- 1 - Biomaterial The present invention relates to the field of
synthetic bone . materials for bionedical applications and, in
particular/ to 5 porous nonolithic and porous | ayered scaffol ds
conpri si ng c@bPl2eg@ssisical ci um phosphat e, and opti onal | y mCT/GB2006/000797
gl ycosam nogl ycan for use in tissue engineering. Natural bone is a :
bi oconposite of collagen, non-coll agéneus 10 organi ¢ phases incl uding
gl ycosam nogl ycans, and cal ci um phosphate. Its conpl ex hierarchical
structure | eads to exceptional mechanical properties including high
stiffness, strength, and fracture BieBgkastal -which in turn enable
bones to withstand the physiological stresses to which they are 15
subjected on a daily basis. The chall enge faced by reSearchers in'the

field is to &SRy ntHETE opatet tiegs (HRafhRasiel ¢ ofpeynthert amgne
structure thateMahl 24 WRLYERL DS GEOVAD 4y and @599{»%&51% to
| body. 20 1t “has™ been

synthetic material in the human or anina ee!
observed t RAFHENBORRIItHicnarngi Peeersy layesad ciemifsHdsphareeiging he

human body c(@_lﬁrggaeréawieﬁ:ﬁbhsgpﬁ&t%s a@bgaﬁéiaﬂatm)y through a
e Do

bone-1i ke apatite fayer formed int y environnment. Collagen and

copol yner s ToiFerEIIRE ISR fPEgese aitl tdEHBE PRBGEGaRPEs such as

gl ycosam nogl ycans on the other hand, are known to be opti nal
substrates for the attachment and proliferation of nunerous cel

types, inclNidiaglt PeRe espBAsromReTide CRecPI AR | BANasRl MatavcsRance

of boneoin d@nhenErk £20d¥nc30ding 2Ty RRURYSSg1 eaal akhy ety dikgol ubl e
materi al when conpared to ot her %orns_of cal ci um phosphate material s

sucth as br B¥SPRate 1 ddiSc CAMP P dptrite chhgr bttaaaterant gds fifat . The

relatively dx@wWp80bsl Iniclha@l capatid &8s bﬁa@@i%%dm?il age; frnsaen
producing a bionaterial as the rate of resorption of the material in
t he body is?tﬁﬁngEtHQQq ;rngRFe toughness, which in turn enable bones

to withstand the physiological stresses to which they are

15 subjectéd on & 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 material in the
human or animal body.

20 '
It has been observed that bone will bond directly to calcium
phosphates in the human body (a property referred to as
biocactivity) through a bone-like apatite layer formed in the
body environment. Collagen and copolymers comprising

25 collagen and other bioorganics such as glycosaminoglycans on
the other hand, are known to be optimal substrates for the
attachment and proliferation of numercus cell types,
including those responsible for the production and
maintenance of bone in the human body.

30
Hydroxyapatite is the calcium phosphate most commonly used

as a constituent in bone substitute materials. It is,



Cal ci um phosphat es such as hydroxyapatite are mechanically stiff
materials. However, they are relatively brittle when ,. 10 conpared
to natural bone. Collagen is a nmechanically tough nmaterial, but has

rel atively hayssséidskfspess when conpared to natural bone'PC%%o%@doﬁm
conpri sing copolynmers of collagen and gl ycosam nogl ycans are bot

tougher and stiffer than coll agen al ong, -but still have relatively

| ow stiffness when 15 conpared to natural bone. Previous attenpts to
produce a synthetic bone-substitute material having.inproved

mechani cal ReiRjifress oedatiwanoxypapatble narte ri &I Giad Sdiphii-agSEc OVer

col | agen a yner f. col Ll agen .and gl ycosam naogl ycans incl ude
conbi ni ng 2%1?. aggﬁg'gl%dggp%%le‘mbykﬁgﬁ%ﬁ %%e '?(??lgs.u%h@ﬁ brushite,
mechani cal wetdeddive phesphdied and GE:dedlf4md Bhoshipites, dewel opment s

i ncl ude "pr oduci b -repl.acenent .25 erial conprisin

hydr oxyapat i te,ﬁggﬁi"aggﬁ %Oﬁdlbéﬁ'&ﬁr of t‘_i‘%r{?fg:guf:%al?ee aoﬁltsﬁggﬂ%ﬁféeni cal
m xi ng &f t#ewe reordponents bibmasersallescihkedatd FP-AR24080.0Fhi s
document fur [ dehydrot herm.c crosslinking of the
chondroi ti n}%‘gﬁr:gﬁg%% @-g%—l}ﬁ‘e%gyl %lsgeprﬁrtl\jfé:flé?irgﬁ’ss ‘conpri si ng
apatite, collagen and chondroitin-4-sul phate have been found to have

ol I agen, —ond anri BRATRY R 56001 DO B AR eB ST S0 DS aT ELLY
chondr oi t i rdigunphatislosséoweatty feymareokéByeively brittle when
chondr @t nutpa$l PRALEHGN CHRET LI 1§3.42F BpalTLe, L oS uan
( material, Hut has relatively low stiffness when compared to
natural bone. Materials comprising copolymers of collagen
and glycosaminoglycans are both tougher and stiffer than
collagen alone, but still have relatively low stiffness when
15 comparéd to natural bone. L
Previous attempts to produce a synthetic bone—substitute
material having improved mechanical toughness over
hydroxyapatite and improved stiffness over collagen and
20 copolymers of collagen and glycosaminoglycans include
combining collagen and apatite by mechanical ﬁixing. Such a
mechanical method is described in EP-A-0164 484.

Later developments include producing a bone-replacement

25 material comprising hydroxyapatite, collagen and -
chondroitin-4-sulphate by the mechanical mixing 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

30 comprising apatite, collagen and chondroitin-4-sulphate have
been found to have good biocompatibility. The mechanical

mixing of the apatite with the collagen, and optionally



been found that such a material, although bioconpatible, produces
limted in-growth of natural bone when in the human 5 or ani mal body
and no renodeling of the cal ci um phosphate phase of the synthetic
mat eri al . The wegpasiss of skel etal sites conprom sed by pdB&ERes000797
deformty or disease poses a special challenge to 10 orthopaedic
surgeons in-that, unlike defects inSKif, nerve and nost other tissue
types, skeletal defects enconpass nultiple, distinct tissue types
(i.e. bone, cartilage, tendon and liganent), involve |ocations that
under go r e§iPRFrHERani €At PIYEdi ﬁ@?eéhigiﬁﬂé§8F§% ¢tlereRcés bet ween
15 mi ner al sgdats AN NS BbhSRA cbh 864658 cles! bOPRAM: teNSer i1
points, the "tidemark"” at the bone/cartilage interface). Existing
clinical approdHes 5B8Fe¥ech Remrepstdl oRlskareh dpiogrrgatdbter eit her

Wi th non-rgseabal @ik 084 helifGolR! 8Ntifat3dl 0LegO UMY ial tRgenatsn
tissue grafts, chem cal agents, cell_transplantation or_ conbi nations
of these n®f hRf2BPAE #FbJ ZEPPBaEHE HfalBe aght &V PESARNR R cess

for the trepis@nir eheSkpgtietiicSaHeetyPES, 'cases where interfaces 25
bet ween m neralised and unm neralised tissue are involved, such as

articular joint defects for exanple, result in healing that is, at
best, inconptetepaifUbFhgEsMyR] BV E8s t g Ponml sEHCSE SSTalnapf t he
existing treatnents require either the haryest q{ tissue froma donor
site and/ ofStHEMdUt BFi AESSPR §O66Re> THIPIage et or tendon.
The forgreroprlseddie suffads fihoshkackmfikdonerestd @s artnfofofvesi te
2006/ 095154ECT/ GB2006/ 000292 = 4 - morbidit while the latter is
ditfficult ¥ iBIteRERRT atf e 4¥BES adtiticshal d%%?‘“e‘fa EDCAMPAZS f or m of

suture holgsitibhe,t aiseis@masishe seedd qlideantdohayeredisegéfold are 5
synonynmous, and refer to scaffQl ds. conpri si nore | ayer

o e e RO kBRI SRVELES, JOReAOr {1 MpoesBt or i y

fromthe nmd&tdmlcagonpasind orndfl tritead daeskricyehefvekayers. The
term sj ngl e-l ayer.ed scaffold or_ponolithic scaffold are synonynous,
and T e¥er TRYGISEERT bF dETORERELTHY (GRS P Ey &7+ NI SIMEER ¢ he

mat eri al coOMEOSIilonopoihtd) rtheachidayerkbaitnght asgel Acaltenbgemneous

thr OughOUtinterfaceJ .

Existing clinical approaches address the repair of skeletal

20 defects either with non-resorbable prosthetic implants,
autologous or allogenous tissue grafts, chemical agents,
cell transplantation or combinations of these methods.
While these approaches have achieved some success for the
treatment of single tissue types, '‘cases where interfaces

25 between mineralisaed and unmineralised tissue are involved,
such as articular joint defects for example, result in
healing that is, at best, incomplete. Furthermore, even the
most successful of the existing treatments require either
the harvest of tissue from a donor site and/or the suturing

30 to bone, cartilage, ligament or tendon. The former

procedure suffers from lack of donor sites and donor site



A limted nunber of recent efforts have sought to devel op 15

ti ssue-engineering strategies that enpl oy porous, |ayered scaflolds
for the treatnment of articular joint defects involving either

cartil age aMsh@'&¥518bt h bone and cartil age. These consPETEBsIG®el7t O
i nduce the regeneration of bone and _caL{t_j | age concurrently, but using
separate scaffolds for 20 each (N ederauer et al., 2000; Schaefer et
al ., 2000; Gao et al., 2001; Gao et al., 2002; Schaefer et al., 2002,

Sherwood e .,2002; .Hung, et al.., 2003: _.Hunzi ker and. Dri esang,
2003). 25 kﬁgg%jdd}% ’onalli'Fea?teJrJeaato &5 éﬁe&%ﬁ%uéftf %Pd%m?%enfeﬁ’é SBgenti al
t hey hol d toeabehi=idingosal udefess finxahée afowd arfdscegte atdiashnent of
the bony |l ayer to the subchondral bone plate. Provided the

cartilagi nous portion remains firmy attached to the bony portion, no
addi ti onal Thexa¢inmn domppedue rechf R0.dSahdr Hiesed isxaffold e al so
enabl e {he i nsertions points _of tendon

nt of .defects invol.vi
and | i gamer?%ﬂ? one. %nﬁﬂrﬁgﬁ%/s%§f§£\éé}?‘%§ﬁ'@6756699 2 A MOfEspite
t he prom séapérshivethewhappaoaciyl canpshbricormitngactateydsm t t he'
ef fectiven t he red. scaffol ds. reported to date., . The first
el ates Lot P rHle AR EELaE R, e hE R e PP P RE' Pt
scaffol d. RésardrdblleyBrsynt hefems . .polfjaetsraiegheehaydmeecdorlopffaleri al
used for t td..aqin L r,._and have often beep a conponent of
t he ossequggprg%cfl&ﬁ%lqﬁ grg%if/x%#/&t%éasgyg%wooqsds 25d ﬁ%ﬁ?‘? *A t hough easy
t o fabi® cateaffsdmishebmprpelygrers: dageknovly t wilbe kksseaiondadi ve to

cef | attachugnl And.prolhLeraldon (han.r,d 9 naLynal polyiers such as
col  agen, and can turtherrore tel 8456 g SEndent r AT ohs ot °aci d as
t hey degr atierowgreedver, for applications where tendon or |iganent
repair is necessary, resorbable synthetic polyners, regardl ess of the
manner in which they are crosslinked, have inadequate 15 strength and
stiffness Rolimitest andbevenf tierengdatfortvadvappbieht dur idegelop

lrghabi %é t a&;ggxfe%%f E}%E%m% hfs?tﬁiaec%%@?ss&éé Cegng'tl\%g ﬁégﬁ?&"% EQ%‘&'

yerea scarrto ds relates to e I'nterrace e e respective

| ayers. scaffolds for the treatment of srticular joint defects
involving either cartilage alone oxr both bone and cartilage.
These constructs seek to induce the regeneration of bone and
cartilage concurrently, but using separate scaffolds for

20 each (Niederauesr et al., 2000; .Schaefer et al., 2000; Gao et

al., 2001; Gao et al., 2002; Schaefer et al., 2002; Sherwood
et al., 2002; Hung et al., 2003; Hunziker and Driesang,
2003).

25 An additional feature of layered scaffolds is the potential
they hold for achieving sutureless fixation via direct
attachment of the bony layer to the subchondral bone plate.
Provided the cartilaginous portion remains firmly attached
to the bony portion, no additional fixation is required.

30 Sutureless fixation may also enable the treatment of defects

involving insertions points of tendon and ligament to bone.



20 Natural articular joints and tendon/liganment insertion points are
characterised by continuity of collagen fibrils between the

m neral i sed and unm neralised regions. The resultant system of snooth
transitions V(@mmms’srsuerfaces) inparts an intrinsic mecpafcgahsonrer
stability to these sites,” 25 allowing themto w thstand physi ol ogi cal
| oadi ng wi t hout nechani cal failure. +rbcontrast, the majority of

exi sting |layered scaffolds contain hard interfaces, formng a

di stinct boundary between two dissimlar materials. Suturing
(Schaefer &espits 2E0Q)omiebroh tidisesew eaondichy Bﬁcé Gt r@icoflings 2001)

and ot her h ¢ et al have been
used to sttrcgﬁg lﬁ'ﬁ??ﬁ% rfﬁ?cé'Hveé%essl—g%ve%%q Yﬁfsgf ig?éqoqﬁ%bondi ng has
still been rem@@m&/&%tmmﬂ@&&&%/ PODNAEE tobthe repydied seussad i n
controlled i se Sutur di s are also
del i cate anggpgigélrn&g’%ﬁr %E%C| ¥PJF€%|SOC1?5 ){%35 R‘g%sod}et\?g’%ped neans
t hr ough3 whisghtbéiel paradgeees shau'fe foceezthel rotiliyg mﬁt@i'i}ﬂ.)ltﬁse@alﬁobetha
controlled p scaf f ol ds agen and one 0 re

gl ycosam noé?yc ér)é%%gi 9§9%%'annagsfhgﬁre ?Péenl% B 8%.1,%)%004;
O Bri en et cabeou@@Ftibor te ranyaloflgB%e sl:@i)folamem weddhni ques al | ow
scaffold f e Snect atlotob varledln
a controll ggyt%l?%’er%%% a?gng ersk ﬁ%bmn%"p S a\?epﬁa}"&erdg eafrfee%fls on %he
healing r ebpoh@%ﬁ aionsiut:ese ofo tcreehlrrat’oachrtqntr pndHoneMicferaftaont tiemt nent

necesstyy TtEL cOnEte Sl A CoRAR Tal8 ELR AORAIERERLS i1 °

necessary ogi es to produce por
terial corpesidildgs andcmmocal oﬂmnadcaer bty qumaika cl osely

match tho f ] .

col | agen- ?ﬁ&%sc‘ge%?ol’fass gﬁﬁgﬁﬁﬁlgs%ﬂ%@? r;c\o%ln?ﬁglﬁggfe S e?’ ess at

| east soneiefnetdrssprybl easod=dda avethetiidch pphemprss,orrmdlesA @f ocess
for the PreparaliQn of gnfOIManl ¢.0i oy &hggdcqmg $r29e80ate

i nor ganl c nateri a an organrc materi a t he process
conpr i 5} ngstr¢rgtiprodi dtn@fraesfa reot withgrapdc enpnsiig mectu@npr tsidhg a

liquid car 5# Ay -0Q jﬂtt%‘ck&]: Re@rganic material; (b)
provi ding a Iﬁoef for ?he s{burry 30 (‘g%q:(fqposmlng t he slurry in the
moul d;
The second shortcoming of conventional layered scaffolds
relates to the interface between the respective layers.
20 Natural articular joints and tendon/ligament insertion
points are characterised hy continuity of collagen fibrils
( betweaen the mineralised and unmineralised regions. The
resultant system of smooth transitions (soft interfaces)
imparts an intrinsic mechanical stability to these sites,
25 allowing them to withstand physiological loading without
mechanical failure. In contrast, the majority of existing
layered scaffoids contain hard interfacaa, forming a
distinct boundary between twe dissimilar materials.
Suturing (Schaefer et al., 2000), fibrin adhesive bonding
30 (Gao et al., 2001) and other techniques (Gao et al., 2002;
Hung et al., 2003) have been used to strengthen this

interface. However, interfacial debonding has still been



- 7 - (d) cooling the slurry deposited in the nould to a tenperature
at which the liquid carrier transforns into a plurality of solid
crystals or particles; (e) renoving at |east sonme of the plurality
of solid 5 swoy=mbaibssisor particles, preferably by subli mecemapeies
evaporation, to | eave a porous conposite material conprising an
inorganic material and an organic natériral; and (f) renoving the
material fromthe nould. 10 The term biomaterial as used herein neans
a material that is bioconpatible with a human or ani mal body. The
term sl ur ryerastesedvémrria roancoped sesimsilumpieds. sdhasieofgturing

suspensi ons, 4 %ol I 0| gs qir]g ad gergi gsdelji%algea#&oé@k?gna_t erial will

typically kG nprl osp ate nateri anic materia
will tym<mﬁgqumadplese a b|o orgainic 20 species, for exanple one
that can solubilised or suspended in an aqueous nediumto forma
slurry. Exanples include one or nore of al bum n, glycosam noglycans,
hyal ur Ghargreshicues anyk drek sipm’ehepéai mpenmpeprodels Wwomdy itdieng a portion
of the poI t|de S ce I i referred
mat eri al , % 17 ()er?aeflsyg?(b)%%% \Aﬁ?#g | yoggglsmégxg&%/?aéﬁ&%%%ge?e?m

col I agen a;sro.ﬁsmda boreum semfdmpalsseé ¢@d@qﬁnnan@ PRAERT @ORP col | agen.

30 - 8 - §RIdA%RN.A06, OBt qeakly ngzma@%%@oglym oFRiShesul ts

in a porou% onposi rising the cal ci um phosphat e
mat eri al asnd. cEoodgen’ Bnikroptti edal | 06 glhpresant oyl RS - Preferably,

the first sluriy GONRLLS; 21595 PLECE A PR Pk Qh$ﬁgﬁ%saﬁgréhe

cal cu}r%phgsphé%/g g?erla asI\/bre pre?er% y, the ?II’S'[ slurry

conpri ses @ize and aspect ratio to be varied in a controlled manner,
parameters known to have marked effects on the healing
response at sites of trauma or injury. However, for
treatment of injuries involving skeletal and musculoskeletal

15 defects, it i1s necessary to devélop technoelogies to produce

porbus scaffolds with material compositions and mechanical
characteristics that closely match those of bone, as opposed

to those of unmineralised collagen-GAG scaffolds.

20 The present invention seeks to .address at least some of the

problems associated with the prior art.

A process for the preparation of a composite biomaterial

comprising an inorganic material and an organic material,
25 the process comprising:

{a) providing a first slurry composition comprising a

liquid carrier, an inorganic material and an organic

material;

(b} providing a mould for the slurry;

30 (c) depositing the slurry in the mould;



triple co-precipitate of collagen, a cal cium phosphate material and a
gl ycosam nogl ycan. 10 Alternatively, the first slurry may sinply
conprise a nechanical m xture of collagen and the cal ci um phosphate
mat eri al andooptdmsiad |y the gl ycosam nogl ycan. Thi s maycherRisadssed
by a conventional technique such as described in, for exanple,
EP- A- 0164 484 and EP- A-0214070. Wile & 715 nechani cal nixture may be
used to formthe slurry, a coprcipitate of collagen and the cal cium
phosphat e erial, or a triple co-precipitate of collagen, the
calciunlphggéhafgokﬁﬁbﬁﬁﬁlSgﬁﬂr%ﬁhﬁy@é§aﬁiﬁbdﬂytamuédehpﬁeferred. 20

The cal ci umepbesgbate AL LRl thé@)iq’&@dst@é%{e%dtr%ﬁgfc?Mn%b Lrom
one or nore . of Erushl te, _.octacal cium phosphate and/ or apatite. The

cal ci um ph&SPRaL L retfe SPARdprerEredisl X cBRpriales brushite. 25 The pH

of the slurey iseqswefer akl Yed §0M8cte5 ok Ot fe }myafﬁtpr@f Ally from2.5
to 5.5, still Ftrr‘%l) eépreferably from3.0 to 4.5, and still nore

pref er abl y °F¥8 I Haxtycliphe raederbtyipbSiublonahign eoddrkse one

or nore 30eghpepsaron)ogby canse al éhgr&dm@m%%&{@ﬁﬁa}e GEPPL]
one or nore_cal ci um phosphate r?a??rri al s. he presence of Oo?ﬁg%iége

speci es (e2f. *ROFIRYC BREPERH, ] PRacrIdHs @asgrialswgay, etc) in

the precursey stetidwinigStAOmdNBGLU0eHe, S Hd nlogagt sonme of the
plurality of solid crystals or particles may be renoved by

subl i mati on and/ or evaporation to | eave a porous conposite materi al

conpri B0 ngrrel tagemiofat6a £i WY RROSPRAE Bkahtal \naNd;Qpt Lpnally a
glyycosam nojg%can. .Jhe preferred nethod is sublimati.on. , 10 Steps

& and ( Y THESFHFS 18 Pt By by AR, e AR Rgd¥echni que. |f the
liquid carrier is water, the sublinmation step conprises reducing the

pressure in the env'h_ronrrent around the nould and frozen slurry to
bel ow t he 117 ptE hSiHETY RHSLReMRER B} /SCEIRAPERS VElpFieSy st em

fol | owed byorlevalsi, 0BudpeddidnseMBEI BSLHEL 2@ dE e8¢ didnaan the _
terrperast ure of the solid-vapor transition tenperature at the achieved

vacuum pressure. The ice in the product is directly converted into

vapor vi a Bublirmagkafc aralanglagilhe@iliaant Pandiiale bi gyidigP vapor
pressure ishISO\ﬁer t han thaihparti al pressure of the frozen liquid at
its currem Yemperalare e tenperature is typically elevated to at
or above OC. This step is perforned to renove the ice crystals from

the froze”&ﬁ%lg}%%n¥éqng%ggfaqa%kff'typically comprise ‘a bio-crgainic

20 species, for example one that can solubilised or suspended
in an aqueous medium to form a slurry. Examples include one
or more of albumin, glycosaminoglycans, hyaluronan,
chiteosan, and synthetic polypeptides comprising a portion of
the polypeptide sequence of collagen. Collagen is the

25 preferred material, optionally together with a

glycosamineglycan.

The term collagen as used herein encompasses recombinant
human (rh) collagen.

30
In a preferred embodiment, the inorganic material comprises

a calcium phosphate material, the organic material comprises



25 The freeze-drying paraneters may be adjusted to control pore size
and aspect ratio as desired. In general, slower cooling rates and
hi gher final freezing tenperatures (for exanple, cooli ng at

appr oxi mat el woQuidb&1geer mnute to a 30 terrperature of ﬁ’&}’g"
favour |arge pores wi th higher aspect tios, while faster coo

rates and lower final freezing terrperéit res (for exanpl e, cooling at
approxi mately. WD 2006/ 095154PCT/ G1L32006/ 000797 - 10 - 2.5C per

mnute to a t of .abo 40C) favours the formation- of
smal | equi agggwﬁﬁgs d?’ gttl@??nl[l}‘% YCQEARERPYSEBI- n This ritesmded to

enconpass a#A§ & H’muiuds C@mpbawermﬁex&ums&é@éﬁsﬁ%ﬁl@h@ 8£l&h_ﬁrP' ng,

hol di ng or ﬁHQQL%Efﬂ athe %urr osition. Thus, the nould inits
si npl est fofm cou den I-EJ"’:l o %Ic‘sog' 29€0 P (B¢ oBatLEce. The noul d
may be any Gégwmlsﬂwa@Epaand H’ma/féiebl@brtmtﬂq-si;r oML ARy SHiL-able .

materialgin [ 10 pol ysul phone,

pol ypr opyI er%)a%jll ﬁ%ﬁyﬁeni)é sat‘guEl?F &8 1si yrnphasphatee| |

titani um c%‘@ﬁitladhroﬁe)re pm:&makay(, Sug& ﬁ&;s&: PRy gériF&‘l'E'eél)a gl ass
ceranics, a e i cate gl ass)

appl i cant’ sggla e?e%r% é ?Eﬁatf ﬂﬁﬂ‘m@zx&ééclw@w%a@@t ober

2004, descridfeariglt angl & @Q‘@T&&Q‘Illﬂb'gajl@rpf col | agen, brushite and a
gl ycosam nogl ycan and a process for its preparation. The content of
PCT/ GB041004550 is incorporated herein by reference. A copy of

PCT/ GBd4Y 00“415%'112@1?'81@[ Cﬁhﬂjeii"'lslﬂ Aey Jnay S.lmply comprlse a

( mechanical mixture of collagen and the calcium phosphate
material and optionally the glycosaminoglycan. This may be
produced by a conventional technique such as described in,
for example, EP-A-0164 484 and EP-A 0214070. While a

15 mechanical mixture may be used to form the slurry, a co-
précipitate of collagen and the calcium phosphate material
or a triple co-precipitate of collagen, the calecium

phosphate material and a glycosaminoglycan are preferred.

20 The calcium phosphate material. may be selected, for example,
from one or more of brushite, octacalcium phosphate and/or

apatite. The calcium phosphate material prefe?ably

( comprises brushite.

25 The pH of the slurry is preferably from 2.5 to 6.5, more
preferably from 2.5 to 5.5, still more preferably from 3.0
to 4.5, and still more preferably from 3.8 to 4.2.

The slurry composition may comprise one or more
30 glycosaminoglycans. The slurry composition may comprise one

or more calcium phosphate materials.



The process described in PCT/ GB04/ 004550 invol ves: providing an

aci di ¢ aqueous sol ution conprising collagen, a calciumsource and a
phosphorous source and a gl ycosam nogl ycan; and 25 precipitating the
col | agen, theobmesdsizte and t he gl ycosani nogl ycan t oget het/cBi@gndfe
aqueous solution to forma triple co-precipitate. The term
co-precipitate means precipitation of #he two or 30 three conpounds
wher e the conpounds have been precipitated at substantially the sane
time fromthe sane solution/dispersion. It is to be distinguished
froma WO PBEIES5AEEPET/VE2H08P 0RO 7 emdt e die T osdécen omifhea,
mechani cal #ddienga®f, 148 GQMBEREM $ tHRADLESH A Y1 WRere; § hase
conponents have been precipitated separately, for instance I n

di fferent SHISAYERS: The microstructure of a co-precipitate is 5
substantially different froma material forned fromthe nechani cal

m xi ng of its conponents. In the process for_preparing the

co- pr eciPpi tit &,eagges‘?:“é? Atuihgobt e isvppés eealsl Fryekaés v from one or

more of calgirtie149 iy 1Rl @enERbEivYMsAEEL AL B ahel/Um S 88 on
cal ci um carbonat e, cal ci um al koxi de, cal ci um hydroxi de, cal cium

silicate, ¢& ¢PAKTsHIRATALE, CEBPRI IR Jriebiat CHRFLERBY cartiagtnsatt of

hepar i n. Acadktburpiasignatl Rperidy matabepdiraieg brom the por cine

i ntestinal cosa., Suitable 15 calciumsalts are commercially

avai | abl e, FICOEKBHME YRPom BhgRrshedred ietiod FResphbiaitdrlis sour ce

is prefierably selected fromone or nore of anmoni um di hydrogen
sphat e, di anmpni um hydr ogen phosphate, phosphoric acid, disodium

p A
h;}grogen or X REph 6L (2] hiayY dte SEPDPY, 1 FoeEdnBEYHss 20 t er ned

GPR Sorensercansahd.) amdchei MRhind daResehalL watkkal tnaelialiisakion (eg
Na or K) of phosphate, al kalinpe earth salts (nﬁ/gégg or Ca) of
0

phosphat e. SEFPcOYHAITEF FEANS 2 18 PRRTPY O AR Ecimest
cont ai ni ng a2buhanthaimbraached NAsaechary ARs be0Blatke NG-ip1eepeati NY
it. .Prefer can.is selected from

o sacchar! g5 MRy eenatlyy. Lie AL ycosan nogl xean, 13, oSl el ol
hepari n sulbghahe, tdtefeati-nrs utdhadeatands el iiveo Refp8€hthr<CAENEROI t i N
sul phat e ”%X19§~%£339%92£2965En temperature at the achieved vacuum .
pressure. The ice in the product is directly converted inte
vapor via sublimation as long as the amblent partial ligquid
20 vapor pressure is lower than the partial pressure of the
frozen liquid at its current temperatureT The temperature

is typically elevated to at or above 0°C. This step is

ot

performed to remove the ice crystals from the frozen slurry
via sublimation.

25
The freeze-drying parameters may be adjusted to control pore
size and aspect ratio as desired. In general, slower
cooling rates and higher final freezing temperatures {for
example, cooling at approximately 0.25°C per minute to a

30 temperature of about -10°C) favour large pores with higher
aspect ratios, while faster cooling rates and lower final

freezing temperatures (for example, cooling at approximately-



30 sul phate or chondroitin-6-sul phate, both of which are comrercially
avai | abl e, for exanple, from Sigma-Al drich Inc. The
chondroitin-6-sul phate may be derived fromshark - 12 - cartil age.
Hyal uroni ¢ awbdvusayside derived from human unbilical chopsekclleRabiny
may be derived from porcine intestinalhgucosa 5 The col | agen may be
sol ubl e or insoluble and may be derived” fromany tissue in any ani nal
and may be extracted using any nunber of conventional techniques.

Precipitation y be effected by conbini R coIIa the 10
caIC|un1sou?c%ﬁaﬁW§ BHBBBﬁdeG%¥§BH?E%t%H%‘?y 8?9co ndGryLsEh in

an aci di ¢ agueogismseliuhl 0 aid 1ekhhiesxad gpdesg the solution to stand
until precipitation occurs, agitating the solution, titration using
basic titrants such as ammoni a, addition of a nucleating agent such
asI pre- 15 fRbrisad @ﬁoglﬂﬁgﬁg Ql,se‘dahE%:@:Q?] tiwe ihabrded wedindonpass drye
cal cium source, or any conbi nation of thes uner ous o I, .
t echni ques %?M%ﬂw|QQDF%én%¥t°rlﬁﬁbﬁFFP tHet %ﬁﬁ%ﬂ@c?gtgﬁé hﬁﬁg%ng ot
conponent s gRYpd¥e: iR ERBL s ROrdyn cbﬁaoﬁitl:tdry Fas £xeie Inulgr dnt fits
factors, genes, dru%§ or other bioglo nglcal active SP. eci es ¥

N a

opti onal | y . BERRifRRid TORPoRRA S SiAPEEnbPRRTTTh 2 CEPPHE ¥ﬂ9JFP§Ia

preferred empodigtmnt ma%;hﬁe Ridfessiacaosilipg badt hey 25 pﬂamenated
i nventi on advant ageous

further ri i di cond slurry
conposi ti onfEFHFTHEITHG® b}?cﬁﬁqfr&&gngﬁ?ﬁﬁﬁﬂmg ¥Y6%5 c effal -and
optlonaujy BOL Y NONgRNkEs ﬁ@l#ﬁﬂdﬁy&eaad polyeﬁhylbﬁeSametzmﬂ ilsgcstaEp,
epositing said second slur 30 conpo |on in ihe nggnd ei g?g% as
ore or aﬁ?%ﬁn%ﬁﬂ%jsFF?ét nEﬁ BT i TR OREL bERH dépoé WO
20061095154E£Et§BQ0Q6&QGHJ£V -ngis-cé@aﬁ&ﬁsnwandtbEaswgﬁuwsnchaaerlaI
Wil | typlcallﬁ conprise one or nore of collagen (including
r econbi nant PREREN-IGAF 85#F%yen), a gl ycosam nogl ycan, al bunin,

hyal uronan, chitosan, and synthetic pol ypeptides conprising a portion
of

15 The apﬁlicant's earlier application, PCT/GB04/004550, filed
28 October 2004, describes a triple co-precipitate of
collagen, brushite and a glycosaminoglycan and a process foxr
its preparation. The content of PCT/GB04/004550 is
incorporated herein by reference. A copy of PCT/GB04/004530

20 is provided in Annex 1.

The process described in PCT/GB04/004550 involves: providing
an acidic aqueous solution comprising collagen, a calcium
source and a phosphorous source and a glycosaminoglycan; and
25 precipitating the collagen, the brushite and the
glycosaminoglycan together from the agqueous solution to form

a triple co~precipitsate.

The term co-precipitate means precipitation of the two or
30 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



5 the pol ypepti de sequence of collagen.. The second slurry
conposition may conprise an inorganic material such as, for exanple,
a cal ci um phosphate material. 10 Preferably, the second slurry
conposi tion YOrPI68¥ES: a |iquid carrier, collagen, optior@béyroesoonrer
cal ci um phosphate material, and-optionally a glycosam noglycan. In
this enbodi nent, the second slurry 6bﬁﬁo§ition preferably conprises a
co-precipitate of collagen and a gl ycosam nogl ycan, or a co- 15
precipitate of collagen and a caIC|un1ph8%fhate material, or a friple

co- preci pi faterésrl dalTegeArom i FESRATH y@dﬁnanﬁfatfé%l ci um

phosphat e @Bk Bhé‘J\ts Cos=Rk-€6h it B) iR rBashadd @adoReshs disrussed in
relation to t reparatlon of the first slurry. 20 Alternatively,

t he secondpr§FhP%§/a1?ﬁﬁ/ %P%FW%nﬁqrsénét%% gaFteFsitture of

col l agen apdigpiéenal ItneOnecosshRidtuek @fceﬁ“d‘d%@ﬂl@m gsmteri al
and a gl ycosam nogl ycan. Mechani cal m xtures have ready been

di scussed rSHbF*éF%HWE’Zgltfgveét Frofa R alf Bir IGF tfﬁém?ﬁir’sffo’f%lt@rery | f

present, thgcrahfédMMBRAsRhaE & vRiRbahehfs. t he second slurry may be
sel ected fromone or nore of brushite, octacal cium phosphate and/or

apatite. 30 - 14 - exanple, the first slurry is deposited in the

moul d, fol kgwede byrd i =Sg6e A iy thBecamiddigoak s} S :al Betn be
subj ected to stpégigr(d) n]Lglrié(fl)n\éf ACCO?dI ngl ;9 t he proc ss may be

used to foSRPECHLHE .me‘éyéﬁ &Y negledtar, Tapm PR <t MBRe YayEr GHfwhi ch

preferapl'y ngepRES Sas 1 1RAT Qeét&rgwp%utc@uﬁ%mdﬁheqoa@umg col | agen,
a LCal cium phosphat e material, and optionally a §cosan;|baglocgL C The
gk For o

| ayer resulctai’fﬁ@n??%mctaﬁélg@c%@%rﬁaéﬁh‘ﬁbé? rous or

a non-porous1kayes, daflﬁuﬁoé@l@ldiﬁyebaﬁﬁllﬁi@%ﬂ\ﬁﬁna&@e@d thkD the
pores can be creat ed by sublimation and/or ev orathon of a pl Frallty
of solid cPPsEarm ?ﬁ'ltpé‘rft REPRELF or FeFol-AL TR S e SRdEPUTHY P3N PE

techni que Rasibeen:ald eadypdisoisSedebiingl afidBatl 0 bherdurest slurry
and pregerggazlgéﬁgggéze%rg éoééé¥g§%l%;ygggl gpnl 8% egg;ple, from
Sigma-Aldrich Inc. The phosphorus source is preferably
selected from one or more of ammonium-dihydrogen phosphate,
diammonium hydrogen phosphate, phosphoric acid, disodium
hydrogen orthophosphate 2-hydrate (Na,HPO,.2H,0, sometimes
20 termed GPR Sorensen's salt) and trimethyl phosphate, alkali
metal salts {eg Na or X) of phosphate, alkaline earth salts

( { eg Mg or Ca) of phosphate.

