in Figure 1 (Cu-K(alpha) radiation)

and an SEM image is shown in Figure 2.

15 Step III

Triple co-precipitates are crosslinked via dehydrothermal

treatment (DHT) at 105°C, under a vacuum of 50 mTorr, for 48

hours. A TEM image of the triple co-precipitate following

DHT is shown in Figure 3. Figure 4 shows the x-ray

20 diffraction pattern of the triple co-precipitate following

DHT and indicates that the brushite phase has converted to

its dehydrated form monetite.

Example 2
25

Example 2 is an example of the synthesis method

described above, executed via application of steps I through

IV only. Triple co-precipitation is carried out at room

temperature, and a pH of 4.0. In this example, pH control

30 is effected by careful control of the calcium hydroxide and

calcium nitrate concentrations - an approach that also

enables control of the mass ratio of brushite to collagen



15 Step Il Triple co-precipitates are crosslinked via dehydrother nal
treatnent (DHT) at 105C, under a vacuum of 50 mflorr, for 48 hours. A TEM

i mage of t WO 2005/pd1e47co-precipitate followng DHT i s showCT/GBROI4S53.
Figure 4 shows the x-ray 20 diffraction pattern of the triple co-precipitate
following DHT and indicates that the prushite phase has converted to its
dehydrated form nonetite. Exanple 2 Exanple 2 is an exanple of the

synt hesi s nethod described above, executed via application of steps |
through 1V only. Triple co-precipitation is carried out at room

t enper aturPélusar%“%lm-lfd”fe £ 0iPle GIREEGRMAE - pHzontesrlBongst 8PSt ed by

car ef ul conir %éﬁbfqg%égﬂé¥ rgﬂggi réghéﬁgn éﬁﬂ@l %é&aﬁ§ %Pncentratlons

- an approac ena Ies con he mass " rafio o rushite to
col | agen WAGAb/LHiwl 4herPCld 8820048 Qlhode sulllimgpt ten GAG unbodhedtriple
coprecipitate. The resulting triple co-precipitates are then frozen to
-20C, pl acBdFUnder- © vaGRIm ankl ¥Ry HER L 1ok pRlute ReBFPREEH oRS dRIuRbound

BRI b e et R SR s R R

triple comrlm:mmsnfﬂitangﬁ dihissd conyeld exbptec ol aatad cwntlpdmspbatrertzed
hydrol ysis at a pH of 67 at about, 37C. In thjs exanple %egoggagg

crossllnmqﬂgQQ¥QﬁﬁlC%ﬁﬂfRﬂ?ﬁRPaﬁﬁ)WkﬁeﬂY%ﬂ@QYSls at a'pH o

about 37°C. 1In this example, secondary crosslinking is not
performed. .
10

Materials

Type I: Acid solubilised from bovine tendon
Integra Life Sciences Plainsboro, NJ, USA

15 GAG: Chondroitin-6-sulphate from shark cartilage; sodium
salt; Sigma~Aldrich Inc (St. Louis, MO, USA)
Calcium Sources: (i) Calcium hydroxide; Ca(OH), Sigma-
Aldrich Inc (St. Louis, MO, USA), and (ii) Calcium nitrate;
Ca (NO3)2.4H,0; Sigma-Aldrich Inc (St. Louis, MO, USA)

20 Phosphorous Source: Orthophosphoric acid; H3PO4; BDH
Laboratory Supplies (Poole, United Kingdom)
Titrant: None
Crosslinking agents: (i) 1~Ethyl-3-(3-Dimethylaminopropyl)
Carbodiimide (=EDAC)}; Sigma-Aldrich Inc (St. Louis, MO,

25 USA), and (ii) N-Hydroxysuccinimide (=NHS); Sigma-Aldrich
Inc (St. Louis, MO, USA)

Procedure

30 Step I
- A target mass ratio of brushite to collagen plus

glycosaminoglycan of 1:1 is selected.



Type |: Acid solubilised frombovine tendon Integra Life Sciences

Pl ai nsboro, NJ, USA 15 GAG Chondroitin-6-sul phate fromshark cartil age;
sodi um salt AIdrlch Inc (St. Louis, MO USA) Cal pCvGBIa4/064350 (i)
Cal ci um hy¥? 6@??’8%1 Ca(OH) 2 Sigma- Aldrich Inc (St. Louis, MO, USA), and (ii)
Calciumnitrate; Ca(N®3)2.4H20, Sigma-Aldrich Inc (St. Louis, MDO USA) 20
Phosphor ous Source; Othophosphoric actd;” H3PO4; BDH Laboratory Supplies
(Poole, United Kingdom Titrant: None Crosslinking agents: (i)

1- Et hyl - 3- (3- Di et hyl ami nopropyl) Carbodiim de (=EDAC); Sigma-Aldrich Inc
(St. Loui sy ’N& czﬁldﬁﬁt)x;a’andn(d>f)c¢x&l—lygiemxgtusc@h@rridea( tNHS); r8aghtaoAl drich
Inc (St. Loujs, U%ﬁ Procedure ﬁ Ste Q - Atarget nmass ratio of
brushite t& %W? P 191 $&bsahi g@?@% h of 1:1 is selected. WO

2005/ 051447 G Ba004, 96@@91 2§-dlm&h@1§@@§eﬂagabfﬁgﬂoizag%ka%n plus GAG
in a total reaction volune of | S set at /mL. - Using an

enpiri cal , (Bectiuerd | ohad cnalps’oe&an [Qat'iatioor P] me@dlt@edatorama)ﬁ [ Caz+]

(o foasky O wyBetdiSstae (T PefbsCorceafbrliphel ddcg-cdferum-

hydr oxi de, P?:Td)?vsaﬁfi ROLNt $2@YR5 Wi ehiRkukermithad LNSI@Nim at 4.0 is

identified. This is showmn in Figure 5 (sets of conbinations of ionic

concent r athydrexideal zi Locud aftpairtsadeennmvhydhorHdeematnedf gongiiantai ni ng

pH = 4'0)'at 4.0 is identified. This is shown in Figure 5 (sets of

comPinations of ionic concentration and calcium

10 nitrate:calcium hydroxide ratio for maintaining pH = 4.0).
~ Superimposing this locus of points onto a map of brushite
mass yield with identical axes, and identification of its
intersection with the 21 mg/mL contour allows the set of
reactant concentrations for which a triple coprecipitate

15 slurry containing a 1:1 mass ratio of calcium phosphate
(21mg/mL) to collagen plus GAG (21mg/mL) can be produced at
pH 4.0 ([Ca®"] = [H3POs] = 0.1383M; Ca(NOs3).4H,0: Ca(OH), =
0.1356) See Figure 6: identification of conditions for pH
4.0 synthesis of a triple coprecipitate slurry containing a

20 1:1 mass ratio of calcium phosphate to collagen plus GAG.
3.8644g collagen is dispersed in 171.4mL of 0.1383M HsPO4

!

cooled in an ice bath, by blending over 90 minutes at
15,000rpm, using‘a homogeniser equipped with a stator 19mm
in diameter, to create a highly viscous collagen dispersion.
25 - 0.3436g chondroitin-6-sulphate (GAG) is allowed to
dissolve in 14.3mL of 0.1383M at room temperature, by
shaking periodically to disperse dissolving GAG, producing a
GAG solution.
- After 90 minutes, the 14.3mL of GAG solution is added to
30 the mixing collagen dispersion at a rate of approximately

