: e3ed@6LTZd y .. CaO Si 02- BASED BI OACTI VE GLASS AND SI NTERED CALCI UM

* PHOSPHATE GLASS USI NG SAMVE FlI Eﬂﬂmmwml‘IMEml ON 5 The present invention
relates to a CaO Si 02- based bi usabl e in bone restoration
materials such as artificial jointsgw@stificial dental roots and artificial
bones, and a sintered cal ci um phosphate gl ass using the bioactive glass. 10

BACKGROUND OF THE | NVENELENEASOABRD 15‘?‘2%‘%‘21335 BLAG Apeterial s

i npl anted in a damaged regi on erial is generally
surrounded by nmenQINTERET CAdlCRIMPHOSPHATRGLASS USHNGISAME om

nei ghbori ng bones. However, there have been known sone artificial

materials, which are not isolated by 15 such fibrous nenbranes and strongly
connect to bones in a living body. Exanples of such artificial materials

i ncl ude NaZQECIWOF THEAADBENTION bi ogl asses, sintered hydroxyapatite Cap
o(P04)6(0OH) 2, and crystallized gl asses. Known as the crystallized gl asses
are, fob exanpl e, Thapréssmsineerinbrdlatasdon Ca€)-Sv0,dased ddoactineaglasng

wol | astonite crystals and 20 apatite crystals such as hydroxyapatite
crystal s. Tiseble imbene reoration mpieriald sushas astifigialijontseaniificis] dental sone
of them have put into_practical use as inportant bone restoration

material s. 10 @ﬂd\ﬁﬁtﬁe@aﬁgﬁn%%@aﬁ sxrégrqgwcmmhmspbav glesgiupingribei cal
treatments as bone yestoration materials with high bioconpatibility, and 25
product i onbﬂr@@ﬁb‘&g{a%-r eof have been widely studied. Wth demand for nore

bi oconpati ble artificial bones, etc. increasing inr however ,
it is desired to devel op bioactive ceram cs contai ni i’@@@ Hmm@%ﬂmw

apati 100 aHACRRAROI R AENVENTOR (mperatur e thamstie

hydr oxyapati tes, \ﬁﬁh’é | g ¢ i at | tures to
provi de carbonate a%:'ﬁ ?lglfiti:%?g%{agés&%%q%[@% ﬁﬁf&%ﬁg&ﬁ‘é‘gé@dﬁ;ﬂ;@l ded

i mpl ant  pr od4K [ I } i i y, and a

met hod for pr o%%ﬂbﬂ%fgh%e% %@%ﬁnﬁ?@ﬁ@%o @?@gﬁﬁﬁ%@f;t eps of
sintering egpllapad ifftrrabnddREs Holatedefrond héighbarinaebSndit erdgwapet,ite in a
predeterm ned nold, and plastically working the sintered apatite at 300 to
780C. I n t hererteviedstenblesewa soeartifidial nngetialypertdthaee not isvlated by
carbonated or fluorinated apatite with | ow deconposition tenperature can be
used t b5 pr edcle fibrbes mgrhbranes anidrsirdniglly doinmeotrtabohes irt g livingdody, t hi s
inplant mainly conprises the apatite wi thout other crystal phases, thereby
havi ng | owExatples odlsueh raeﬁhﬁcm? nmteriateinsiude AagOa€ab)-SiOp-dhzebatied i s

known to increase the 16 20 25 nechani cal stre&gth of the baone restoration

ceram ¢ mabieglassesopivieied lardrorypapatite; ¢ 81060 nandhenstallized apatite. In
the sinteri rocgss, the glass, i.s. sqof tened around main c tals.of the
apatite, agga%éé)%stg%é’“&? as 82?161%?@%1@‘25& S RS 1PRicK AR/ &t Q@-ﬁj&g% )
sinter ed.  WhaL o, R HSOAN 21 9hhiing M IBbB e ch 8RR hhg 91 25 1
20 apatite crystals such as hydroxyapatite crystals. These materials are