Glycosaminoglycans are a family of Wacromolecules containing
25 long unbranched polysaccharides containing a repeating
disaccharide unit. Preferably, the glycosaminoglycan is
selected From one or more of chondroitin sulphate, dermatin
sulphate, heparin, heparin sulphate, keratin sulphate and
hyaluronic acid. Chondroitin sulphate may be chondroitin-4~
30 sulphate or chondroitin-6-sulphate, both of which are
commercially available, for example, from Sigma-Aldrich Ipc.

The chondroitin-6-sulphate may be derived from shark



The' process is carried out in the liquid phase and this is conducive
to diffusion between the first slurry layer and the second slurry

| ayer. 20 The | ayers nay be deposited in-any manner of |ayering
orders or geWABeUsUEHES+ The | ayers, may, for exanple, be BCVQBioemhoo7e7
vertically.one on top of the other), horizontally (i.e. one beside
the other), and/or radially (one sphertéaf |ayer on top of the next).
25 The casting process according to the present i.nvention enables the
fabrication of porous nonolithic and porous |ayered scaffolds for use
in tissue ef@fHeEtdeng. HIGLAFeREC ta9d If AR tPR e rSEeEnEren Uraman
conposi ti ongphave-He dgposi Nzl Gregt RE of the
noul d are pfeferg?bapy%ﬁg??pt oﬂéxg%tmf {)nra&u%e {%Mz:%eﬁog?ggﬁg%%%%t he - 15
- cool i ng stepestpiad pyca@yant ageous because it al | ows
inter-diffusion of the various slurry constituents between adjacent

| ayers. This results in an inprovenent in inter-layer bond strength.

5 " The |9 quflee lrlisgieni may hee feqlspls| ar ringladeabny ronpe sesived er.

The |iquid easd ifly itdisthe $£CANA SliWRLYasd SR PHE! gLablk LORRELSCSy
water. . 10 It will be appreciated that further slurry |ayers iy be

deposi t ed | AUEIRE MucanpPIBionas $&rHntdeting step, either before or
after said first and/or second slurry conposition(s) has/have been
deposited. 15 The tenperature of the slurry deposited in the noul d
prior to thBreo@ita§isneBanibe afdnetaf| Yy morelaanef teetcddagpe, the

Vi sCOSi{y OfaidiQus|siike | fnd Nd-BRBEEE WSidce bAQ Mhgh, then this
na@ result in slurries of excessively |low viscosity, which naghresult

i n' conpl et edFEFRFHFHEPELYER: 200 (#id @S FaB| FJUGNPe PR RTHRP 61k RELRETF st

and second L ay&fing0Ree LBeLSRGPRY §£Hﬁ£%nh§Jﬂ§E@§&ﬁf%htﬂdh sheuld, al so
be noted that too hl%g a tenperature may result in denaturation of
3

t he col | age?¥itatitge tBEhEPLI HeliRl: 66T BIPM usdRgePatif &irgpnEesareh in

slurries wWid Min2e0alt 5881405 ROl hecpddioW2aqehti Sh@ntasspreadi ng,
SﬂDOthIQ? or shapln%, and may risk the premature formation of ice
crystals ALRDHEATERY PrEpRl Gy SRS BT hEe FaFEnaTt AAd iR CénpBRat ure

of the firstasdiwhd ¥odeBosi $2did cbhBiMRil sh RIE @het® dhenkmRebLLBY Step
is preferably in the range of from2 to 40C, nore preferably 30 from

4 to 37C, sPFM9F FSFEMpHBER I fRoRP20* R 37C. If multiple | ayered
slurry conpositions are used, then these ranges are al so applicable
to the additional slurries.,
It will be appreciated that other components 'may be present
20 in the slurry. For example, growth factors, genes, drugs or
other bioclogically active species may optionally be added,

alone or in combination, to the slurry.

In a preferred emboediment, the process according to the
25 present invention advantageously further comprises:
providing a second slurry composition comprising a liquid
carrier and an dJrganic material and optionally an inorganic
material; and
prior to said cooling step, depositing said second slurry
30 composition in the mould either before or after said first

slurry composition has been deposited.



WO 2006/ 095154PCT/ GB2006/ 000797 - 16 - The step of cooling the, first
slurry deposited in the nmould is preferably carried out to a
tenperature of S OC. More preferably, the step of cooling is carried
out to a 5 tweFBIEIIFe in the range of from-100 to OC, rquetwsabizy
from-80 to -10C, nore preferably from-40 to -20C. If nultiple

| ayered slurry conpositions are used; then these ranges are al so
applicable to the additional slurries. 10 The step of cooling the
first slurry deposited in the nmould is preferably carried out at a
cool i ng rat@sdre®@2 theowganic meterbrefelablyPsdin0 copprise i n,

still nore QHR@E@QEVCE-.VL%%& 2 incRud Ghdlirecobbifmht ikl ayased slurry

conpositions are used, then these ranges are also applicable 15 -to
t he additiof@llagamri 8sIl¥CosRTHERELEFan s|REFIR 00PN G 1ORAESs and

hi gher finaky{¢58&l Ngnk CoPSRAULLSof {Rp1@XREPLEmp LA NG BbridbGmer
mnute to a tenperature of -10C) favour_|arge pores wth higher

aspect 20 rBp¢ 20l YREPEEIE a8t BIeNESoPE ngP %8S -and | ower final fieezing
tenperatures (for exanple, cooling at 2.5C per mnute to a
tenperature of -40C) favours the formation of spall equi axed,gores.
25 The stepThe RFERANGLEREY STRPOFLIgeptA%e FOR*t e FHbuiidrPgn:

preferably garsigd Qubnaks @ RNeesHRSIOf d I@Mclun JeRre AREErial.
preferably from50 - 150 kPa, still nore preferably from50 - 101.3

kPa. If multiple |layered slurry conpositions are_used, then these

ranges f§ e plsf.apnki Cahk s34 st herpddindosnakos! ehdid@sesTheliquid
ingentors have found that pressures_below 50 kPa can result in,the
formati on ofarriefz cohlipBras IHTLRPAL RS JACLYD RROTRIGIPeTRhPEE™

greater thagh20Q,4Baampy i NEULR LXERSSI M XTAJtR]s atjhadentnt AYytETes.
The thickness of the first slurry deposi ta}ﬂ_l inthe nould is 5
preferably FFeMD SEUrTB0BPTRASHdPE BFefSriibly PRS2 90 . mm

still more prefgably brosdldyen 48dnN gllycodehlhpyBydayevedastaerry

compost L] oS A SRS ok M L ahd"9%% ¥i8m phosphate matérial, ox
a friple co-precipitate of collagen, a glycosaminoglycan and
a calcium phosphate material. Co-precipitation has already
been discussed in relation to the preparation of the first
slurry.

20
nlternatively, the second slurry may simply comprise a
mechanical mixture of collagen and optionally one or both of
a calcium phosphate material and a glycosaminoglycan.

Mechanical mixtures have already been discussed in relatioen

25 to the preparation of the first slurry.

If present, the calcium phosphate material in the second
slurry may be selected from one or moxe of brushite,
octacalcium phosphate and/or apatite.

30
The first and second slurry compesitions will typically be

deposited as first and second layers in the mould. For



al so applicable to the additional slurries. Layers in excess of 500
mmin thickness can be difficult to solidify 10 conpletely, while

| ayers less than 0.1 mmthick can freeze al nost instantaneously,

maki ng it di Mdwedwstse control accurately the progressi eorebzdo&@®or97
crystal nucleation and growth. 15 The viscosity of the first slurry
prior to it being depbsited in the muw~is preferably from0.1 - 50
Pa-s, nore preferably from0.1 - 10 Pa-s, still nore preferably from
0.5 - 5 Pass. If multiple |ayered slurry conpositions are used, then
these ranges*&relat sthappiistaslerty dsheleposiert tirordle sbutdi es.

Slurries .wigh1eyes! }y!f hixgh s\ébéﬁﬂsii N BRe %é\{ldp "&Johtggtg%a%ﬁq’hen

snoot h and shape, hose wt essi vel OW Vi SCoSIty
result in c&?plsé’f”ée@éﬁ"fﬁ ttonéltéPérédUnd@sil radl &) 4 ntA@acmwlm@lmf tthlﬁe

first and s%%egsgam HORERat BE W%dmﬁh{:'{waﬁe%eﬁe%%}fﬁ %1% The

step of rempvin |'east some of solid crystals or particles in
the firsP sl§ef BK}@ stiesTeti shick Rﬁeéfeéﬁa%yw@mmseg BuboBAUS

pressure of cbigm 0o 4B kPacE S PEeLEl Bhlan Lo,
kP, Still oo preterabls 50 ] e se ty A Sede it pifos r{%@e

| ayered sl ufyeEohbosintd orsiarel e glykepaninagd vicangesThe elaad%o
applicable tr@shmﬁl%?@ﬂdnp@ﬁla SE&ELd %ﬁux?&eéérgﬁﬁﬂgﬁvﬁaj%% aotpoEQEs -

18 - triple point wat er (appr oxr nmat el kPa) can’risk
occurrence 6f AePPRTRPIONSt dadesf stbla @&FP@% lajiey dsegeabstdeltpehow

pr essur eg a&ﬁed%.{‘é§@atn e asbieve, bya@qbym&&ﬁﬁ@%ﬁ/wr @é}&%&%h”g

i mation th regard to the step of renoving at |east sone of
th solid cPy sFaPJsmfﬁfllgé(r Pchekiqd ravwsafpr e maxkicyepyfemmid fat iLaA,

i f the durakkepn@fssiulhi maihon técﬁrﬁQ;ﬁ%hﬁéé 'bdeiS iad¥ahapad SoAda in

sol vents can cause redi ssol ution of
relation to the first slurry and preferably comprises a |

freeze drying technigque.

15
Theé process is carried out in the liquid phase and this is
conducive to diffusion between the first slurry layer and

the second slurry layer.

20 The layers may be deposited in-any manner of layering orders
or geometries. The layers may, for example, be situated
vertically.(i.e; one on top of the other), horizontally
(i.e. one beside the other), and/or radially ({(one spherical
layer on top of the next). a

25
The casting process according to the present invention
enables the fabrication of porous monolithic and porous

layered scaffolds for use in tissue engineering.

30 After the first and second slurry compositions have been
deposited in.the mould, the contents of the mould are

preferably left to rest for up to 24 hours before the



10 scaffold walls, thereby conprom sing the pore architecture.
Accordingly, the inventors have found that this step is preferably
carried out for to 96 hours, nore preferably from12 - 72 hours,
still nore p?""é}@f"‘?\‘lﬁ’??“f rom24 - 36 hours. If nultiple | BYEEBHIGIMOT Y
conpositions are used, 15 then these_rapnges are also applicable to

t he addi tional slutries. The step of renoving at | east sone of the
solid crystals or particles in the first slurry by sublimation is

preferably out ,at t erat ur 0 -.60C, , nore
preferably %é)%% S%%B T}?:LEI I Sm%rgga{fﬁ & asb ?C??%anljfo allgwg 1n%9
nore pref er@bmua‘lmrm%the 3B 1ok alnhir;olc@nbayﬁﬂ@:dt§|b£th}éen :
conpositio sed, then ese r es _are also a icabl e to t he
addi ti onal %:ﬁ%cfﬁnteésiay?r?he Sf ure a&uﬁ‘?@ovs%gﬁnltnéfll A% t oo
| ow, the tikeverdgondedtuamtgih. subl [ matl on is conplete can becone

excessi vwely long, while excessively high tenperatures (i.e. above
40C) can risk denaturation of the collagen. 30 If the materi al

conpri ses cBig dmlandaarqllyamsam nf)gatgmaiurrhemméﬁee:aﬁulgcemmses
according t p e |on rth er |se he step of
Wh Jtlﬁ ‘rﬁ I‘i dﬂ%’ %fgf T%ﬂ % .

cross-1inking e co TH-and 7600797 - 19
- the gl ycmﬁam@ﬂ-ycampnselsewpbenus conposite b| omat er| al .
Cross-linking' will typically take place after the naterial has been

removed fromthe nmoul'd foll ow ng sublimation. Crgssli.nking may be
ef fectdd bylts ub'jlé.cbéngppﬁm:zezdxedSthwtecﬁtmw:ah:es1mragndag|e:aromey dfe gama

ragdiation, 4 ors@vaee' gl Lpdi %thng;rl A AILNEL IRl LR8LIEL e -
non-enzymat | ycat 1 on W th e SUGAr sUch as I tugbse: —Hannose,
ri bose and ksaﬁﬂ‘r@ser @ﬁmza@tamdgfihst tamq:ﬂoe“ eeepmcécalmrtra'te with one or

more of gl LGOQJ&%S%FXQ% é?ﬂgb!a”ﬂ;geen ;&gogaéx&

di net hyl am no carbodiirmde) and

15 The temperature of the slurry deposited in the mould prior
to the cooling step will generally have an effect on the
viscosity of the slurry. If the temperature is too high,
then this may result in slurries of excessively low
viscosity, which may result in complete {(and therefore

20 undesirable) intermixing of the first and second layers once
the second slurry is deposited. It should also be noted
that too high a temperature may result in denaturation of
the collagen. On the other hand, too low a temperature may
result in slurries with viscosities too high to allow

25 efficient spreading, smoothing or shaping, and may risk the
premature formationm of ice crystals. Accordingly, the
inventors have found that the temperature of the first
slurry deposited in the mould prior toc the cooling step is
preferably in the range of from 2 to 40°C, more preferably

30 from 4 to 37°C, still more preferably from 20 to 37°C. If
multiple layered slurry compositions are used, then these

ranges are also applicable te the additicnal slurries.



di hydroguariaretic acid, or any conbination of these nethods. These
met hods are conventional in the art. If the material conprises

cal ci um phosphate, then the 15 process according to the present

i nventi on meORY6LHEH conbrise the step of converting arClemsts e
of the cal cium phosphate material in the_porous conposite biomateri al
to anot her cal ci um phosphate phase. For exanple, the process may
conprise the step of converting at |east sonme of the 20 brushite in
t he porous conposite biomaterial to octacal ci um phosphate and/ or
apatite. The conversion of the brushite to octacal ci um phosphate
and/ or apaffheestep priefecdbhy ehié¢ eGitved byuhydrddpesdtieanin Ras eould

L, : | : Cori al
removed Tienrriineey SetIET STRE ) Fohet SRR R ed) 0 Mn REE 15 o
cl ass of nPuefarsblgomptiesshge caf cianhiagdiphosphaide candtdas t he

of _ moreFal f oo _ |
Dypi cal Ty CRE e TR b Rend B 0 SRS BRE WRetit s Bhose

skilled i nfroe a¥¢ .toThé Of 6 nrapatprtedeabbdy | icdinudd® SobsiitUt ed

| EoTna 0¢ gy nmaps | s _
"l udes 995P01E JebER0a SHTRLY 'hBRRIPELAL S PR SIRERESER L

apatite. ThHangssraney @3svi apphibgatdles gobehg ubddittivhed witdrictsher

speci es such as, for exanple, silicon. 5 As nmentioned above, further
slurry layers nay be deposited in the nould prior to.said cooling
step, &Pt héhebefenr elocoafiing ke difiststland/ clepeedvad i utreymould

CPFDOSi ti OE!éngréﬁﬂa%%ecgﬁﬁfege&?}%‘:eg- J&‘firfq“.rr%@gr of yrdy Nayers
witl also typically conprise, for exarrp?e, aliqurd carrier, ,- 10
col | agen, &Ppt¢owmall yoaecarefemmiphosphat . dditert.4°C/atn, optiildnabky a
gl ycosam n LA T opt ent fo ot no . f Ly, Lef o]
rest for ugg%% 24 ]ﬁ]oul%#r;gﬁbgf%re%t'ﬁecégg in?gtn%%%gigsf{%gﬁél 8\%&1‘}

i nt er - di f f aghpesigfioniye avartsed, dihenr thesastangesntse bat seepradracbat

| ayer sy 5 15 ACCi 0T A9k ¥nat N pLASENt i nvention provides a process for
the preparation of a conposite bionaterial conprising one, two, or

nore | ayers. /At |east one of the |ayers preferably conprises a porous
bi oconposi t8 YdnHQhl,2988weR S QI ates and higher £inal freezing

temperatures (for example, cooling at 0.25°C per minute to a
temperature of -10°C) favour large pores with higher aspect
20 ratios, while faster cooling rates and lower final freezing
temperatures (for example, cooling at 2.5°C per minute to a
temperature of -40°C) favours the formation of small

eguiaxed pores.

25 The step of cooling the slurry deposited in the mould is
preferably carried out at a pressure of from 1 - 200 kPa,
more preferably from 530 - 150 kPa, still more preferably
from 50 - 101.3 kPa. If multiple layered slurry
compositions are used, then these ranges are also applicable

30 to the additional slurries. The inventors have found that

pressures below 50 kPa can result in the formation of



20 phosphate material, and also preferably a gl ycosam noglycan. All

of the layers preferably contain collagen. The conposite biomateri al
according to the /present i nvention may be used to fabricate, for
exaMPl e, a p¥PSSHMdFol ithic 25 scaffold, or a nulti-| samaveRicsmer§ol d
in which at | east one layer is porous. The conposite biomaterial
according to the present invention i Hdvant ageously used as a tissue
regeneration scaffold for nmuscul oskel etal and dental ,applications.

30 WD 200 154PCT/. 3B2Q06/ 000797 -21 - the first and second | ayers
(col | agen ?‘ésqug}ri&se?'%%”yn tr%k,? SEFEEY or'fddiec PESREETRU Great Br t Hearf (206t

and second kiyeny) indicaddidesenab haMeIS o8l 8aPAESRN z Lhgn the
process preferably involves incorporating collagen as"an organic 5

constituent in one or nore of these further layers (collagen is also

pref er abl y ThHee thipnie sy gaNitheCODSid t41QRE-i ae;%ckﬁt_%e 187 £ D 1 Hﬁer
| ayers) There}[%.reoc§fs invol ves fabricating all |ayers, and thus the
i nt erf aces et ween ¥ hem™ Ji-rurt 2Ae gl FoFR RrREqhaddydipirash.5 Thi2d

resul ts inmestill Mhwer eakirena®fy sk 209 1 Mterfacerbetygen the
| ayers throl% Q ja(?te%-diffusion, The terminter-diffusion refers to
m xi ng that 0ccurs>asd FEERPELbIonbrEeuraR ditirens thaserraassnpan

mot i on whemliswoasplidatae eb dhé falding o80IPOBIAH1QR . ar g pl,ac8q i N
integral cqptact. %%d n | second aspect, the present invention

provi des a “synthett ¢ CoMBodit B SIesteFral be ferithtte edddpart of
the bi @ﬁaL @Dhiﬁlefﬁleromdlef Lng@z@sﬁQ@sguﬁhﬁﬁ'@.][leg%nphﬁ?lé@ &&m(%r::&@%@g_ a

cat ci um phgsphat e, material and ohe qr nmpre_of_ 20 collagen (i1 ncluding
rg{:onbi nantaiﬁaﬁanl %tEBFP’éﬁjeY‘r) nakipfyEs HE YLy chp, CartFedi n,

hyal ur onangacchirtioslan the grsyRédElonC ool ¥Peniysdas GRETLISIdAg agqportion
of the pcl §9§9E}i1de sequence of collagen, wherein the nmacropore size
range ( por Ianeter) is preferabry.from1 - 1000 microns, 25 nore
preferably from 200 - 600 mcrons. The material preferably conprises

cou o081, ThE GELlm PRRsRnLE T ST, 5 el g et e o

porous mat éebasiEdefior abk ymeotpriiss ese ferblyr Eebpi bat e- G thes30

col I agen aﬂQré*ﬁ%éﬁ%&%kE?‘BR%%Qﬂ%FQ TBIﬁgjéy étIE&Smgggspreferably
from 0.5 - 5 Pa*s. If multiple layered siurry compositions
are used, then these ranges are also applicable to the

20 additional slurries. Slurries with overly high viscosity
can be difficult to spread, smooth and shape, while those
with excessively low viscosity may result in complete (and
therefore undesirable) intermixing of the first and second
layers once the second slurry is deposited,

25

" The step of removing at least some of the solid crystals or

particles in the first slurry by sublimation is preferably
carried out at a pressure of from 0 - (.08 kPa, more
preferably from 0.0025 - 0.08 kPa, still more preferably

30 from 0.0025 - 0.04 kPa. If multiple layered slurry
compositions are used, then these ranges are also applicable

to the additional slurries. Pressures above that of the



al ready been described in relation to the first aspect of the

i nvention. WD 2006/ 095154PCT1GB2006/ 000797 - 22 - The term porous as
used herein neans that the material may . contain macropores and/ or
m cropores. Whenwpmosity typically refers to features asseshaiwshr
with pores on the 5 scale of greater than approximtely 10 m crons.

M croporosity typically refers to featdfes associated with pores on
the scale of |l ess than approximtely 10 mcrons. It wll be
appreciated that there can be any conbi nati on of open and cl osed

cel I's withi Arimke pedafi af  vatsrr deappbeinated v10 . A8t kPaRnlcas Iisk the

general |y cogdaiie-al BeURETORGY 485200 MOL1ORALRT s JNe JRGLOPOT OSi Ly
is generally open-celled, although there may be a cfosed cel |
conponent . %#@e%ﬁé@rﬁéﬁoi%‘”ﬁ%%ﬁge#@ﬁﬂe‘ff&c&%t’eo)actmietdee podous 15

mat eri al ac@ﬁéﬂé’ﬁa&? kbe sRepdgageQinOnlignPr esent invention. is
typically from1 to 1200 m crons, preferatlﬂy from10 to 1000 m crons,

nor e pré‘ferably from 100 to 800 mcrons, still nore preferably from

200 to 600 wh Q@%araota_hﬁlér%%%paéfefémcfﬁﬁg?ﬁ‘e:aﬂggs’é rEotereoEO%l%Js

material according to the second aspect o ne present i'nvention is
preferably 3o FIvetabs swmarpietes abl \iher Sirsttoluy dyd nost

preferably apprigsicastel ¥r kne25uThe POr&s %%@;ﬂ%ﬁi%%t Lan (b

standard devi ation of the nmean pore di aneter € porous hateri al
accordi ng t'CYHEedetBiRr aivberlgrnthecay caune Feddsrdloriibs f effer abl y
from 1100 800 frHcGHONS1 LIPS REBleL AR MorfisaRL 100 L G, 4Q0 g1 d
st{ |1 m)reg%;:ef erably from 20 tg 2%{(;‘;?k m érso%. Q%%Opojﬁzﬁ%ﬁgfﬁgg%uo’%gsi ty
intthe por IFEERFL Y e drdrRgord have fespAdtkapddtisobtehelpr esent

i nvention igsdreehBI Ak RMoA0 £8r 9% 92 8! RSur ANd IR §-REELSIAP! Y
from70 to98 vO01%
from 12 ~ 72 hours, still more preferably from 24 - 36
hours. If multiple layered slurry compositions are used,
15 then these ranges are also applicable to the additional

slufries.

The step of removing at least some of the solid crystals or
particles in the first slurry by sublimation is preferably

20 carried out at a temperature'oﬁ from -10 - 60°C, more
preferably from 0 - 40°C, still more preferably from 20 -
37°C, still more preferably from 25 - 37°C. If multiple
layered slurry compositions are used, then these ranges are
also applicable to the additional slurries. If the

25 temperature during sublimation is too low, the time required
until sublimation is complete can become excessively long,
while excessively high temperatures (i.e. above 40°C) can

risk denaturation of the collagen.

30 If the material comprises collagen and a glycosaminoglycan,
then the process according to the present invention may

further comprise the step of cross-linking the collagen and



5 The percentage of open-cell porosity (nmeasured as a percentage of
the total nunmber of pores both open- and closed-cell) in the porous
mat eri al according to the second aSpect of the present invention is
preferably fWERPUEB54900% nore preferably from 20 to 1B0YBaG@H06E | |
nore 10 preferably from90 to 100% In_.a third aspect, the present

i nvention provides a synthetic conposite biomaterial, wherein at

| east part of the biomaterial is forned froma porous nateri al

conprisin 5 a_cal ci um phosphat e terial and twq or_. pore of,

ol T agen (i B3V gS PHCSHIRaR LN ECF RS CoTIERiahs, bAORStetial.

gl Iycosarrj gmgﬂo)é@amipaiwrﬂm,l bypiwn?amakehplmmf;&gd ahéyrﬁﬁ’thaeiiia?.
pol ypeptides c¢ rising a portion o e ept i seguence o

col | agen. %’?e? %ﬁngarfﬂog‘ﬁdegéi’ﬁb?v m@%ﬁnﬁgﬁsé@lr&ﬁﬁéyﬂg&h ‘a

gl ycosam naglogsannk e neal deust phosqhatye sopf etiialg kaepeet erabl y-
selected fromagne or nore of brushite, octacal cium phos Faéveioi%%/ or
apatito> TIRFSSIPOERE RN Op BYER & FoRBApF T AT 50  hh

Co- pr eci pi traicd a@iiogpl 3 afeiyrdatBéye:0s afeatgbycamaranteatit ci um
phosphate 25 material, This ha]'i‘%al ready been described in relation to

the first SEEIER YHE ih PR B U9t SHERr DpoT e e se PARYE " (por e
di aneter) imidoke pndosiscrerker cahtaociondichg toigle coepoadipispast of

the present ,invention is also | i a%thstoth tc{ﬂ.rd aspect . e
s 1o o1 8 PopReneE ShE SotRea g s e onetad: B g
di stri hot i eiimethelpolnsdiopyandatiedpeticdent age/«f rogen-cel | porosity.
- 24 - In a . fourth aspect, the,present inventiqgn prowyi a synthetic
coﬁposi te B 89?%¥P%%Fi gFhy: fairﬁysfoﬁﬁl%a?c or r?édgl(% °A conposite
bi omat er i almeatedsdi NChd: heehses ok aontbint Homslpect tok &be. present
invention; and 5 a second layer joined to the first |layer and forned
of a material conprising collagen, or a co-precipitate of collagen
and a gl ycasanheoghyeaisl eonprisepratiqiumapeogfhasl,| dgen @ a
Ca|C|uq%ph%%QQ%%g ggéggdfﬂg’tgrtgétgéégé%tcgﬁvantion may further

conprise the step of converting at least some of the calcium

phosphate material in the porous composite biomaterial to

another calcium phosphate phase. For example, the process

may comprise the step of converting at least 'some of the

20 brushite in the porous composite biomaterial to octacalcium

phosphate and/or apatite.  The conversion of the brushite to

octacalcium phosphate and/or apatite is preferably effected

by hydrolysation. FPhase conversion will typically take

place after the material has been removed from the mould

25 {and optionally cross—linked).

Apatite is a class of minexals comprising calcium and
chosphate and has the general formula: Cas(P04)3(X), wherein
X may be an ion that is typically OH™, ¥ and Cl7, as well as
30 other ions known to those skilled in the art. The temm
apatite also includes substituted apatites such as silicon-

substituted apatites. The term apatite includes



preci pitate of collagen, a glycosam noglycan and a calcium. 10
phosphate material. The cal ci um phosphate material is preferably
sel ected fromone or nore of brushite, octacal ci um phosphate and/ or
apatite. TheWd2gw93d second | ayers are preferably integraBkopsdlrer
formed. Advantageously, this may be achéeved by a process invol ving
i quid phase co-synthesis. This enconp ses any process in which
adj acent |ayers, either dense or porous, of a material conprising
mul tiple Iagers are formed b |l acing the slurries conprisin the

precursors tYIERERAEYER | it 8gFRPCHDIft SSETRLE Ok 2bERéFe

bef ore renowgd Hgfdﬁdik@abhﬁutéi I@aﬁyrall@l‘: BE S@ditushr P Ythesl Urries,
and in which renoval of said E%FId carrjer or carriers fromal

|l ayers is prRESSHISFSH ePForﬁEﬂ R8st iy the sane tine.
Pl aci ng the precursor slurrles inintegral contact before 25 renoval
of the Ijqujid carrier (i ile stil] in the liquid phase) allows

interdif usA%nP§Q¥%&5€8raB%Y%eéﬁ“&&Féc%%?rEﬁlﬁ%ﬁﬁé§ mﬁ?u?? CEEAFtEeEn a

zone of intgfdidd weuea peibhed nheuf ae61bel Vﬁ%@,aéiﬁ@‘&mbéf%)t@rér of
material, within which the nateri al tion is 30

the resultin 0Si
i nt er nedi at %fg%r e i EFF & DY SEFPPONS T % ﬁemaa "@ém (s)ayers. The

exi stence Ofas$y/Home bekni Abgsliddaisi Ohe CamriHRALubEE BicGal wsiiengt h
and stability tag the Eterfaoe WO 2006/095154PC11 0061Q00797 - 25
- between & %%éﬁPIF&; ¥ sCOmRIIs=di AGF ySF TR & Astt Eﬁﬁiéﬁﬁﬁﬁﬁrrayers

are prefer a&&maqmnoedpt@om@mohaemmrmlgd‘phamel naesridilf,f aaton
yer A ksipatel b Ale Lt 500 secupd Laers ey B gled 0
are preferably left to rest for up to 24 hours before the
cooling step so as to allow inter-diffusicn of the various
slurry constituents between adjacent layers,
15
Accordingly, the present invention provides a process for
the preparation of a composite biomaterial comprising one,
two, or more layers. At least one of the layers preferably’
comprises a porous biocomposite of collagen, a calcium
20 phosphate material, and alsc preferably a glycosaminoglycan.

A1l of the layers preferably contain collagen.

The composite biomaterial according to the present inwention
may be used to fabricate, for example, a porous monolithic
25 scaffold, or a multi-layered scaffold in which at least one
layer is porous. The composite biomaterial according to the
present invention is advantageously used as a tissue
regeneration scaffold for musculoskeletal and dental
applications.
30
The process according to the present invention preferably

invelves incorporating collagen as an organic constituent in



refers to any | ayer deposited independently between two other |ayers
for the purpose of inproving inter-layer bond strength or bl ocking

t he passage of cells, nolecules or " 10 fluids between adjacent

| ayers of theVPeWaP¥sivg scaffold, and may, for exanpl e, pe@RisaioRoooror
col | agen, gl ycosam nogl ycans, fibrin, anti-angiogenic drugs (e.dg.
suramn), growmh factors, genes or aﬁyzéther constituents. An
inter-layer is distinguished froman inter-diffusion |ayer by the
fact that 15 an_inter-layer is deposited separately -as a slurry whose

conposi ti on € GHETT AOC PRERNE nEr¥eaEpdSP I PR S| PEeBeljakdantheayer s,

whil e an intefodi §fgimiion chayel tiusht AhMege excldisiygl Yelohd 16814} . Of
i nter-di foSII on a_et.ween adj acent layers. 20 The first lTayer-is
porous. The ‘feBShtriofpdr lryess strorereembl \Lhssr 608, Pradssugh it can

be non- por opsedsrMINsiaRbiabl Vi MIpBOLOUSy |@ahgbh gesid %%aIfJS
macroporg size range (pore dianmeter) in the porous 25 materia
accor di ng tSC,’FﬂEl%‘ged'(j}n&na%%c‘?r derehet prenttursbent Jayedss (gpibagen

applicable te &he fddeSerant) fhs @caBE dAYAHiT BnbEL&IMOATRAL one
according to_the f The sane is trye for the mean aspect

9 gqglrg%g aspect. J _ é
ratio range’*tf%& P P2 el W ST -but PP IS Sp P BRI 188 dadprifpeting
percent age efllopgrers30ageal tnporidel i¥terfacks bethBe@he the second,
third and fourtf e}}s?pec S,.the . hiomateri al maﬁ conprise one or nore
further | ay8r85)GIEHSEE thetls Adaua dPifsSsecdhds | B5@HES dackhef. sai d

furtherit ayersaipicaf erabl ¥yt Boid rftet ARk OfetireBRt She &l 2 RREPLLSbEH 5
CO(U agen, or_a co:.p feci,gi tate of col|agen and"a gl ycosam nogl ycan, or
a co-preci piiate S5 PRgent Hh Feamc B S Wit ip RS hRAt 28 hfdte EP AN X619 a
triple co-ptest pideatre 85 £0td:A0EN ofandll HEQSENHAOHL YA 0raBdofn LAl Ci um
phosphate material . The cal ci um phosphate material is preferably 10
sel ected frBRTHHE "BEMNDYR SFHREShPE P L id@rdRS| EPTRRBHdSPhare RiHesY
apatite. Thenfimtsigrandcseeosd | ayers and said one or nore further
| ayers %re preferably integrally fornmed, and adjacent |ayers -are
preferably joined to one another through

In a second aspect, the present invention provides a

synthetic¢ composite biomaterial, wherein at least part of
the biomaterial is formed from a porous co-precipitate
comprising a calcium phosphate material and ohe or more of

20 collagen (including recombinant human (rh) collagen), a
glycosaminoglycan, albumin, hyaluronan, chitosan or a
synthetic polypeptides comprising a portion of the
polypeptide sequence of collagen, wherein the macropore size
range (pore diameter) is preferably from 1 - 1000 microns,

25 more preferably from 200 - 600 microns. The material
preferably comprises collagen. The calcium phosphate
material is preferably selected from one or more of
brushite, octacalcium phosphate and/or apatite. The porous
material preferably comprises a co-precipitate of the

30 collagen and the calcium phosphate material. This has
already been described in relation to the first aspect of

the invention.



an inter-diffusion layer, which is typically fornmed by 15 |liquid
phase co-synthesis. Cenerally, at |east one of said further |ayers
w Il be porous. Again, the nmacropore size range (pore dianeter) in
the porous nmapesisabsisccording to the second aspect of tHher@ER&RGE707
invention is also applicable to one or_nore of these further |ayers.
The sane 20 is true for the nean aspéc%zrhtio range, the pore size
di stribution, the porosity and the percentage of open-cell porosity.
Differences in pore sizes between' adjacent |ayers may vary 25 from
al nrost negligible to as great as +/- 1000 m crons. Unless otherw se

stated, therfoldow ggr&%carg Risk@Nhi Se APRIJaGbE Lt G rANYR8PEST fy t he
present invention. 30 If the material conprises collagen and a

gl ycosami ndgiifeaR, "EREPPIIRS GOIY a5eRtEIRPATRE - gl YRESMALEEFYcan may be
crossl i nked:yp\W2129064 895 34PCEL EBROOG QR {8¥ed Wikl pHresCohlagen |s

preferably present in the material in an amount of froml to 99 wt %
preferably 5% 9%t 870 % HP R0 PRPEPEFEEEYY 1P rBif a3 %0 60 W% 5 The

gl ycosam nag &G rbglgy eﬁﬁﬁ%@mypfsﬁ@ﬁ to thASu P &fds@loi kRed@n MO UNt
of fromO0.01 to 20 w% nore préferably from1l to 12 wt% still nore

pref er abl y B4%H 7t BhS %C%@A)Ofléeﬁﬁ e pRPEPE HPat I A0sBSCHMShi t e,

then the rati qiah eel gt it@br Uaht @ dre Eaﬁfﬁé 3&%{9’ doBihdich @
1: 100 by weight, nore preferably from5:1 to y weight. If the

material cOW $88 6LPRAIG M PhbEPhATS mﬁﬁéﬁl%:h'e fs?rr §FREPYF, the

col | agam t anfaciracal ﬁiyinWﬁag{ewﬁtﬁryﬁﬁo@w%&ﬁ&oﬂeg @nd: 100 by
ght, nore preferably from5 20 by weight. .- The ratio of

co{ | agen t HIHFEPGIGE 0s AR h FFCFCRAL P BF é‘fSeBEBF fPSRr8eiltd 30: 1
by wei ght. afhe\Rig@mehérd Hay@eeordbNgsdD dehe posRseMntd. .Nnvention may be

used as a substitute bone or dental material. Accordingly,
The macropore size range (pore diameter} in the porous
15 material according to the second aspect of the present
invention is typically from 1 to 1200 microns, preferably
from 10 to 1000 micreons, more preferably from 100 to 800

microns,.still more preferably from 200 to 600 microns.