0.5mL/min, under continuous homogenisation at 15,000rpm, and



- Superinposing this locus of points onto a map of brushite mass yield with
identical axes, and identification of its intersection with the 21 ng/nL
cont our al Wwansos/bs|4set of reactant concentrations for WhPEHGB2GOAOPSE
coprecipitate 15 slurry containing a 1:1 mass ratio of cal ci um phosphate
(21ng/ L) to collagen plus GAG (21lng/ can be produced at pH 4.0 ([Caz+]
= [H3PO4] = 0.1383M Ca(N03).4H20: Ca( 2 = 0.1356) See Figure 6:
identification of conditions for pH 4.0 synthesis of a triple coprecipitate
slurry containing a 20 1:1 nass ratio of cal cium phosphate to collagen plus
GAG - 3.BBa4yesvltigenhighdyspéssedsi ﬁoimganﬂGng gispeIMikgPbiendssl ed in

an ice bat b | endin er . m nutes at 15, 000r pm wusing a honobgeni ser
equi pped mf?ﬁ % g?gfgro€9gg1m%ﬁ Eﬁgneter, to create a highly viscous

col | agen dispetsiono Rbnut&s3486gishagyr oi Bbagbeaubphat endCOGIsdg al | oved to
di ssolve in 14.3nL of 0.1383M at roomtenperature, by shaking periodically
to di spersea{¥asal-dfeg &re apeeduEPnihe haslblyorisrers <coAfvaenyGAR nut es,

h . f . SOl Ul j j LX)k | 4. di i
2 rato ol SPERSRT M eyt E 0o Bat A RS ABER L TP R Ate RERS &l on ar

15, 000r pm 18ndoVE-RP06L8al #4d RCELGBAGRA/BRE35AP tr2plet hepresiiidiitage
hi ghl y-vi scous col | agen/ GAG di spersion blended for a total of 90 mnutes -
After 90 nPhure¥, oRfhekivaich. Bomg en(edyztannad. F408mLcoNG3)1Z880 are
added to t i ghl y- Vi u | L.age 5 di spersion over 30 m nutes under
constant b gpncg“l %% é&‘éb?%glogpgt% t?’%ear%ll%%geya col | agen/ GAG CaP triple
copreci pi t atBheSpHr6¥, thét eriphechopraeiphtaddi sianaly i4 Ipprefx ithalk33IM

10 4.0

- The triple coprecipitate slurry is allowed to remain at

25°C for a period of 48 hours.

Step II

15 - The triple coprecipitate slurry is placed in a freezer at
-20°C and allowed to solidify overnight.
- The frozen slurry is then removed from the freezer, placed
in a vacuum of approximately 80mTorr, and the temperature
allowed to rise to room temperature, thus inducing

20 sublimation of ice from the slurry, which is allowed to
proceed over 48 hours.
- The x~-ray diffraction pattern of the collagen/GAG/brushite
triple co—precipitate following removal of unbound water
(Cu~-K (alpha) radiation) is shown in Figure 7, and an SEM

25 1image of the surface of a co-precipitate is shown in Figure
8 (secondary (SE) and backscattered electron (BSE) images of
surface of triple co-precipitate with CaP: collagen + GAG =
1:1).

30 Step III



H3P04 is blended into the slurry - The pH of the triple coprecipitate slurry
is approximately 10 4.0 - The triple coprecipitate slurry is allowed to
remai n at WAbL005/051447 peri od of 48 hours. Step Il 15 - TheP€T/{GBRA4/004550
coprecipitate slurry is placed in a freezer at -20C and allowed to solidify
overnight. - The frozen slurry is then_renoved fromthe freezer, placed in
a vacuum of approxi mately 80mrorr, and t he tenperature allowed to rise to
roomtenperature, thus inducing 20 sublimtion of ice fromthe slurry, which
is allowed to proceed over 48 hours. - The x-ray diffraction pattern of the
col | agen/ GA@ freshcompl et e premevaprefi pnbatedf satewi nd - 28goedl tde unbound

water (Cu-K (alpha) radjation) is shown ip Fiqure 7, and.an,SEM 25 inmage of
t he surfac%e%4f%£%%-%¥%c#5fP§?ec?grgﬁbﬂht?ﬂeF? u&gdrgtﬁge&BnégpyI(SE) and
backscat t eeto®] 8€4 r R 4BSE)ri pBORSn@fessurface of triple co-precipitate
with CaP: collagen + GAG = 1:1). 30 Step Il WD 20051051447

PCT/ GB2004t 00ashoof -a27olut ppneef cOnPBeMeEPAGDRRN Bf OUAMONHE W&t édded 25g of
the resulting dry triple coprecipitate, . is, hydrated in 40 i Qnised wat er
for 20%nih%?éghe-g%%%if%?racg%fﬁfﬁﬁﬂgofhﬁ.Bﬁéﬁéﬁtﬁﬁp§ﬁﬁlBE%fE%EN 4's added
5 to the coaiahNesdCRAtat)i Qﬂdtﬁl@ett'tD#EeC@@p@éb@b&@b@ésaadlo%idoIﬁbSEd

a

water, and the triple coprecipitates lowed to crosslink for 2 hours at
roon]tenpe¢ggg$bi@hd§®rggnhp@rs at room temperature under gentle

agitation.
- The EDAC solution is removed, and the triple
10 cop;ecipitates rinsed with phosphate buffer solution (PBS)
and allowed to incubate at 37°C for 2 hours in fresh PBS
under mild agitation.
- After two hours in PBS, the triple coprecipitates are
rinsed with deionised water, and allowed toc incubate for two
15 10-minute intervals at 37°C under mild agitation.
- The triple coprecipitates are then dried at 37°C for 72
hours. Figure 9 shows an x-ray diffraction pattern of the
collagen/GAG/brushite triple coprecipitate following EDAC

crosslinking (Cu-K (alpha) radiation).

20
Step 1V
- Crosslinked triple coprecipitate granules are placed in
50mL deionised wéter at 37°C, and the pH of the solution
adjusted to 6.67 using ammonia.

25 - Temperature and pH are maintained constant for 48 hours,

after which time the co-precipitates are filtered, rinsed in
deionised water, and dried at 37°C in air.
- An x-ray diffraction pattern of the coprecipitates
following conversion to OCP is shown in Figure 10 (EDAC-

30 crosslinked collagen/GAG/CaP triple co-precipitate following
conversion at 37°C to OCP over 72 hours at pH 6.67, to form

a collagen/GAG/OCP biocomposite, Cu-K (alpha) radiation).



agitation. - The EDAC solution is renoved, and the triple 10 coprecipitates
rinsed with phosphate buffer solution (PBS) and allowed to incubate at 37C
for 2 hourwoO wo$nssdy PBS under mld agitation. - After tR@I/GBLU04/00455PBS,
the triple coprecipitates are rinsed with deionised water, and allowed to
i ncubate for two 15 10-m nute intervg#§ at 37C under mld agitation. - The
triple coprecipitates are then dried 37C for 72 hours. Figure 9 shows an
x-ray diffraction pattern of the collagen/ GAG brushite triple coprecipitate
foll owi ng EDAC crosslinking (Cu-K (al pha) radiation) 20 Step IV -
Crosslinked triple coprecipitate granules are placed in 50nL deionised

wat er at G, .and the pH of the solution adjusted to 6.67 using anmonia. 25
- Tenperaﬁﬁggﬁgﬁang are mai ntai ned constant for 48 hours, after which tine
the co-precipitates are filtered, rinsed in deionised water, and dried at
37Cin air. - An x-ray diffraction pattern of the coprecipitates follow ng
conversion to OCPErRsmpAews il Ringexampd e PHACHE0 sarddds ik degthod

[ / Ptri - i. pi follow.ng. i t CCP
coll 2030 AL 41 8,50, DLECLOLLL | LLONAD; RORYCLLE 81 ISR ©
(al pha) radiatdmiva\D 2095H 05 14470 PET SBRH0#3N04550arridd obxaapl €o3m

Example 3 is an exanple of the synthesis nmethod 5 descri bed above, executed
via appl i ceRNRAT ULt epand @ hpBugh about 4.5. As in example 2, pH

control is effected by careful control of the calcium
hydroxide and calcium nitrate concentrations, without the

10 use—of titrants. The resulting co-precipitates are then
frozen to -20°C, placed under vacuum and then heated to
induce sublimation of unbound water (i.e. ice). Primary
crosslinking is performed using a l-ethyl 3-(3-dimethyl
aminopropyl) carbodiimide treatment. The resulting dried

15 coprecipitate is then converted to apatite at pH 8.50, at
37°C. Secondary crosslinking performed using gamma

irradiation.

Materials

20
Type I: Acid solubilised from bovine tendon
Integra Life Sciences Plainsboro, NJ, USA
GAG: Chondroitin-6~sulphate from shark cartilage; sodium
salt; Sigma-Aldrich Inc (St. Louis, MO, USA)

25 Calcium Sources: (i) Calcium hydroxide; Ca(OQH), Sigma-
Aldrich Inc (St. Louis, MO, USA), and (ii) Calcium nitrate;
Ca(NOs3)2.4H;0; Sigma-Aldrich Inc (St. Louis, MO, USA)
Phosphorous Source: Orthophosphoric acid; H3zPQO4; BDH
Laboratory Supplies (Poole, United Kingdom)

30 Titrant: None
Crosslinking agents: (i) 1-Ethyl-3-(3~Dimethylaminopropyl)
Carbodiimide (=EDAC); Sigma-Aldrich Inc (St. Louis, MO, USA)



Vinclusive. Triple co-precipitation is carried out at room tenperature,
and a pH of about 4.5. As in exanple 2, pH control is effected by careful
control of wigmoegedig47um hydroxi de and cal cium nitrate CONBETIGBZIH/00SS0

wi thout the 10 use of titrants. The resulting co-precipitates are then
frozen to -20C, placed under vacuum ang then heated to induce sublinmation
of unbound water (i.e. ice). Primary" ?oéslinking is performed using a
l-ethyl 3-(3-dinethyl am nopropyl) carbodiinm de treatnment. The resulting
dried 15 coprecipitate is then converted to apatite at pH 8.50, at 37C
Secondary &ndséiinkiridypeekpsnedindinhdeganiVaS) i r Fagmat-Adnlr ivdt dinical($t.20

Type |I: Acjd solubpili from bovine tendon Integra Life Sciences
Plainsboro#oﬂﬁ§'%%;'digg)Chondroitin-6-su|phate from shark cartilage; sodium

salt; Sigma-Aldrich Inc (St. Louis, MO, USA) 25 Calcium Sources: (i) Calcium
hydr oxi de; Ca(OH)2 Sigma- Aldrich Inc (St. Louis, MO, USA), and (ii) Calcium
nitrate, Eaodedype4H20; Sigma-Aldrich Inc (St. Louis, M), USA) Phosphorous
Sour ce:. Ot hophosphoric acid; H3PO4; BDH Laboratory Supplies (Poole, United
Kingdoﬁ} 30 Titrant: None Crosslinking agents: (i)

1- Et hyl - 3- 8o mret hyl am nopropyl ) Carbodiim de (=EDAC); Sigma-Aldrich Inc
(St. Louis, ] USA% WO 2005/ 051447 PCT/ GB2004/ 004550 - 29 and (ii)

N- Hydr oxysucBi hahgee pappiSyatSpgard- Ardshéhel e cstlagesuirdusMo, USA)

glycosaminoglycan of 3:1 is selected.
- The concentration of collagen plus GAG in a total reaction
10 Vol;me of 200mL is set at 10mg/mL.
- Using an empirical, 3-dimentional map of pH variation (at
a constant [Ca®'] to [P] reactant ion ratio of 1.0) with
differing i) ionic concentrations (i.e. [Ca2+] = [H3P04]) and
ii) ratios of calcium nitrate: calcium hydroxide, a locus of
15 points over which pH remained constant at 4.5 is identified.
This is shown in Figure 11 (set of combinations of ionic
concentration and calcium nitrate: calcium hydroxide ratio
for maintaining pH = 4.5).
- Superimposing this locus of points onto a map of brushite
20 mass yield (with identical axes), and identification of its
intersection with the 30mg/mL (i.e. 3 times the
concentration of collagen plus GAG) contour allows the set
of reactant concéntrations for which a triple coprecipitate
slurry containing a 3:1 mass ratio of calcium phosphate
25 (30mg/mL) to collagen plus GAG (10mg/mL) can be produced at
a pH of 4.5 ([Ca*] = [H3PO4] = 0.1768M; Ca(NO3).4Hy0:
Ca(OH), = 0.049). This is show in Figure 12:
identification of conditions for pH 4.5 synthesis of a
triple coprecipitate slurry containing a 3:1 mass ratio of
30 calcium phosphate to collagen plus GAG.
- 1.837g collagen is dispersed in 171.4mL of 0.1768M H3PO,

cooled in an ice bath, by blending over 90 minutes at



Procedure 5 Step | - Atarget nmass ratio of brushite to coll agen plus

gl ycosam nogl ycan of 3:1 is selected. - The concentration of collagen plus
GAG i n a twpadoy/@aedzi on 10 vol une of 200nL is set at 10MYTIHEB2004/Q945¥g an
enpirical, 3-dinmentional nmap of pH variation (at a constant [Ca2+] to [PF]
reactant ion ratio of 1.0) with dlffeg ng i) ionic concentrations (i.e

[ Ca2+] [HB3PO4]) and ii) ratios of calciumnitrate: cal cium hydroxide, a
| ocus of 15 points over which pH remained constant at 4.5 is identified.
This is shown in Figure 11 (set of conbinations of jonic concentratl on and
cal ci um ni 3 AR TR HARTYIrBXTRREREEEH e%%pmtinvathu AgSpAters lgpm

Superi npo J[r?%téthété.fc% dér%)%%ti$ &'S'ii’a %éepgyg Rite 20 mass yield

(wi th identical axes |cat|o intersection with the
30nmg/ mL (= €e0. Be3g nEtsorideo Toheehit sal poatof ((GA)G) apenaplogeGAG distolreal | ows

the set of reactant concenérations for which a trip }Pe co CI pitate slurry
contalnlng“a B 3t Gt} 0O b1 EPOH PRBRPRAERISE Xoﬁﬁ Pgto col | agen