20 The mean aspect ratic range in.the porous material according
to the second aspect of the present invention is preferably
from 1 to 50, more preferably from 1 to 10, and most

preferably approximately 1.

25 The pore size distribution (the standard deviation of the
mean poreé diameter) in the porous material according to the
second aspect of the present invention is preferably from 1
to 800 microns, more preferably from 10 to 400 microns, and

still more preferably from 20 to 200 microns.



the present invention provides a sYnthetic bone material, 25 bone

i npl ant, bone graft, bone substitute, bone scaffold, filler, coating
or cenent conprising a biomaterial as herein described. The

bi onaterial Mo momsmsageously provided in the form of ap@fcr006m000797
mul ti-layered scaffold. In particular, the present invention provides
ti ssue regeneration scaffol ds for rrus*uﬁé‘oskel etal and dent al
applications. Miultilayer (i. - 28 - two or nore |ayers) scaffolds
according to_the present |nvent| on may' find application in, for
exanpl e, bormeITRCEPFARE Fmitdef REE3UY e tartht idaroddiingt 8), £ Roneoandon

|t erfaces (@gendenidiseEtbn AL, bonslligagent oo nferfaces

(eg l'igament i nsertl on points) toot S (°eg

t oot h/ peri odont®dl YP{Harrsrt mpaﬁcmm@xab/lm ooy te peeser%. i nvention
is primarily concerned with 10 scaffolds for tissue engineering
applications, the material according to the present invention may be
used to ﬁabrﬁ@a?@@%ﬂ%ﬁ &Ft Apenpeald) erﬁltme(madylrédras]m te sone

e ForRmkscad, samenpccoBtent phapl 68t L B sCessay f o

tendon and Ii garrent appl i cations asent Gr t her
provi des a [oP8GE-edhposmt Ehei prsuey Fﬂateabalalambtrélbg o p:ﬂmceseoﬁi@

herein descrispee: &yrﬁﬂée@&ésé@é 'L%e%] JH E:aiof"e%‘}' g d‘é‘S now

be described further by wa exanpl e. e pre erred
synt hesi s coMpF sré%reapafééaéﬁ?éféy diromt @pstowi@®h ead bel}alppﬂdred in

whol e o10i NpRakExrabLyP f%gdy@etd)qrms scaffol ds having ' one or nore
Ia?/ers at '

In a third aspect, the present invention provides a
synthetic composite biomaterial, wherein at least part of
the biomaterial is formed from a porous material comprising
15 a calcium phosphate material and two or more of collagén
(including recombinant human (rh) collagen), a
glycosaminoglyéan, albumin, hyaluronan, chitosan and a
synthetic polypeptides comprising a portion of the
polypeptide sequence of collagen. The materizl preferably
20  comprises collagén and a glycosaminoglycan. The calcium
phosphate material is preferably selected from one or more
of brushite, octacalcium phosphate and/or apatite. The
porous material preferably comprises a triple co-precipltate
of collagen, a glycosaminoglycan and the calcium phosphate
25 material. This has already been described in relation to
the first aspect of the invention. The macropore size range
(pore diameter) in the porous material according to the
second aspect of the present invention is also applicable to
the third aspect. The same is true for the mean aspect
30 ratio range, the pore size distribution, the porosity and

the percentage of open-cell porosity.



25 | east one of which preferably conprises a triple co-precipitate of
col l agen, a gl ycosam nogl ycan and a cal ci um phosphate nmaterial. Step
0: Slurry Preparation 30 WD 2006/ 095154PCT/ GB20061000797 - 29 -
applicant's &rtoewspat ent application, PCT/ GB04/ 004550 pctridssflsddidor
Cct dber 2004. The content of PCT/ GB04/004550 is . incorporated herein
by reference. A copy of PCT/ GB04/004550¢4 s provided in Annex 1. 5 The
preparation of unm neralised collagen/ GAG slurry or slurries nay be
achi eved usi a_nethod as outlined in Yannas et al., 1989; O Brien
et al., 20047 & BPHERD ASRACT, PheSyregesrtedneention rb988)s 40 Growth

factors, geresthérigscapddifter phbelagical Exmgfjg;ive .Speci es may
optionally he faddgd al one or in_conbination; f o thie sl urry via
mechani cal (i ARG at 2 ¥ <O8TaHeCt B faseiplist e ebidweitreri: AL 05 @ESALiInGN Lo

into the scahkokdcohd dhenGageaOfeds ¢ LR nore, than one
3eCadpe %Egég%sreﬁtednfrﬁ?gl%e ey er

| ayer, the hial 8?@%}/ active species inc
need not ~be "t RE“EY £ A818pecteThenddrpbritied iantofoheedied a St ep
|: Casting RAtSrepl |canprGashinNgonfaghst baygeroSteR kxbi Gasting of 2nd
| ayer Step l.¢;,gasting of 3rd e 38 F s R ecPhe Shn ) ayer
o5 agen and” a glycosaminoglycan, -or a co-precipitate of
collagen and a calcium phosphate material, or a triple co-
_ precipitate of collagen, a glycosaminoglycan and a calciunm
10 phosphate materiagl. The calcium phosphaté ﬁaterial is
{ preferably selected from one or more of brushite,

octacalcium phosphate and/or apatite.

The first and second layers are preferably integrally

15  formed. Advantageously, this may be achieved by a process
involving liquid phase co-synthesis. This encompasses any
process in which adjacent layers, either dense of porous, of
a material comprising multiple layers are formed by placing
the slurries comprising the precursors to each layer in

20  integral contact with each other before removal of the
liguid carxier or carriers from said slurries, and in which
removal of said liquid carrier or carriers from all layers
is preferably performed at substantially the same time.
Placing the precursor slurries in integral contact before

25 removal of the liquid carrier (i.e. while 5till in the
liquid phase) allows interdiffusion to ocecur between
adjacent slurries. This results in a zone of interdiffusion
at the interface between adjacent layers of the resulting
material, within which the material composition is

30 intermediate to the material compositions of the adjacent
layers. The existence of a zone of interdiffusion can

impart mechanical strength and stability tc the interface



The casting step(s) involve the successive deposition of a slurry or
slurries, in solution, suspension, colloid, or dispersion form where
wat er conprises the major diluent, into a nould, in which at |east
one of the shmumwbe®sBO conprises a triple co- preC|p|tatec9&Bﬁghhagen
one or nore glycosam nogl ycans and the cal ci um phosphate brushite,

and all slurries contain collagen. = 39 = The nould nmay' be any
desired shape, .and nmay be fabricated of any of a nunber of nmaterials
i ncl udi ng polyners (such as pol ysul phone, pol ypropyl ene,

pol yet hyl enBytvert aidjacsnehiaverss starewdigwlsy edhe ftnutsxmaum seodral t

chrome) or ¢eyand Ca%e(gyg?_e@éofy %&Héd rni; F&éth&l: haghcs or

gl asses (such”as borosilicate glass). e nou nstructed
speC|f|caIIynF%FTQ%ﬁfPﬁ@anelﬂxpﬁ -ayering. Exanpl es of SU|tabIe desi gns
are shown in Figures 1 and 2. The layers may, for exanple, be
situated vertically (i.e. one on top of the other), h'oriz'ontally
(i.e. one bRiregnatigels, othﬁsrf)lrsanéﬁ@rSﬁf-'(?midalllaye{@n@a}smeﬁpe%ﬁadI*@yer

on top of tBhee arrb%e)c tht&%fbeane\tﬁetrlt@ef heTﬁeatéat qnfeggnt5§e§ one

| ayer, the single layer to be cast conprises slurry o a co-
preci pi t at e*e& itsi ﬁgbety%@etﬁepoaiEaCﬂ ciﬂﬁﬁpﬁﬁéﬁhh}t datweeni Avrg. V\:hl ch

i s preferabbyn,br li%%'%:g f@f‘dttfemp!u%@lse yo? Hp$6e$ag1 NAUNYGaler bond

Preferably, the slurry conprises triple co-preciplitate Conprising
col | agen, bFuEFIGE aﬁdbbogwt‘.bm pogrdaart TRélpr aidiecadesheekness

of the i@yeflthﬁdsz@e%QQEhféc?jjadg’ﬂtt te¥éper&p&hat sea?ﬁlp@tseéfir@t&e 1.

n,the event that the.scaffold conprises two | ayers, | east one of
% | ayers @@ﬁtﬂ?mea§Prc%$ﬁWH¥ﬁesCan§ﬁtﬁr%PhﬁagancogkNQRﬁaﬂﬂﬂaﬁéycansr

corrpri si ng gp&flagegntg_gﬁéﬂgté@m&hawé‘@tfe 30 EBEQ{H;‘E‘)' , JMER 1S

preferably brushite, and optionall cosam nogl ycan. Preferably,
the slurry e%ﬁﬁﬁﬁ%segeaeﬁr??ﬂﬁ?Yb@Ibﬁéc¢$ﬂ%ﬁﬁ9§e§5ﬁpr| Agtestiayeh s

brushite, agds@inguished from an inter-diffusion layer by the fact that
15 an intei—layer is deposited separately as a slurry whose
composition is distinect from the composition of its adjacent
layers, while an interudiffusioa layer is formed exclusively

as a result of inter-diffusion between adjacent layers.

20 .The first layer is porous., The second layer is also
preferably porous, although it can be non-porous or

( substantially non-porous layer if desired.

The macropore size range {pore diaméter} in the porous

25 material according to the second aspect of the present
invention is also applicable to the first and/or second
layers in the embodiment according to the fourth aspect.
The same is true for the mean aspect ratio range, the pore
size distribution, the porosity and the percentage of open-

30 cell porosity.



WD 2006/ 095154PCT/ GB2006/ 000797 - 31 - gl ycosam nogl ycan. The
preferred thickness of this layer is specified in '"the appropriate
section of Table 1. The other |ayer conprises a slurry conprising

col | agen, opwooedidyyrsa cal ci um phosphate material, and ept/icen@édoded 5
gl ycosam nogl ycan. This slurry-conposition preferably conprises a
co-precipitate of collagen and a gl ycosafinogl ycan, a co-precipitate
of collagen and a cal ci um phosphate materi al such as brushite, or a
triple co-precipitate of collagen, a glycosam noglycan and a cal ci um
10 phosphat elheiter ic4l thahseterids phéfdramd Vdwrtshaseectyr ther | ayers
may be i ncl ugegha%.4es3i Ahes u r._| s ar.e preferabl
formed froma slurry goﬁﬁgi Si é:tllc%gl ?géeé]}, r}r(;%f):tei g%gﬁ%}' alaé%ﬁ?i &?ﬂ'necy
phosphat e neteri® figal amiom isesahtylayayisycesani obgiaicaturTher

further slurryyQnpesklions, r Li cO- precipitate.of
col | agen and ééy gl yéosam nogl %3%8 g&tﬁc{ﬁ%%ﬁp? 5 elaglf ‘T’(‘?B‘F’Fgﬁjerﬂ‘ng and a
cal ci um phosphati@ehnt 8F i &l caxspercani brts it @oldrgen taridile

co- preci pi t a8, sam@hd 09l ¥cgsan l: a calcium
phosphat e rrggtgri,asla, vvh?c i Srge%{e?gﬁ%ﬁ%ﬁﬁﬁ?ge@@gqgg%o@ i%n of
the slurrieSaltidBcRP I ERUEAterdybr Tmy beiptentd-galeciphtyte of
slightly, orcosanyesi gni li:;;:q,@ j.de 5.t col | agen, and
preferably aCI SO agegf yco&sam' ntgln 1§/1?:{gjrzlj%(:lalrrfej' %Pés%n?g%cnluénagﬁgf%’@% ® and
that at | eastet6Raadt tHe |cpjelsmaphespmicanatenlalalici prepaosghat e

Vﬁ\%t SBBZ?S;E%&%?%%%%%%%O?ﬁ?HS@ hif &ru39; 5L ,Epoééa:;:alj. nter s Iofsfp i
{ and/or apatite. The first and second layers and said one or

more further layers are preferably integrally formed, and
adjacent layers are preferably joined to one another through
an inter-diffusion layer, which is typically formed by

15 ligquid phase co-synthesis. Generally, at least one of said
fuither layers will be porous. RAgain, the macropore size
range (pore diameter) in the porous material according to
the second aspect of the present invention is also
applicakle to one or more of these further layers. The same

20 is true for the mean aspect ratio range, the pore size
distribution, the poresity and the percentage of open-cell

pereosity.

Differences in pore sizes between adjacent layers may vary

25 from almost negligible to as great as +/- 1000 microns.

Unless otherwise stated, the following description is

applicable to any aspect of the present invention.

30 If the material comprises collagen and a glycosaminoglycan,
then the collagen and the glycosaminoglycan ray be

crosslinked.



- 32 - The co-diffusion step involves allow ng the respective | ayers
of the cast, layered slurry to inter-diffuse. This step is perforned
for the purpgse of allowing inter-diffusion of slurry constituents
bet ween adj al&0%43%&t s, 5 thereby increasing the interBGTsgRI006IOTE
strength after .solidification and subl irm_ati on. Preferred condit.ions
for the inter-diffusion step are listell'in the appropriate. section
of Table 2. 10 Step IIl: Controlled Cooling The controlled cooli.ng
step involves placing the nmould containing the slurry in an
environment, which is then cooled at a controlled rate to a final

t enper at ur e Thessol hadenl 5 s0freJditabist epesenipanf ansedatexridli thake and
control the _rate_of_ice cryst nucl eati on d growth wthin_the
slurry. |ce3@FYsEat%S %951 ﬁhgﬂags%tﬁ}s%qﬁﬁ?g?ﬁ%gﬁoggamb %cht?l%l Hﬁ%f on

| eavi ng a pawedspsetdfaplg. fdhe &0 ehi cecttre of the ice crystal

net wor k }szill determne the ultimate Pore structure 20 of the
scaffold” The preferred paraneters for cooling are listed in Table 3.
Step 1V: Anmeal ghgcmniheganpeealisngrefepaivIw greesnal 1oviihegmbhersalurry

to remain at,_the final t eratur f e controlled cooling_.step for
a desi gnat ed"afBLHIo B P% .romrth'sOe‘Lsgng,%)]Sthér fngfﬁear?%er&%‘ﬁ’r gr?rﬁglt
the slurry fbedzestcomuliel ehyromprsaufbsbahy i &tdny lcoaps i ettp.. The
preferred paraneters for annealing are 30 listed in Table 4. Step V:
Sublimation - 33 - The sublimatron step conprises reducing, while
the frozen gfuthy mscardinnt admed safis bougihltye t hehi had¢ tanpewodt ure of
the controll ed. cooling,and, anneal i ng_st he essure .i,n.t 5
engi r onment Cgrg%)ﬁ%%fl tthogbﬁﬁﬁﬁlgt%ﬁdg Prr%?e’ﬁgﬁ%rﬁﬁrfmt gbbgl%%v%t'%got??pl e
poi nt of theengtier /mae/ watesratdpodironystemo floklokgdvdishdl.evati on of
the tenperature to greater than the tenperature of the solid-vapor
transition tenperature at the achi eved vacuum pressure
(typi cal | yOCE. thdmstestiep compidiGepentbanetiur pboppkatde-titge thystal s
from the.f r 9zen, SLULy 4 g, subl ddmalons ud e Advaskage afcsaybbipation
over evaporafal_on ds B medns of water renoval TS that it | eaves a
network of éfptytspaddi( byewejprtas rorhapreianadd ypFeeih selly tohé:20 by
architect ur%egé %he previ ously existing network of ice 15 crystals.
If the ice IS P owed to nelt, the ice crystal network loses its
shape, and the architecture of the resulting pore network is
conprom sed r r Sl l A BN
in Table 5. TEg %%gi[)or %ﬁglgiﬁg%gs [ %Elén%% 10RO LR -BEE:2

20 from 8:1 to 30:1 by weight. : )

The biomaterial according to the present invention may be
used as a substitute bone or dental material. Accoxdingly,
the present invention provides a synthetic bone material,

25 bone implant, bone graft, bone substitute, bone scaifeld,
filler, coating or cement comprising a biomaterial as herein

described.

The biomaterial is advantageously provided in the form of a
30 multi-layered scaffold. 1In particular, the present
invention provides tissue regeneration scaffolds for

musculoskeletal and dental applications. Multilayer (i.e.



If desired, the process may al so involve a crosslinking step to
crosslink the collagen and the gl ycosam noglycan. This is descri bed
in the applicant's earlier patent application, 25 PCT/ G804/ 004550,
filed 28 Cct WO+ The content of PCT/ G304/ 004550 i Ciresamponated
herein by reference. A copy of PCT/ G504/ 004550 is provided in Annex
1. Exanples 30 Exanple |: Single-Layer 8€affol d of Coll agen/ GAG cap
- 34 - Materials Collagen: Type |, mcrofibrillar collagen from
bovi ne tendon, | n%e}gra hiﬁfe Sﬁi enc Pl ai nsboro, NJ, USA 5 GAG
Chondr oi ti n- 6- suP pHate rrefiFs a?fféfg’”:?ﬂf’ﬁ 3Geordid® Gm shetpresent
Si gma- Al dri chnvaot{Gt mayodiad Mp1idSA)ofal g UEBIS%%EI\%%, (i) Calcium
hydr oxi de ( ~Siagma-Aldrich Inc (St., Louis, MO, USA); (ii)
Cal ci um ni trcg’tgegé%%’i‘i\ﬁ@)%? &%ibﬁ%"eﬁ Bﬁﬁ- A HHTHR deipte) . (hemed teMipn
USA) 10 PhosphbenfrcdoUlege teflithaphesPheon i soamisd , ( BBROM 1g sl

ed Ki ngdo Crossl i nki ng "Agent s:

Laboratory S ies (Poaole, Unit , g ]

1-Et hyI-3¥ (3?%9%%’?%%/?%31%3505%%?}%5*3 ERPBRE P HRRIAESEDATI  Si gna- Aldri ch
Inc (St. LouksotiM]igandSa) inbetitiexysyCeddinde 16301 1igament

Si gma- Al dri cg Ag‘?‘g’éﬂ? 15 Louis, MO, USA) Procedure Step 0 Slurry
Preparation oS 49 col l agen was di spersed in 171.4m of 0.1383M
H3PO4 cooled in an ice bath by blending for 90 m nutes at 15, 000r pm
using a honogeni sen, equi gged ith a ];:Lerm_di angter stator to create a
hi ghl'y viscous coldagen 8 SpetsitOietHhoRs-Harareetly cawsgged with
chondr 0i 10 n- scaifqist €of GAGswasnal hewethd apdilssat vend N thé. A8t Lfa]

0. £383M H3P

; tepperat ure by shaking perjodically to disperse
di 5sol vi ng %%?clsrﬁ;ﬁg@g‘&) 0 ISEGRE &° B GeYohe Wakroobahrrates,
the 14.3nl oim@ABtsoltbtt opermistaddeths wddie X igidt€ Udr@0eMne. For
di sper si on aéxample,‘a semi-permanent implant may be necessary for
tendon and ligament applications.
15

The present invention further provides a porous composite

biomaterial obtainable by a process as herein described.

Synthesis Method

20
The present invention will now be described further by way
7 of example. The preferred method of synthesis comprises a
( sequence of steps, which can be applied in whole or in part,
to produce porous scaffolds havinénone or more layers at
25 least one of which preferably comprises a triple co-~
precipitate of collagen, a glycosaminoglycan and a calcium

phosphate material.

Step 0: Slurry Preparation

30
The preparation of mineralised collagen/GAG/brushite slurry

or slurries may be achieved using the method outlined in the



30 a rate of approximately 0.5nlL/ m n under continuous honobgeni sation
at 15,000rpm and the resulting highly-viscous coll agen/ GAG

di spersi on bl 9(?%9/0J @ an additional 90 WO

2006/ 095154PCT/ GB2006/ 000797 - 35 - minutes. After 90 nifhG&EL0Hp00797
m xi ng, 1.804g Ca(OH)2 and 0. 780g Ca(l_\lQ%%/Z_‘ 4H20 were added to the

hi ghl y-vi scous col | agen/ GAG di sper si on er 30 m nutes under constant
bl ending at 15,000rpm creating a collagen/GAG CaP slurry, 5 the pH

of which was, he, col | a en/,GAG

allowed to re .—A{t”g %Ll%]é%e% p|o“°;égr| A tﬁSHf sg%{)ﬁsﬁr?g@ﬁ‘lg?im r

pl ate, and WésTedle% @Icaobdrazootm f-Ohe acaitlesequenecl zamauns45Theis .
chilled slur t ass |n a_vacuum,f | ask a
ressure of DhciEorGel BEARAR Y, heRr AR T L RRY (o By Pl icasth
col | agen/ @Gmmmdylmmtl i nt o a pol ysul phone noul d, 50mm | ong
by 30mm wi de by 10mm 15 deep, using an auto-pipettor. All.large

bubbl es were renoved fromthe slurry using a hand pipettor. Step I1:
| nter-diffusTios mpAsatﬁaen sm:faﬁﬁmiidefmliﬁcamp&éagem}qnd sédronlyr one

| ayer, the i iﬂrllf;ng D step was unnecessary, Ste ehbL Cbntrol | ed
d y plac Pt LeEdekt s

Cool i ng 25 urry were cedina
freeze dryerYéreqm ppﬁedlw, tlﬂ&&;m@ésaiem extcait.; oL 0 @4, CB’lBauahes*s st.eel

shel ves) and,4 t r at the freeze dryer ranped from 4C
to -20C at a rate E'?B:appFg{(g)ri()aeirratg %B% 4C per m nut-e. .30 :
10

( ' Growth factors, genes, drugs or other biologically active
species may optionally be added, alone or in combination, to
the slurry via mechanical mixing at this stage to facilitate
their incorporation into the scaffold. In the case of

15 scaffolds with more than one layer, the bioleogically active

species incorporated into one layer need not be the same as

the species incorporated into the next.

Step I: Casting
20
Step I-a: Casting of 1st layer

Step I-b: Casting of 2nd layex
Step I~-c: Casting of 3rd layer
Step I-n: Casting of nth laver

25
The casting step(s) involve the successive deposition of a
slurxy or slurries, in solution, suspension, colloid, or
dispersion form, where water comprises the major diluent,
into a mould,; in which at least one of the slurries

30 comprises a triple co-precipitate of collagen, one or more
glycosaminoglycans and the calcium phosphate brushite, and

all slurries contain collagen.



Step I'V: Annealing - 36 - The shelf tenperature of the freeze dryer
was mnai ntained at -20C for 10 hours. Step V: Sublimation 5 Wile
still at a shelf tenperature of -20C, a vacuum of bel ow 252a

(appr oxi mat eV WEEAFSt r) was applied to the chamber conPEl/EBIgs/QbRE7
nmoul d and the (now frozen) slurry. The jenperature of the chanber was
then raised to 37C, and 10 sublinmation YI"owed to continue for 36
hours.. The vacuum was then renpbved, and the tenperature returned to
roomtenperature, |eaving a single-layered scaffold of

col | agen/ GAG Cap, 50mm by 30mm by 10nmin size. 15 Step V I:

Crossl i nki ngnscafomudmawee dnydeat eded NsHAE] g8 qm}s% wahet o{0dg ﬁg
m nut es. '20 (%f a | ution of 0,035M EDAC.and 0.014M NHS was added

to the contai r¥er 08n ST Pt MEterirt WS HAdng Polemstissdauahtas . and

:he sca{]‘oI ctsvmm&phbimmd:ﬂ}?r?bsméﬁgrﬁ@Jégﬁéﬂyb%&gﬁ, Heth®8M such ° 3
enperat ure I entie aglitatlon e solutl on was renove
and t he gcaf q%leg %t??lﬁsé-’c}tﬁffwnplﬁgﬁﬂﬁté BEFF?)erorS(ﬂeEﬁ“b‘ﬁs(ﬁ:‘BS}‘

and then al laswed utedna ncubatonial , 3FaddrccZzahauss ¢ J1888s PBS . aNder
mld 25 agi tb%fﬁl %g%lAfter t Wo hours in PBS, the scaffolds were rinsed

by allow ng 't C?%%Lﬁ):l'gtg)l n deioni sed water for two ten-m nute

intervals at 37C under mld agitation. The scaffol ds were then

freeze-drie 0 V. ny residual ter oIIed coollngfrom
room t enper gbt t&r egﬁfg ’%@% chfzsgmt"%ﬁ (?Pe&ﬂ)f%’r ttQI yaolkitgey

m nut e, 1Pol llawediby. arfhealpilng af s20GHIer dappyoxidrR ehyud ﬂQLF:@;uréQd
then sublimgtign at bel ow 25Pa at 37C, resulting in a

The layers may, for example, be situated vertically {(i.e.
one on top of the other), horizontally (i.e. one beside the
15 other), and/or radially (one spherical layer on top of the

next) .

In the event that the scaffold comprises one layer, the
single layer to be cast comprises a slurry of a co-

20 precipitate comprising collagen, a calcium phosphate
material, which is preferably brushite, and optionally a
glycosaminoglycan. Preferably, the slurry comprises a
triple co-precipitate comprising collagen, brushite and a
glycosaminoglycan. The preferred thickness of the layer is

25 specified in the appropriate section of Table 1.

In the event that the scaffold comprises two layers, at
least one of the layers to be cast comprises a slurry of a
co-precipitate comprising collagen, a calcium phosphate

30  material, which is preferably brushite, and optionally a
glycosaminoglycan. Preferably, the slurry comprises a

triple co-precipitate comprising collagen, brushite, and =z



WO 2006/ 095154PCT/ GB2006/ 000797 - 37 - crosslinked col |l agen/ GAG CaP
scaffold roughly 50mm by 30 mm by 10nmin size. X-ray
m cr ot onogr aphi ¢ i nages, scanning el ectron m croscope 5 inages, ion

di stributi on Wap®eetsasiconpr essi ve mechani cal . behavi 0”@(:97{;1%&%0(;0797
resulting one-layer scaffolds are shown in Figures 3 to 10 Igure 3
shows a profile of a 9.5mm x 9.5nmm cyl4 redr i-cal section of the
scaffold produced by the above procedure, as viewed through X-ray.

m crot onmography.. 10 O note is the substantially uniformnature of
both nat eri al®l¢6apaRiRgBiycand phiro sidey et-he@uaiouh, oL he, 5 caff.0

| g .
Sequenti al crspesssesdignsyaf Lhe same scaffold are shown I Frgafels,
again illustrating the u%h aéél‘[rfﬁlﬂ‘lﬂ Cof St hePTs @4f Fabde por e Téer ather e

al'so evi dent 1PHSFI GURRFigeRsat loudsy kbghr ISHERc012004€ optionally
arge %}’Tean

i nterconnect c¥i &yum t aytaxgd paore norPhol.ogy and the’l
di ameter of 500 mi crﬁg%s? Macr opoérchlagi’zﬁlfl I?Ptﬁ% BLeY5 SEM mi.crogr aphs

agai n show t AEYARRFBFGee vaer phdlhdgy shite @nposshow NG-deae gy gsence
S . 0

of limted Ntefi®PRYRSial Yo-¥iSi;0); thin the wails of certain 2
macropores. H gh (4000)(3]0”%9%:1?:!1?2%@‘?0%355%0 SPyard %
L

t opogr aphy- sBhEFSaPdRoghdcamc ks cat peeetbi(tiate. 0€0BPOSIdn0gngensi tive)
el ectron i meges:ief ' caffold || (Figure 6)
I+ %hBQ?h% %aﬁ%??af stilcil'y ass g?ﬁﬁh%f

denonstrate the conpositional hoibgene P&l 8 waldlss co-
despite the Presénéatsroficnliederopnl pigicesbm2BoyBfdal LARS, | @alt&]%“‘f orm
of pr ot ruadi Nghdx@Htk 8SmAPRPLOXI 1-2 mi.crons ih size. The calcium
ang phosphor ous maps shoml%i)iﬁ |géﬁr(el%pfglf%%f%tkgutsﬁétéoncl usi on of
substantially conpositional honbgeneity throughout the scaffold, with

both el errentz&xdh&&r1@5gl%dmg¥eggyiﬁglaug}églhggt the scaffold. Figure 30 8

shows single-layered scaffolds in t r° st Rt ehAnd FreRe farager

their ability*fo5bRFeREFErahly déwineed fshape stithQUbofptHddigg,
cracking or doa$bfgn} heidichal ¢grit i,ng.. - 38 .- comon surgical
tool s sb_lgh as_scal er?, JLraazorgb a&/é’s%agﬁdp??se%mtﬁemﬁ%&lr( @necul ar
cutting Tool¥thSed tud Ngveeramidioglycan. The further slurry

compositions preferably comprise a co-precipitate of
collagen and a glycosaminoglycan, a Co-precipitate of
collagen and a calcium phosphate material such as brushite,
Or a triple co-precipitate of collagen, a glycosaminoglycan

20 and a calcium phosphate material, which is preferably
brushite.

The composition of the slurries in each subsequent layer may
be identical, vary slightly, or véfy significantly, provided

25 that collagen and preferably also a glycosaminoglycan are
present in each layer, and that at least one of the layers
also contalns a calcium phosphate material such as, for
example, brushite.

30 Step II: Inter-diffusion




transplantation); Figure 8 also illustrates the wei ght bearing
capacity of dry single-layered scaffolds under the 5 weight of a
solid-steel ball-bearing. In Figure 9, the behavi our of

si ngl e- | ayewadnswaditol ds in the dry state is shown. Thecribetesncomr
exhibits the three-stages of . deformation typical of porous solids,
with an el astic nmodul us of 762+/ -188kF& and a conpressive yield
stress of. 10 85.2+/-11.7kPa. It is significant to note that the
yield strength of the dry scaffolds allows themto withstand firm
t humb pres cCadrt-f ARSI SHEPoANY P R s addprdng st refpeceiempl e)

wi t hout defyyd-Rgopet RERNGMY,Y 1% I r on unb
pressure is aypgpl ied (by a surgeg%\rééléSlurl}g 9. %gpet%fﬁ%ﬁggp% O?rr%@

i npl ant,  f ot X dfpPBY LOYTedifgdr Eha coundpsec ofiprbbeiing datermmation of
singl e- Iayeﬁasd:ugqaﬁfefdémﬂ} b the
dry state, hydrated m neral %e?%%%%rg%/ %%\%&g%%f F%gﬂ%xfé%&

t hr ee- s?ag&%ﬁﬁnﬂﬁﬁ?emﬁbﬁrlm aygrpbenrd|staengilli agtehut 20
with el astidyimedeh us:{dn L szZﬁlfaP@Qor@ndpséwéf‘xfé} CeAitions for
(0.29+4/-0.11kPa) roughly an order o ni tude | ower t e
corres pondltﬁ’g'j3 ﬁPBﬁéT&r%’é‘%ﬁondﬁ‘yeléc%ﬁef &1§§QGFWt% ﬁ@Féop@i’f@nce of
vi scoel ast isectlibal ArregoMery has been observed foll owi ng rel ease of
conpressive stresses in the collapse 25 plateau region. Exanple I1:
Two- Layer. M neralised-Unm neralised Scaffold Materials WO -
20061095154R6H EB2006¢800%9Teq-cad indo0! | agen (for mineralised
slurry): Type T mcrofibriTTar colrragen from bovine tendon, Integra
Life Sciences Plainsboro, NJ, USA GAG (for mneralised sl urry)
Chondr oi ti B s;uh@f@iﬁeé r&%u.%%ﬁfég %@a%ljvége%la%l@bughé%éuld
Sigma-Aldrich Inc (St. Louis SA) Type 1

(for unnmi nEPRERIRENG the PLUCFypln (30 @@wa@@#ﬁe%d whiFgGhe then

(Col | agen/ GAGheal st ry soluabilhbgesthdd @ ROEChAE Cathichage. le:JsStthuhﬁh
Biomaterials (Wl husen, Switzerland). Calcium Sources: (i) Calcium

hydroxide CCE¢OHF2YS Siigin-iAl BEFEIFMSRE tostnitiniis ansoronsml e )

Cal ci um ni taakeos 1&&&(&1@&)32 i ha ticgMandl gFdidh bRen{Stthd QS ey MO,
USA) Phosphor ous So Bho hos horic_acid (H3PO4), BUM Laboratory

Suppl i es ( 88|8ryim %K?q% i aﬁniub equently removed by’ sublimation
leaving a porous scaffold. The architecture of the ice

crystal network will determine the ultimate pore structure
20 of the scaffold. The preferred parameters for cooling are
listed in Table 3.

( Step IV: Annealing

25 The annealing step involves allowing the slurry to remain at
the final temperature of the controlled cooling step for =z
designated amount of time. This step is performed to ensure
that the slurry freezes completely or substantially
completely. The preferred parameters for annealing are

30 listed in Table 4.

Step V: Sublimation




Crosslinking Agents: 1-Ethyl-3-(3-Di nethylam nopropyl) Carbodiim de
(=EDAC), Sigma-Aldrich Inc (St. Louis, MO 20 USA);

N- Hydr oxysucci ni mde (=NHS), Sigma-Aldrich Inc (St. Louis, M) USA)
Step 0: Sl ur WP PP ati on 25 M neralised Slurry Prepar BEV/EB0G/@E4Z
col | agen was dispersed in 171.4nL of 0.1383M H3PO4 cooled in an ice
bath by bl ending for 90 mnutes at 157088rpm usi ng a honogeni ser
equi pped with a 19nm di aneter 30 stator to create a highly viscous
col |l agen di spersion. In parallel, 0.3436g chondroitin-6-sul phate
(GAG was allowed to dissolve in 14.3ml of 0.1383M H3PO4 at room
tenperature TWO 200EHA5HHAPCIA 02206200078 F1cimd) whbVe HhaKiRGzen -

periodically di sperse di ssol vin G in order to produce a GAG
sol ution. Af tS'EeL{rRJC "fﬁ A Es 21 ppe ?tl%ogsjﬂ}y ofPeGAGRE 4| HeTRATARMS atifiddhe o

the m xing cobhbgenl«i spelshgradd adneal endfstPRl OxhaBl s ReS0h/ M,
under congi nuaus. S hor{g%eni s(gti on at %S,OOOr m and the resultin

hi ghl y- vi 3colis' colT5gen ERE i Yheroron HErAdederorlarradd Propalt

m nutes. Aftérifls Maiutressotharivdveg/ide BRAGE Cabbbh? a4, 78001 owed
Ca( N®) 2 4H2g vxggggva %ded %o t he hi ghl -vi scous col | agen/ GAG

di spersi on oveé Al 85 thuerTBaRet it t° ITEBLBY SritAt gDt

15, 000r pm  ctespereg ereC okl alge ndGAG-Capb s [ tifanpi tibe PhRiraii-6 hatahe
appr oxi mat el c ieOV.redixlfecchi |1 ed sl urry V\q/%:L t hgn gegasseq in a vacuum
flask over: 25°Hours af K PrRSEii o " 88 P ebP ehbled Wdpngtemels.
honpgeni k@r peefod@dntputesovarthet hes cogassedragal thd Gro48n hOMiSy 15

UnM neralised. Slurry P aratjon
M 91& subf&ma%ggn. fhe advantage of sublimation over

evaporation as a means of water removal is that it leaves a
network of empty space (i.e. pores) that mimics precisely
the architecture of the previously existing network of ice
15 cr¥stals. If the ice is allowed to melt, the ice crystai
network loses its shape, and the architecture of the
resulting pore network is compromised. Preferred parameters

for the sublimation step are shown in Table 5.