0. 17650 G (NBB 2 atb0r CH(OH) B 207038 Mo QRBReReR Slhcrs.

identificatobumtoédnconditions for pH 4.5 synthesis of a triple coprecipitate
hate to col | agen pl us

ATy Sonialpi1g g 3.5, mss TaLLo0f .0 cal chumplosonals Lo coll qgen bl u
an ice batiye by; pl £OAEO0 Qy&n IPsPpyiss &t ¥\0r39956@5é§6}o§§1!a€%%9;04/ 004550
0.5mL/min, under continuous homogenisation at 15,000rpm, and
10 the—resulting collagen/GAG dispersion blended for a total of
90 minutes.
- After 90 minutes of mixing, 2.498g Ca(OH), and 0.380g
Ca (NO3),.4H,0 are added to the collagen/GAG dispersion over
30 minutes under constant blending at 15,000rpm, creating a
15 collagen/GAG/CaP triple coprecipitate slurry, after which
time an additional 14.3mL of 0.1768M HiPO, were added to the
mixing slurry.
- The pH of the triple coprecipitate slurry is approximately
4.5.
20 - The triple coprecipitate slurry is allowed to remain at

25°C for a period of 48 hours.

Step II

- The triple coprecipitate slurry is placed in a freezer at
25 -20°C and allowed to freeze overnight.

- The frozen slurry is then removed from the freezer, placed

in a vacuum of approximately 80mTorr, and the temperature

allowed to rise to room temperature, thus inducing

sublimation of the ice from the slurry, which is allowed to
30 proceed over 48 hours. The x-ray diffraction trace of the

collagen/GAG/brushite triple co-precipitate following



- 30 15,000rpm wusing a honogeni ser equipped with a stator 19mm in
dianeter, to create a collagen dispersion. - 0.163g chondroitin-6-sul phate
(GAG is amNmesosie4di ssol ve in 14.3nL of 0.1768M at r ooPRT/ERPWAA4IPE, by
shaking 5 periodically to disperse dissolving GAG to produce a GAG
solution. - After 90 m nutes, the 14, of GAG solution is added to the

m xi ng col | agen di spersion at a rate of  approximately O0.5nm/ m n, under
cont i nuous honogeni sation at 15, 000rpm and 10 the resulting col I agen/ GAG

di spersion blended for a total of 90 nlnu es. - 90 m,nutes of m xing,
2.498g Ca(X3PHahPH. WP nEH N3y 2 Grp ( %?‘Iéh%bldéﬁld%ét%% coFl §58MPGAB

di sper si ong q¥§éscgg m nut es under constant bl ending at 15,000rpm creating a
15 collageﬁb triple coprecipitate slurry, after which tinme an
additional 14.3nmL of 0.1768M H3PO4 were added to the mxing slurry. - The
pH of the triple coprecipitate slurry is approximtely 4.5. 20 - The triple
coprecipit &P s {#ry is allowed to remain at 25C for a period of 48 hours.

Step 'b - et fpé&neﬁf&é%%&hé@gf SfUii¥obAdPhated | h skl 8ezgheal 25 - 20C

and al [ owed to reeze overni rozen s urry is then removed from
the freezeresypliatmeg din Erypbuuompfeappibataaielyyaﬁafedr;naﬁﬂmmhe

t enper at ur al | owed to rlse ropmtenperature, thus inducing sublimation
of the iceé$t e Q¥ ﬁhf%hm?guE?Fomed to 30 proceed over 48 hours.

The x-ray dijigacss on éé}?&&&fl &P€0.018M EDAC and 0.007M NHS is added

to Ehe container containing‘the triple coprecipitates and

10 deionised water, and the triple coprecipitates allowed to
crosslink for 2 hours at room temperature, under gentle
agitation.
- The EDAC solution is removed, and the triple
coprecipitates are rinsed with phosphate buffer solution

15 (PBS) and allowed to incubate at 37°C for 2 hours in fresh
PBS under mild agitation.
- After two hours in PBS, the triple coprecipitates are
rinsed with deionised water, and allowed to incubate for two
10-minute intervals at 37°C under mild agitation.

20 ~ The triple coprecipitates are then dried at 37°C for 72
hours. The x-ray diffraction pattern of
collagen/GAG/bru;hite triple coprecipitate following EDAC

crosslinking (Cu-K(alpha) radiation) is shown in Figure 14.

25 Step IV
~ Crosslinked triple coprecipitate granules are placed in
50mL deionised water pre-saturated with respect to brushite
at 37°C, and the pH of the solution adjusted to 8.50 using
ammonia.

30 - The temperature and pH are maintained constant for 72
hours, after which time the co-precipitates are filtered,

rinsed in deionised water, and dried at 37°C in air. An x-



col | agen/ GAG brushite triple co-precipitate foll ow ng WO 2005/ 051447

PCT/ GB2004/ 004550 - 31 renoval of unbound water (Cu-K(al pha) radiation) is
shown in MWQuO&03347 Step |11 5 - After conplete renoval BET/GBRYW4MAHSMAL er
1.259 of the resulting dry triple coprecipitate is hydrated in 40nL

dei oni sed water for 20 mnutes. - 20m,of_a solution of 0.018M EDAC and
0.007M NHS is added to the container Containing the triple coprecipitates
and 10 deionised water, and the triple coprecipitates allowed to crosslink
for 2 hours at roomtenperature, underggentle agi tation. he .EDAC

sol uti on %52 efbvEERCERAANRREERTRI @ € r%@TBFFSﬂBgFQngrFh&l&wwpgh
phosphat e by f: 56k Ut) Odoa e LPBS) sfdinathopedyte iacybage-at 37C for 2

hours in fres S under d agitation. er two hours in PBS, the
triple coprecsplinked avklagens@AGACERA Ueiphesed-paterlpianadealflodwed ing
incubate for two  10-minyte intervals at 37C ynder mld _agitatian. 20 - The
triple cop?%%V%¥§%?%sa5r§%tﬁeﬁod?P%HlE? QYELf bf $9urﬁoéFsghTﬁeS§Jr§§

diffragtio tie ég@g@b ushbhBokt LBl @cGORBGRIhat e fol | owi ng
EDAC %rosg?fﬁk%n%g%g%gi§gF%ﬁg§ﬁra |atFon) ﬁgos%omnqin Fﬁgu?ea{4. 25 Step
|V - Crosstaadkedion) pl e coprecipitate granules are placed in 50ni dei oni sed
wat er pre-saturated with respect to brushite at 37C, and the pH of the

solution adjusted to 8.50 using anmoni a.
Step V

- The dried collagen/GAG/Ap triple coprecipitates are

10 sub}ected to a 32.1kGy dose of gamma irradiation. Figure 16
shows the x-ray diffraction pattern following gamma
irradiation (EDAC-crosslinked collagen/GAG/Ap triple co-
precipitates after secondary crosslinking via gamma
irradiation).