20 Step V + I:; Crosslinking

If desired, the process may also involve a crosslinking step
to crosslink the collagen and the glycosaminoglycan. This
is described in the applicant's earlier patent application,

25 PCT/GB04/004550, filed 28 October 2004, The content of
PCT/GB04/004550 is incorporated herein by reference. A copy
of PCT/GB04/004550 is provided in Annex 1.

Examples
30

Example I: Single-Layer Scaffeld of Collagen/GAG/CaP




Type Il collagen/ GAG slurry was renoved fromrefrigerator and al |l owed
to return to roomtenperature. 20 Step |: Casting 2.5nmL of the

unm neralised Type Il collagen/ GAG slurry was placed in the bottom
portion of awWeOIAHEE4 on pol ysul phone 25 noul d, the bot PCrEpmoddoom; of
whi ch neasured 50mmin length by 30nmin width by 2mmin depth. The
slurry was snoothed to a flat surface wding a razor blade. An upper
collar, also nmade of pol ysul phone, and neasuring 50mmin | ength by
30mMm in width by 6mmin depth, was attached to the bottom 30 portion
of the noul dadental®i ng the snoot hed, unm neralised slurry. 9nL of
the mneralised collagen/ GAG Cap slurry was placed, in an evenly

di stributed manner, on top of the - 41 - snoothed, unm neralised

| ayer and wiGdiilagehe pheps dushycerpibridpperceldldgen. fAbR barige bubbl es
were renmoved. fr t r S} a ' Or -5 pll:

| nter-di ffu%eggg?heﬂfta értée g?u%’?%er%ﬁg gﬁfigﬁ\/\%l{% Pgﬁal?éhfat room

t enper at Gr e Gifd pCeesine. tfiorfasthpisdteoffxdmhshark chetdtagdeisvgiphaced
in the free ry ( [L]: t d ol The noul d and

| ayered sl u%%&qmsgg%%%cle (?Ligll’} glll?ﬁ ﬁ;{]’s&'%lél%%"si@f rulggszle dryer (equi pped
wi th tenper &adréugotruwidsed, (1) Calcium hydroxide (Ca(OH)2), Sigma-

Aldrich Inc (38t. Louis, MO, USA); (il) Czlecium nitrate
(Ca (N03)2.4H0) , Sigma-Aldrich Inc (St. Louis, MO, USA)

10 Phosphorous Source: Orthophosphoric acid (H3PO,), BDH

( Laboratory Supplies (Poole, United Kingdom)

Crosslinking Agents: 1-Ethyl-3-(3-Dimethylaminopropyl)
Carbediimide (=EDAC), Sigma-Aldrich Inc (St. Louis, MO,
USA); N-Hydroxysuccinimide (=NHS), Sigma-Aldrich Inc (St.

15 “Logi,s, MO, USA)

Procedure

Step 0: Slurxy Preparation

20
3.8644g collagen was dispersed in 171.4mL of 0.1383M H3PO4
cooled in an ice bath by blending for 90 minutes at
15,000rpm using a homogeniser equipped with a 1%9mm diameter
stator to create a highly viscous collagen dispersion. In

25 parallel, 0.3436g chondroitin-%-sulphate (GAG) was allowed
to dissoive in 14.3mL of 0.1383M HiPOs at room temperature
by shaking periodically to disperse dissolving GAG in order
to produce a GAG solution. After 90 minutes, the 14.3mL of
GAG solution was added to the mixing collagen dispersion at

30 a rate of approximately 0.5mL/min under continuous
homogenisation at 15,000rpm, and the resulting highly-

viscous collagen/GAG dispersion blended for an additional 90



15 stainless steel shelves) and the shelf tenperature of the freeze
dryer ranped from4C to -40C at a rate of approximately -2.4C per
mnute. Step |IV: Annealing 20 The shelf tenperature of the freeze
dryer was naVAeWEASH4at -40C for 10 hours. Step V: SublrcwmsBz@so@m?
Wiile still at a shelf tenperature of--40C, a vacuum of bel ow 25Pa
(approxi mately 200nTorr) was applied t&% he -chanber containing the
nmoul d and the (now frozen) |ayered slurry. The tenperature of the
chanber was then raised to 30 37C, and sublimation allowed to

conti nue for™SBHRSur sAL e Walim saeh Rekiremivddigand (OMe and

t enper at ur e ¢ etay 1 RIRE ey l18av ered
Semford of Cvg ogg ﬁ@%%m o R SRR O 3R mghfy "’fﬁca%én/ GAG CaP,
50nm by 30mﬁwas&ﬁfﬁwéilf@eréemr¢w 36f mamutasriundeal cdmj:arayer 2mm
t hi ck, and aMdgtiakl s 6 5 i,.0)
Scaffol ds were h d?atgdlﬁi ﬁ})é%ﬁ{l, gge%%%lgédam%%]%%f%{r/bﬁﬁ étlurlﬂ’mm_
of a sol dti di*FH0CE3FMEDRES apBP LRI NAS! vits a"aaeri.baqene’GAG/CaP
cont ai ner canhai lngstmo%;%aﬂ&e'ﬂéna%da%ozé% ORYrS QAL UR &1 .o 2Ng the,
scaffolds were allowed to crosslink f 2 hours at roon1tenperature
under gent | €°¥FSt BEXHE One EE)AC%JCﬂt@trl s8Rdvieas tégpvedacet athd°C for
scaf fol ds wer @ublefgusdnged nviib. p%@%ﬁ&@l@&lf&%ﬁ:ﬁ% §ion{ B ng)asg&?
then allowed to. incubate at 37C for 2 hours in fres PBS un

15 agi tatiork® Af VP 13Gkr 8Veh FBYourheat caftreisasrace® 25 Meed by
all ow ngpthemto incubate in deionised water for two 10-m nute

intervals at 37C under mld agitation. The
¢ Step I: Casting

15mL of the mineralised collagen/GAG/CaP slurry was cast
into a polysulphone mould, 50mm long by 30mm wide by 10mm
15 deep, using an auto-pipettor. All large bubbles were

removed from the slurry using a hand pipettor.

Step II: Inter-diffusion

20 As the scaffold for Example I comprised only one layer, the

inter-diffusion step was unnecessary.

Step III: Controlled Cooling

25 The mould and slurry were placed in a VirTis Genesis freeze
dryer {equipped with temperature~controlled, stainless steel
shelves) and the shelf temperature of the freeze dryer
ramped from 4°C to -20°C at a rate of approximately 2.4°C
per minute.

30
Step IV: Annealing




scaffolds were then freeze-dried to renove any residual water by
controlled cooling fromroomtenperature to -20C 20 at a rate of
approximately -2.4C per mnute, followed by annealing at -20C for 5
hours, and finally by sublimtion at bel ow 25Pa at 37C for 24 hours,
resulting in a crosslinked, |ayered collagen/ GAG CaP scaffold roughly
50mm by 30 mp mmin size, conprised of an unm neralised | ayer 25
2mm t hi ck, dwagémﬁ$%§ralised | ayer 6nm thick. X-ray miRGTEEBMG%EENI c
i mges, scanning el ectron mcroscope ipages, and ion distribution
maps of the resulting two-1layer scaffofds are shown in Figures 11 to
17. An x-ray 30 m crotonographic inmage of a 9.5nm x 9. 5mm cylindri cal

section of tihg Lwe; S ol oduced by the procedure descri bed
above is shown In Fif%e?r{geﬁﬂ%%eﬁogéau refe(f\ﬁeérygr A3S. mpERfinedhdhs

the nineral i"€8dCI afer ,10Msohest he nore transl ucent upper region
represents the unmneralised |layer. It can be seen that both |ayers
are largely uniform both in ternms of porosity and conposition. The
serial cros & L in Figure 12 show the nmean macropore
size in the mneralised |layer to be approximately 400 m crons, while
that in the ni%ne%g:ised | ayer_is on the order of 700 m crons; the
pores in bot'i*nfnerly &&d2 st ldnipres zatusedof aya s, ex Mrdsivumans
equi axed nobphok ozfiea TaepakMri-RBwe i@bnﬁ%rg?]%ﬁﬁ_%?, shous, +f.top View
of the unnlggggﬁég%g)lager, illustrating that |i ﬁe evi dence of

m cropor osi ty 18 prefefthiRhits PRkLY §hof (A% frpEeif @darregi on
Zhown i n Fi Joeetavpedennnstshtt@et Bﬁarﬁ]ﬁikl wg% @;lgggl I;@E-ngdv‘g;i @s‘,og’r Qther

i scont 4 pui t.i,£8; ati t m neral i sed and unm neralised 15

| ayers. HISln I%Pg%%ria%%%%t ﬁ%ﬂ%“ear‘iggf’oﬁ?nt&f“ﬁﬁ?’? e redrE caffhs daculer
coﬁpressivewﬁéaKHQﬂ;rbsozémnmandupm@‘ﬁqmybkéamiénreaﬁrﬁéunﬁae%%bMe | oad,
the conpl i apgmbeuy al 4 | ayer. ins to conpres resulting in
near-conple?%mconggg%fo%éggnghé %ﬁ%ﬁ%TgaV%B %&Sﬁg%ﬁiﬁght at stresses
i nsuf fi ci enfoHPIRdGRE/ QLR afgmsi lggni Forgaby Ueformasion in. mneral i sed
scaffolds. After the load is rel eased, thesunm neralised collagen/ GAG
| ayer rf urps to its original shape al nost instantaneously (Figure
15d) . F:%ur Cay Y e 1 chani cal behavi our of two-Iayered
scaffolds in the hydrated State. Once hydrated, the 25 unm neralised
col | agen/ | r..can_be conpressed under | ow magnitude | oads
(Figure 1?2%:3&%@3Fi K& s ﬁlyﬁﬁgp%f? VIS HATE dednnifedrwated dani2ieral i sed
conpar t mentmigogs:snot 20ifinldy ar egRitiont §£of i spakpidickngsg: af ke t he
first appli*g%ﬁggé gftgqﬂggessive | oad Fj%%ée 16d), - but insteag
drapes over 1he 30 cross s&¢t N5t CPRER r 4Pe st ilehparantent .
After t30 s dafianiakdconpresshidnshdheweyesldd herunginseal £ses-dayeh:
returns to # c i ess.(Figure 16d). after each WO
2006/ 095154%&/2(%%%%%%%95@ -é‘ﬁ“fr?téﬁ%sé‘c?ﬁeén?e o A8AtRPror The
con‘gr essi v&IASado i gaserdmpvedheandittiet peoffohs wapk neralsias ed

| ayer of adiwer bayenaathebed 101800k okl | B8 ALS Pl g sural cal

arti

def ect encqrpassing t he bone and cartilage’interface™i €ul ar
incubate at 37°C for 2 hours in fresh PBS under mild

25 agitation. After two hours in PB3S, the scaffolds were
rinsed by allowing them to incubate in deionised water for
two ten-minute intervals at 37°C under mild agitation. The
scaffolds were then freeze-dried to remove any residual
water by controlled cooling from room temperature to -20°C

30 at a rate of approzimately 2.4°C per minute, followed by
annealing at ~20°C for approximately 5 hours, and then

sublimation at below 25Pa at 37°C, resulting in g



5 joints is illustrated by analogy. The glass slide in Figure 17 is
anal ogous to the wall of an osteochondral defect, and the ability of
the unm neralised |ayer to adhere to this surface illustrates the
capacity of these scaffolds to fill such defects to their periphery
wi t hout the persistence of 10 gaps between the unm neralised | ayer of
the scaffol d vanshodddesadj acent articul ar cartil age. ree
Layer M neralised-Unm neralised Mneralised Scaffold 1%%66]%?7}}]
Coll agen (for mneralised slurry): Typ® I microfibrillar collagen
from bovi ne tendon, Integra Life Sciences 20(Pl ai nshoro, NJ, USA) GAG
(for mneralised slurry): Chondroitin-6-sul phate from shark
cartilage, sudahiskdd coliggpen/Mrartah scadfeBi.rdugbily, 50D bYSH) @6
Cal ci um Sour, Omg % (;al %I um hydroxide (Ca(OH)2), Sigma-Aldrich Inc
(St. Louis, A ') Calciumnitrate (Ca(NGOB)2.4H20),
Sigma- Al drich | nc (St. Low s, MO, USA) Phosphorous Source:
Ot hophosphgig aﬁi@:&t‘dﬁt@% phil %&g&or@haﬁh,?imeb%m( Bﬁ@&'@sc&f@ ted
Ki ngdom) _ WO 2086/ 095154PCT/ GB2006/ 000797 - | agen (fo
unmi ner al® sed2g6Ft a’gféhd@»&érél?‘%]:rlro?)ma%%@yﬁ%‘“ﬁresﬁ%wap%a#epy n
sol ubi I'i sed deha¥l.poFr Menderdiiltidgpae-Vager Pﬁféﬁb&dé Gaak ahovha@pan)
GAG (for unm.neralised sl urn%g Chondroi ti n-6 gte from 5 shark
I 8uP

cartil age, <oEPGRT AT 18 g ar? qwﬁca(%’fo 2 NP "Ush)
Di | uents fors.snm eeraldrsedl @ddt&gﬁmﬁnﬂe%&fﬁmpabdm bg aoé d

(CHBCI)Oll) i scher ent| fic. bor oug .10 Crossl k| ng
hgent s: Nor AERGAr BIEEA R ot 1% TAEPRY (TeAR CE i S e e
Loui s, mo U%Ahptéorh mdshiyﬁrm@emlnhmmpﬁatn 1(aNald2 PO )hotBDiRk terial

oo st ory SURBLLES LU VLS NGO} eng ot ol ori e
Sequential cross-sections of the same scaffold are shown in

Figure 4, again illustrating the uniform nature of the
scaffold pore structure; also evident in Figure 4 is the

15 high degree of pore interconnectivity, the equiaxed pore
morphology énd the large {mean diameter of 500 microns)
macropore size. In Figure 5, SEM micrographs again show the
macropore morphology while also showing the presence of
limited microporosity, visible within the walls of certain

20 macropores. High (4000x) magnification secondary (i.e.
topography-sensitive) and backscattered (i.e. composition-

sensitive) electron images of a region of the scaffold wall

.

{Figure 6) demonstrate the compositional homogeneity of the
scaffold walls, despite the presence of limited topological
25 wvariations in the form of protruding nodules approximately
1-2 microns in size. The calcium and phosphorxous maps shown
in Figure 7 corroborate the conclusion of substantially
compositional homogeneity throughout the scaffold, with both
elements distributed evenly throughout the scaffold. Figure
30 8 shows single-layered scaffolds in the dry state, and
illustrates their ability to be cut to any desirsd shape

without crumbliag, cracking or losing their integrity using



Step 0: Slurry Preparation Mneralised Slurry Preparation 20 3.8644g
col | agen was dispersed in 171.4nml1 of 0.1383M H3PO4 cooled in an ice
bath by blending for 90 m nutes at 15, 000rpm using a honogeni ser
equi pped with a 19mm di aneter stator to create a highly viscous
col | agen dispersion. In 25 parallel, 0.3436g chondroitin-6-sul phate

(GAG al | owedy elizp@! ve in 14.3nl4 of 0. 1383M H3PO4 @ET;G%%WW
tenperature by shaking periodically to disperse dissol ving 'n

order to produce a GAG solution. After 90 _minutes, the 14.3nL of GAG
solution was added to the m xing collagen dispersion at a 30 rate of
approximately 0.5nm/ mn, under continuous honogeni sation at

15, 000r pm amdmhde g@gkhi NgdY0RLYE | G di sper si on
bl ended for an g}g{ji tu';gngl 90 . WO 50%6%%%%?‘;%%’%1’/ %%ggé%?Q%é 46 -
m nutes. After 90 1 FUfEES of SHRCRE A, cuktepg gt ai=OMped adut iBg780meal

Ca(NGB) " 2' 4H2@ausglanaddesnt 0 Hikarbi ghliovi sous-cak! @1956%%{61
di spersi on og[g%rfho m_nut e urSLleer constant bl ending at 15, rpm
creating a colTagen/GREF tab Ei ar¥ysinglendapprast sehfépldgagnder the

appr oxi mabel ye#iglt ofhe shlid-edesl usay-wasrihen degagsad o, Nyge vacuum
homogent ser _uar Sar et t BuittateFa 2eetio LR For 4 Abere Lo10

Unmi ner al i se8PSitur ARiprephavituonedhi3828gtiné tHeeTypagdy bl col | agen
was di sper sedeidtmhtlof My 0fcd .?gl\%%%r%%i'gofﬂsd %gg%g%bige ﬁgg, ice bath

by bl ending for 90 m nutes at ny “usirig a F equi pped
with a 15 19RMHiEneE ef 6%t/atlgRkPa andder compmrseave widiidghtyess sEous

col | agemdi spersi/on: . tieparnal kel o1 0 0 i f,i.n-6: sul phate
(GAG) was al | owed to di sés)olléehignmfgf%ﬁ% q% %g&% %hcagt ?%Ea%lieg at room
t enper at ur e, SHFIGREK? hg-Fe CrgdF eafifiog-de oa Hi anse kb em di os 956 i trpdGAGrh N

order to proghio® ar&Mmedlhiofy HeAEisy QMM AS: the, 1430 of
GAG sol ution_was %?g%} to the m xing collagen dispersion at a rate of

appr oxi mat el Y3 oW e TG REFIRN WEABgERk sutildnbatformed

15, 000r pm  afitert heroms WHunbgphégHle- Vi SHEMIS @O bRALRLEAG,AI sper si on

bl ended 15 féﬁ@;%QiﬁQCQQQ %ﬂ%éeggk'thuiﬁﬁiaﬁ%é for example). In Figure
10, the compressive deformation of single~layered scaffolds
in the hydrated state is shown. As in the dry state,
hydrated mineralised collagen/GAG scaffolds exhibit three-
stage mechanical behaviour under compressivelloading, but

20  with elastic modulus (4.12+/-0.76kPa) and yield stress
{0.29+/-0.11kPa) roughly an order of magnitude lower than
the corresponding properties of dry scaffolds. Furthermore,
evidence of viscoelastic strain recovery has been obhserved
following release of compressive stresses in the collapse

25 plateau region.

Example IT: Two-Layer Mineralised-Unmineralised Scaffold

Materizls
30



Step I: Casting 3.5nL of the mineralised collagen/ GAG CaP sl urry was
pl aced in the bottom portion of a conbination pol ysul phone nould, 36———
the bottom portion of which nmeasured 50mmin length by 30mmin wi dth
by 3mMmin depth. The slurry was snoothed to a flat surface using a
razor blade. A mddle collar, also nmade of WO

2006/ 095154PGl4 sBf8981000797 - 47 - pol ysul phone, and_neasurin

in length by%-%mn i %Q%m dth by 5mmin depth, was attachBd"¢eoteRars?
bottom portion of the nould containingd be snoot hed, mi neralised
slurry. 7.5m of the unm neralised collagen/ GAG slurry was placed, in
an 5 evenly distributed manner, on top of the snoothed, unm neralised
llayer and widohilagérhe mkemioiislly sedPd drFyid! ergrl kag; o ¥ BppeIa.col | ar,
al so nade of | ysul phone and neasuring 50mm_in | ength by 30mmin

wi dth by 3m%°ﬁﬁa§%‘bt Ol RS £ERRP 1 FOERR HilddPeSHEINGSEN of the
nmoul d above Flhénsddrosnuof esh, unm neralised"slurry. 3.5m of the

m neral i sedgal |, agen/.GAG CaP sl urry was_pl aced, ,in_an _evenly_

di stributed G%%m‘n%% "R A Fﬁar{%ot ﬁgﬁ?gﬁ?ﬁﬁ?ﬂé?ﬁq@g‘ag?%’“ and
within the phevkotmsitileopt sadppersaidl,| 8igmaAtAldraeyerdrubilstk e sLaeirse
renmoved frogput h@szﬁl urry using a hand pipettor 15 Step I1:

| nt er-di ffusion The three-layer slurry was allowed to renmain at
roomtenperature and pressure for 20 mnutes before being placed 20
in the freezgodryeroo1Phgd, 111: Controlled Cooling The nmould and

t hree-1| ayer SF

urry were placed in a VirTis 25 AdVant age freeze dryer
(equi pped .wi't F*¢ eéﬁ’ér HepfReredheed) $1agryst ailires I steldlagshedrks)  and

the shehp teaperaidingqed/ddts LLeeze dhiusi1fAMPedod P4kt 0 -40C at a
rate of approxipately -2.4C per mnute. - 48 - The shelf
t efper at ur e SBF T 7S ¢ E%Jz%t]dw‘:geﬁl%ﬁsteﬁéﬁﬁ? aiioddugen. fyctrerlangnours.

Calcium Sources: (i) Caleium hydroxide (Ca{OH);) Sigma-
Aldrich Ing (St. Louis, MO, USA); {ii) Calcium nitrate,
15 Ca{¥N03)2.4Hz0, Sigma-Aldrich Inc (St. Louis, MO, USA)
Pho-sphorous Source: Orthophosphoric acid {H3PC;), BDH
Laboratory Supplies (Poole, United Kingdom)
Crosslinking Agents: 1-Ethyl-3-{3-Dimethylamincpropyl)
Carbodiimide (=EDAC}, Sigma-Aldrich Inc {(8t. Louis, MO,
20 USA}):; N-Hydroxzysuccinimide (=NHS), Sigma-Aldrich Inc (8t.
Louis, MO, UsA)

Step 0: Slurry Preparation

25 Mineralised Sluxry Preparation

3.8644g collagen was dispersed in 171.4mL of 0.1383M H3POy4
cooled in an ice bath by blending for 90 minutes at
15,000rpm using a homogeniser equipped with a 19mm diameter
30 stator to create a highly viscous collagen dispersion. In
parallel, 0.3436g.chondroitin-s-sulphate {GAG) was allowed
to dissolve in 14.3mL of 0.1383M HiPO4 at room temperature



Step V: Sublimation 5 Wiile still at a shelf tenperature of -40C a
vacuum of bel ow 25Pa (approxi mately 200nTorr) was applied to the
chanber containing the nould and the (now frozen) three- |ayer
slurry. The tenperature of the chanber...was then 10 raised to 37C,
~and subl-imation allowed to continue for 36 hours. The vacuum was
~then renoved g tenperature returned to roomte rature

| eaving a th’r\){a@l %@gl‘r%%d scaffold 50mm by 30mm by |1 mm i ﬁTIEF?zﬂéﬁ,’dm’m
conprised of an unm neralised mddle [ayer 5mmthick, surrounded by
two 15 ' mineralised |ayers 3mmthick. ep VI: Crosslinkino The
"three-layer scaffold was hydrated in 0.1M NaH2PO4 and 20 0. 15M NaC
~in phosphat e ukhek L 581 A8 £ B D sb 04 S0 1L NYLSS: D&%“awas'
~suspended in 1IN NaC]%gba%%. added tg PBS {6 prsodulcgo,es(%alvéﬁ%/(%% sl(%ll ution of
'NGDA in PBS; “ScBFFHUS anEPe $HEFIRDdr Sfd@ri AO thimites) uttieod dubelerof -
agi tation forazdsbpwion Vhe ddeeerbayes agahfald F ImNved; t he
NGDA- PBS 25 sol uEi ons and rjinsed with dei oniéed \/va\é?%rr1 e séééfo ds

were then fr8eZ88rTe #PPEOFEAFFEY aly HeSiguarndan epnbinusHift r ol | ed
cool i ng f Bomhprogetaenat st &5, 000286 aztndatﬁ@-tl@ééﬁﬁ.tﬁﬂ@rlﬁ@ﬂ?tel y 2.4C

per m nute, L.l owed anneal | at -20C for 5 hours, and finally
subl i mati on g’gsﬁ%lfsovﬁogéﬁge%&a%gg?ﬁe?%ronzﬁi%‘ilﬁds Tor ey 39 girra Hry,
crosslinked séatted.d. AdtenbEraquiantes reRmaRNig WAS SbBgNcH@H) oramd at a
concentratio . ) . The scaffolds re then washed in 70%
VO 2006/ 0951942@90%;%%0 99ere z?é‘%?ge‘f%at%‘& RE L HEGPES and
subsequent | ycobbinsh/Ga6 Qisgeasioni oveRBSoatimoem hedperainstant The
Scaf f ol dggwepgatialy hreezeydlied [ econd, -ti e, ve an
resi dual wat ereby cor?troﬂ e gbl%%%ataﬁémgrg%‘rﬁa ggnf)ée}rgG tcg"?gs?%rr-léoc at
a iate the pi of which was approximately 4.0. The chilled slurry
was then degassed in a vacuum flask over 25 hours at a
pressure of 25 Pa, reblended using the homogenizer over 30
minutes, and then degassed again for 48 hours.

15

Unmineralised $lurry Preparation

Type II collagen/GAG slurry was removed from refrigerator
and allowed to return to room temperature.

20
Step I: Casting

2.5mL of the unmineralised Type II collagen/GAG slurry was
placed in the bottom portion of é.ﬁombination polysulphone
25 mould, the bottom portion of which measured 50mm in length
by 30mm in width by 2mm in depth. The slurry was smocthed
to a flat surface using a razor blade. An upper cecllar,
also made of polysulphone, and measuring 50mm in length by
30mm in width by 6mm in depth, was attached to the bottom
30 portion ¢f the mould containing the smoothed, unmineralisegd
slurry. O9mL of the mineralised collagen/GAG/CaP slurry was

placed, in an evenly distributed manner, on top of the



[ ' [ -20C for
5 of approximately 2.4C per mnute, followed by annealing at
e and finally sublimtion at bel ow 25Pa at 37C for 24 hours.
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smoothed, unmineralised layer and within the previously
- empty upper collar. All large bubbles were removed from the

slurry using a hand pipettor,

5 Step IT: Inter-diffusion

The layered slurry was allowed to remain at room temperature
and pressure for a total of 4 hours, before being placed in
the freeze dryer.
10
( Step IIT: Controlled Cooling

The mould and layered slurry were placed in a VirTis Genesis
freeze dryer (equipped with temperature-controlled,

i5 stginless steel shelves) and the shelf temperature of the
fréeze dryer ramped from 4°C to -40°C at a rate of

approximately -2.4°C per minute.

Step IV: Annealing

20
The shelf temperature of the freeze dryer was maintained at
( —-40°C for 10 hours.
Step V: Sublimation
25

While still at a shelf temperature of —40°C, a vacuum of
below 25Pa (approzimately 200mTorr) was applied to the
-chamber containing the mould and the (now frozen) layered
slurry. The temperature of the chamber was then raised to
30 37°C, and sublimation allowed to continue for 36 hours. The
" vacuum was then removed, and the temperature returned to

room temperature, leaving a two-layered scaffold of
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collagen/GAG/CaP, 50mm by 30mm by 8mm in size, comprised of

an unmineralised layer 2mm thick, and a mineralised layer

émm thick.

Step V + I: Creosslinking

Scaffolds were hydrated in 32mlL deionised water for 20
minutes. 18mL of a solution of 0.035M EDAC and 0.014M NHS
was added to the container containing the scaffolds and
deionised water, and the scaffolds were allowed to crosslink
for 2 hours‘at room temperature under gentle agitation. The
EDAC solution was removed and the scaffolds were then rinsed
with phosphate buffer solution (PBS) and then allowed to.
incubate at 37°C for 2 hours in fresh PBS under wmild
agitation. After two hours in PBS, the scaffolds were
rinsed by allowing them to incubate in deionised water for
two 10-minute intervals at 37°C under mild agitation. The
scaffolds were then freeze-dried to remove any residual
water by controlled cooling from room temperature to -20°C
at a rate of approximately -2.4°C per minute, followed by
annealing at -20°C for 5 hours, and finally by sublimatioﬁ
aL below 25Pa at 37°C for 24 hours, resulting in a
crosslinked, layered collagen/GAG/CaP scaffold roughly 50mm

by 30 mm by 8mm in size, comprised of an unmineralised layer

2mm thick, and a mineralised layer émm thick.

X-ray microtomographic images, scanning electron mlcroscope
images, and ion distribution maps of the resulting two-layer
scaffolds are shown in Figures 11 to 17. Aan x-ray
microtomographic image of a 9.5mm % 9.5mm cylindrical
section of the two-layer scaffold produced by the procedure

described above is shown in Figure 11. The opaque lower
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region shows the mineralised layer, while the more
translucent ubper region represents the ummineralised layer.
It can be seen that both layers are largely uniform, both in
terms of porosity and composition. The serial cross
sections shown in Figure 12 show the mean macropore size in
the mineralised layer to be approxXimately 400 microns, while
that in the unmineralised layer is on the order of 700

microns; the pores in both mineralised and unmineralised

layers exhibit an equiaxed morphology. The SEM image in

Figure 13 shows a top view of the unminefaliséd layer,
illustrating that littlé evidence of microporosity is
present, while the images of the interface region shown in
Figure 14 demonstrate the lack of any large voids or other
discontinuities separating the mineralised and unmineralised
layers; In Figure 15 the behaviour of two-layered scaffolds
under compressive loading is shown. Upon application of
compressive load, the compliant unmineralised layer begins
to compress, resulting in near-complete compaction of the
cartilaginous compartment at stresses insufficient to induce
any significant deformation in.mineralised scaffolds. After
the load is released, the unmineralised collagen/GAG layer
returns to its original shape almost instantaneously (Figure
15d). Figure 16 illustrates the mechanical behaviour of two-
layered scaffolds in the hydrated' state. Once hydrated, the
unmineralised collagen/GAG layer can be compressed undexr
low-magnitude loads {Figure 1l6a-c). Unlike in the dry state,
the hydrated unmineralised compartment does not fully regain
its original thickness after the first application of
compressive load (Figure 16d), but instead drapes over the
cross section of the mineralised compartment. After this
initial compression, however, the unmineralised layer

returas to its compressed thickness (Figure 16d) after each
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subsequent application of compressive load. In Figure 17,
the ability of the unminera;ised layer of a two-layer
scaffold to adhere to the walls of a surgical defect
encompassing the bone and cartilage interface in articular

5 Joints is illustrated by analogy. The glass slide in Figure
17 is analogous To the wall of an osteochondral defect, and
the ability of the unmineralised layer to adhere to this
surface illustrates the capacify of these scaffoldé to fill
such defects to their periphery without the persistence of

10 gaps between the unmineralised layer of the scaffold and the

( adjzcent articular cartilage.

Example III: Three Layer Mineralised-Unmineralised

Mineralised Scaffold

15

Materials

Collagen (for mineralised slurry}: Type I microfibrillar
collagen from bovine tendon, Integra Life Sciences

20 (Plainsboro, NJ, USA)
GAG (for mineralised slurry): Chondroitin-6-sulphate from
shark cartilage, sodium salt, Sigma-Aldrich Inc (St. Louis,

MO, USA)

25 (Calcium Sources: (i)} Calcium hydroxide (Ca(OH)z), Sigma-
Aldrich Inc (St. Louis, MO, USA); (ii) Calcium aitrate
(Ca (NO3)». 4H30), Sigma—Aldrich Inc (St. Louis, MO, USA)
Phosphorous Source: Orthophosphoric acid (HzPO4), BDH
Laboratoxry Supplies (Poole, United Kingdom)

30
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Collagen (for_unminéralised collagen—-GAG slurry): 83% Type

I, 15% Type III Pepsin solubilised from porcine dexmis,

Japan Meat Packers (Osaka, Japan)

GAG (for unmineralised slurry): Chondroitin—6—sul§hate from
5 shark cartilage, sodium salt, Sigma-Aldrich Inc (St. Louis,

MO, UGSA) .

Diluents for ummineralised Collagen and GAG: Glacial acetic
.acid (CH3COOH), Fischer Scientific (Loughborough, UK)

10 Crosslinking Agents: Nordihydroguariafetic acid {NDGA),

( Sigma-Aldrich Inc (St. Louis, MO, USA):;

Sodium dihydrogen phosphate (NaH:PO4}, BDH Laboratory
Supplies (Poole, United Kingdom)
Sodium chloride (NaCl), Sigma-Aldrich Inc (St. Louis, MO,

15 Usa)

Step 0: Slurry Preparation

Mineralised Slurry Preparation

20
3.8644g collagen was dispersed in 171.4mL of 0.1383M HzPOq
cooled in an ice bath by blending for 80 minutes at
15, 000rpm, using a homogeniser equipped with a 18mm diameter
stator to create a highly viscous‘éollagen dispersion. In

25 parallel, 0.3436g chondroitin-6—sulphate (GAG) allowed to
dissolve in 14.3mL of 0.1383M H3PO4q at room temperature by
shaking periodically to disperse dissolving GAG in order to
produce a GAG solution. After 90 minutes, the 14.3mL of GAG
sclution was added to the mixing collagen dispersion at a

30 rate of approximately 0.5ml/min, under continuous
homogenisation at 15,000rpm, and the resulting highly-

viscous collagen/GAG dispersion blended for an additional 90
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minutes. After 90 minutes of mixing, 1.804g Ca(OH). and
0,780g Ca{NO3); 4H0 were added to the highly-viscous
collagen/GAG dispersion over 30 minutes under constant
blending at 15,000rpm, creating a ceollagen/GAG/CaP slurry,
the pH of which was approximately 4.0. The chilled slurry
was then degassed in a vacuum flask over 25 hours—at a
pressure of 25Pa, reblended using the homogenizer over 30

minutes, then degassed again for 48 hours.

Unmineralised Slurry Preparation

1.8322g of the Type I/III collagen was dispersed in 171.4mL
of 0.05M acetic acid cooled in an ice bath by blending for
90 minutes at 15,000rpm, using a homogeniser eguipped with a
19mm diameter stator in order to create a highly viscous
coiiagen dispersion. In parallel, 0.1718g chondroitin-6-
sulphate (GAG) was allowed to dissolve in 28.6mL of 0.05M
acetic acid at room temperature, by shaking periodically to
disperse dissolving GAG in erder to produce a GAG solution.
After 90 minutes, the 14,3mL of GAG solution was added to
the mixing collagen dispersion at a rate of approximately
0.5mL/min, under continuous homogenisation at 15,000rpm, and
the resulting highly-viscous collagen/GAG dispersion blended

for an additional 90 minutes.

Step I: Casting

3.5mL of the mineralised collagen/GAG/CaP slurry was placed
in the bottom portion of a combination polysulphone mould,

the bottom portion of which measured 50mm in length by 30mm
in width by 3mm in depth. The slurxry was smoothed to a flat

surface using a razor blade. A middle collar, also made of
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polysulphone, and measuring 50mm in length by 30mm in width
by Smm in depth, was attached to the bottom portion of the
mould containing the smoothed, mineralised slurry. 7.5mL of
the uvnmineralised collagen/GAG slurry was placed, in an
evenly distributed manner, on top of the smoothed,
unmineralised layer and within the previously empty middle
collar. An upper collar, also made of ?olysulphone and
measuring 50mm in length by 36mm in width by 3mm in depth,
was attached to the middle portion of the mould above the.
smoothed, unmineralised .slurry. 3.5mL of the mineralised
collagen/GAG/CaP slurry was placed, in an evenly distributed
ranner, on top of the smoothed, unmineralised layer and
within the previously empty upper collar. All large bubbles

were removed from the slurry using a hand pipettor

Step Il: Inter-diffusion

The three-layer slurry was allowed to remain at room
temperature and pressure for 20 minutes before being placed

in the freeze dryer.

Step II1: Controlled Cooling

The mould and three-layer slurry were placed in a VirTis
Advantage freeze dryer (equipped with temperature-
controlled, stainless steel shelves) and the shelf
temperature of the freeze dryer ramped from 4°C to -40°C at

a rate of approximately —2.4°C per minute.

Step IV: 2Annealing

‘6
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The shelf temperature of the freeze dryer was maintained.at
=40°C for 10 hours.

Step V: sublimation

While still at a shelf temperature of -40°C, a vacuum of
below 25Pa (approximately 200mTorr) was applied to the

chamber containing the mould and the (now frozen) three-

_layer-slurry. The temperature of the chambgruwas then

raised toc 37°C, and sublimation allowed to continue for 36
hours. The vacuum was then reﬁoved, and the temperature
returned to room temperature, leaving a three-layered
scaffold 50mm by 30mm by 1lmm in size, comprised of an
unmineralised middle layer 5mm thick, surrounded by two
mineralised layers 3mm thick. '

Step VI: Crosslinking

The three-layer scaffold was hydrated in 0.1M NaH2PC4 and
0.15M NaCl in phosphate bufferéd saline (PBS; pH 7.0) for 30
minutes. NDGA was suspended in 1N NaOH and added to PBS to
produce a 3mg/mL solution of NGDA in FBS; scaffolds were
then hydrated in this solution under agitation for 24 hours.
The three-layer scaffold was remo%eﬁ from the NGDA-PRS
solutions and rinsed with deionised water. The scaffolds
were then freeze-dried to remove any residual water by
controlled ceoling from room temperature to -20°C at a rate
of approximately 2.4°C per ﬁinute, followed by annealing at
—20°C for 5 hours, and finally sublimation at below 25Pa at
37°C for 24 hours, resulting in a dry, crosslinked scaffold.
A subsequent treatment was then performed at a concentration
of 0.lmg/mL NDGA. The scaffolds were then washed in 70%
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ethanol for 6 hours and subsequently washed for 24 hours in
PBS at room temperature. The scaffolds were then freeze
dried for a second time to remove any residual water by
controlled cooling from room temperature to -20°C at a rate

5 of approximately 2.4°C per minute, followed by annealing at
-20°C for 5 hours, and finally sublimation at below 25Pa at
37°C for 24 hours. |

The parameters in the Tables below are applicable singularly
10 or in combination tec any-aspect of the present invention

( unless otherwise stated.

Preferable 0 to 37°C
More Preferable 2 to 37°C
Most Preferable 4 to 37°C
I Preferable 0.1 =~ 500 mm
| i More Preferable 0.5 - 20 mm
it Most Preferable 1.0 — 10 mm
‘ T Preferable 0.1 - 50 Pa‘s
W More Preferable 0.1 - 10 Pa‘s
=1 Most Preferable 0.5 - 5 Pa's
# Preferable 1 -~ 50 mm
:More Preferable 5 - 20 mm
:| Most Preferable 5 - 15 mm
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Table 2: Preferred Parameters for Inter-diffusion

we@%§§ J Preferable 0 — 24 hours
% More Preferable 0 - & hours
i Most Preferable _0 -~ 2 hours.
% Preferable 2 - 40°C
{ *i More Preférable 14 - 37°C .
i Most Preferable 20 - 37°C
e AR R e Ferable 1 - 200 kPa
More Preferable 50 — 150 kPa
Most Preferable 50 - 101.325 kPa

0.02 - 10.0°C/min

6.02 - 6.0°C/min

0.2 - 2.7°C/min

‘ -100 to 0°C
More Preferable -80 to -10°C
1 Most Preferable -40 to -20°C

Table 4: Preferred Parameters for Annealing

Annealing. Preferable ~-100 to 0°C

| More Preferable ~80 to ~10°C
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2 — 12 hours
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8 - 10 hours
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0.0025 - 0.08 kPa
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] preferable 0 - 120 hours
4 More Preferable 12 — 72 hours
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5
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10
{ The present invention finds applicaticon in a number of areas
and the following are provided by way of example.
Articular Cartilage Repair Product: Two-Layer Scaffold
15 -

Twé layer scaffolds hold the potential to enhance the
efficacy of existing first-line surgical procedures that
recruit marrow-derived stem cells to the site of articular-
cartilage injuxry. Delivered as, for example, a dry, 2cm X

20 2cm x lcm block of dry, vacuum-packed, gamma-sterilised
material resembling styrofoam, these scaffolds can be cut

( using a scalpel or other tools, are easlly inserted into the

defect using simple thumb- or blupp—instrument pressure, and
bond directly to the site without sutures or glue.

25
Patellar Ligament Donor-Site Repair Product: Three Layer

Scaffolds

Three-layer scaffolds hold the potential to enhance
30 regeneration at patellar ligament {patella tendon) donor

sites during anterior cruciate ligament (ACL)



Preferable 0 -
Mbst Pref er abl

0. 08 kPa More Preferable 0.0025 - 0.08 kPa t :w
e 0.0025 - 0.04 kPa 4 "., ,sc .

WO 2006/095154 PCT/GB2006/000797
- 54 -

reconstruction, reducing frontal knee pain and reducing the

risk of patellar ligament rupture and patellar fracture.

Tendon Repair Product: Two- Layer Scaffolds

Two-layer scaffolds with extended unmineralised components
hold the potential to improve the efficacy of tendon repair

during rotator-cuff procedures and to address small-tendon

-applications for which no effective solution .currently

10
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exists.

The present invention has been further studied on the basis

of large-animal trials and a summaxy is presented below.

Trial 1: Ovine Bone Defect Model

The present invention enables the production of layered
tissue regeneration scaffolds whose étructure and
composition mimic bone on one side, unmineralised tissue
(e.g. cartilage, ligament, tendon) on the other gide, and a
smooth, stable interface in between. The present invention
furthermore offers the capacity to systematically alter the
chemical composition of the mineral phase of the bony

compartment of such implants.
Animal: skeletally mature Texcel Continental sheep (female).

Defect: Smm diameter by OJmm deep cancellous bone defect on

lateral femoral condyle.

Iﬁplantation Period: 6 weeks,
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Experimental Groups: Six implants of each experimental
group implanted contralaterally with the same implant type

in each side of the same animal.
Control Groups:

Positive Control: four sites were filled with cancellous

autograft harvested from the tibial tuberosity.

Negative Control: four sites were filled with control
implants comprising implants containing no mineral phase at
all (i.e. containing the organic constituents of the bony

gide of ChondroMimetic only).

Study Objective: to identify differences in the performance
of fTour experimental implant groups differentiated by
chemical composition and to identify the most desirable of

these as the £final composition for the bone compartment of

. ChondroMimetic.

Significant Findings: none of the three experimental groups
invoked adverse immune responses of any kind; all three
experimental groups plus the unmineralised negative contzrol
group supported bony in-growth via a cell-mediated direct
substitution mechanism; no statistically significant
differences between there three implant groups were
observed; and bone formation observed in all three
experimental groups was higher than that in the negative

control group to a statistically significant  level.

Implications for Implant Design: The direct substitution

nmechanism implied by this study suggests that the bone
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formation mechanism more closely resembles the templated

bone formation that occurs at the growth plate in foetal and

neonatal animals (including humans) than the typical

apposition mechanism cbserved in traditional bone-graft

5 substitutes. The presence of this substitution mechanism in

the unmineralised control suggests that it is the organic

constituent of the implants that imparts this character.

Pore size for the implants should be altered to account for

10 this substitution mechanism by reducing the mean pore size

of the bony compartment of the implants.

Lack of statistically significant differences in the bone

formation behaviour of the three experimental groups

15 suggests that processing parametérs may be used to identify

the most appropriate mineral composition of the implants,

Trial 2: Caprine Osteochondral Defect Model

20 The objective of this study was to evaluate the performance

of ChondroMimetic as a means of improving the results of a

( marrow stimulation technique {subchondral drilling).

Animal: skeletally mature Spanish-goats (female).

25

Defect: 4mm diameter by émm deep osteochondral defects (1 in

trochlear groove; 1 on the lateral condyle}.

Implantation Period: 1t weeks.

30

Experimental Groups: Six implants of the ChondroMimetic

working prototype.
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L ngerh:ﬁ, n%l‘rr%rewé”%ﬁé}n%? j}':’a(fks-l vakovic G 2000. In Vitro Generation of
30- Cst eochondral Conposites. Biomaterials 21:2599-2606. Sherwood JK,
Riley SL, Ralazzolo R Brown SC, Monkhouse DC, Coates M Giffith LG
Landeen LK—Rattliffe A 2002. A

Text of description of PCT/GB04/004550, filed 28
15 October 2004.

The present invention relates to the field of synthetic
bone, dental materials and regeneration scaffolds for
biomedical applicaticns and, in particular, to synthetic

20 Dbone, dental materials and regeneration scaffolds and their
precursors comprising collagen, a calcium phosphate material

( and one or more glycosaminoglycans.

Natural bone is a biocomposi%é of collagen, non-

25 collagenous organic phases including glycosaminoglycans, and
calcium phosphate. Its complex hierarchical structure leads
to exceptional mechanical properties including high
stiffness, strength, and fracture toughness, which in turn
enable bones to withstand the physiological stresses to

30 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



WO 2006/ 095154PCT/ GL32006/ 000797 - 53 - Three- D nensi onal

Ost eochondral Conposite Scaffold for Articular Cartil age Repair.
Biomaterials 23:4739-4751. Yannas |V, Lee E, Ogill DP, Skrabut EM
Mur phy GE. 1989. Synthesis and Characterization of a Mdel
Extracellular 5 Matrix that Induces Partial Regeneration of Adult
Mammal i an Skin. Proceedi ngs of the National Acadeny of Sciences of
the United St MOesPSIAeri ca 86: 933-937. 10 The present rCTIGBIOE 00797
finds application in a nunber of areas and the follow ng are provided
by way of exanple. Articular Cartil agesBepair Product: Two-Layer
Scaffold 15 Two | ayer scaffolds hold the potential to enhance the
efficacy of existing first-line surgical procedures that recruit

mar r ow- der i veyl st eyacaekl sodre ghewsh tiem ehdaxtdungl &he cayrttinleige i nj ury.

Del i vered as or. exanple LY,..2CM X2 m x | cm bl ock of dry,
vacuum packeﬁ?{%ralr?ﬁa}!sltlé?él |h?1§“§8 ?r%t%’rllmgﬂ' }?%%g'nbl ing styrofoam these

scaffolds can be cut using a scal pel or other tools, are easily

inserted into the.defec [ L.op! hyghs pr1b '-&'Qg@gym
pressure, and boﬁ[&: g%rge%?% otrll%et§ %@stﬁjtag y\n%oﬁ siatblﬁc?es1 or glue, 25
Patel | ar Bi gapbpiturDphofriSitas Repahe Mreaubedy THr eeopeyer TSEQFFYl &8

Three-layer gcabfnldsvhold dheuBlt #Mdral11 Re efhranee BOydregenesatinon
at patellar |iganment (patella tendon) donor  si te§L duri ng anterior
cruciate |i géﬁérﬁoq@AeEyironment. Collagen and copolymers Mprising

collagen and other bioorganics such as glycosamincglycans on
the other hand, are known to be optimal aubstrateé for the

10 attachment and proliferation of numerous cell types,
including those responsible for the production and

maintenance of bone in the human body.

Hydroxyapatite is the calcium phosphate most commonly
15 used as constituent in bone substitute materials. It is,
hoééver, a relatively insoluble material when compared to
other forms of calcium phosphate materials such as brushite,
tricalcium phosphate and octacalcium phosphate. The
relatively low solubility of apatite can be a disadvantage
20 when producing a biomaterial as the rate of resorption of

the material in the body is particularly slow.

Caleium phosphates such as hydroxyapatite are
mechanically stiff materials. Howe;er, they are relatively
25 brittle when compared to natural bone. Collagen is a
mechanically tough material, but has relatively low
stiffness when compared to natural bone. Materials
comprising copolymers of collagen and glycosaminoglycans are
both tougher and stiffer than collagen alone, but still have

30 relatively low stiffness when compared to natural bone.”



- 54 - reconstruction,. reducing frontal knee pain and reducing the
risk of patellar liganent ruptUe and patellar fracture. Tendon
Repair Product: Two- Layer Scaffolds 5 Two-layer scaffolds with

ext ended unm neral i sed conponents hold the potential to inprove the
efficacy of tendon repair during rotator-cuff procedures and to
address smal | -tendon . applications for which no effective

sol uti on- cuMOAINSIHD exi sts. The present invention hecs/¢rasm/ofomst her
studied on the basis of large-animal trials and a sunmary is
presented below. 15 Trial 1: Ovine BoA& Defect Mdel The present

I nvention enabl es the production of |ayered tissue regeneration
scaffol ds whose structure and conposition m nmc bone on one side,
unm neral i.sed tiX&Ya°99 FEeFPLE okt ithagericy galenf Paasnddny n t he

other side, sathetisNpOhdhsuskablerd Haeblace Hatihgt WesRvedhe present
I nvention furthernore offers the capacity to syStematically alter the

cheni cal coipPU¥™8h BPUTRESHi FErayPRase st itReabriypeenyhr t nent of

such i npl anssif2fesbnbi@d .coakabeh aldyy cBpé LR rEexe elo1Gagkhnant al sheep

femal e fect: .9 di aneter. by 9rmm deep cangel | ous bone defect on
fateral)?en%#¥ﬁ°%§8ﬁ3§$1¥c%ﬁﬁ Fﬂf&%g%:ﬁPF%ﬁP rFSSfa??WM§8§s?Patlte by

mechanical mixing. Such a mechanical method is described in
EP-B-0164 484.

Later developments in the technology include producing
10 a bone-replacement material comprising hydroxyapatite,
( collagen and chondroitin-4~sulphate by the mechanical mixing
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
15 comprising apatite, collagen and chondroitin-4-sulphate have
been found to have good biocompatibility. The mechanical
mixing of the apatite with the colliagen, and optionally
chondroitin-4-sulphate, essentially forms collagen /
chondroitin-4-sulphate-coated particles of apatite. It has
20 been found that such a material, although biccompatible,
produces limited in~growth of natural bone when in the human
( or animal body and no remodeling of the calcium phosphate

phase of the synthetic material.

25 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
process for the production of a composite material
30 comprising collagen, brushite and one or more

glycosaminoglycans, said process comprising the steps of



- 55 - Experinental Goups: Six inplants of each experinmental group

i npl anted contralaterally with the same inplant type in each side of
the same animal. 5 Control G oups: Positive Control: four sites were
filled with cancel |l ous autograft harvested fromthe tibial

tuberosity. 10 Negative Control: four sites were filled with control

i npl ants conprising inplants containing no mneral phase at all (i.e.
cont ai ni ng t he¥@r§aFs* constituents of the bony side of PCT/GB2006/000797
ChondroM netic only). 15 Study Objective;, to identify differences in
t he performance of |our experinental i"nﬁpaﬁt groups differentiated by
chem cal conposition and to identify the nost desirable of these as
the final conposi tir%@ifd?r tahe bocriua compartnent of . ChondroM netic. 20
Signi ficant Findings: -hone °of 2Fhat¢ M O‘éﬁp%{ﬂi”ﬁéﬁf’a@f@?rééﬁgi nvoked
adver se i nmunecllespansescafciany sk aabl a tdeehexpes idmptal agH QuRS
pl us the unm peral.is .1 ontrol_group supported bony

i n-grow.h vi an ngéé::el g%%%ﬁ?%%eléggllf%aﬁs’Zgn‘gubsti tution mechanism no
statistically sigmrertantatdintf ehenodd abet wedre bheskitdpa thplant or

groups wer£ ORSES ' : | % in.all three.
experinental gr ou\ggg\ﬁ/ggé}%ir%%ggc%%an% ﬁg{?eﬁpn t e%%eeg%%e\? scso'%f‘?c o
group to a st iFrcal Fyimiegapfpeemipitavel . 30 - 56 - formation
mechani sm nore cl osely resenbles the tenplated bone formation that
occurs at the growth plate in foetal and neonatal aninmals (including
hunans) than the VP caI™ dFpBLE tFOWIREEREIA e EBBIBRaASE®si n traditi onal

bone-graft 5 mterdplitst B oENendr@HRRC BoMbodridlsS wBEAS traUELRPoRENaNI sm
In 10 have been precipitated at substantially éhe'géﬁe time froﬁ
( the same solution/dispersion. It is to be distinguished
from a material formed from the mechanical mixing of the
components, particularly where these compénents have been
precipitated separately, for instance in different
15 solutions. The microstructure of a co-precipitate is
suﬁétantially different from a material formed from the

mechanical mixing of its components.

In the first aspect, the solution preferably has a pH
20 of from 2.5 to 6.5, more preferably from 2.5 to 5.5. More
.5, still

preferably, the solution has a pH of from 3.0 to 4
more preferably, the solution has a pH of from 3.8 to 4.2.
=

o~

Most preferably, the solution has a pH of around

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

30 be derived from the porcine intestinal mucosa. Suitable
calcium salts are commercially avallable from Sigma-Aldrich

Inc.



the unm neralised control suggests that it is the organic constituent
of the inplants that inparts this character. Pore size for the

i npl ants should be altered to account for 10 this substitution
mechani sm by reduci ng the nean pore size of the bony conpartnent of
the inplants. Lack of statistically significant differences in the
bone formati on behaviour of the three experinmental groups 15 suggests
that proces3{hY*¥a'ahet ers may be used to identify thBCT/GB2006/000797

nost appropriate mneral conposition of the inplants. Trial 2: Caprine
Cst eochondral Defect Mdel 20 The objéctive of this study was to

eval uate the performance of ChondroM netic as a means of i nproving
the results of a marrow stinmulation technique (subchondral drilling).
Ani mal : skeletally mature Spanish goats (fenale). 25 Defect: 4mm

di aneter by 6%1@%@09?58%%’8%@& dehecksrdoh Qeiéa%a' Bhn ROV 1

on the lateral con | antati on Peri od:
Experi ment 8F &%t aﬂ“ﬁn%wdéht’%rﬁe% ReOEGIEr ofd-recnd viior ki ng

pr ot ot ype. hymg&p%eggmcm@@m/coggzm dl‘SOéZum r@a% g G oup:
Si x defects s tradifi onal subchondral dril
cont ai nP ngoﬁB hﬁg? 2HVSEElg CeRRTd- 98Ot 60@%&% geiﬂﬁ%d GER

per f or nnnceoﬁénﬁmlsdﬁ@M:ﬁ&iddC tesmeédhydl ShépHEe!, O Bd1iNWbail Mhits
Fi ndi ngs: feed%ac or f(?m %8 gtébogscailr]r?e Qzaarlg' Llsnagl'!':s ( e.g. Mg

or Ca) of phosphate.

10 Glycosaminoglycans are a family of macromolecules
containing long unbranched polysaccharides containiﬁg a
repeating disaccharide unit. Preferably, the one or more
glycosaminoglycans are selected from chondroitin sulphate,
dermatin sulphate, heparin, heparin sulphate, keratin

15 sulphate and hyaluronic acid. Chondroitin sulphate may be
chondroitin-4-sulphate or chondroitin~6-sulphate, both of
which are available from Sigma-Aldrich Inc. The
chondroitin-6-sulphate may be derived from shark cartilage.
Hyaluronic acid may be derived from human umbilical chord.

20 Heparin may be derived from porcine intestinal mucosa.

( Preferably, in the precipitation of the triple co-
precipitate, the scolution has a temperature of from 4.0 to
50°C. More preferably, the solutian has a temperature of

25 from 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,

30 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



characteristics of ChondroM netic was, w thout exception,. ,. 10
overwhel m ngly positive.. Annexl Text of description of
PCT/ GB04/ 004550, filed 28 15 Cctober 2004. The present
invention relates to the field of synthetic bone, dental materials
and regeneration scaffolds for bionedical applications and, in
particular, to synthetic 20 bone, dental materials and regeneration
scaf f ol ds an&i’ot%‘lélﬂ?ﬂﬁr ecursors conprising collagen, a RCIVGE00MV00797
phosphate material and one or nore gl ycosam noglycans. Natural bone
is a hioconposite of collagen, non- 2%2cel | agenous organi ¢ phases
“including glycosam nogl ycans, and cal ci um phosphate. Its conpl ex
hi erarchical structure | eads to exceptional nmechanical properties
i ncludi ng hitghleldsf thessddsticenyt fured §taet wfe fibughiess anaich in
turn enabl e th h resses to 30 .which
they are sul%jggcte %ﬁ%£%a%&%ﬁés&£ %ﬁcg}l%ﬁgghg%fa?g&u&mns in
resear cher stpn Q%Wﬁ@@lﬂ@%lﬂ&k@f&apﬁﬁ@ﬁ@tﬁ% freme?i® tbhats has a

conposi ti onpgngyst faket gg{gmﬁf@tf%l b. Oé/? 20064 3@5#34?0‘%&58& 006/ 000797

- 58 - allow natural bone growth in roun e synthetic materi al
in the homakR*8fer@Rilafromdy. L tpt 0 hWagoddsn - obdanredhehprodnnse wil |

bond direct k}ct@ids €ak cam&%ﬁ&@hﬁs&%ewsé% Qg@@e@‘gpm&@n@r%rty
referred to as r}agﬂctlvgty) throﬁgh a bone-like apatite layer forned

in the body°BhAYdHeht] eoirage C&MICB%%IWP?CE%WH SEnER B Iagen
and ot her biieas ganicis Sipedbuas sghyeRmanknasts ¢aegepbiher-ehheroihaad,

are known t8 ?e 0(1%111]' ndsrlﬁlc?ssg rp?':te%grgbofy tfrrlgm 0.05 to 0.18 moldm” 3,
10 '
Preferably, the solution comprises phosphate ions and
the concentration of phosphate ions in solution is typically
from 0,00025 to 1 moldm™ and preferably from 0.001l to 1 M.
Where the process includes the addltlonal further steps of
15 fi%ﬁration and/or low temperature drylng, the congentration
of ‘phosphate ions in solution is more preferably 0.05 to 0.5
moldm™®, still more preferably 0.1 to 0.5 M, for example 0.1
to 0.35 moldm™. Where the process includes the additional
further steps of freeze drying and optionally injection
20 nmulding; the concentration of'phcsphafe ions in solution is
more preferably from 0.0l to 0.3 moldm™, still more
( preferably 0.05 to 0.18 M.

Preferably, the ratio of coliagen to the total amocunt
25 of one or more glycosaminoglycans in the solution prior to
precipitation is from B8:1 to 30:1 by weight. More
preferably, the ratio of collagen to the total amount of one
or more glyvcosaminoglycans is from 10:1 to 12:1, and most
preferably the ratio is from 11:1 to 23:2.
30
Preferably, the ratio of collagen to brushite in the

triple co-precipitate is from 10:1 to 1:100 by weight, mozxe



10 attachnment and proliferation of nunerous cell types, including

t hose responsi ble for the production and nmai ntenance of bone in the
human body. Hydroxyapatite is the cal ci um phosphate nost commonly 15
used as constituent in bone substitute materials. It is, - hoWwver, a
relatively insoluble material when conpared to other fornms of cal cium

phosphat e nat er | h as brushite, trical cium phosphate and

oct acal ci um pﬁ%dszg%’@tg%gfme relatively |low solubility of PGHaRHPEaEHn

be a di sadvantage 20 when producing a_bgpmaterial aS the rate of

resorption of the material in the body is particularly slow

Cal ci um phosphat es such as hydroxyapatite are .mechanically stiff

mat erial s. Hawesferablhefrcar 6: I etati:ve| YstA9 1bhbid [B-awhen, fﬂi‘%ﬁeg;é 0
as

nat ural bone. | Lagen i.s_a pechanically tough material, Dut '
relatively | owcgt'#?f S \Rﬁ%ﬁg%%ﬂﬁaf’éﬁ“t%znﬁgu}%ﬁ' bone. Materials -
conprising copolyners of collagen and gl ycosam nogl ycans are both

t ougher and stiff t |l agen alone, but,still have 30 relatively
| ow stiffness V\he_ﬁﬁ%o%%%reggr%%&ﬁ‘atogr(é‘?ﬁba@ﬁg. iR they sSTUCion ppiegi s
attenpts i’n tR¥ecppivrtiant iof tywiotitynfran dyht Nl igyThoneres wistetalg
mat eri al havifgqi IPEHY chai,ga s. over. hydroxyapatite and
i nproved sti ff_nzanss pvergégﬁ ager%"%a%*a&%%?5%%@#80?‘?%9%&%% 5

gl ycosani nogliyd&astidicrudéoe oty temperdiuragdryinul 4pat ¢dreehyration
mechani cal ot BEL1eN 1A FRChANILEa, NEE Rade i ' 3 B Arg0164
484. Later devel o rr_entsli n the techn%l ogy ??\C u%§§%%%gﬁ%°#gllgoéo
bone-r epl aceéht T&r MaFe ffrerabhy Har x§ apatd-feg/ kolansgenstand

chondr of 10n- £-8BLpiale1by the Neehani ooy ¥dG:BteLesR1GARPONENt 5.
This-is dESCI‘tJ bed |C§i EP- A-0214070. This docunent further describes

dehydr ot her ni€¢ “&f dSERHARi Y SPEERBRE L0 ARY BFEIGR Rodliinmt &heo t he

col | agen. MatenteniscatBonomprdeiilageapst ithe, s€0ldiagepr ahd to

chondroi ti n-4- e_have been found to have good bi oconpatibility.
The nechani célrggrlr%é}i %étlglfj thE§HEErY \%rf’ﬂ %]h? @gl f&ediorind _
optional | y choafewittlynidensdl phate, gAssentimddty pherasa1g) lragemne /to .
chondroi §5n-4psyl phate-coated particles of apatite. It has

The total concentration of the one or more
glycosaminoglycans in the solution prior to precipitation is
typically from 0.01 to 1.5 g/L, more preferably from 0.01 to

200 1 g/L. Where the process includes the additional Ffurther
steps of filtration and/or low temperature dryiné, the total
concentration of the one or more glycosaminoglycans in the

(n solution is more preferably from 0.03 to 1.25 g¢/%L, still
more preferably from 0.125 to 0.257g/L, and most preferably

25 from 0.13 to 0.182 g/L. Where the process includes the
additional further steps of freeze drying and optionally
injection meoulding, the total concentration of the one or
more gilycosaminoglycans in the solution is more preferably
from 0.15 to 1.5 g/L, still more preferably from 0.41 to 1.2

30  g/L, and most preferably from 0.75 to 0.96 g/L.



20 been found that such a material, although bioconpatible, produces
limted in-growth of natural bone when in the human or ani mal body
and no renodeling of the cal ci um phosphate phase of the synthetic
material. 25The present invention seeks to address at |east sone of
the problens associated with the prior art. In a first aspect,
the present invention provides a process for the production of a
conposite nﬁY%ﬁPgﬂ‘§6 conprising col | agen, brushite af§T&#He00g00HDHr e
gl ycosam nogl ycans, said process conprising the steps of - 60 -
provi ding an aci di ¢ aqueous sol uti on-chprising collagen, a cal cium
source and a phosphorous source and one or nore glycosam nogl ycans,
and preC|p|tat|ng the coll agen, the brushite and the one or 5
nmor e glycosan1n06¥%§§£$? ERQIﬁ@ﬁuFF@ﬁnqqmﬁra@ﬁﬁxﬂﬁ§CSQMLi¢nﬁ1ahd £y m a

triple co-preeipisate115hen el RRL! bﬂ&ﬁ%@ﬁ@%&'t&é&&%ﬁ%Bﬁsf%

precipitati %n gg u{;g}(thr ee con*%oun s where the co ave been

preci pi t at edCar SUbWakeidtty Fheredihe pragess Gmctlﬁée%é?m?

sol uti on/ di spetsiaml Ifhrt:lsezi @tbgs%ﬁtﬂlnguaﬁh&d dnppra gt erial forned
onent’s articularly where

fromthegnme e _conp

t hese corrpo%gggér%élvrg gﬁiepﬁ‘ﬁ o3t sEpht v tt GEdstdhce in

di fferent 13°89l|is irows. pifémerraib&yostcrmat ao0ec®f259:00- prEqi pokate i s

substanti al Ly L. a,material for e hani ca

i Xi ng of Fseg%%%% e%tjs'5 ﬁgﬂs ‘e ?ﬁ%%PSESEﬁﬁ;era%hénLdﬁhFP ﬁ

preferably HAST® 99 POcodss rlomladss tihe6addiminme lpreferablsyeps osp 2. 5

to 5.5. More pLaf erabl a H of . from

Still nore pfeferar? 4 ?l&&%gﬁg{)#%inl%hég %C Co PP, ghfaor%ft’é’ Mbst
referab@y,OFrEP%%SHGﬂl%ﬁ'%5%0a19¥WDﬂﬂaﬁouﬂdm¢e 25Fheraddlycifuom sosr ce

P pref er abky sw:agt od: {1 ABANG-OfedIBEG 0f1 £ALCHYN NidLakee, cal of um
acet ate, cal ci %hl oride, calcium carbonate, CI ‘um al koxi de -

cal ci um hyd?oXidé, 1gaPt¥ dif SF ki cat e, calcium suI phat e, cal ci um
gl uconate and the calciumsalt of heparin. A calciumsalt of heparin
may Precipitation may be effected by combining the
15 collagen, the calciim séurce, the phosphorous source and one
or more glycosaminoglycans in an acidic agueous solution and
either allowing the solution to stand until precipitation
occurs, agitating the solution, titration using basic
titrants such as ammonia, addition of a nucléating agent
20 such as pre~fabricated brushite, varying the rate of
addition of the calcium source, and any combination of these
( techniques.

In a second aspect, the preséﬁt invention provides a
25 process for the production of a composite biomaterial
comprising collagen, octacalcium phosphate and one or more
glycdsaminoglycans, said process comprising the steps of
providing a composite material comprising collagen,
brushite and one or more glycosaminoglycans, and
30 converting at least some of the brushite in the
composite material to octacalcium phosphate by

hydrolysation.



30 be derived fromthe porcine intestinal mucosa. Suitable calcium
salts are commercially available fromSigma-Adrich Inc. - 61 -
The phosphorus source is preferably selected fromone or nore of
anmoni um di hydr ogen phosphat e, di anmoni um hydr ogen phosphat e,
phosphoric acid, disodium hydrogen 5 orthophosphate 2-hydrate

(Na2HPO4. 2H20,,, %;lg{ss termed GPR Sorensen's salt) and trinmethyl
phosphate, alkali netal salts (e.g Na or K) of phosphat BST/GB2R04{0p07%
earth salts ( e.g. My or Ca) of phosphate. . . 10d ycosam nogl ycans
are a famly of nmacronol ecul es cont ai ni %"I ong unbr anched

pol ysaccharides containing a repeating disaccharide unit. Preferably,
the one or nore gl ycosam nogl ycans are selected from chondroitin

sul phate, dermatin sul phate, heparin, heparin sul phate, keratin 15
sul phate and hyal Dherfiermadidna @ idadr @iddnpassbdnatR tB8Ya Pehat 15

chdndroi ti n- 45;gulphat r ndr.oi t i n- 6-sul te, both of which are
avail abl e from Si gma-%%r f’% Iangl.%mﬁeorcﬁgﬁﬁggiakﬁy-ﬁ- sul phate may be
derived fromshark cartilage. Hyaluronic acid may be derived from

human unbisl i cal cherihe 2@ j e i veed from porcine
i ntestinal mucosa, Pref erggﬁ,aa@ip%cgﬁgu—%r ggﬁ%‘%%%ﬁ Bﬁgﬁfﬁlhgr?ﬁ’iﬂ@yco-
preci pi tate, THRTSHUCToRMESTE perpurialiyeobfa trom d. db-peecipHdCe

More pref er abbypridigigs ebuidgh has, & iemeg of .29 from15 to 40C.
The sol ution 5@%’0 be .at roorrﬁhenge‘rlatlur e, ?ﬂ%%g |%§: {‘"?go?n 20 to 30C, with
57C

a temperaturé FFBRCIOY E bei g Ppreternuedinibste prgf be altlpnedt he
tenperature by anmenes256s ROThE GaNGeRLiald %lgfzift?l-ﬁ l&ﬂ%b@ﬂs\sti.-n the
aqueous ?QI ugg%‘j J s t¥€l carll fromO0.00025 to 1 noldm 3 an
preferably fromo. 001°t8 B dnit¥S™fh8Fe the process: WO
200é/095154PCT/Gﬂ320061000797
Preferably, the step of hydrolysation (hydrolysis) of
brushite to octacalcium phosphate comprises contacting the
triple co-precipitate with an aqueous solution, said aqueous
15 solution being at or above the pH at which octacalcium
phosphate becomes thermodynamically more stable than
brushite. Preferably, this agueous solution has a pH of
from 6 to 8. More preferably, this agueous solution has a
pH of from 6.3 to 7. Most preferably, this aqueous solution
20 has pH of about 6.65. The aqueous solution may comprise,
for example, deionised water whose pH is contryolled with a
( titrant, a buffer solution, a solution saturated with
respect to another calcium-containing compound and/or
phosphorus-containing compound. A preferred aqueous
25 solution comprises acetic acid titrated to the desired pH

using ammonia,

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



- 62 - includes the additional further steps of filtration and/or | ow
tenperature drying, the concentration of calciumions in the aqueous
solution is nore preferably fromO0.05 to 0.5 noldm 3 (for exanple
fromO0.08 to 0.25 noldm 3) and nost 5 preferably from0.1 to 0.5

nol dm 3. Where the process includes the additional further steps of
freeze dryiqg?and QPtionaIIy i njection nmoul ding, the concentration of
cal ci um i ong ¥ #%Ha" 4queous sol ution is nore prefer abPEFTGERREGITL t 0
0.3 moldm 3 and nost preferably fromO0.05,t0.0,18 nmoldm 3. 10
Preferably, the solution conprises pif¥sphate ions and the
concentration of phosphate ions in solution is typically from 0.00025
to 1 noldm 3 and preferably fromO0.001 to 1 M Were the process

i ncl udes the adtfisfiesaBlyf Uieh&ter tTpHyeFcLs 4P af i Brksdddrofe | ow

t enper at ur @cdayi NG umt BEoSANGRNL Eabiy k4 PROSRhatRe | ONSEhoR $DI44 F ON
is nore preferably 0.05 to 0.5 ppldm 3, _stijll re preferably 0.1 to
0.5 M for 1éﬁawréf0?“9r?op@f§§aﬁﬁ¥dﬁﬁ°§‘. 13ner g%ﬁ@“ﬁ?bé‘é’?§ i ncl udes

t he additi gpafefdbllyheroft 2P oOfisfr@aze drying and optionally
injectiﬁn 20 noul di ng, the concentration of phosphate ions in
solution is nore preferably fromO0.01 to 0.3 nmoldm 3, still nore
preferably 0.051 @ @hiBdMsddcef etiadipresthe iatentiof woldizigenato t he

total anmount 25 of. on r_ more.glyc i .Gans. | ol uti on
o foouBafded sl e o RS BN RO ATLOR GRS b {18 8
pr ef er abl y comprel siatg oodlagai,| agehits apHecrotat na@geunt of one or nore

gl ycosam n i 1Q. 14t el E&ﬂ{ f | yet he
ratio is f ?’gkﬁ%@“{’ %1%{3%5@' %(#d IS)IJC%S%g?era ﬁr%%gt'ﬁﬂégrsg{e?g %31;

coél agéf to brusividipg 2 rompespte nadepiedi pPrieing ¢31d@EE0 1 to
1:

00 by Wei-gbkstd 8 one & moRLEIBIRRLKIAELM NS, tond: 20, still nore
preferably trom3:2-to 1:10, nost preferably from3:2 to 1:4. The

concentration fONVSKLABEEY ferlt STrUCToRRPrRTShEEe s ihrtdE pitation is

typically {bapoditOndBedids t0bEapIS ehahlyrdi@ericho 10g/L. Were
the process includes the steps of filtration.and/or |ow tenperature

drying, the concentration of collagen in the solution id nore
preferably fromgatti®els a class of minerals comprising calcium and

phosphate and has the general formula: Cas(P04)3(X), wherein
X may be an ion that is typically OH, F and CL°, as well as
other icns known to those skilled in the art. Apatite also
includes substituted apatites such as silicon-substituted

20 apatites. Apatite includes hydroxyapatite, which is a
specific example of an apatite. The hydroxyapatite may alse

( be substituted with silicon.