15
Example 4

Materials

20 Collagen: reconstituted, pepsin-extracted porcine dermal
collagen (atelocollagen); 85% by weight of Type I, 15% by
weight of Type III; Japan Meat Packers (Osaka, Japan)
GAG: Chondroitiﬁ-G—sulphate from shark cartilage; sodium
salt; Sigma-Aldrich Inc (St. Louis, MO, USA)

25 Calcium Sources: (1) Calcium hydroxide; Ca(OH), Sigma-
Aldrich Inc (St. Louis, MO, USA), and (ii) Calcium nitrate;
Ca(NO3),.4H;0; Sigma-Aldrich Inc (St. Louis, MO, USA)
Phosphorous Source: Orthophosphoric acid; HsPO,; BDH
Laboratory Supplies (Poole, United Kingdom)

30 Titrant: Ammonia; NH;; BDH Laboratory Supplies (Poole,
United Kingdom)



30 - The t
dried at

is shown i
CO- pr eci pi

enperature and pH are mai ntained constant for 72 hours, after
which time the co-precipitates are filtered, rinsed in deionised water

%G Jobs/@iider AN x WO 2005/ 051447 PCT/ GB2004/ 0045 P T/GBZYO4/ 00430
diffraction pattern of the co-precipitates follow ng

n Figure 15 .(EDAC- crosslink 9 col l agen/ GAG CaP triple
tate follow ng conversion at“37C to apatite over 72 hours at

8.50, to 5 forma coll agen/ GAG apatite bioconposite (Cu-K(al pha)
radiation). Step V - The dried collagen/ GAG Ap triple coprecipitates ar

subj ect ed PoogedRrekGy dose of gammm irradiation. Figure 16

diffraction pattern followi ng ganma irradiation (EDAC-crosslinked
col lagen/ GAG Ap triple co- precipitates after secondary crosslinking vi

gamma irr
pepsi n- ext

gdeptton). 15 Exanple 4 Materials 20 Collagen: reconstitute
racted porcine dermal coll agen (atelaocollagen); 85% by weight

Type |, 15% B9lufdpgh® WRSTPEEPREED BYpga seedivipsc ke ©H)esdkal - $8Nan)

Chondrai ti
(St. Lg%is

s A Sl G P L P e e s R Al 2

Sigma- Al dehehrkBalEShg kseliusioMOtitSaAkedand EH JofCal.d.um nitrate;
Ca(N33) 2. 4H2OQ, Sigma-Aldrich Inc (St. Louis, MO, USA) Phosphorous Sour
O t hophosphoPREP&EEE ONHBP®ES Bpgrared by dissolving Chondroitin-6-

10

15

20

25

30

sulphate in deionised water to a concentration of 3.2g/L.
Und?r constant stirring, Ca(NOs),.4H,0 and Ca(OH), then added
to chondroitin sulphate solution at a nitrate:hydroxide
molar ratio of 1.5, to produce a suspension with a total
calcium concentration of 2.4M.

- 0.144g collagen were added to 20mL of Solution A, and
blended using a homogeniser until dissolved. 4mL of
Suspension B was then added to Solution A under constant
stirring. Stirring was continued for 60 minutes, and pH
monitored to ensure that it remained in the range
3.15<pH<3.30. The resulting slurry was then allowed to age

for 24 hours at room temperature.

Step IT

- The slurry was allowed to dry at 37°C in air for 5 days,
and the remaining triple co-precipitate rinsed with
deionised water, and subsequently dried again at 37°C for an

additional 24 hours.

Step I1I

- Co-precipitates were placed in dilute acetic acid (pH =
3.2), and irradiated with a gamma irradiation dose of 30kGy.
The crosslinked precipitates were then removed from

solution, rinsed, and dried at 37°C in air.

, and

conversion to apatite

pH

e 10

shows the x-ray

a
d,

of
GAG
h | nc

ce:



Laboratory Supplies (Poole, United Kingdom 30 Titrant: Ammonia; NH3; BDH
Laboratory Supplies (Poole, United Kingdon) WO 2005/ 051447

PCT/ GB2004/W0295(¥5144733 Procedure Step | - Sol ution A wWRETKTRHWWESSHyY
di ssolving Ca(OH)2 in 0.48M 5 H3PO4 to a concentration of 0.12M at room
tenperature, and the resulting solutigp titrated to pH of 3.2. - Suspension

B was prepared by dissolving Chondroitin-6- sulphate in deionised water to a
concentration of 3.2g/L. Under constant stirring, Ca(N03)2.4H20 and Ca(OH) 2
then added_ 10 to chondroitin sul phate solution at a nitrate:hydroxide nolar
ratio of 1x %eptBVproduce a suspension with a total calciumconcentration of

2. 4aM - O 19480501 L ageq, Vebeopdrefl: LAed0htaRhlSa HhLAN e R 1D lcRRded using

a honogeni ser unti 157~ Suspensi on s then a
Sol uti on Adendeisednsdbar ast B7PCpgandt thei pj wds thentioludd ohordg@sihenut es,

and pH nDnltg g to,ensure that it remaiped in the rang 3. 15<pH<3 30. The
resul ting §Pu § WS 1R B A EPRbRed LEMRGEACHER Eﬁdh8§r¥e € PEdMEeREEr at ure.

20 Step | 'congfbsn@y&fyw/aﬁoakgows@tw fhycat tﬁéccloﬂ %Ierc%qrta%e@ax@re and
the remaining triple co-precipifate rinsed with deidnised water, and
subsequent fyldered, aganaedt i878efioniand Qstaddlandndklbd ladur35.°CStiep | | |

air.

Step V

10 - C;osslinked, hydrolysed, co-precipitate granules were
placed in a vacuum oven at room temperature, and a vacuum of
50mTorr applied, after which the temperature was then
increased to 105°C. After 24 hours, the temperature was
reduced to room temperature and the vacuum released.

15
Figure 17 shows the x-ray diffraction pattern of the
composite immediately following triple co-precipitation and
drying (Steps I and II). This pattern confirms the major
phase present to be brushite.

20
Figure 18 shows an SEM micrograph of the structure of co-
precipitate granules following primary crosslinking (Step
ITI). It is worfhy to note the microstructurally
homogeneous nature of the granules.

25
The progression of hydrolysis to octacalcium phosphate (Step
IV) is illustrated in the XRD Pattern of Figure 19.
Progressive decreases in the intensity of the brushite peak
at 12.5°, and increases of the major octacalcium

30 phosphate(OCP) peak at 4.5° indicate the conversion of the

inorganic phase to OCP over a period of 48 hours.