In the third aspect, the comﬁcéite material preferably
25 comprises or consists essentially of a triple co-precipitate
comprising collagen, brushite and one ox 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.
30 .
Preferably, the step of hydrolysatién (hydrolysis) of

brushite to apatite comprises contacting the triple co-



g/L, still nore preferably from1l.5to 2.5 g/L, and nost 10
preferably 1.5 to 2.0 g/L. Were the process includes freeze drying-
and optionally injection noulding, the concentration of collagen in
the solution prior to precipitation is preferably from5 to 20 g/L,
nore preferably fromb5 to 12 g/L, and nost preferably from9 to
1510.5 9/L. woao0shilgsit Ot @l concentration of the one or

gl ycosam nogl ycans 1'n the solution prior to precipitat |P&T’qﬂ§0°5’°”“797
typically from0.01 to 1.5 g/L, nore p eTferany from0.01 to 20 1
g/ L. Where the process includes the ad(?tr onal further steps of
filtration and/or, low tenperature drying, the total concentration of
the one or AG sam 0 chans int ution is nore preferably
from 0. 03 tggfgi’ggy G e mOReC PR E%B’r‘iz’“f FERf R aLEPUE o SPL IR 08/ |,
and nost pr ef)@ra@layt 25 aimsma @hé3ph et whB2h gidatiVbebecdite process -

i ncl udes the.additinn I S gze. d d_optionally
i njection noul di ng A ﬂ%c%%htxlaplg(%%n%:ea%??aﬁ%% of Pﬁég % 8? ﬁ’?ﬁ)

gl ycosami nogffyéair@ icAnv¢esionl ofi orushdtpote gpadficeabihe fanasvds 15 to
1.5 g/L, stikbipors aagfy tgx H&rnsfieélt&% 118230 W e

preferably fromO0.78 to Eﬁ{b " %pgeéreggsgyt g 7

sol ution conpPidey E&FE d‘fﬁreo%e%ﬁ@b@bfef?‘a’f i7020tocdid ag@hetmttems

cal ci um i onssésutiypi fay | dorfpr@Be 1: Al Teanﬁ;Q& 1dl3¥o¥"§é&htwat¥¥]er5rﬁ> %/ §H

process incl udes the fddrtronal further steps of filtration an
| ow 5 t enper &% (T APy 7Y, Yithed r Bt 553061 2 druidgensebritiva, cal ekwwionons

is nore pref ea'ahiaytefirrmmﬁl r@@pé@t 280 ahot B+ |dazoRuR-RRbeRBRLY 1:13 to
5: 4, and1 ref r}/ %Pto 1: 2. Wiere the process includes the

it BEZETPGRTG ARG BRRTSIA Ly | nj ecti on

addétrona fur er s
nmoul ding, the ratio 10 of collagen to the calciumions is nore

preferably from 0: stll re.preferably 5:12 to 30 1, and
nost preferably ]Sp g %Pabgg’ %?’r F et Pgoli’%‘f’fprf’é’ SR RE R ITP to

conbi ni ng t hepaBteoks agerfornbe dalciemecinee, ofhm posphmr adsesour ce
and one of DFErLNEPSATH90! Y5l Nl AGLIL o AGSUS, SELY Lo, and

either allow ng the solution to stand UAt ita n-occu

agi tating t he? s&i-ulpdh pPreiferakibmrashag@dbasi-c titrants such as

‘ammoni a, addition of a nucleating agent 20 such as pre-fabricated
‘brushite, varying the rate of addition of the cal cium source, and any
conbi nati on of t%@g%ﬁqﬁg}ﬁnl §mep of hydrolysation of brushite to

apatite is performed for a time of from 12 to 288 hours,
more preferably from 18 to 72 hours, most preferably Ffrom 24
20 to 48 hours. '

( Methods of increasing the rate of conversion of
brushite to octacalcium phosphate and/or apatite include (i)
increasing the temperature, (ii) the brushite concentration

25 in solutien, and/or (iii) the agitation speed.

It may be desirable to produce a bicmaterial according
to the present invention comprising both apatite and
octacalcium phosphate. The processes of the second and

30 third aspects of the present invention may be combined to
produce a material comprising both octacalcium phosphate and

apatite. The brushite in the triple co-precipitate may



In a second aspect, the present invention provides a 25 process for

the production of a conposite biomaterial conprising collagen,
oct acal ci um phosphat e and one or nore glycdsam nogl ycans, said
process conprising the steps of provi ding a conposite nmateri al
conprising collagen, brushite and one or nore gl ycosam nogl ycans, and
30converting at |east some of the brushite in the conposite materi al
to octacal ci uPHWe¥PHat e by hydrol ysation. - 65 - PCT/RB20G09TH7

bi omateri al - enconpassee a material thatg hs_ bi oconpatible with a hunman
or animal body. 5In the second aspect, e conposite materi al
preferably conprises or consists essentially of a triple

CO- pr eci pi t at £i:00Mpei sbiger&8hl 896t BLYSN 6131 hg S 2 IRES e,
gl ycosam nogl‘%/cans The triple co-precipitate med b

process as h %ﬁaﬁa&%@?lmpf‘ﬁt? 134t PenPaEiEHa v cmrmertkﬁ *acsrﬁ@(at:mé

the present iTimedll,i 68.near totdl eflabby, 1418 Sbep, Ao BudLolysation
(hydrol ysis) t%f %Shl te t,acal ci um phosphate conpri ses
contacting the tripre’ '%FEE PHHLPEoGRRFH S cagbrbilie supiealdy, said

aqueous 1% swmrenbbmmoays@mcabweatﬁe drHsab mmeo%@caa?@wga

phGsphat e becgies,, re stahle than brushi
Preferably, thi s%aggggéaglq’éggut i oaﬁ:tﬁﬁgo PHIGESFOF r OmiEet Brashiisr e

preferably, t3#Hidoggeraiusdesdhutiomahasial pidyothérarse. Bel @rfbctMBShy
preferably, tjdsoagyaous $oLufl %q::.czag hfa%]e%s g%a%ﬁ&sjéaes 65. The

agueous solution nmay conpri se, or exa UhRt er whose pH
is controlled with a titrant, a buffer soI ution, a solution saturated

with respect to aﬁ£ﬁf§¥éb§§lQHQUE%QBté%'Hf&ioi?gygquo%ng%é%caICLum-
( 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 8.

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

20 Preferably, the step of hydrolysation of octacalcium
phosphate to apatite is performed for a time of from 2 to
144 hours, more preferably from 12 to 96 hours, most
. preferably from 24 to 72 hours.

25 In the second and third aspects of the present
invention, the conversion of brushite to octacalcium
phesphate and/or apatite is preferably conductad at a
temperature of from 30 to 40 degrees centigrade. More
preferably, the conversion is conducted at a temperature of

30 from 36 to 38 degrees centigrade. Most preferably, the

conversion 1s conducted at a temperature of about 37 degrees

centigrade.



phosphor us- cont ai ni ng conpound. A preferred aqueous 25 solution

conprises acetic acid titrated to the desired pH using anmoni a.
Preferably, the step of hydrol ysation of brushite to octacal ci um
phosphate is preformed at a tenperature of from30 20 to 50C, nore
preferably from30 to 40C, still nore preferably from36 to 38 C,

nost pref er ably, apoed, 37 C. WO 2006/ 095154PCT/ GB2006/ 000797 - 66 -
Preferably, the step of hydrol ysation of brushite to ocPGlGPEI6IRE797
phosphate is preformed for a tinme of from12 to 144 hours, nore
preferably from18 to 72 hours, nost |5r@?e”"rably from24 to 48 hours.
5 In a third aspect, the present invention provides a process
for the production of a conposite biomaterial conprising collagen,
apatite and one or nore gl ycosam-nogl ycans, said process conprising

t he steps of 10pr @veleraply,cOhposickcessat eri ahe COrgans NP Mibagen,
brushite and aly 1_nogLycans., .and converting at

| east some ofﬁﬁgg%rus |tlg;ei ﬁf?%%rge@orgr%o%ﬁ%sglﬁ?ﬁq athet 8% RF PES by
hydr ol ysat i orglyPosanpzedliveans andlthescoflagieneinl thecamppisideg cal ci um

and phGsphat ey@rdphase:d he gge I I e PQA4).3( X erein X
may be an ion t_hatp IS typi%ga?f{fﬁalf?? @g%ﬁég%%t%ss \%%%%u‘%% %ﬁﬁer
i ons known t &FtiRo8ecIIGIadRitate vemarisingpaprliags, sbrisitinedesd one

substituted apakbtesgBrRaasnsiilyicafl- SuPHet ¥ ede0, p@ﬁeif tgs. Apatite
i ncl udes hydroxyagatlt , Which'is a , specific exanple of an apatite.
The hydr oxyapgdtit8 1P al S6-bertdiyBat 1a¢kide Whe tPasiprpedpitate vherddni r d
aspect, the camesst esdi@t eFi Gle PreERIBDOINMs been converted to

) 10  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 technigues.

15 _ Preferably, at least some of the brushite is converted
to octacalcium phosphate and/or apatite, the
glycosaminoglycan and collagen are crosslinked prior to the
conversion of the brushite to octacalcium phosphate and/or
apatite. This crosslinking may be effected Ey subijecting

. 20  the triple co-precipitate to one or more of gamma radiation,
; ultraviolet radiation, a dehyfdothermal treatment, non-—

(‘ enzymatic glycation with a simple sugar such as glucose,
mannose, ribose and sucrose, contacting the triple co-
precipitate with one or more of giﬁtaraldehyde, ethyl

25 dimethylaminopropyl carbodiimide and/or nor-
dihydroguariaretic acid, or any combination of these

methods. These methods are conventional in the art.

Preferably, if at least some of the brushite is
30 converted to octacalcium phosphate and/or apatite, the
glycosaminoglycan and collagen are crosslinked subsequent to

the conversion of the brushite to octacalcium phosphate



25 conprises or consists essentially of a triple co-precipitate
conprising collagen, brushite and one or nore gl ycosam noglycans. The
triple co-precipitate may be forned according to the process as
herein described in relation to the first aspect of the present
invention. 30 WO 2006/ 095154PCT1GE20061000797 a 67 - precipitate

wi th an aqu ion, said aqueous solution being at or above the
pH at mhlchaggiggﬁlﬂiecones t her nodynani cal Iy nore st S5iTEHRER077
brushite. Preferably, for the conver5|on of brushite to apatite, the
aqueous 5 solution has a pH of from6/85to 9, nmore preferably from?7
to 8.5, still nDre preferably from7.2 to 8.5. The aqueous sol ution

may conprise, exanpl e, deioni sed wate IS controlled
with atit r%ﬂﬂ aﬁﬁi‘f r% sg}"ﬁﬁ%ﬂ?“&“gb‘%ﬁ“ﬁ%eg‘é{frﬁ} el th respect

t o anot her @nﬂiv@lrlsllﬂbn cOM tidenb B@s ik eC @B PO tafdéticalciun phosphata
phosphor us- gcontain compound. Preferab St of rolysatlon
of brushite"3% otbgpg%f]%%tﬁd;gge??%r%ﬁmﬁ? %y%lr?prét?% ?firasg SPUZ%‘ %o 50C,

nor e pahﬁwﬂ'ablq dalonirdbhéonadl0Erestmdrt ,moreany efoababdtyidh o 36 to

15 38 C, m)a% EJ%r ‘elﬁor%y ?&r 8:9 a:;[a%{lgrmff eJr %QL»%& J}HL ué& p of

hydrolysatlon of "brushite’t o a forned |ne of from
12 to 288 hewlriecting a suisérptefter abllwanmsmsewtnmphgm st @ost

preferably f H W02t 0e 1 38 h%{ teh{sép-&i& Ofini PR RANAG. Rt € of

conver si on brus e to octacal cium- hat e and/ of apatite
i ncl ude (i )treatmentri@#seém r§ E¥am 967Fe %1t 5eC (Th9 Yemeerpiusts fmay

concentr at hﬁbé&awy% e @eomamf er +6iiioed, hsn@qact&t boBrSRERY. of
It may be desirable to produce a biomaterial accordi to the present

i nvent i ¥h C%%ﬁﬂ-lgpn% }an;oaﬁat+ﬁ(§o§ﬁaetlon of the dehyd othermal
( 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
dehydrothermal treatment is desired in typically 4 to 8

15 hours.

Preferably, the collagen and the glycosaminoglycan are
crosslinked both prior te and subsequent to conversion of
- the brushite to octacalcium phosphate and/o;-apatite.
20 ' '
The processes of the present invention may comprise the
( step of shaping the composite biomateriallinto a structure
suitable for use as a bons or den;gl substitute. Such a
step may occur after formation of the triple co-precipitate,
25 but prior to any conversion of the brushite or crosslinking

of the collagen and glycosamincglycan that may occur.

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

collagen and the glycosaminoglycan.



oct acal ci um phosphate. The processes of the second and 30 third
aspects of the present invention nmay be conbi ned to produce a

-mat erial conprising both octacal ci um phosphate and apatite. The
brushite in the triple co-precipitate my WO

2006/ 095154PCT/ GB2006/ 000797 - 68 - first be converted to octacal ci um

phosphat e andwidwsnbdis oct acal ci um phosphate may be parjighd
converted to apatite. Total, or near total (i.e. at Ieastﬁ%ég%m,m797

conversion of brushite or octacal ci um.phgsphate to apatite typically
5 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 material my therefas,beneléagiordt byndPedt 9t Vaatdan.far..a,Pgr i od
of less than eZCbhours. OPreferably, the step of hg/dro ysat of of -
oct acal ci um phosphate Fo-entatli f2°8 dLidaftiieRtdar and/®rplPef from 6. 65

to 10, nore ptefmrabhye fdging, 2(1i0 ¥0eesd iddyinp) e:pnef efadl ofrom 8

to 9. 15Pref %cﬂ.ﬁ{dﬁ ti"z?d s(t.%{?) of h%drol}_/sati n.of octacalcium

phOsphate to apatite I'5 perf of el PAP S 1 &t AFtate o8 2pdbm 299t o 50C,

nmore pref er abtgprferetmB30 dnyidgC, wistrielih tiny eeppeferadl ysf £am 36°£0:38C,

most pref er abloecar quad 316, 20P efiepabl vacdheosien. of  hydrglysation
i r

of octacal ci um phosphat'e to ap te 1S performet f from?2
to 144 hour s, afdeéEs pHefeerdgabby draomla? fom0@fhmalresiainst Fieakedaping

from 24 to 72auasty 28Ehe; P OB{JEQ%EOGUPO pe%i%&fithe present
|

i nvention, the conversion o rus e t'o octacal Cium ospcﬁ’ate and/ or

apatite is 'pf‘é’ﬁ’ér‘léﬁﬂl Y eEShdticted ¥ide YarhssyaelirshapksinomiBloybed b
degrees qentigraderidbre Bﬁ@iz%%'%het%p%owe&% (&gek}gs‘{,qqndggigd at a
st pr

tenperature ofr 30, from36 to degrees centigrade: eferably,
t he lconver si G SFE D TdBLFRY Bitres vl BRplr & deesofredBstt L3 degr ees
centigrade. WD 2006/ 095154PCT/ GB2006/ 000792 - 69 -

The present invention further provides a precursorn -

material suitable for transforming into a synthetic

15 Dbiomaterial, said precursor material comprising a composite
material comprising callagen, brushite and one or more
glycosaminoglycans. Preferably, the composite material
comprises or consists essentially of a triple co—-precipitate
comprising collagen, brushite and one or moré

20 glycosaminoglycans. The triple co~precipitate may be
produced according to the‘proqess of the first aspect of the

present invention.

The present invention also piévides a composite
25 bilomaterial comprising collagen, brushite and one or more
glycosaminoglycans, which bicmaterial is obtainable by a
process according to the present invention as herein

described.

30 The present invention also provides a composite
biomaterial comprising collagen, octacalcium phosphate and

one or more glycosaminoglycans, which biomaterial is



Preferably, the processes of the present invention further conprise
the step of crosslinking the one or nore glycosam noglycans and the
collagen in the triple co- 5 precipitate. By triple co-precipitate
this includes the triple co-precipitate conprising collagen, brushite
and one or nore glycosam noglycans and derivatives of the

Co- precipitat hoégi ves include the co-precipitate L

| east some ofa?%gﬁg$hgﬁite has been converted to 10 octgggk%?@ﬁyﬁ%T
phosphat e and/or apatite, and the co-precipitate that has been shaped
or noul ded, or subjected to any further chem cal or nechani cal
processi ng. Crosslinking may be achi eved using any of the
conventional Jechples,, %&fé&rsagweragl | e8Sins QLBORE ddpRryshite
is converted to octacal Ci um phosphate an For apatite, the _

gl ycosani nogly€aRresRPtcdpvaerPtar e crosslinked prior to the
conversion of the brushite to octacal ci um phosphate and/or apatite.
This crosslinking may be effected by subjecting 20 the trjple
co-precipitate toT%éDrGPeﬁBr@‘Eﬁntéaﬁnﬁlﬁoa@Faﬂg?ﬁ 3 PPFRRT 1%t

radi ?ti ons a kd_anﬁféiﬂtdllehaabrigiw Gsmagé}ggagazwméta&ﬁ Bhy Gl @ReWi Lh a
si npl e sugar such as, cose, mannose, ribose_ an ucrose, contacting
the triple cOIBFRERPITAEcoT n CHEROPLOFETERE ot U BFALBRTRIEY Bt hyl
25 di et hyl amreepsomdcocdtihgdid hdetahdi aspaot -oflithgdpoeteart areti c
acid, or anyi%%gbigg}ion of these nethods. These nethods are
conventional N the &Ert . Preferably, if at |east sone of the brushite
is 30 converted to octacal ci um phosphate and/ or apat.ite, the

gl ycosam,gogl ycan’.['kg!%]g)r%gghggme%ﬁftogr%s%ﬂ?gﬁgg%%%gzgg@%&iéeo the

conversion of the shite to octacalciu

2006095154 PECTAEBRO0GII0G0RSTisi7@ a hniklsr capar¢tieitThe ef odllraRiing
subsequent t%lgggsggﬂﬁﬁﬁ§gggEgﬁigggsgﬁgghite to apatite/octacal ci um
phosphate may be effected by one or nore of the methods nentioned
above or a dehydrothermal treatment, or any conbination of 5 these

met hods. A dehydretdigriaBbnt r 83idiRAbn | MELPRs S8 eChii BgaterSubstrate
to a | ow_pressure, atnosphere at a rai sed tenperature. The tenperature

in the déRydroPREI#HY PREEIFESR Ofaf B DIFF ot o5E™ BP9 e The

t enper at ure mRYepi£icr abh yaden eihd e dO @Gt 0g IdEHGEamanegl yeats,
preferably: of 10.from.105 conpletion of the

he c glt Oe 110%’ L e mor,
dehydr ot her n&*SEFEAL TR CPE 3RS A8Y F3+4 OBFcaT I%P™f8 to 36 hours. The
t enper at ur e nAYycpsatiercghlyyabe ofe trossli2edt and 3BCH andamwst, said

preferably Ofpa@:'&?ﬂé‘sz%g Egl&lsﬁl;’nc’phiofspﬁﬂg)lm%ttiegfalpfartehgispersed in

20 said matrix, and said calcium phosphateé material is selected

from one or more of brushite, octacalcium phosphate and/ox

apatite.

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

unless otherwise stated.

The collagen and the one or more glycosaminoglycans
have preferably been crosslinked.
30



dehydrothermal treatment is desired in typically 4 to 8 15hours.
Preferably, the collagen and the gl ycosam nogl ycan are crosslinked
both.prior to and subsequent to conversion of the brushite to

oct acal ci um phosphate and/or. apatite. 20 The processes of the
present invention nmay conprise the step of shaping the conposite

bi onateri al Wigs@ssiructure suitable for use as a bop ,@ﬁmgl&{a&?g;
substitute. Such a step may occur after formation of the triple
co-precipitate, 25 but prior to any_cg version of the brushite or
crosslinking of the collagen and gl ycosam nogl ycan that nmay occur.
Alternatively, the step of shaping the biomaterial may occur
subsequent to eilher .t conversi.on_of the brushi to 30 .apatite
and/ or oct acal c?%%%%l&ggﬁgtgs rrecf(r%’é%%h rlersian%flri %g‘ec‘&ﬂeardé ahd the
gl ycosam noygl yeannt of From 5 to Pleférmblwtd, t here prpdstdlelyndreni zd 1S
shaped usi t i que sel d i ipltration, and/ or |

t enper at urgg’dr%gi ﬁgﬂp’( ?}i{)°'f§'eg§6g%d}j3%%ﬁé£a(b(1%'i %JX?{ nzj%eg ilcl)[fral &r{ggl) dVﬁ%Y and
(iv) cold pressing. Filtration and/or low 5 tenperature drying,

wherei nsthe tenperadiahe vi Stid YRelsE t-e %Q&Oégl?%r o?%féﬁ{saglrg of from

35C to 40C, typically résults in a dense granu m of material.
Freeze dryiff§Seypithlthy Fasemid LA &h A9ERT pofF diremf Br R Yonjlécti on
moul di ng 1 estlyh Swis, &Lo%dﬁrééﬁa&la%ﬁ%f QéonshaesS!».@r(rab}Q?qgs as: pbsd0 a
mat eri al d%pegdl on-the shape of the dye used. Cold pressing
typical |y FESEPFSPHh t3%8ehst tell 8t (497”m"t 3 The present invention
further provides a precursor material suitable for transformng into
a synthetic 15 biomateri al id precursor material conprisjng a
co,rrposiqt% e mat er?ﬁ‘?gl%(?ﬁ%ﬁ 51%32%801“55’9%?,1 GPIRHITeE gﬁﬂs ofPfror e
{ ratio of collagen to brushite is 10:1 to 1:100 by weight
(dry), more preferably S5:1 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).
15 )
Preferably if the material comprises octacalcium
phosphate, the ratioc of collagen to octacalcium phosphate 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 welght
20  (dry). : '

Preferably, the ratio of collagen to the total amount

P

of one or more glycosaminoglycans is from 8:1 to 30:1 by
weight (dry), more preferably froﬁilo:l to 30:1 by weight

25  (dry), still more preferably 10:1 to 12:1 by weight (dry),
and most preferably 11:1 to 23:2 by weight (dzy).

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

3¢ material.



gl ycosam nogl ycans. Preferably, the conposite material conprises or
consists essentially of a triple co-precipitate conprising collagen,
brushite and one or nore 20 gl ycosam nogl ycans. The triple
co-precipitate may be produced according to the process of the first
aspect of the present invention. The present invention also provides

a conposite 25vdrppmkeLi al conprising collagen, brushite. %20%&0%5
nore gl ycosam nogl ycans, whi-ch biomaterial is obtainable by a process

according to the present invention as h%tei n descri bed. 30The present
i nvention al so provides a conposite bio €rial conprising collagen,
oct acal ci um phosphate and one or nore gl ycosam nogl ycans, which
biomaterial is WR0061 1. GB2006/ 000797, .- 72 - obtainable
by.a process accordi ng t% t gﬂs%g(;ggﬁ%n aa(slbsgcf’r%‘fldteﬁeap?%‘?&ﬁtlpn’v@mi on.
The present | A9EPRi%n BPR® mdwintdesbenecguphs) twnk bhoswteied! bone
conpri si ng coktagmng,apatid.L re. gl ycosan nogl ycans,

whi ch biomaterial s obtal nab?:ggggﬁg o%; gg}é%%t g:c BFUTHIP tPo CPRRCSHier d
aspect of the’pPeEERt2] nReriticoRresoTthdnpeesont. | Muentdmn caksong

provi des a5 compeisides biPredRih3! UM SE NG, L LHRLE, £9- Rreci pi tat e
of collagen, glyggsanino Iy,can%a_ﬁd brt?shlbte. "F%ghfp)llﬁee%lean ety eR*
al so provi des”a bl oRBEBFT Al YENESHRY | FhAgCoRtritieches of appeied tDrae

cal ci um phos phetenrbt er i @lternel $@agereands YiSsehe AL Sombers, bonss
re 7

gl ycosam nogl , wherein sajd collagen and said one or nb
gl ycosani nogl %%%% 3?%56%3?%?5 FPFT{%‘EEdaﬁﬂgf‘é?%lé e riumans gk danimal

body, which includes particulate materials. The composition

10 of the present invention may be used for both in-vive and

{ ex-vivo repair of both mineralized biological material,

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.

15

The biomaterial according to the present invention

comprising octacalecium 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

20 in total amount of calcium_phqsphate materials in the

blomaterial,

The calcium phosphate material may comprise or consist
essentially of phase pure octacaléium phosphate or apatite.
25 By phase pure, this means preferably containing at least
98%, more preferably at least 99%, and most preferably, at
least 93.5% of the desired phase (as measured by x-ray
diffraction). Alternatively, the biomaterial may comprise a
mixture of octacalcium phosphate and apatite, depending on

30 the desired properties of the biomaterial.



particles of cal cium phosphate nmaterial are dispersed in 20 said
matri x, and said cal cium Phosphate nmaterial is selected fromone or
nore of brushite, octacal cium phosphate and/ or apatite. The
foll owi ng description relates to all aspects of the 25 conposite

bi omateri al according to the present invention unless otherw se

st at ed. wotheosok| agen and the one or nore gl ycosaeaashyamas
have preferably been crosslinked. - 73 - The collagen is
preferably present in the material Lnmmn anount of from5 to 90 (dry)
wt% nore preferably from15 to 60 (dry) wt% % nore preferably from
20 to 40 (dry) wt% 5Preferably, the one or nore gl ycosam nogl ycans
are present in the rﬁmie&ﬁ.iaal of kN pasdit iefedtriom QofidriGing? (dry)
wt % nore prefer bI om1 % referably from

y 7 st
1.8 to 2.3 Cd¥yy W e et e@fEFﬁb?f/a)PFef Eso SR 6ri ses
brushite, tiwekingt hdaz@:ﬁuad:ekiag,emxt oaprives tslut!.eabk l@ ltseolf.L EP@0udy

wei ght (dry K ngf ably 5:1 to 1:20 by weight (dry), nost
preferably %f:fng%gri: % weight (dry), for exanple 3:2 to 1:4 by

wei ght (dry). 15 Preferably if the material conprises

t | ci h I hat
e 20°1 to 1 108 By s egnee (At e et ey s aoTpgepaenal e

wei ght (dryprefssed prsdier ‘atw yfcé-lgw#@g 1seﬂgeb‘yl%eln§ﬁb°90(vﬂ}w may

Preferably,,d hepiadd qnofwhs% | &98R 59& heot Qiéduo@mga&o@osar&es O£ NMor e
gl ycosam nogl ycans is from8:1 to

.. %h édrxy nor e
pr ef er abl y - $33/#F 20" nteooﬁomﬂr%ﬁl\%P@?ﬁ‘lmglycan ap more -

10 calcium phosphate constituents. The following description
( is provided by way of ezample and is applicable to any

aspect of the processes according to the present invention.

I: Triple Co-precipitation of Collagen, GAG, and the
15 Calcium Phosphate Brushite at Acidic pH

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

20 ratio of the three (or more) réspective phases. Control of
the compositiocnal properties of the composite (ahd in
particular the collagen:GAG:CaP ratio} may be achieved by

( varying one or more of the pH, temperature, ageing time,
calcium lon concentration, phosphéfous ion concentration,

25 collagen concentration and GAG concentration. The pH may he
maintained constant (using, for example, buffers, pH-stat
titration or other methods) or be allowed to vary. The
possible secondary (contaminant) phases include othex acidic
calcium phosphates (e.g. monetite, calcium hydrogen

30 phosphate) and complexes including by-products of titration
and reactant addition {e.g. ammonium phosphate, ammonium

nitrate}. Additives to aid crosslinking (e.g. glucose,



25(dry), still nore preferably 10:1 to 12:1 by weight (dry), and nost

preferably 11:1 to 23:2 by weight (dry). The conposite S
bi omaterial according to the present invention may be used as a

substitute bone or dental 30 material. WO

2006/ 095154PCT/ GB2006/ 000797 - 74 - The present invention also

provi des a sywd hediissisbone material, bone inplant, bone pgg@kiodgRse
substitute, bone scaffold,” filler, coating or cenent conprising a
conposite biomaterial of the present_iqjyention. The termcoating 5
i ncl udes any coating conprising the biomaterial or precursor of the
present invention. The coating nay be applied to the external or

i nternal surtaees) air ﬁbo&ﬁm{declﬁemg;% Q&g@es ‘151 bﬂ&@ £
|ntendedfor use, in the 1tlman or ani mal. _body vvhcﬁ ncl udes !

particul ate rrﬁ‘teeiﬁaé’l%np e 1eGRPHEI tﬁléﬁc‘f{@r d?attrhér&pt%mptm@/@ntl on.
may be usedwhpralmt bei Bdddd uaitdgexd ¥@epepai r of both mneralized

bi ol ogical material, including but not limted to bone and dent.al
materials. The biomaterials of the present invention nay be used in
ithe groweh &F:alNedgkhbps Emnthaatibografts. 15 The bionateri al

‘according to the present invention conprising octacal ci um phosphate
-may by free or essentially free of any of the precursor brushite
.phase. This bi orftiér Fa¢p may benpeifenkdsso thhanu2es tye weisghéd of

‘brushite 202t #ichr8MPMh %hgﬁ%oﬁ phoeniat.e Me“gg?' the
may

‘bi omat eri al . The calciump ate matérT a Si st
essentl al I- ye%? apql’rés@npiﬂr@r@ét aéﬂ%ﬁ%wph@wﬁma orEmleBeof

10 techniques include filtration and low-temperature drying
( (resulting in a dense granular form), freeze drying
(resulting in an open porous form), injection moulding
(resulting in a wide range of shapes depending on the type
of dye) and cold pressing {resulting in a dense pellet
15 form). ' %

IZI: Primary Crosslinking

This step may be performed %o preferably.ensure that,
20  when placed in a solution of elevated pH, the GAGC content of :
the composite does not elude rapidly, and, furthermore, to
enhance the mechanical and degradation properties of the
(“ composite. Examples of technlques include low-temperature
physical techniques (e.g. gamma 1rradlatlon, ultraviolet
25 radiation, dehydrothermal treatment), chemical techniques
(e.g. non-enzymatic glycation with a simple'sugar,
glutaraldehyde, ethyl dimethylaminopropyl carbodiimide,
nordihydroguariaretic acid), or combination methods {e.g.
simultaneous non-enzymatic glycation and gamma-irradiation}.
30 In the event that conversion to octacalcium phosphate (i.e. !
as in step IV) is desirable, pfimary crosslinking is '

advantageously performed at a temperature below about 37°C



25 By phase pure, this neans preferably containing at | east 98% nore
preferably at |east 99% and nost preferably, at |east 99.5%of the
desired phase (as neasured by x-ray diffraction). Alternatively, the
bi omaterial may conprise a m xture of octacal ci um phosphate and
apatite, depending on 30 the desired properties of the biomaterial.
WO 2006/ 095154»CTeeBRW6/ 000797 - 75 - The mat eri alcr@adodRoro7
present invention conprising brushite may be used either as a
precursor material for naking a bionmatersial, or may be suitable in
itself for use as a biomaterial. 5 The processes according to
the present 'invention may be prefornmed usi.ng the foll ow ng sequenti al
nmet hod, whi clromayetentapphiretsion whotlee arubhipardhaskorriaguce

bi oconposite al | agen, one or.nore .glycosaninogl ycan and, oDe or
nore . 10 caﬁiglﬂ #ap%gg%ﬁg{né Cons F?'uew‘rn}lltlg.k e fSRFg#r@‘D&EEEF? pt¥6n
is provided Byesaytofreedahylleydandyss tappktaadlcdunopasypiaspect of the
processes according to the present invention. |:Triple

Co-precipitati on of Collagen, GAG- and the 15 Cal ci um Phosphate
Brushite &t A¥fdi®PRIYRLE step is performed to initiate sinultaneous
formation, via precipitation fromsolution, of the three (or nore)
constituents of the conposite, and to control the 20 ratio of the
three (or nore) rd¥FeétrR rphaserer typedoto glantpalymrodrtivnal

pr 0pe;ti es ghyaftﬁ;mwgaﬁi t£p (ARdei Frdiablhend @ ( Bfﬁ&%ﬂﬁagtﬁmgﬁG tCaP
rati o) may be achieved by varying one or nore o ep enperature,
agei ng time, SERFREARY Bh RHIEACFRER ORY) pHOSIHTEFBYS Yy Rhosphate
concentr ati oand 2 eebkagen(mrreentind iloReAnsbi1GAG cOPCGRNt rati on. The
pH may be majnt ai ned.const ant sin for ex | e, buffers H st at
ti tr(zti on orpg et et ﬁic: 'oFgget%%‘%’ﬁgﬁmt’c? r PR aﬂgsé?ﬁib&e
secondary (conmtEmimant)pipirasedel ancladendtheritaekd) cealalicmunydrogen
phosphat es (g,GsipRst It | ¢l o) a
conpl exes ingPugﬁ ng Zy- p%)c]:&%t gg%gc{ﬁyg&gg%%gn Qréecggc]‘t tétﬁ% %é@:’{cjﬁcttiegn
(e.g. ammoni B Phesihategearriynreimtsinredt einstaddi et vaputotabd
crosslinkg ng{&rl 29LHEASE, pH stat, or other method), and the
: temﬁerature at about 37°C for around 24-48 hours. As was
the case in Step I, additiwves to aid in crosslinking (e.qg.
gluccse, ribose) or to enhance in-vivo response (e.g. growth
facters, gene transcription factors, silicon, natriuretic
20 peptides) may also be added during the hydrolysis step (Step

Iv).
( Vi Secondary Crosslinking

25 This step may be performed to further tailor the
mechanical and degradation properties of the composite. Any
or all of the crosslinking procedures listed in Step III

above may be used to affect secondary crosslinking.