- Co-precipitates were placed in dilute acetic acid (pH= 3.2), and
irradiated with a gamma irradi ati on dose of 30kGy. 30 The crosslinked

preci pi t at &0 OPES¥KEN renoved from sol ution, rinsed, andPEFGEA0U0045E i n
air. WO 2005/051447 PCT/ GB20041004550 - 34 Step IV - Crosslinked,
co-precipitate granules were placed Ln3§Qnl deionised water at 37C, and the
pH of the solution adjusted to 6.65 using ammoni a. Tenperature and pH were
mai ntai ned 5 constant for 48 hours, after which the co-precipitates were

filtered, gi d.in_dejonjsed r..and dried at, 3 in iy. Step V 10 -
C}osslinkeé,eﬁgd%%?9§eé? %%gpF§%%§F9§Fe18r5 ﬁﬁgslﬂe}gguﬁﬁé?g& i?xa vacuum
oven at roeghiempeistdisutabd afvaourunal 1080akpe tapRitied,caafdigim whi ch the
tenperature was then increased to 105C. After 24 hours, the tenperature was
reduced t oPheBRNRBAPEFHELRLSaAd SPRE S@EC dinar 6P43866N/BAG-IARIE X Z SShows t he
X-ray diff%@?&ggg pattern of the conposite imediately followng triple
co-precipitation and drying (Steps | and Il). This pattern confirns the
maj or 9hase present to be brushite. 20 Figure 18 shows an SEM mi crograph of

the structure of co- precipitate granules follomjgg primary crosslinking
(Step |11¥he| EopROGBEEND1PBaRETE 3l Ofi Eh6sPrEsemtallinyerHcifiysHebiE nat ur e

of the 9faﬂ§£85a32§ bioresorbable material. Following implantation,
it is expected that a device fabricated from the material

would resorb completely, leaving behind only healthy,
10 reg;nerated tissue, with no remaining trace of the implant

itseif.



The progression of hydrolysis to octacal ci um phosphate (Step 1V) is
illustrated in the XRD Pattern of Figure 19. Progressive decreases in the
intensity of the brushite peak at 12.5, and increases of the ngjor
octacal ci um 30 phosphate(OCP) peak at 4.5 indicate the conversion of the

i norgani ¢ phase to OCP over a period of 48 hours. WO 2005/ 051447

PCT/ GB2004/ 004550 - 35 A TEMimage of the conposite is shown in Figure 20.
A randomdistribution of 10-20nm | ow aspect-ratio cal cium phosphate
crystals dispersed in a collagen/ GAG matrix is evident. 5 The conposite

bi onat er i alcd.adfnst:he present invention may be used as a bioresorbable
material. Following inplantation, it is expected that a device fabricated
fromthe material would resorb conpletely, |eaving behind only healthy, 10
regenerat ed ti ssugrotidds Moy etk Hmglddaesn off tthedmplainte natsetfal - 36 -
Clainms: 1. A process for. the production of a conposite material conprising

col | agen, BIQREiSE g FId@ e mir gy Fh Ry HE sai d process

ESFF;L,Z%?ga?tl%O?}aﬁf%%gg{}yc%rr@“ RE g%pf%’lrg CRAHeQUSH S AU HY | Qe OB | Si g

ce and ap ous source and one or nore
gl ycosam nogl ycansyviahichopraacigpi tdutd ngyudmi aldlageimn tdwngrishig e and t he one
or 10 nore glycosam noglycans toqgther(ironlthe aqueous_solution, to forma
triple co- 399t & calcium source and a phosphorous source and ore
or more glycosaminoglycans, and
precipitating the collagen, the brushite and the one or
10 more glycosaminoglycans together from the agueous solution

to form a triple co-precipitate.

2. A process as claimed in claim 1, wherein the solution
has a pH of from 2.5 to 5.5.

15
3. A process as claimed in claim 2, wherein the solution

has a pH of from 3 to 3.8.

4. A process as claimed in claim 3, wherein the solution

20 has a pH of 3.2.

5. A process as claimed in any one of the preceding
claims, wherein the calcium source is selected from one or
more of calcium nitrate, calcium acetate, calcium chloride,
25 calcium carbonate and calcium alkoxide, calcium hydroxide,
calcium silicate, calcium sulphate, calcium gluconate and

the calcium salt of heparin.

6. A process as claimed in any one of the preceding
30 claims, wherein the phosphorus source is selected from one
or more of ammonium-dihydrogen phosphate, diammonium

hydrogen phosphate, phosphoric acid, disodium hydrogen



2. A process as clainmed in claim1, wherein the solution has a pH of from
2.5to 5.5 15 3. Aprocess as clainmed in claim2, wherein the solution has
a pHof from3 to 3.8. 4. A process as clained in claim3, wherein the
solution 20 has a pHof 3.2. 5. A process as clainmed in any one of the
preceding clainms, wherein the cal ciumssource is selected fromone or nore
of calciumnitrate, calciumacetate, calciumchloride, 25 cal cium carbonate
and cal ci um al koxi de, cal ci um hydroxide, calciumsilicate, calcium

sul phate, calciu | ycqnat.e .and _the calciumsalt gf h rin. 6. A process
as clained?ﬁﬁhﬁ%ﬁé%éiﬁaet%ﬁ?%#%%%ﬁfﬂﬁﬁiﬁ%ﬁ%ﬁ , %ﬁéﬁ%\%he phosphor us
source is selected fromone or nore of ammoni um di hydrogen phosphat e,

di anmoni um hydr ogen phosphate, phosphoric acid, disodium hydrogen - 37
ort hophosplhat e 2 rhcsss @ akd imachyin s ping ©f The preredisngs claimed in

any one of t.he preceding l.ai ns, wherein the one or cosam nogl ycans
CoBa T A Eard RS e Do pat A

are 5 seleC 0 in sul'pha I'n’s %eparin,

hepar i nssulgdiai®.e Kk efran rersst it tel rangh pred i oniermaci el 18l pHaths ocess as
clained in _any one of the preceding 10 clains, wherein the solution has a

t enper at ur '¥Faitpmheray i egtadw ttontigfatdey DI PrOAE BB EPEPHEY i n any
one of theigﬁgfeding clains, wherein the solution has a tenperature of from
15 to 15 egrees centi grade.

8. A process as claimed in any one of the preceding
10 claims, wherein the solution has a temperature of from 4 to

degrees centigrade.

9. A process as claimed in any one of the preceding
claims, wherein the solution has a temperature of from 15 to

15 40 degrees centigrade.

10. A process as claimed in any one of the preceding claims
wherein the ratio of collagen to the total amcunt of one or
more glycosaminoglyeans in the solution is from 8:1 to 30:1

20 by weight.

11. A process as claimed in any one of the preceding
claims, wherein the solution comprises calcium ions and the
ratio of collagen to the calcium ions is from 100:1 to 1:20

25 by weight.

12. A process as claimed in any one of the preceding
claims, wherein ratio of collagen to brushite in the co
precipitate is from 100:1 to 1:10 by weight.

30
13. A process as claimed in any one of the preceding claims

wherein the solution comprises calcium ions and the



10. A process as clainmed in any one of the preceding clains wherein the
ratio of collagen to the total amount of one or nore glycosam noglyeans in
the solutionis from8:1 to 30:1 20 by weight. 11. A process as clainmed in
any one of the preceding clains, wherein the solution conprises calcium
ions and the ratio of collagen to the galciumions is from100:1 to 1:20
25 by weight. 12. A process as clainmed in any one of the preceding clains,
wherein ratio of collagen to brushite in the co precipitate is from 100:1

to 1:10 by weight. 30 13. rocess as clained in any, one of the edi ng
a5 GBI 6 i T S et b T O a0 g CEHE
concentrat itgh pfsal ciumions in solution is from0.00025M to 0.5M 14. A

process as clainmed in any one of the preceding clains 5 wherein the
sol ution conprises phosphate ions and the concentration of phosphate ions

in solution is fromO0.00025M to O0.50M 15. A process as _clained in any one
of the procdt nd GRS B vHET SIS tHe BOCRIT <t 1 OFF oFF CoTt Hobr- 1 The
sol utiop i syndredm e/ do it 180/ domphbi sl BHEAST @S £ddd r@ed i ghany one of
the preceding clainms wherein the total concentration of the one or nore 15
gl ycosani nefingsiisratiartheo s athasedmtis foromim Gglutien 1s ogrem 47000 P ocess

accordi ng HQ%QJ%dﬂ]” further conprising, converting at |east sone of the
e .

brushite in
15. A process as claimed in any one of the preceding claims
10 wherein the concentration of collagen in the solution is

from 1.0g/L to 10g/L.

16. A process as claimed in any one of the preceding claims
wherein the total concentration of the one or more
15 glycosaminoglycans in the solution is from 0.0lg/L to

1.0g9/L.

17. A process according to claim 1, further comprising,
converting at least some of the brushite in the
20 composite material to octacalcium phosphate by

hydrolysation.

18. A process as claimed in claim 17, wherein the composite
material comprises or consists essentially of a triple co-
25 precipitate comprising collagen, brushite and one or more

glycosaminoglycans.
19. A process as claimed in claim 18, wherein the triple
co-precipitate is formed according to the process of any one

30 of claims 1 to 16.

20. A process as claimed in any one of claims 17 to 19,



20 conposite material to octacal ci um phosphate by hydrolysation. 18. A
process as clainmed in claim17, wherein the conposite nmaterial conprises or
consists essentially of a triple co- 25 precipitate conprising collagen,
brushite and one or nore glycosam noglycans. 19. A process as clained in
claim 18, wherein the triple co-precipidate is forned according to the
process of any one 30 of clains 1 to g. 20. A process as clained in any
one of clainms 17 to 19, - 39 wherein the step of hydrolysation of brushite
to octacal cium phosphate conprises contacting the conposite material with
an aqueous %rﬁ%%ﬁ,hesﬁttfpaﬁmﬁw}iﬁa}wrbé? &%{S%Hrr?%tfo‘?/eocﬁf?]ﬁ%‘ﬁ?

whi ch octa ' QIRhAL; RS, & iher YRR SA stahla i han
brushite. %dgﬁ{[)yrt?gess aslescelbé'gi med i%lcﬁitrn%o, mcgsfle%é/n rg%r&gr aqueousH

sol uti on has: aqitcfs fsaddmtbidn, &Gaild Rieuproriessias vt @greak ior dlwm 21,

wherein said agueous .solution has a pH.of fromG.5 to 7.5. 23. A process as
cl ai med intg'lea! 2%, Wi 4r %ﬂﬁ&@?@&%ﬁ iR pH of 6.65. 15 24. A
pr ocess 5 ac GYeHini ikl &ML did hara I ng-ufonverting at | east sone of
the brushite in the conposite material to apatite by hydrol ysation. 20 25.

A process as clained in claim?24, wherein the conposite material conprises
conpri sing coll agen,

or consists essentially of a triple, co- preciptat
brushite arfd on é)rr%%sés agﬁfc]oas]e{?ﬁ%]d} fga%sf“ pjot, whereh ' $31 agueo

solution has a pH of from 6 to 8.

10 22. A process as claimed in claim 21, wherein said aqueous

solution has a pH of from 6.5 to 7.5.

23. A process as claimed in claim 22, wherein said aqueous
solution has pH of 6.65.
15
24. A process according to claim 1 further comprising
converting at least some of the brushite in the

composite material to apatite by hydrolysation.

20 25. A process as claimed in claim 24, wherein the composite
material comprises or consists essentially of a triple co-
precipitate comprising collagen, brushite and one or more

glycosaminoglycans.

25 26. A process as claimed in claim 25, wherein the triple
co-precipitate is formed according to any one of claims 1 to

16.

27. A process as claimed in any one of claims 24 to 26,
30 wherein the step of hydrolysation of brushite to apatite
comprises contacting the composite material with an aqueous

solution, said aqueous solution being at or above the pH at



25 26. A process as clainmed in claim25, wherein the triple co-precipitate
is formed according to any one of clains 1 to 16. 27. A process as cl ained
in any one of clains 24 to 26, 30 wherein the step of hydrol ysation of
brushite to apatite conprises contacting the conposite material with an
aqueous sol ution, said aqueous solutigp heing at or above the pH at - 40
whi ch apatite becones thernodynam cally nore stable than brushite. 28. A
process as claimed in claim27, wherein said aqueous 5 solution has a pH of
8.0 or nore. 29. A process as clained in any o of clains ]17 tq 28,
wher ei n t h&'hd&hy 8PSt oPITWEH (T arT Wt Gld¥ PRSI eantg7acﬂ apatite
is at a term%rsq)ltilye of from30 to 40 degrees 10 centigrade. 30. A process
nc

as clainmed | ai m 21, wherein said tenperature is from36 to 38 degrees

centigrade. 15 31. A process as clained in claim30, wherein said

tenperature is 37 degrees centigrade., 32.. A process as clainmed in_any one of
the precedidfy cPaBROCHF AferC sllrhgj:]‘[&hlérPsz[07 pé”srb%r SHNEFT e

col l ages 20,134 dh & 0N¢ Y MY & o ¥605RiB0gl ycans in the conposite
material or triple co-precipitate. 33. A process as clainmed in claim 32,

wherein, if at least sonme of the brushite is converted to octacal ci um

phosphat e 295 and/ or apatite, the ycosam norﬁ%

, | I S. [ i t
the convergion ¢f FIREHUSH (FITLidt &8 p%ogég%liaatsler% g%ﬁ/%?%%’a?ir;g.r 32.

A process ghiainmhd tdh@mBidh JhesRidhidhe to octacalcium phosphate
and/or apatite is at a temperature of from 30 to 40 degrees

10 centigrade.

30. A process as claimed in claim 21, wherein said

temperature is from 36 to 38 degrees centigrade.

15 31. A process as claimed in claim 30, wherein said

temperature is 37 degrees centigrade.

32. A process as claimed in any one of the preceding claims
further comprising the steps of crosslinking the collagen
20 and the one or more glycosaminoglycans in the composite

material or triple co-precipitate.

33. A process as claimed in claim 32, wherein, if at least
some of the brushite is converted to octacalcium phosphate
25 and/or apatite, the glycosaminoglycan is crosslinked prior
to the conversion of the brushite to octacalcium phosphate

and/or apatite.