30 The following Examples and the accompanying Figures are
provided te further assist in the understanding the present

invention. The Examples and Figures are not to be



WD 20061095154PCT/ G112006/ 000797 - 76 - ribose) or to enhance in-vivo
response (e.g. growh factors, gene transcriPtion factors, silicon
natriuretic peptides) may al so be added during this step. 5 Il: Net
Shape Fornmation This step nay be perforned to produce the
desired architecture of the final conposite form wth particul ar
enphasi s on cemtamlonts pore architecture. of 10 techni quesSERRBlWEE
filtration and lowtenperature drying (resulting in a dense granul ar
form, freeze drying (resulting in an ggen porous form, injection
moul ding (resulting in a wi de range of shapes depending on the type
of dye) and .cold pressing (resulting in a dense pellet 15 form. I11:
Primary Crossb&ﬁ}ae&nghixﬁlﬁtz@pwwnéJ%cagéf@ﬂr b fevermelar abhyy ensure
that, 20 whe %ﬁé} Iut 0 evate%.ﬁ t he GACEC tent of
Lhe composi t eHOHE. HBPCERiRID abra IRk SAPBRFRD E PN

t he nechani cab andzdpgeiadat ithr pooprrihbeseniriheéogsonposite. Exanples
of techni ques include | owtenperature physical techniques (e.g. gamm
irradiation, ultraviolet 25 radiation, dehydrothermal treatnent),
chem cal %ecHBwimpiesl(e.g. non-enzymatic glycation with a sinple
sugar, gl utaral dehyde, ethyl dinmethylam nopropyl carbodiim de,

nor di hydroguariaretic acid), or combination nmethods (e.g.
si mul t aneous nonE&aEphRatd cngIaycaﬁumlE‘aﬁé ehaneanitheats |SE6AF. 30 In

the event théés&ﬂ'%\éafab&%t%x%{z@&@'v%.'au%ﬁfm&ﬁ%eof'st%psa§ tHkcMgRP
I'V) is desirable, primary crosslinking is advantageousl Eerforned at

a tenper at urél%é:lnéw abpiples re-precipitation is carried outl at room -
10 temperature (20-25°C), at a pH of about 3.2 {(maintained by

( titration with ammonia). In this example, co-precipitates
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.

15

Materials

Collagen: Reconstituted, pepsin-extracted porcine "dermal
collagen {atelocollagen); 85% Type I, 15% Type III; Japan

20 Meat Packers (Osaka, Japan) i
GAG: Chondroitin-6-sulphate from shark cartilage; sodium
salt; Sigma-Aldrich Inc (St. Louls, MO, USA)

~ Calcium Sources: (i) Calcium hydrox1de, Ca(0OH), Sigma-

Aldrich Ine (St. Louis, MO, USA), (11) Calcium nitrate;

25 Ca(NOs)2.4H;0; Sigma-Aldrich Inc (St. Louis, MO, USA)
Phosphorous Source: Orthophosphoric acid; HiPO,; BDH
Laboratory Supplies (Poole, United Kingdom)
Titrant: Ammonia; NHz; BDH Laboratory Supplies {Pocle,
United Kingdom)

30

Procedure



WO 2006/ 095154PCT/ GL32006/ 000797 - 77 - to prevent conversion of the
brushite phase to its dehydrated form nonetite, which is a cal cium
phosphate that does not readily hydrolyse to octacal cium phosphate. 5
I V: Hydrolysis This step nay be perfornmed to partially or fully
hydrol yse the CaP phase from brushite (phase with high solubility at
physi ol ogi ca¥o pel/ossid+ oct acal ci um phosphate 10 and/ or apatBivesdpplaases
with [ ower solubility at physiological pH), and to substantially
renove any sol ubl e contam nant phasesi9(e.g. ammoniumnitrate, cal cium
hydr ogen phosphate). In the case of hydrolysis to OCP, the selected
pH i s advant ageously mai ntai ned constant at about 6.65 15 (using a
buffer, pH3%eatl or other nmethod), and the tenperature at about 37C
for aroundg24:48,hqurs: As was the case in Step |, additives to aid
in crosslinking ?e.g. gl ucose, ribose) or to enhance in-vivo response
(e.g. growhCh&eilerss djaselvednsel-g8H obfPacicors corddnitganion of
natriureti ¢ 20uPeptidRs) e -2L30, bgaddededinicag, t gy iydrol ysis step
(Step 1V). V:Secondary Crosslinking 25This step nay be perforned to

~ furt her 5t aitf6F2 %k teebhani T vahne degPaddati on properties of the
conposi te. sARYe®dicd :of the crosslinking procedures listed in Step
11 above may._ be useg to effect secondarﬁvcrqssllnkjng. 30The

fol | owi ng ExSAPHES &b rS RE@6RpEhYIAGOET Glirds darRt Hio VAERE 103

further assbstedtrathenustes sgandi nghdelecpt esent stdyeirig,on. The
Exanpl es. and 9T 5,031 N9 k9, 1S, «M0, 20081095 154PCT/ G52006/,000797
10 suiphate solutien at a nitrateshydroxide 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 homogenlser until dissclved. 4mL of
15 Suépension B is then added to Solution A under constant
sti;ring.
- Stirring is centinued for 60 minutes, and pH monitcored to
snsure Ehat it remains in the range 3.15<pH<3.30. The
regsulting slurry is then allowed to age for 24 hours at room
20 temperature.
Step II
- 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.&iied again at 37°C for an
25 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,

30 Step III
Triple co-precipitates are crosslinked via dehydrothermal

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



- 78 - considered Iimting to the scope of the invention. Any feature
described in the Exanples or Figures is applicable to any aspect of

the foregoing description. 5 Exanple 1 Exanple 1 is an exanple
of the synthesis nmethod descri bed above, executed via application of
steps | through .11l only. Triple co-precipitation is carried out at

room- 10 teMyas abddosisf 20- 25C), at a pH of about 3.2 (”?tﬂbﬁmaﬁﬂmgy
titration wwth ammonia). In this exanple, co-precipitates are dried

at 37C and crosslinked via a dehydrothegqml treatnment. Neither
hydrol yti c conversion of the CaP nor- secondary crosslinking is
performed in this exanple. 15 Materials Col | agen: Reconsti tuted,

Pepsi n- extr gt spor £l &l o £ ahbager, (ats. qe8); 8% Ivge |,
15% Type I11; JaSan %of%egtﬁg acCJ e?s Cgiatﬂa Jaﬁﬁé&l}ﬁL Bei g 9

Chondr oi t i n- GSUEEhERYTF AgnF sHEr% 3carr“r¢‘%argee4 §’8‘a‘r%rﬁh§aﬁrray

Si gma- Al dri Cfaﬂﬁas@ae&an QY Sxn l\@ tHgA%rﬁﬁLerH%MpﬁQ%’ce(fall@@rhﬁbUm
hydr oxi de; Ca

OH) 2 rich In Loui.s i)
Cal ci um ni t r at'e; 29§ féﬁ%%ﬁ??? E@%ﬁ)thglaﬁ%g%ﬂ SrPE?F?rg?S(gPﬂvﬁéiﬁd g
USA) Phosphorioiss daSaudetedOFbo piesfahieei ¢ aci d; H3PO4; BDH Laboratory
Suppl i es (Pool e, United Kingdonm) Titrant: Ammonia; NH3; BDH
Laboratory Supplies (Poole, United Kingdom 30 Procedure WO
2006/ 095154 PGH=@82808%/ 000797

Example 2 is an example of the synthesis method
10 deocribed above, executed via application of steps I through
{ IV only. Triple co-precipitation is carried out at room
‘ temperature, and & pH of 4.0. In this example, pH control
is effected by careful control of the calcium hydroxide and
calcium nitrate concentrations - an approach that also
15  enables control of the mass ratio of brushite to collagen
plés GAG in the triple coprecipitate. The resulting triple
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 pérformed using a
20 l-ethyl 3-(3-dimethyl aminopropyl) carbodiimide treatment.
The resulting dried triple coprecipitate is then converted

to octacalcium phosphate via hydrolysis at a pH of 6.67 at

Ea

about 37°C. In this example, secondary crosslinking is not
performed.
25

Materials

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

30 GAG: Chondroitin-6-sulphate from shark cartilage; sodium
salt; Sigma-Aldrich Inc (St. Louis, MO, USA)



- 79 - Step | Solution A: Ca(OH) 2 is dissolved in 0.48M H3PO4 to a
concentration of 0.12M at room tenperature, and the resulting
solution 5 titrated to pH = 3.2 using ammoni a. Suspensi on B:

Chondroi tin-6-sul phate is dissolved in dionised water to a
concentration of 3.2g/L. Under constant stirring, Ca(NO3)2.4H20 and
Ca(OH) 2 is twemosebdmse t o, t he. chondroitin 10 sul phat e sotabicdodtr a
nitrate: hydroxide nolar ratio of 1.5, to produce a suspension with a
total calciumconcentration of 2.01.- 8Q.244g collagen is added to
20mL of Solution A, and bl ended using a honogeni ser until dissolved.
4mL of 15 Suspension B is then added to Solution A under constant
stirring. Seie¥im@orsceontiinuedldiom B0dronideeSca eurd ,psi i tored to
ensur e that aiéri@maLAs 3N the:La < .30, . The.resultin
slurry is then all omgd(gt’ﬂ(; éggl%b?g%4%ﬁ%ﬁ’rs ai ‘F5h l{'”@rﬁj’etrré"ﬂ:gfe.
Step 11 The? &% ry*HeQ: ioaaetldns dir fnat (B7Clbnisi md,ousH days, and
t he remai ni PigodgtoRbes CERIRCT Pht Epssd M dej ani.s wat er, and
subseque%nlé dri ed agai n _at 370?%?)112% 25 5‘3”8%??b%?8424%ﬁ%urs. The
x-ray ditfratIGhOpEt T i6E (PreleesUnitat Kinpgt® coprecipitate is
shown i n Figlrent:( Qiedd al pha) radi ation) and an SEMinmge i s shown

in Figure 2(:::35051% IP L11 Triple co-precipitates are crosslinked via
‘i Wefi9=PbRm) Gt 108BWliiadp-Rinptbydanbrorsopyiior r

dehydr ot her ial” "t ea
for 48 WO Q006409518 REELEBROMA/RA0XBrich Tnc (St. Louis, MO,

'_Usa), and (ii) N~Hydroxysuccinimide (=NHS) ; Sigma-Aldrich.
10 Inc {8t. Louis, MO, USA)

Procedure

Step I

15 -~ % target mass ratio of brushite to collagen plus
glycosaminoglycan of 1:1 is selected.
— The concentration of collagen plus GAG in a total reaction
volume of 200ml is set at 21lmg/mL.
— Using an empirical, 3-dimentional map of pH variation

20  (produced at a constant [Ca®] to [P] reactant ion ratio of
1.0) with differing (i) ionic concentrations (i.e. [Ca?*] =
[HsPC4]} and (ii) ratios of calcium nitrate:calcium

( hydroxide, a locus of points over which PH remained constant

at 4.0 is identified. This is shéﬁn in Figure 5 (sets of

25 combinations of ionic concentration and caleium
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

30 reactant concentrations for which a triple coprecipitate
slurry containing a 1:1 mass ratio of calcium phosphate

(2lmg/mL) to collagen plus GAG {2lmg/mL) can be produced at



- 80 - hours. A TEMimage of the triple co-precipitate foll ow ng DHT
is shown In Figure 3. Figure 4 shows the x-ray diffraction pattern of
the triple co-precipitate follow ng DHT and i ndi cates that the
“brushite phase has converted to 5 its dehydrated form nonetite.
-Exanple 2 Exanple 2 is an exanple of the synt4esis.nmethod 10

descri bed abQxgagsaest ed via application of steps | tp&ﬂb’%csmgevwl y.
Triple co-precipitation is carried out at roomtenperatureé,

of 4.0. In this exanple, pH control |_s {:f,f ected by careful control of
t he cal ci um hydroxi de and calciumnitrate concentrations - an
approach that also 15 enables control of the nmass rati o of brushite

to col | agen g us oGpfgd2m; t.he {hgggcgé e_c(par3§§Mp|%%tN% Wi reégegrﬁl

triple co- preC|p|tates aret rozen to -2 }?/acuum
and then hedt-ed>6d i$rfucdosn®l§ rratlii%tbﬁl%ﬁb%rmf mnéntz(wnse foiccpd -

Primary crossld skhegedis per £0:{ﬁ%deuéd>;§|[&e p%@aile eélh&)!: 7 ed‘?taq‘lnqﬁéhgl

am nopr oPyl ) .car bodi i m. de treatnent resul ti trip

copr eci pi t at'é i P2PRSTREONGEr ERF LB BRI titn SpRatRIug §AG.

hydrol ysiss at 3agpti@fcdiibgeati AQube S 1&1“1*7?'@1\1@6%”9'?383%9?1%“)/
crosslinkin ooﬁ got perforned. 25 Materjals Type |I: Acid solubilised

from bovi ne M ivedfs P9 B¥ REEE e SV?IEb%)r Binnes ' BEA 30 GAG
Chondr oi t i n-16»,§QDpr,bmt ersfngna shaolsetbsdr lea@eppsOadiitm sadtator 19mm

Si gma- Al dri L& t. Louis . .
2006/ 095154%&%@5%%6%%87%%& &i i uﬁ%u VEEEOUT iPIEAPRR FHhORGET B de;
Ca(OH) 2 Si grraﬂABéIWf_cWhlondrrém;n—lﬁeuuhgh% (GIS2Y) :.salacﬂléwéd t@al ci um .
ni trate;gCaNeB)2,4H20: 4 Si ]ﬁﬂq lhds & St.. Louis USA)
Phosphorous Sour ce: lié tlﬁ : or| c aC| &@T’&Fm Bla—it%rTa or at ory
Suppl i es (P@élaéln%rﬁetré@dv@afgldbrtp Crmma:n:te dNeswelving GAG, producing a

GAG solution.
- After 90 minutes, the 14.3mL of GAG solution is added to
the mixing collagen dispersion at a rate of approxﬂmately

15 0. SmL/mln, under continuous homegenisation at 15, ODOrpm, and
the resulting highly-viscous collagen/GAG dispersion blended
for a total of 90 minutes
-~ After 90 minutes of mixing, 1.804g Ca(OH), and 0.780g
Ca {NO3)3.4HE:;0 are added to the highly—viscous'collagen/GAG

20 dispersion over 30 minutes undér constant blending at
15,000rpm, creating a collagen/GAG/CaP triple coprecipitate
slurry, after which time an additional 14.3mL of 0.1383M

(~ HsPO; is blended into the slurry

~ The pH of the triple coprecipitéﬁe slurry is approximately

25 4.0 .
- The triple coprecipitate slurry is allowed to remain at

25°C for a period of 48 hours.

Step II
30 - The triple coprecipitate slurry is placed in a freezer at

—20°C and allowed to solidify overnight.



Crosslinking agents: (i) 1-Ethyl-3-(3-D nethyl am nopropyl)

Carbodii mde (=EDAC); Sigma-Aldrich Inc (St. Louis, MO

USA), and (ii) N Hydroxysuccinimde (NHS); Sigma-Aldrich. 10Ilnc (St.

Louis, MO USA) Procedure Step | . 15 - A target mass ratio of

br UShI te to collagen plus glycosam noglycan of 1:1 is selected. The

¢oncentrat i on vaf 2eabtiagen plus GAG in a total reaction F@/dﬁﬁﬁoﬁﬁpmw

200mL is set at 21ng/ ni. ) Using an enpirical, 3-dinentional mp

of pH variation 20(produced at a const gat [ Ca211 to [P] reactant ion

ratio of 1.0) with differing (i) ionic concentrations (i.e. [Ca2+]

[ H3PO4]) and (ii) ratios of calciumnitrate:calcium hydr oxi de a

ocus of poi rt ShevEfzehi shuply &Qﬁﬁ}ﬁé‘xﬁ(}eﬁ% #om th@lrdel.l lased

identified. '[lSls ShOV\%In Fmre ésets of 25 conbina

i oni ¢ concenttati G ARd°t ARPEIHTRR 19 4t O%E%fuﬁflﬁyﬁ?%%ﬁueer@mr@ for

hai nt ai ni ng phlowetl @)o rlﬁupﬁf Eﬁﬁﬁsﬂdi@eﬁcﬁlt@rd 0GHEs OfnARIALS onto a map
Xes d identification of its

of brushite QBSS; M |m%lent|
i ntersection vvléﬁlh t%e 2 rrg r@Bn%uF?‘éﬁ%wél’ AR Serldpvad toeact ant
concent r abi oAsofend wlvriechflaahtonrpl e copr ecipitate slurry containing a
1:1 mass rat Lopgf ycalgiy s%? % %%B olla | us GAG
(21rrg/ m.) can be prodgce 81? F5G6759 ng@(%‘? pshige
triple co-prec1p1tate following removal of unbound water
(Cu~-K (alpha) radiation) is shown in Figure 7, and an SEM
_‘image of the surface of a co-precipitate is shown in Figure

10 8 (secondary (SE) and backscattered electron {BSE} images of

(: surface of triple co-precipitate with CaP: collagen + GAG =
1:1y.
Step III
15 - After compiete removal of unbound water, 1.25g of the

resulting dry triple coprecipitate is hydrated in 40m%
deionised water for 20 minutes.
- 20mL of a solutiom of 0.035M EDAC and 0.014M NHS is added
to the container containing the triple coprecipitates and
20 deionised water, and the triple coprecipitates allowed to
crosslink for 2 hours at room temperature under gentle
‘ agitation.
Q - The EDAC solution is removed, and the triple
coprecipitates rinsed with phosphate buffer solution (PBS)
25 and allowed to incubate at 37°C for 2 hours in fresh DBS
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.
30 - 'The triple coprecipitates are then dried at 37°C for 72

hours. Figure 9 shows an x-ray diffraction pattern of the



pH 4.0 ([Ca24-1 = (H3PO4] = 0.1383M Ca(N®3).4H20: Ca(08)2.= 0.1356)
See 't'igure 6: identification of conditions for pH 4.0 synthesis of
atriple coprecipitate slurry containing a 1:1 nmass ratio of cal cium
phosphate to collagen plus GAG 5 - 3.86449g collagen is dispersed in
171.4m of 0.1383M H3PO4 cooled in an ice bath, by blending over 90
m nutes at 15M30Buquesisdsi ng a honogeni ser equi pped W t hpgpgkal 6%507379nm
in diameter, to create a highly viscous collagen dispersion.

chondroi tin-6-sul phate (GAG is allowedsta 10 dissolve in 14.3nL of
0.1383M at roomtenperature, by shaking periodically to disperse

di ssol ving GAG, producing a GAG solution. After 90 mnutes, the

14. 3nmL of GAGoabhgHn/oAGKBradtded m@m daspxeﬁgnﬁﬁ}tbaﬂ@m&iﬁeemz&@n at

a rate of approxi yndey continuous hompgeni sat i on
at 15, 000r pm- 8%?1{73’%‘&“%&‘#3?25} adhlrﬁi %?Elcodﬁs col | agen/ GAG

di spersion blended for a total of 90 mnutes After 90 m nutes of
m xing, 1.804¢.Gaf0) 2 and 0.780g Ca(NOB)2.41120 are added to the
hi ghl y-vi scous tol | agen/ GAG 20 di spersi on over 30 m nutes under
const ant bl endFags it nksd 000idm cop:eatzipngaae optdraden/ GAGHCapedrimpl e

copr ect pi t at 608 Ugdin; 854 SFa il 6D TJEE anagddi H?OB%' el 3Tk Xy ol

0.1383M H3POX i's ed into t
copr eci pi t at édéP%u‘ifefCS/ '—Pssa@—br%%ilﬁa@r@hqn1354 0O The triple coprecipitate

slurry is al Loweghd:ath88Bidy 8?& h M talﬂgé'dais%né%lo%shoﬁsep "

30 - The triple coprecipitate slurry s E aced in a freezer at -
and al | oned f"gt’%l"ihdicf‘y BlrertdiegRe: preclgs ates arRelittnned,srimesd |l§

then renmpyedqkbi omdedeviieezamng BLAGEt R76c vacwym, of approxi mately
80mrorr, and thﬁb}}eggera%yre allowed to rise to roomtenperature,
|

thud, i nduci ng & t PO ER PRIGRTEheT stig CyPramiRitatesal | owed to
5 proceed ovemzﬂcaurm@u&snversmﬁ ¥orayp disf Ehaed iionrFRattenn okpidie

coIIagen/GAG/bru e.triple ¢ cipitate foll ow ng reno

bound vt of pe e SrEheSeBaRRE A b b e R RS Yo

SEM i mage of cph'eezs.a;pha@te f°CatoocF exiefi ﬂatlmur%ashmvm |6n Ft gufcerm
15 a collagen/GAG/OCP biocomposite, Cu-K (alpha) radiation).

Example 3

Example 3 is5 an example of .the synthesis'method
20 described above, executed via application of éteps I through
V inclusive. Triple co-precipitation is carried out at room
temperature, and a pH of about 4.5. As in example 2, pH
(H control is effected by careful control of the calcium
hydroxzide and calcium nitrate concéﬁtrations, without the
25 use of titrants. The resulting ce-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
30 coprecipitate is then conwverted to apatite at pH 8.50, at
37°C., Becondaxy crosslinking performed using gamma

irradiation.



10 8 (secondary (SE) and backscattered el ectron (BSE) inages of
surface of triple co-precipitate wwth CaP: collagen + GAG - 1:1).
Step Il 15 - After conplete renoval of unbound water, 1.25g of the
resulting dry triple coprecipitate is hydrated in 40nL dei oni sed
water for 20 mnutes. - 20nL of a solution of 0.035M EDAC and 0. 014M
NHS i s. addedwoasdshgsis:ont ai ner contai ning the triple coprasdRi d,{,@t,ﬁs
and 20 deionised water, and the triple coprecipitates allowe
crosslink for 2 hours at roomtenperagsire under gentle agitation..
The EDAC solution is renoved, and the triple coprecipitates rinsed
wi t h phosphate buffer solution (PBS) 25 and allowed to incubate at
37C for 2 hours in fresh PBS under mld agitation. After two hours
in PBS, th trlrpl coprecipitates are rinsed with dei ani sed water,
and al | one bate for two 10-m nute intervals at 37C under mld
agitation. 30 -.The triple coprecipitates are then dried at 37C for
72 hours. Fi .9 0 - L n.pattern of the WO
2006/ 095154413%% &20%%%%83895%{% (}% %Cvtl'ng élA,}%r ushi te triple _
copr eci @ t aintdook| bifnd EPAGS cﬁJ@s'SLIsbnmrngTJ?GélSH( (al pha) 'radiation).
Step |V 5 'Gﬁ-os§hbm&%1-gl 139,%@%9&& %hﬁrﬁr@éli-t'ﬁ% &l splhaged in

50m deionised water at 3 of the soluti on adjusted to
6. 67 using HfoniSagia-AldriahpEiat §te h?iHLSpHMQr i nt ai ned const ant

for 48 hourg:ahhesomiesh tine éafl%lqa Igf&@x@aéﬁt@ﬁo@w éllgkntaer ed
rinsed in 10 delonlsed water, and drie

di ffracti orJFHtC8r fof Fthelebitedlpi Fitles 28I HM ﬁGlSBWéPstFSEEt o OCP
is showm i rt:aF!!\@HTze 2800 A EDAGEFOsBliicak ede C(Qit| agﬁﬁ@“\@b(ﬁaﬁﬁ)“ ple

co-precipit oI | owi ng conver si on, at g:p hours at DH
6. 5? topfo horous Source: Orthophosphorlc ac ZBH p

Laboratory Supplies (Poole, United Kingdom)

Titrant: None

Crosslinking agents: (i) 1-Bthyl-3-{3-Dimethylaminopropyl)
15 Carbodiimide (=EDAC); Sigma-ARldrich Inc (St. Iouis, MO, USA)

and'(ii) N-Hydroxysuccinimide (=NHS); Sigma-Aldrich Inc (St.

Louis, MO, USA)

Procedure
20
Step I
- A target mass ratioc of brushite to coilagen plus

rd ~

glycoséminoglycan of 3:1 is selected.

- The concentration of collagen piﬁé GAG in a total reaction
25  wvolume of 200mL is set at 10mg/mL.

- Using an empirical, 3-dimentional map of pH variation ({(at

a constant [Ca®*] to [P] reactant ion ratic of 1.0) with

differing 1) lonic concentrations (i.e. [Ca®*] = [H3P04]1) and

i1i) ratios of calcium nitrate: calcium hydroxide, a locus of
30 points over which pH remained constant at 4,5 is identified.

This is shown in Figure 11 (set of combinations of ionic



15 a col | agen/ GAG OCP bi oconposite, Cu-K (al pha) radiation). Exanple
3 Exanple 3 is an exanple of the synthesis nethod 20 descri bed
above, executed via application of steps |I through V inclusive.
Triple co-precipitation is carried out at roomtenperature, and a pH
of about 4.5. As in exanple 2, pH control is effected by careful

control of theygahgies® - hydroxide and calciumnitrate ,
concentrations, without the 25 use of titrants. The resuic’twlj(;r%{mGmm97

co-precipitates are then frozen to -ZQC8 pl aced under vacuum and then
heated to i nduce sublimation of unbound ter (i.e. ice). Primary
crosslinking is perfornmed using a 1-ethyl 3-(3-dinmethyl am nopropyl)
car bodi i m de d¢nealfEMon g " ting. dried 30. coprecipitate is. then
converted to apatite a%tonpkiﬁ%.(%(s)lfglg%n gﬁ%aﬁe’cgﬁlalry gk’gg‘%’ﬁ FAge

per forned usif®§ GakrieindpadpBts dn5) . WO 2006/ 095154PCT/ GB2006/ 000797 -

Life Sci ences phat pabera e e R Aty ot ion Jebeb o asFi 7 ©
shark cartil &7 SHrfitvdbptidegtimal penslehapdcidedtifioansn MD, 1USA)
Cal ci um Séur deseréédtiGal ¢ tin dhednoxhae; GaeOH 2199 & drich Inc
(St. Louis, MO US?A])@,[tiand %ll CaAciumnitrate;, 10 Ca&NCB)Z. 4H20;

Si gna- Al dr i i PRETISEICEofT SO NBICUSA) IPIRESh AR TSaLke the set

Or t hophogphowitc remittintH3Bi¥e n i bab Of i ahY cSUPRIrigse (EleR: piRi {£d

Ki ngdom) T'tgﬁﬂgfyrggﬁ%aining a 3:1 mass ratio of calcium phosphate

__{Bng/mL) to collagen plus GAG {10mg/mL)_paq be produced at
10 a pH of 4.5 ({Ca®] = [H;POq] = 0.1768M; Ca(NOj).4H:0:

( Ca(CH)z; = 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
calcium phosphate to collagen plus GAG.

15 - {.837g collagen is dispersed in 171.4mL of 0.1768ﬁ H3PCy
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 collagen dispersion.

- 0.163g chondroitin-6~-sulphate (GAG) is allowed to dissolve

20 in 14.3mL of 0.1768M at room témperature, by shaking
periodically to disperse dissolving GAG, to produce a GAG
solution.

—- After 90 minutes, the 14.3mL of GAG solution is added to
the mixing collagen dispersion at a rate of approximately

25 0.5mL/min, under continuous homogenisation at 15,000zpm, and
the resulting collagen/GAG dispersion blended for a total of
90 minutes.

- After 90 minutes of mixing, 2.498g Ca(0H), and 0.380g
Ca(NO3z)2.4H0 are added to the collagen/GAG dispersion over
30 30 minutes under constant blending at 15,000rpm, creating a

cellagen/GAG/CaP triple coprecipitate.élurry, after which



Crosslinking agents: (i) 1-Ethyl-3-(3-D nmethylam nopropyl) 15

Car bodii mde (=EDAC); Sigma-Aldrich Inc (St. Louis, MO, USA) and (ii)
N- Hydr oxysuccini mde (=NHS); Sigma-Aldrich Inc (St. Louis, MO USA)
Procedure 20 Step | A target mass ratio of brushite to collagen plus
" glycosam nogl ycan of 3:1 is selected. The concentration of

col | agen pl usoGhGosms¢a total reaction 25 volume of 20QiHydsSocsieeat
10mg/ nL. Using an enpirical, 3-dinmentional map of pH variation (at a
constant (Ca2+] to [Pl reactant ion-rati-o of 1.0) with differing i)
ionic concentrations (i.e. [Ca2+3 = [H3PO41) and ii) ratios of
calciumnitrate: calcium hydroxide, a |locus of 30 points over which
pH r emai nedtioenshaatidiiiokad L4.Indenti §iBhSMTHIED i wershavwded edithare 11
(set of cor;F{xrll%ti Qns le~ ionic - 86- concentration and cal ci um
nitrate: cal ¢irum ﬁy‘d?og('i de ratio for maintaining pH = 4.5). -

Super i nposi nghehpg ¢Hovs Giipbe mopreniwltateaplefribigs Appronimsseiy el d
(with identjcal axes), and identification of its 5 intersection with
the 30mg/m (1.e. 3 tines the concentration of_ col|agen plus GAG
contour al | ovihet feigkr csreeheitate sbpeRhtiBabibHET 6P WARTR &Ctripl e

~copreci pit ags»sledhry $ORLAI BENgR 3034, Mass ratio of cal ci um phosphate
(30nmg/ M) to collagen plus GAG (10ng/ m ) can be produced at 10a pH of

4.5 ((Ca2) = [113204] = 0.1768M Ca(N®B).4H20: Ca(OH)2 = 0.049). This
is show in &Kigure 12:

- The triple coprecipitate siurry is placed in a freezer at
10 —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
15 proceed over 48 hours. The x-ray diffraction trace of the
coilagen/GAG/brushite triple co-precipitate following
removal of unbound water {(Cu-K(alpha) radiation} is shown in

Figure 13.

20 Step III
- After complete removal of unbound water, 1.25g of the
resuliting dry triple coprecipitate is hydrated in 40mkL

L. deionised water for 20 minutes.

~ 20mL of & sclution of 0.018M EDAC and 0.007M NHS is added

25 +to the container containing the triple coprecipitates and
deionised water, and the triple coprecipitates allowed to
crosslink for 2 hours at room temperatﬁre, under gentle
agitation.
- The EDAC solution is removed, and the triple

30 coprecipitates are rinsed with phosphate buffer solutien
(PBS) and allowed to incubate at 37°C for 2 hours in fresh

PBS under mild agitation.



identification of conditions for pH 4.5 synthesis of a triple
icoprecipitate slurry containing a 3:1 mass ratio of cal cium phosphate
to collagen plus GAG 15 - 1.837g collagen is dispersed in 171.4nL of
'0.1768M 113204 cooled in an ice bath, by blending over 90 m nutes at
15, 000r pm using a honogeni ser equi pped with a stator 19mmin

di aneter, toveg8ed®sd4col | agen dispersion. 0.163g

chondroitin- 6-su|a%hat e (GAG) is allowed to dissolve ZOPCTIGEZZ??%O#?EQ&
0.1768M at room tenperature, by shaking periodically to disperse

di ssolving GAG to produce a GAG solution. After 90 m nutes, the
:14.3nmL of GAG solution is added to the m xing collagen di spersion at

‘a rate of apphexiiahel odbs Q.r5rﬁgém fhe WRABLe CaitiveRYpUSatTAGENI Sati on
~at 15, 000rpm, and the result col | agen/Gﬁf di spersi on bl ended for a

‘total of 90 APAREeEth ﬂ?%@?l HRhET e S06F & Lo 1NGHRF FCaf BF) P%n
-0.380g Ca( N@B)-RiAHZ0 iaterasiedtt o7theairciel! ageh/ZAGadiaper SI on over 30

30 t t bl endi t 15
e

2006/ 095354%%1@182@@6%969579:&&%& tort ipaetam addi tional 14. 3nL of
0.1768M HBP%J_ n/ﬂgzgrﬁ&f‘c@e tr%%* n%ﬁ%ggéglylta.lt%h%?fﬂﬂqngt EBA(E riple

coprecipitate’s rry IS approxi ma

copr eci pi t atgossLylyinigs (GhtBledadhad x@mftmoat PoEhber I gechod bi- 48
“hours. Step I The triple coprecipitate slurry is placed irx a
freezer at 10 -20C and allowed to freeze overnight. The

frozent sl uriS¢epsi¥ hen renoved fromthe freezer, placed in a vacuum of

appr oxi gt el.y c80mdakfieqadif e cbsgp@fpﬁtt%@ %A%@ b e d13R k01 00M
tenperature, thus inducing sublinmation of e ice fromthe slurry,

which is al F8mECTiEriSefr vl Pé@eﬁa%aﬁéﬂr‘élthrﬁésRe?’édeleFF%Jc"ﬁ on

trace of thercoht@yenuGAGE itIYY LBetdd1Rk@ok CadliREleRl tate Sfoohkovd ng
renoval of unboupd water (Cu-K(alpha) radiation) is shown in Fl gure

"13. 20 Stepafppria-
~ The temperature and pH are maintained constant for 72

15 hours, after which time the co-precipitates are filtered,
riésed in deionised water, and dried at 37°C in ajr. An x-
ray diffraction pattern of the co-precipitates following
conversion to apatite is shown in Figure 135 (EDAC-
crosslinked collagen/GAG/CaP triple co—preciﬁitate following

20 conversion at 37°C to apatite over 72 hours at pH 8.50, to
form a collagen/GAG/apatite biocomposite (Cu-K{alpha)

radiation).

Step V

25 - The dried collagen/GAG/Ap triple coprecipitates are
subjected 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

30 irradiation}.

Example 4



After conplete renoval of unbound water, 1.25g of the resulting dry
triple coprecipitate is hydrated in 40nl dei oni sed water for 20

m nutes. 20nL of a solution of 0.018M EDAC and 0. 007M NHS i s added
25 to the container containing the triple coprecipitates and

dei oni sed water, and the triple coprecipitates allowed to crosslink
for 2 hours aworewivdi®nper ature, under gentle agitati orecTGHigsiidhc
solution is renoved, and the triple 30 coprecipitates are rinsed with
phosphat e buffer sol ution (PBS) and allpwwed to i ncubate at 37C for 2
hours in-fresh PBS under mld agitation. WO

2006/ 095154PCT/ GB2006/ 000797 - 88 - After two hours in PBS, the
triple coprecipitates are rinsed with deionised water, and allowed to
i ncubate for ga,i9rdm nute intervals at 37C under m | d agi tation.

The triple coprecipitates are then dried at 37C for 72 5 hours. The
x-ray diffraction pattern of collagen/ GAG brushite triple

copreci pi t at ediobyon ngeE | i pha radlatlo is
shown in FEi guroreL 1% Stee P&&&r&%a Is%}l nké%?slrél(t% eBc%)%rréc SF‘F%
granul es are SLARITF | (ﬁtSéPﬁ_OJd]ég@ﬁ? s b Wdvereprhe o4t Uype 60 WHE hoy

respect to bmasbht &)ﬂ@yﬁZCIII@ﬂ@‘abaﬂ :EH‘AtOfPaEi@@rsSQbHEkQ” ?Hit ed to
8. 50 usi ng arg’g:gnl ]Eenperature and pH are maintain g Const ant

for 72 15 hours, aﬁoélrd TiSREPE e CEOBr SR rarkslages SPiliwe ed,
rinsed in delsamtse?.ig\mt-ﬂldrmﬁ TeEl e@t atodf§, iMd,apga) An x- ray

diffraction he co-, I foIIovmn conversion to
apatite is sﬁg\%ﬂnpn Fé%re 15% ?E Jfglr %‘Vé’ﬂ eC(}FPg%‘@H/ Sayscap -
triple cdlprééfipicmtiact ()-‘B’t-O\EAoI&@sZ(l\&GE,OIW\SQUSIﬁm qiiB7Caiawapatita Qver

72 hours at 0, a apatite bIOCO osite
(CuAK(al pha) E?alg?sg |4c§$n? %tgma ?758 1APGRCE ARBLLE Usa

Phosphorous Source Orthophosphoric acid: HzPO,; BDH

Laboratory Supplies {Poole, United Ringdom)

Titrant: Ammonia; NHs; BRDH Laboratory Supplies {(Poole,
15 United Kingdom)

Procedure

Step T

20 - Solution A was prepared by dissolving Ca(CH), in 0.48M
H3P04 to a concentration of 0.12M at room temperature, and’
the resulting solution titrated to pH of 3.2.

(‘ — Suspension B was prepared by dlssolVlng Chondroitin-é6~

sulphate in deionised water to a conce“tratlon of 3.2g/L.

25 Under 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

30  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



25 - The dried collagen/ GAG Ap triple coprecipitates are subjected to
a 32.1kGy dose of gamma irradiation. Figure 16 shows the x-ray
diffraction pattern followi ng ganma irradi ati on (EDAC-crosslinked

col lagen/ GAG Ap triple co-precipitates after secondary crosslinking
via gamma 30 irradiation). Exanple 4 - 89 - Materials Collagen:

- reconstitut eggs.ReRshdl- extracted porcine dermal 5 coll a&q.;}TB 6/000797
~ (atel ocol |l agen); 85% by wei ght of Type |, 15% by wei ght o ype TI11;

~Japan Meat Packers (Osaka, Japan) GAGy Chondroitin-6-sul phate from
shark cartil age; sodiumsalt; Signa- dr| ch Inc (St. Louis, MD USA)
Cal ci um Sources: (i) Calcium hydroxi.de;._Ca(@)2 Sigma- - 10

Aldrich In SnolR WSA) i ARhaiinkl GaltGielmLbA T at e;
Ca( NR) 2. 4%(}%%%&?7&1? Angp/%:h I nc tESt Loui s, I\/D,e USAi Phosphor ous

Sour ce: Ot%dﬁﬁé@ﬁ%o}q ¢ ABPECHEDPDRT HPMIYANRT iRy 2&LHRT &8 EPBOl e,

United Kingd@nby noursliskl 88tm ARRBA8arNH3; BDH Laboratory Supplies
(Pool e, 15 United Kingdom Procedure Step | 20 - Solution A was

prepared by dissolving Ca(OH)2 in 0.48M H2PO4 to a concentration of
0.12M ats r onygpt emperature, and the resulting solution titrated to pH

of 3.2 ~ The slurry was allowed to dry at 37°C in air for 5 days,
and the remaining triple co-precipitate rinsed with
delonised water, and subsequenﬁly dried again at 37°C for an
~ additional 24 hours.
10 '
( Step III
- Co-precipitates were placed in dilute acetic acid (pB =
3.2), and irradiated with a gamma irrad@ation dose of 30kGy.
The crosslinked precipitates were then removed from
15 solution, rinsed, and dried at 37°C in air. '
Step IV
- Crosslinked, co-precipitate granules were placed in 50mL
deionised water at 37°C, and the pH of the solution adjusted
20 to 6.65 using ammonia. Temperdture and pH Qere maintained
constant for 48 hours, after which the co-precipitates were

filtered, rinsed in deionised water, and dried at 37°C in

( air.

25 Step V
- Crosslinked, hydrolysed, co-precipitate granules were
placed in a vacuum oven at room temperature, and a vacuum of
50mTory applied, after which the temperature was then
increased to 105°C. After 24 hours, the temperature was

30 reduced to room temperature and the vacuum released.



- Suspension B was prepared by dissolving Chondroitin-6- sulphate in
dei oni sed water to a concentration of 3.2g/L. 25 Under constant
stirring, Ca(N®B)2.4H20 and Ca(OH) 2 then added to chondroitin

sul phate solution at a nitrate: hydroxide nmolar ratio of 1.5, to
produce a suspension with a total calciumconcentration of 2.4M -
0. 1449 col | agen were added to 20nL of Solution A and 30 bl ended

usi ng a honogendsessiynti| di ssolved. 4nml of Suspensio

added to Sol ution A under ‘constant stirring. Stirri ngr}mgsdﬁ%@?{émﬁﬂed
for 60 mnutes, and pH WD 2006/ 0951543CT/ OB2006/ 000797 - 90 -
nonitored to ensure that it remained in the range 3. 15<pa<3.30.. The
resulting slurry was then allowed-to age for 24 hours at room

t enper at ur e Figuse eyl IshowFhehshurny daFrabl ovethatc@dh Y@k n37C in air

for 5 days, -apdothe 1 tr| | e co-precipitate rinsed with
dei oni sed wat e"rgo and gﬂggggpu% I’I"élg g &CTBYRSIRItaghon and -

addi tional SEYHerSteps StEe'pi IILII) Glmpr patpitraicesr ke thkagerhd n

dilute acet ppadeipglshit=t3- t%) P Vato } radl ated with a gammma
i rradi at$on dose of 30kGy. The cross ‘i nked precipitates were then

renoved from 15 solution, rinsed, and dried at 37C in ai r. Step IV
Crossli nkedFlmepmechb,pgta@l gggr}w n ei oni sed
water at 37C and t H of the so ci%%tgy%lgﬁﬁ %} uge €§OUSI ng

ammoni a. Te’?‘rp %F W%F@Wlﬁgapwr&onmmlnﬂ@ng4asﬂaa@urs

after whi chIite cmtpﬁ_emcﬁjthg:t es Weketki 'xﬁ:@r%gtrﬁé%‘hy” dei oni sed

wat er, and ﬁgﬁéa%n%%u§7§égd}eaof the granules.

10
( The progression of hydrolysis to octacalcium éhosphate {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
15 phosphate (OCP) peak at 4.5° indicate the conversion of the

inorganic phase to OCP over a period of 48 hours.

A TEM image of the composite is shown in Figure 20. A
random distribution of 10-20nm low aspect-ratio calcium

20 phosphate crystals dispersed in a collagen/GAG matrix is
evident.

Q The composite biomaterials of the present invention may be
used as a bioresorbable material."?ollowing implantation,
25 it is expected that a device fabricated from the material
would resorb completely, leaving behind only healthy,
regenerated tissue, with no remaining trace of the implant
itself. [Bnd of Annex 1].



25 Step V Crosslinked, hydrol ysed, co-precipitate granules were

pl aced in a vacuum oven at roomtenperature, and a vacuum of 50niorr
applied, after which the tenperature was then increased to 105C.

After 24 hours, the tenperature was 3g,reduced to roomtenperature
and the. vacuum rel eased. WD2006/ 095154PCT/ GB2006/ 000797 - 91 -
Figure 17 shows the x-ray diffraction pattern of the conposite

i medi ately followng triple co- preC|p|tat|on and drying (Steps | and
I1). This pattern confirns the maj orS#A¥8e present to be brushite. 5
Figure 18 shows an SEM mi crograph of the structure of co- precipitate

granul es fol g pri crosslinking (Step, 111). is worthy
note the ni chOst %ct%?é’ﬁﬁg hgﬁﬁgeﬁa‘éusgﬁ%ﬁ%aé 18t tﬁE gFanGP@EC’SlfG The

progr essi on bﬁ.oﬂfwr@hy3|®mpm@n{gacabma@§hpmmphat &alolep b¥bshisate

. illustrated |n trhe1XRO Patﬁ?rn of F| e 19. Pr?ﬁ%ressive c!_jgfcra[‘_ﬁses in
the intensityoi the BFushi %g%jealf‘a fiu% PRRRPIRREr DALY

maj or oct acab&ymaﬁnp@ns:@mt eﬁé)@%bcemlcombrﬂsﬁgi :ndi cate the

conversion of,_th p tq.QOCP over eriod_ of 48, hours A
TEM § mmge of (Fhe BESRRSERY & PPERE, | 5y QKBRS RE R el i
di stri buti onldfuirDc2gnierovwcddpeet. - rand e calciwmpdOspirdsphaterial;

crystals di sesa%%m&d?%' %@%@%ﬂﬁ&%eno&n@ogﬂ&%ﬂtm gigémg a

conposite biomatéerials of the present n nay be u

bi or esor babl él@ierparier pad| ek Rgermtant ation, 25 it is expected
that a device fabricated fromthe material woul d resorb conpletely,
| eaving behind o heal t hy, regenerat ed tissue, with no remaining
trace of the i nplpé%f’l‘fbc%gel £ EERF of lWhfdex cPpposition comprising a

liqguid carrier, collagen, and a calcium phosphate material,
and providing a second slurry composition comprising a
liquid carrier, collagen, and a calcium phosphate material;

or

providing a first slurry composition comprising a
liquid carrier, collagen, and a calcium phosphate material:
and providing a second slurry composition comprising a
liquid carrier, collagen, a calcium phosphate material, and

a glycosaminoglycan; or

providing a first slurry composition comprising a
liquid carrier, collagen, a calcium phosphate material, and
a glycosaminoglycan; and providing a second slurry

composition comprising a liquid carrier and collagen; or

providing a first slurry composition comprising a
liquid carrier, collagen, a calcium phosphate material, and
a glycosaminoglycan; and providing a second slurry
composition comprising a liguid carrier, collagen, and a

calciom phosphate material; or



- 9? - CLAIMS: 1.A process for the preparation of a conposite

bi omaterial conprising collagen and a cal ci um phosphate material, or
col | agen, a cal ci um phosphate material and a gl ycosam nogl ycan, the
process conprising: (a) providing a fpgst slurry conposition
conprising a liquid carrier, collagen, and a cal ci um phosphat e
material; and providing a second slurry conposition conprising a
liquid carrier and col |l agen; or providing a first slurry
conposi tion conppkgtityng |4 quiidstarsiwry colipagéhiorandompciaditigun

phosphat e mefgrjial oo A0 D1 oy £ & 5SEEPLY S'p%%aﬁa%%mgééé‘a‘i”
conprising a T qui d carrier, collagen, and a“calciump ospjhat'e
material ; ord glygnsgrieRrdHgcantir shds| preyidiogposi t | ssrandnprilsicny a
liquid carri&mposotiafelmpAdng Gal £hiy RhosRhat goiqaatg%u al Ay
providing a second slurry conposition conprising a liquid carrier,

col | agen, a RUGSEPaHE FROSHiAY-c 2ngt 8rylaicosanthaglgbymosani nogl ycan; or
providing a first slurry conposition conprising a liquid carrier,

col | agen, a | ci um phosphate material, and a gl ycosam nogl ycan; and
provi di ng a SHcoREOEIUPPy? CYMIGsEPT drvec8MpFiYEing a 1iquid carrier and

col | agen; or{c) depsgriibynNthe fiikbstard CebynLRIPESidd QR EMTRILIENT A
liquid carri{e , coIJa%%en a cal ci um ghos )hate material, and a

gl ycosani nog [{)ca COLIW pFBYI Y sHERMRETERUrtY dBfpoRPtihnte a
conpri si ng adrpguathEarati ethicbolthagangubddesrriak ctumgasphaheo a

material; or.q,- - I a first. slurry conposition
conpri si ng apllulragﬁt c?afr rs?%a‘fC[ %\égg}:%‘gseno,r gaﬁié:l%eﬁm phosphate materi al,
and a gl ycoséati neghsrsan; aihdlpesvi diong acBSetad pdlitaYityconposiolian
conpri si Ng advsgys r & .85 | Lag ; [ o] erjal,
and a gl ycosar%sngéij%gnéd&lg)w%r}_g)gi glilﬁzr’llgﬁge?r%ﬁl%mf/g? t‘?ﬁg&%ﬁ%&ggg} I’C!(jc)
deposi ting tiféVRi PstPURYSs SOBRESSTUr helesried chEPkUng; coldRrgemol &ng
the slurry depesiked ighobpgat®ul da@edidBNPEr 2hdir € AbrWBiLn ot he 4
liquid carrier transforns into a plurality of solid Crystals or
particles; g(%é’)coF%’ﬁ’d\ﬂgr]iécﬁf’ P84st some of the plurality of solid
crystal s or {@rtreh@sinbytisaateriabneaadine mvaporation to | eave a
porous conposite material conprising collagen, a

cal ci unphosphat emat eri al , andopti onal | ya gl ycosam nogl ycan; and (f)
renovi ng t he-nat &r PaPce¢sones helangd. in 2¢clmpriocegsrasncltaened cbn

claiml, whesRiRyt N&nfisls a co-precipitate of collagen and the

and

calcium phosphate material.

3, A process as claimed in claim 1, wherein the first
slurry comprises a triple co-precipitate of collagen, the

calcium phosphate material and a glycosaminoglycan.

4, A process as clazimed in any one of the preceding
claims, wherein the calcium phosphate material comprises

brushite, octacalcium phosphate, and/or apatite.

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

phosphate material comprises brushite.



slurry conprises a co-precipitate of collagen and the cal cium
phosphate material. 3. ‘A process as clained in claim1, wherein the
first slurry conprises a triple co-precipitate of collagen, the
cal cium phosphate material and a gl ycesam nogl ycan. 4. A process as
clainmed in any one of the preceding clains, wherein the cal cium
phosphate material conprises brushite, octacal ci um phosphate, and/or
apatite. 5. A process as clained in claim4, wherein the calcium
phosphat e nmaferi & PHFHPsS beidifiede. in - agy oneg ofA Procesaceiing
clainmed in apyaode GhekBen PrRCedidifac! Ay R0 bhec&geaRdsshurry
conposi tion conprises a co-precipitate of collagen and a
gl ycosam nogFPyaitciBrtafs 8 pFeldiagrtat’d 6f 94 BFPsRgeRcahirag, caf & ¢hr
phosphat e mapesdiplitadé ¢f bl PdderCandr £ddich ah &fsphtd 3@8Bridl, or
gl ycosam noglycan.and a cal cium phgsphate materi aF. 7. A_process as
clainmed in afy ordSof P TR AP ﬁ% E‘F G W SHEFASIHECPLYSE™ &g
second sl urry cdrposiphcphads enadeposited as first and second | ayers
in the nould. 8. A process as clainmed in any one of the preceding
clainms wherein said second slurry conposition is deposited in the
nmoul d ei t her 7bef ér epxycealt exs salafimedr sin skuyr yrneonyfostiie oprdasiilagen
deposited - anghfd Olinl &30k He SR IS ERAD 5103y SoRIATRIS. 8%
clainmed in any one o the precedi ng clalns, erernce eps fd? and (e)
are effect eddppesd thdeey igeyi g sechnmd quaers 1 theproddss as cl ai med
in any one of the preceding clains further conprising: providing a
further slurry conposition conprising a liquid carrier and coll agen;
or providing®a fdr PREFES @fr GLEGPHoST t 30 “BBNDF itdengrecadifgai glaims
]cc:arriher, f:ol bRgens 38ddasead %@BE@S&}@:{OQiﬁ?%@risa|depgéiﬂc??‘ﬂrﬁitﬂg a
urther slurry .c ition conprising a liguid carrier, collagen, a
calciun1phosB%%ngﬁgﬁgfiEﬁﬁoﬁfnﬁraa@F%Eo?EﬁﬁH%§F§c§}ﬁr§§n§°m9@@% ion

has been deposited, and prior to said cooling step {(d).

9. A process as claimed in any one of the preceding claims,
wherein steps (d)}) and (e) are effected by a freeze-drying

technique.

10. A process as claimed in any one of the preceding claims
further comprising:
providing a further slurry composition comprising a liquid

carrier and collagen; or

providing a further slurry composition comprising a liguid

carrier, collagen, and a calcium phosphate material; or

providing a further slurry composition comprising a liguid
carrier, collagen, a calcium phosphate material, and a

glycosaminoglycan; and



prior to said cooling step, depositing said further slurry
conposition in the nould either before or after said first slurry
conposition has been deposited. 11. A process as clained in any one
of the preceding clains, wherein the.bayers are deposited one on top
of the other, or one beS| de the other. 12. A process as clained in
any one of the precedi ng clains, wherein the slurry conprises
conponents selected fromthe group consisting of: growh factors,
genes, drugsprigw i ckddi Ga¢15y1ga@tbw,e dpEciiesng 48.d A’uptm:zegsluasy
claimed in apynng o L1e HLGeMl 0% Chal-Mhe 0PIl NALL CLa G LLES!
and second slurry conpositions have been e osited 1'n the nou 5 t he
contents of ﬁh‘é’-‘%GP’l’P‘%ﬁﬂélPéfhast éewesﬁepmnt% to 24 hours before the
cooling step_ 14. A process as clained in claim 13, wherein the step
of leaving the contents of the nmould to rest is carried out at a
pressure of fhom® PTIFESkEE 6laifegm Bp ani5@nRPLE okhd r pREBEIiNg
101. 3 kPa. &5am& PLREESEn aneChajemd JR @aﬁogf@dofonteh@n piﬁ;;%ctl RYe

cl ai ms, wher e] n t he carrier conprises water. process as
claimed in afl %eoi‘ifc’qéné’eﬁi%%ét&PnQ th8%i ns, wherein the t enper at ur e
of the slurry deposited in the nmould prior to the cooling step is in
the range of . fr r. from4 to 37C _aor from20 to 37C -
96 - 17. A Ej%og‘{en%“"é%s a&ﬁfg imed 3R ATBhER5f °f rFé‘epPE% LAY S,
wher ei n t he sheriof theolsilngry heorgdrisey demsnetnad isBlédredniton itse
carried out t e 0 8. rQcess as clained in
claim 17, wh I’Q%‘I%n ?E}?ﬁ tég&of&{:oo |°r‘fé:%t hfeé%s rfy Te po‘5| tdaga Itn e
moul d i s carbieklbaigelly astivapwesiese in the range of from-100 to
0C, or from-80 to -10C, or from-40 to -20C. 19. A process as
clainmed in any one of the preceding clains, wherein the step of
cooling the & gurrAy RRATESSt tF | FLaifEdnoilt d2nE ©afr iQfd Bt BESRedasl i ng

rate of 0.02ciaifdC/ Muhe@tid r o8E2 02 theb. OGN, Qhdf r @BEEhE -siurry
2.7Cmn. 20, A%roces | ai npd |n a y og:glﬁof t he preceding

clai ms, wher 8PPPIHELTH iﬁ‘i’«?s St eSS o¥P LY tHetﬁ%ﬂWGFd is
fromO0.1 - 500 thm monldl rara Qebt - t&&emtn for ¥y @ 240hourkObstere 2he A
process as CL%mg ny one of the preceding clains, wherein the
vi scosity of | Gr ¥ prior to it being deposited in the nmould is
from0.1 - 50 Pa's, or from0.1 - 10 Pass, or from0.5 - 5 Pa's. 22.

A process asigl aiyTegobds AN %ﬁlﬂédtﬂ?& %e%ngw A fBcn QI et he
step of renoving at | east some of the solid crystals or artlcles by

subl i mati on +82EAR9r FBY RALeREs LPhrideshprldits rgaftols @reseqkpalt Gt
from0.0025 a Prdd3ukPact Ofrd aM-02002ps, 0o24:kRR.50 23154\ BFQCess as

clainmed in a 0 of . th ecedi ng clalns wherein the step of
renovi ng at ?%%I‘ég%sanje&lds ?E% solid crystal s or particles by

sublimation is carried out -97-
i5. A process as claimed in any one of the preceding

claims, wherein the liguid carrier comprises water.

16. A process as claimed in any one of the preceding
claims, wherein the temperature of the slurry deposited in
the mould prior to the cooling step is in the range of from
2 to 40°C, or from 4 to 37°C, or from 20 to 37°C.



for up to 120 hours, or from12 - 72 hours, or from24 - 36 hours.
24. A process as clainmed in any one of the preceding clains, wherein
the step of renpbving at |east sone of the solid crystals or particles
by sublimation is carried out at a tepgperature of from-10 - 60C, or
fromO - 40C, or from20 - 37C. 25. A process as clained in any one
of the preceding clainms, further conprising the step of cross-I|inking
the coll agen and the one or nore gl ycosam noglycans in the porous
conposi te bi dfat & i pRFoces?6.a\ platess &s ehpi wed |9f ahye opeecddinhe
preceding ¢l g s, f WHLDEL, GATPLLE) NME L8 BLLRQT SSONNPTLENG, Al |;gast
sonme of the cal ci um phosphate material In e porous "co osﬁte

bi onat eri al & MWLAf &f GRrréaE cAuFmtphodismaerapiresef < IPC.A process as
claimed in claim26, wherein the cal cium phosphate naterial conprises
brushite and_is converted to octacal ci um phosphate and/or apatite.
28. 'A synt hetfc coiFESFER i GHaders ain sq}iaEL&bllgr fopenedpakp ngtep of

interfaces betywerRy theSHBEGOMBH6SIHG 1A Hd Souhayes J0ied Qft 3o
porous naterial cog}ét;:l sing col l agen and_a cal ci um ghosphat e materi al
T c f

with the pro%i UEHhe N 5PRi 1R95h6E pirselie ~heft & 8FCJ s oFofrom -80
hydr oxyl apat tv e;108qd aocseeond-4myer ~p®iced to the first | ayer and
formed of a material conprising collagen; or - 98 - a first |ayer
formed of a porous material conprising collagen and a cal ci um
phosphate nai®ri & ; peoksa sscontalmegerin orngd ohe tdfe th¢ Shréeymngand

formed of a ppigLd al,ng SN CQ- pr | tate of col] age d a
gl ycosani nogl'ycan; or g i rtzﬁtIe ?gg%r&% %Prs}%%fpéofﬁ% Sg‘?rort}'s #ﬁ?%ﬁegdln LH
conpri si ng cbh¢ affenldndsa cegrépdmophogphat ecomtiog arateandt atsezond

ayer ] ol nedigac/de, 1ok |aer @ for ed-Qjnid Ml & Ak GONPI3 SLNG 2
CO- pr eci pi ta%e of collagen and a cal ci um phosphate material; or a
first |ayer ot HE@L8f a porous material conprising collagen and a
cal ci um phosphate material; and a second |ayer joined to the first

| ayer and foE dAof 2 Jmt erisal %orggrdi sjng a tri gl e co-ﬁ%eci itate of
coi | agen, a gl ycosaM nogrycin Snit™s catti 8y pREEpiHt et it BFFERYngr a
first layer ¢btrimsd wheipotbestinBteesalofcahprikimg copdAgen, i the

cal ci um phosphat e igatrfg&inaé la)r;_d 5309 coso%mﬁggl ycan; %n%f“?cg‘%g(r)ﬁr}gf“ng

| ayer joined to the first 1Tayer and forne a‘materia
col l agen; orlel fiA8tmpayer formed of a porous material conprising
col I agen, a cal ci um phosphate material and a gl ycosam nogl ycan; and

2. A process as claimed in any one of the preceding
claims, wherein the viscosity of the slurry prior to it
being deposited in the mould is from 0.1 - S0 Pa-s, or from
0.1 - 10 Pa+rs, oz from 0.5 - 5 Pa-s.

22, A process as claimed in any one of the preceding
claims, wherein the step of removing at least some of the
solid crystals oxr particles by sublimation is carried cut at
a pressure of from 0 ~ 0.08 kPa, or from 0.0025 - 0.08 kPa,
or from 0.0025 - 0.04 kPa.

23, A process as claimed in any one of the preceding
claims, wherein the step of removing at least some of the

solid crystals oxr particles by sublimation is carried out



a second layer joined to the first layer and fornmed of a materi al
conprising a co-precipitate of collagen and a gl ycosam nogl ycan; or a
first layer formed of a porous material conprising collagen, a

cal cium phosphate material and a gl ycosam nogl ycan; and -99- a
second layer joined to the first layer and fornmed of a materi al
conprising a co-precipitate of collagen and a cal ci um phosphate
material; or a first |layer fornmed of a porous material conprising
col | agen, a &@f citufephss phritrs, maver fadm dRd-a73| ysosani nogiyeas and a
second | ayerzgaihed.to the first layer and formed of a materi al
conprising a triple co-precipitate of collagen, a glycosam noglycan
and a cal ci um phosphate material. 29. A synthetic conposite

bi omaterial 28, claipesdss il M 2hedVhgl ebfly abnkeast Pt peleddlgg
biomaterial is forned froma porous co-precipitate conpriSing

col I agen andS &5k ¢ *OfiF pHbSPRatsdeRaCEr FaIOViREerE AetHe AR Gfortdesi ze
range (pore shameteytdis bEopadric1d900y Huel 0Nt i0h {5 WR2004-180Q¢

m crons. 30, @%}/nt tgetl C jgog}t)om t% biomaterial as clained in claim
28, wherein at " PESSETBET t ©of TiWe Blomatdrfal % F¥hdd T riPmCa péFous
triple co-presipizbate3T@npri sing col |l agen, a gl ycosam nogl ycan and a
cal ci um phosphate material, wherein the nmacropore size range (pore

dianeter) is from1l - 1000 mcrons, or from200 - 600 mcrons. 31. A
bi omateri al a% cRaipmgtess =i alL%edwhir eany t beef iafsttheypeedsiihgr med
of a material;assdefldnedei N-ELalin; cl.ai : _ i;omateri al
as clainmed in an;?'onéi ogecl g:c}rghrzpé%?oc&%feais%egl,%gvﬁgr%élsnﬁt q‘ém i rtg? and
second | ayer®idfgenntdagr atllyy eg med. moreQGlycgsamimogilynenser ial tas

clainmed in apRRE-OhpsdidiNBiAhtkeid®, Wherein the first and second
| ayers are joined to one another through an inter-diffusion |ayer.

34. A biomaterial as clainmed in any one of clains 28 to 32, wherein
the first anzé.seaonskdeayer ssare€lditieacdid Oappe oARodrertAdr guadean

i nter Iayer.cl‘_:}_‘:f_,LS.$ A bitmaterial ,as clai med |n?£n one, of clains 38 to
34, conprisifig actifettisy P PoEHRF JfeaShRR o VEFF MY cohpriaSEng a
triple co-prewmiepi bt ettef celtagenphasgaitel umipraaphailre mRkerpadouand a

gl ycosam noglyean; . and,;a | ayer_joj.ned to the. f.irst | ayer and
formed of a na erll}f c&nf)n??g?%gacgggpraecidﬁ‘??%’feer%fCS?Jf‘?ald’é“naﬁ{d%é/p%ate

gl ycosani nogPBa$&8n. 36. A biomaterial as clainmed in any one of clains
28 to 35, wherein the second |ayer is porous.

27. A process as claimed in claim 26, wherein the calcium
phosphate material comprises brushite and is converted to

octacalcium phosphate and/or apatite.

28. A synthetic composite biomaterial suitable for
repairing interfaces between tissues comprising:

a first layer formed of a porous material comprising
collagen and a calcium phosphate material with the proviso
that the calcium phosphate material is not hydroxylapatite;
and

a second layer joined to the first layer and formed of a

material comprising collagen; or



37. A biomaterial as clained in any one of clainms 28 to 36 conprising
one or nore further layers joined to the first and/or second |ayers,
each of said further layers being formed of a material conprising

col l agen, or a co-precipitate of col lagen and a gl ycosam nogl ycan, or
a co-precipitate of collagen and a cal ci um phosphate material, or a
triple co-precipitate of collagen, a glycosam noglycan, and at | east
one cal ci um phosphate material. 38. A biomaterial as clainmed in any
one of claind Z3rfb 3IRYRMer&I¥retheckalaci aarplrosphtendatat epimlisisg

sel ected froge0RgeR ad®kecolcREUSHEd Bt QCHAGAY ¢ Urgphosphat e and/ or
apatite. - 101 - 39. Abiomaterial as clainmed in claim37 or claim
38, wherein ¥ h&eFCesttadRl R Hoaydes farat shaxpromedorfonped ofiraher

layers are imdwgiall yohpri@itg 40.cohpbiofplats alorasceliabgRd 444 agy
one of claing 37 to 39, wherein adjacent layers are joined to one
anot her t hr oUigITeR™ TRI¥ S 1 f%si on | ayer. 41. A biomaterial as

claimed in any one of clains 37 to 40, wherein at | east one of said

one or nore furd.h l.ayers is/ar.e rous. 42. A biomaterial as
clained in agny %ﬁgE ofl%"feﬁi n#so?fdt oé’)'é)ll,a cBRPY IS RS SPTH RS
| ayers fornetbldfagan pordoascaiatiem ghoxpdnuei satrgyialf ran@l € co-precipitate

of collagen,_a i (o) t terial. apnd,a gl ycosam nogl ycan;
and a secondalsa%rn(aj glgkglg fgﬂfehd: 1%?rtse’ ?ﬁ'&sphll?y | &Y ?géﬂ‘ f%fn%d of
a material CWHSFESE ngoartimdect pidcarecofpitekt agén arid.agen and a

gl ycosam noglaicatm pbdpnhrLind¥Rt-eLj 2l as clainmed in any one of claimns
28 to 42 wherein the cal ci um phosphate material conprises brushite.
44. A biomaterial as clainmed in any one of clains 28 to 43, wherein
the col | agers amdritie 1@y osaiinRag| ¥ycan ap8r&l:0Sahidied. cémyrifing

bi omat eri al aqi clainmed in any one of clains 28 to 44, wheréin the

col  agen is Frd88&m 3 f‘h‘éaﬁrféfl@ri’%‘?sﬁrﬁtﬁrf“%ﬁ?ﬁdﬁ%? 6% rom1 to 99 w%
from5 to 90 wigccod fleper 1Hoired6Gowmt¥e fird2iayedB.and Foofied esf ah as
claimed in ne, 0O | ai 28 10, 45, wherei.n.the gl ycosam nogl ycan
i s present ?ﬁr?‘cteggg%m%% |rglf'ml§% aang%r%t?ntcoo{‘)r??l@#?f%10‘%/ oc‘%g‘a\?f% %r
from1l to 5 B YEPENigZlypahixgwat efdldiumsplodsgibabe nateahyl one of cl ai s
28 to 46, wherein, if the cal cium phosphate conprises brushite, the
rati o of coI_Ia%e_n to brushite is from10:1 to 1:100 by wei ght, or
from5:1 to 3: 2878y WéVgRt .foragd fA0hi GnaPerewdl matedizilmedonay isAggone
of clains 28&diaaddn, whesei Nncaidivuhe GHoehhgmPhosRhateafat efhal
conpri ses oct.acal ci um Rhos hate, the ratio of collagen to octacal cium
phosphat e i SFFERRTGCEYE™Y: 286 by weight, or from5: 1 to 1:20 by

wei ght. 49.a fsdgicodatleyeal j@nedl aiomethel Fialy D& rOfandl Fohed 8ot 0548,

wherein the rati f e glycosam noglycan is from8:1 to
30: 1 by wei éit : 'rggg.m&g%%ﬁ]ef%gl%%eﬁé rc%t erial, bone inplant, bone
graft, bone substitute, bone scaffold, filler, coating or cenent

comprising & DirQRB{ ehlglr asegblnege [ 1 aBY-AN® RL:&l:dh™s 48,1149
Si. A layered hone scaffold for use in tfssue engineering conprising
a bi omat eri A°E8IRA i nedl | NCRMEUBY cIRBOFBhPISE t 0 WBerial  and  a

glycosaminoglycan; and
a second layer joined to the first layer and formed of a

material comprising a co-precipitate of collagen and a
glycosaminoglycan; or

a first Jlayer formed of a porous material comprising
collagen, a calcium phosphate material and a

glycosaminoglycan; and
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a second layer joined to the first layer and formed of a
material comprising a co-precipitate of collagen and a

calcium phosphete material; or

a first layer formed of a porous material comprising
collagen, a calecium phosphate material and a
glycosaminoglycan; and

a second layer joined to the first layer and formed of a
material comprising a triple co-precipitate of collagen, a

glycesaminoglycan and a calcium phosphate material.

29. A synthetic composite biomaterial as claimed in claim
28, wherein at least part of the biomaterial is formed from
a porous co-precipitate comprising collagen and a calcium
phosphate material, wherein the macropors size range {pore
diamster) is from 1 - 1000 microns, or from 200 - 600

microns,

30. A synthetic composite biomaterial as claimed in claim
28, wherein at least part of the biomaterial is formed from
a porous triple co-precipitate comprising collagen, a
glycosaminoglycan and a calcium phosphate material, wherein
the macropore size range (pore diameter) is from 1 - 1000

microns, or from 200 - 600 microms.

31. A biomaterisl as claimed in claim 28, wherein the first
layer is formed of a material as defined in claim 29 or
claim 30.

32. R biomaterial as claimed in any one of claims 28 to
claim 31, wherein the first and second layers are integrally
formed.
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33. A biomaterial as claimed in any one of claims 28 to 3z,
wherein the first and second layers are joined to one

another through an inter-diffusion layer.

34. A biomaterial as claimed in any one of claims 28 to 32,
wherein the first and second layers are joined to one

another through an inter layer.

35. A biomaterial as claimed in any one of claims 28 to 34,
comprising a first layer formed of a porous material
comprising a triple co-precipitate of collagen, a calcium
phosphate material and a glycosaminoglycan; and a second
layer joined to the first layer and formed of a material
comprising a co-precipitate of collagen and a

glycosaminoglycan.

36. A biomaterial as claimed in any one of claims 28 to 35,

wherein the second layer is porous.

37. A biomaterial as claimed in any one of claims 28 to 36
comprising one or more further layers joined to the first
and/or second layers, each of said further layers being
formed of a material comprising collagen, or a co-
precipitate of collagen and a glycosamincglycan, or a cao-
precipitate of collagen and a calcium phosphate material, or
a triple co-precipitate of collagen, a glycosaminoglycan,

and at least one calcium phosphate material.

38. A biomaterial as claimed in any one of claims 28 to 37
wherein the calcium phosphate material is selected from one

or more of brushite, octacalcium phosphate and/or apatite.
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33. A biomaterial as claimed in claim 37 or claim 38,
wherein the first and second layers and said one or more

further layers are integrally formed.

40. A biomaterial as claimed in any one of claims 37 to 39,
wherein adjacent layers are joined to one another through an

inter-diffusion layer.

41. A biomaterial as claimed in any one of claims 37 to 40,
wherein at least one of said one or more further layers

is/are porous.

42. B biomaterial as claimed in any one of claims 37 to 41,
comprising first and third layers formed of a porous
material comprising a triple co-precipitate of collagen, a
calcium phosphate material and a glycosaminoglycan; and

a second layer joined to the first and third layers and
formed of a material comprising a co-precipitate of collagen

and a glycosaminoglycan.

43. A biomaterial as claimed in any one of claims 28 to 42

wherein the calcium phosphate material comprises brushite,

44. A biomaterial as claimed in any one of claims 28 to 43,
wherein the <collagen and the glycosaminoglycan are

crosslinked.

45. A biomaterial as claimed in any one of claims 28 to 44,
wherein the collagen is present in the material in an amount
of from 1 to 99 wt%, from 5 to 90 wt%, or from 15 to 60

wt%.
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46. A biomaterial as claimed in any one of claims 28 to 45,
wherein the glycosaminoglycan is present in the material in

an amount of from 0.01 to 20 wt%, or from 1 to 5.5 w3,

47. A biomaterial as claimed in any one of claims 28 to 486,
wherein, if the calcium phosphate comprises brushite, the
ratio of collagen to brushite is from 10:1 to 1:100 by
weight, or from 5:1 to 1:20 by weight.

48. A biomatexrial as claimed in any one of claims 28 to 47,
wherein, 1if the calcium phosphate material comprises
octacalcium phosphate, the ratioc of collagen to octacalcium
phosphate is from 10:1 to 1:100 by weight, or from 5:1 to
1:20 by weight.

49. A biomaterial as claimed in any one of claims 28 to 48,
wherein the ratio of collagen to the glycosaminoglycan is
from 8:1 to 30:1 by weight.

50. A synthetic bone material, bone implant, bone graft,
bone substitute, bone scaffold, filler, coating or cement

comprising a biomaterial as defined in any one of claims 28
to 49.

51. A layered bone scaffold for use in tissue engineering

comprising a biomaterial as defined in one of claims 28 to
49,