34. A process as claimed in claim 33, wherein the
30 crosslinking is effected by one or more of: subjecting the
triple co-precipitate to gamma radiation and/or ultraviolet

radiation, non-enzymatic glycation with a simple sugar such



30 crosslinking is effected by one or nore of: subjecting the ¢triple
co-precipitate to ganma radi ation and/or ultraviolet radiation,
non-enzymatic glycation with a sinple sugar such - 41 as glucose, mannose,
ri bose and sucrose contacting the triple co-precipitate with glutaral dehyde
and/or ethyl dimethyl am nopropyl carbgdiimde. 5 35. A process as clained
in any one of clains 32 to 34, wherein, if at |east sone of the brushite is
converted to octacal cium phosphate and/ or apatite, the collagen and one or
nore of gl ycos ninoglycans are crosslinked subsequent to_ the conversion of

the brushi t% & al"Gi"iiSsho & f@dar?dllcrﬁo @ CF69 At ocess as
cl ai med i ngligjm %%—p‘ﬁé%i’i‘iﬁi’?:a?t‘ée wit P NG, & faed /9 R gpe or nore

of : subjecting the friplé co-precipitate to gamm radi ation, dltraviolet 15
radi ati on aiimddinydaatimepropylr estrietiimcisenzymatic gl ycation with a sinple
sugar such as glucose, mannose, ribose and sucrose, contacting the triple
co-precipitate wth glutaral dehyde or ethyl dinmethylam nopropyl

carbodi sm de;. 20 p3bcAPRCRIS AL 1@ MBE, iIdhaaBE ey Qs ClAiIWE $2 to 36,
wherein the collagen and the one or nore glycosam noglycan are crosslinked
bot h pri or whersid,sdlfsedudeasto ssme efsitdie ofusthd ebrigs manvexrestttaral ci um
phosphat e %pQ!or %patit rocess .as ck%{ned in aQ¥gﬂﬂ§<9f t he

C pﬁq §15a 38. ite colla ig]
preceding T 4 r?i’;1 it &R orﬁ)eriasr} éni % ep ‘of sehapl ng e conposei te
bi omat eri alor Mdred ot IGAGIdE R nEH AR HPra s &1 A ARl Wubsequent to

the conversion of the brushite to octacalcium phosphate

10 and/or apatite.

36. A process as claimed in claim 35, wherein the
crosslinking is effected by one or more of: subjecting the
triple co-precipitate to gamma radiation, ultraviolet

15 radiation or dehydrothermic treatment, nonenzymatic
glycation with a simple sugar such as glucose, mannose,
ribose and sucrose, contacting the triple co-precipitate
with glutaraldehyde or ethyl dimethylaminopropyl
carbodiimide.

20
37. A process as claimed in any one of claims 32 to 36,
wherein the collagen and the one or more glycosaminoglycan
are crosslinked both prior to and subsequent to conversion
of the brushite to octacalcium phosphate and/or apatite.

25
38. A process as claimed in any one of the preceding
claims, further comprising the step of shaping the composite
biomaterial into a structure suitable for use as a bone or
dental substitute.

30
39. A process as claimed in any claim 38, wherein the

composite material is shaped using a technique selected from



dental substitute. 30 39. A process as clained in any claim38, wherein the
conposite material is shaped using a technique selected from- 42
filtration and | ow tenperature drying, freeze drying, injection noulding
and cold pressing. 40. A material conprising a triple co-precipitate 5
conprising collagen, brushite and one qr, nore glycosam noglycans. 41. A
material as clained in claim40, wherein the material 1is suitable for
transformng into a synthetic biomaterial. 10 42. A material as clainmed in

claim 41, reinthe triple co-precipitate consists essentially of

col | agen, lﬁ'strﬁéitelorhhadﬁoﬁeo rtefﬁfeeragq cosHm i f;ra%esz.el 73 A material as
claimed in jglaidpidh \mgﬂqjirhg hehdred SIrd AredSidy conposite biomaterial. 44. A
conposite biomaterial as clainmed in claim43, which is suitable for use as

a substitute bone or dental material. 20 45. A material as clained in any
one of clai 40, to 44,. wherein the coll qgjn Za,god_ &hee nor e
gl ycosam nog 'yc%nsma%earvlea]beceonm%rrloéslsrﬁ n?etdtél X Ig n%%gl‘ratl%{e as clainmed in

any onesof «dngdriss 4y tdb UmgehasBidhithe 0ol lagerot sngresent in the materi al
in an amount. of fromlOm%to 99wt % 47. A material as clainmed in any one
of clainms AYPEINT KGRI n the one or nore gl ycosani nogl ycans are
present in the material in an amount of fromO Ow%to 12wt %

41. A material as claimed in claim 40, wherein the material

is suitable for transforming into a synthetic biomaterial.
10

42. A material as claimed in claim 41, wherein the triple

co-precipitate consists essentially of collagen, brushite

and one or more glycosaminoglycans.

15 43. A material as claimed in claim 40 wherein the material

is a composite biomaterial.

44. A composite biomaterial as claimed in claim 43, which

is suitable for use as a substitute bone or dental material.
20

45. A material as claimed in any one of claims 40 to 44,

wherein the collagen and the one or more glycosaminoglycans

have been crosslinked.

25 46. A material as claimed in any one of claims 40 to 45,
wherein the collagen is present in the material in an amount

of from 10wt% to 99%wt%.

47. A material as claimed in any one of claims 40 to 46,
30 wherein the one or more glycosaminoglycans are present in

the material in an amount of from 0.0lwt% to 12wt%.



- 43 48. A material as clained in any one of clains 40 to 47, wherein if
the material conprises brushite, the ratio of collagen to brushite is 100:1
to 1:10 by weight. 5 49. A material as clained in any one of clains 40 to
48, wherein, if the material conprises octacal cium phosphate, the ratio of
coll agen to octacal ci um phosphate is 100;1 to 1:10 by weight. 10 50. A
material as clainmed in any one of clains 40 to 49, wherein the ratio of
collagen to the total anount of one or nore glycosanm noglycans is from10:1
to 30:1 by weight. 51. A materi according to claim40,co r|S|ng particles
15 of a calt§ umbHBRpHat el n3s ef %&me o P ot GPG Bhet bR ifSr &

gl ycosam noghy£ans, 1%“@5@'ﬂa?éf afoé$@ﬁﬁﬂsé§db§@éﬂlQ@e Phe PRESO of

gl ycosam nogl ycans are crosslinked and forma matrix, said particles of

cal ci um phosphba@emat@rbakshiee dssped sedtenl sad doyaveighdbt col | agen and one
or nore 20 glycosaninoglycans, and said cal ci um phosphate material is
brushite. 52. A synthetic bone nmaterial, bone inplant, bone graft, bone

scaffol & sg§t tA%ﬁé’@efP&F“@é%l@ﬂm@&aﬁ%HY S§KknoR5c189RBendt tensscaf fol d,
neural tissue regeneration scaffold, filler, coatln% or cenent conprising a
C

mat eri al aswké¢rmeied if nthaymaperodl ctanpsigestoeckacalcium phosphate,

the ratio of collagen to octacalcium phosphate is 100:1 to

1:10 by weight.

10 50. A material as claimed in any one of claims 40 to 49,
wherein the ratio of collagen to the total amount of one or

more glycosaminoglycans is from 10:1 to 30:1 by weight.

51. A material according to claim 40 comprising particles
15 of a calcium phosphate material, collagen and one or more
glycosaminoglycans, wherein said collagen and said one or
more glycosaminoglycans are crosslinked and form a matrix,
said particles of calcium phosphate material are
dispersed in said matrix of collagen and one or more
20 glycosaminoglycans, and

said calcium phosphate material is brushite.

52. A synthetic bone material, bone implant, bone graft,
bone scaffold, soft tissue regeneration scaffold, skin

25 regeneration scaffold, neural tissue regeneration scaffold,
filler, coating or cement comprising a material as claimed

in any one of claims 40 to 52.