referred to as bioactive ceramics, and some of them have put into practical
use as important bone restoration materials.
The sintered hydroxyapatites have been widely used in medical
treatments as bone restoration materials with high biocompatibility, and
25 production methods thereof have been widely studied. With demand for
more biocompatible artificial bones, etc. increasing in recent years,
however, it is desired to develop bioactive ceramics containing a

carbonated apatite, a component of a bone in living body.
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. Conventionally, non-bioactive glasses are used as the sintering aid of the
sintered hydroxyapatite body. However, because such non-bi oactive gl asses
have high glass transition tenperatures and/or crystallization
tenperatures, they cannot generate preferable crystals by sintering at
tenperatures | ower than the deconposition tenperatures of the carbonated

apatites. Thus, t %ﬁd@b%@@aﬂ%@é@h@%i%%%‘:?ﬁp@?%%%FBII?{#&)%#E%EChani cal

nonbi oactive glass as sintering alds are no I Ci en

et on 1o R P SR ARG Ay
t enper at ur e]eandémibetattrosSicbrdvidé b%&rﬁ%%tfé@éﬁ{ﬁc%%@gc% ; Eptﬁo%dzr%g??i um

phosphat e gl ass that uses the bioactive Bi-0co bility

and mechani Aadiiseldseggtxholcféd\dﬂﬁﬁi\ﬁngg{JdiEcéd\HgWé@éa;f%:r\goﬂg\@g'4 sﬁft%ﬂept ensive

research in view of the above obj the 1071 nven oun hat a

bi cacti &2 chysatite tuty, adonbthod fE0prRIucth tnEARINER iAdIZR, Falick: of S 02
low in a

and 20 nol %or less of Na20 is ass transitron tenpéerature

and/ or a crechptises thd siept efieaitatinpen @ﬁ'éﬁtfe_fh%t%i)_? 8t e ﬁ?gﬁ? Iﬁhphosr)hat e

gl ass using the bioactive glass as a sintering aid i's excé

bi oconpat i tihtergd apdtiteithapreddtenhirrdtriold, el pla%ﬁ%anyivWﬁah'gQH has been
conpl eted based on the findings. Thus, the bioactive glass o tﬁe pr esent

i nventi on Hastesed epatitepats3@0 t; 78006t arthithid shetlod) bevanse Bk sintéfngo!l % of
CaO 40 to 70 nol % of Si02, and 20 nol % or |less of Na20. It is preferred
that the bitsEerargistewos cathonated onfluorirmted apatite wightlosv conpri ses CaF2
and/ or _B203, The bi,gactive glass preferably has a glass transition

t enper a0ur desPRAsIGR temperatunyeanibe tusedtodroduce the implayitdmving Aigh t i on
terrperatur%.and th gr. stalj{l i zatiopn,ipitjation tenperature of the bioactive
glass is p é?%‘?rélﬁlaﬁb - orIAYIEY ET, HhES BN maingy gemppises dheppgtiteor ns a

bioncti ve GESERE Bryaldahtel irsctaf Faving I Fycclimmieal SapEst o 60 o
Na20 bei ng 20 ol 5 B PERla s BiEE sid i kopWaa inotastalifg 5 nol % o
P E e R e S
bi oactiye hdapatdle suth & BRUULOANREHAIANES In LKA FrSeess, the
glass is softened around main crystals of the apatite, and crystals are
generated between the main crystals to be sintered, whereby the
mechanical strength of the sintered apatite glass is increased.
Conventionally, non-bioactive glasses are used as the sintering aid of the
20 sintered hydroxyapatite body. However, because such non-bioactive
glasses have high glass transition temperatures and/or crystallization
temperatures, they cannot generate preferable crystals by sintering at
temperatures lower than the decomposition temperatures of the carbonated
apatites. Thus, the sintered carbonated apatite bodies using the non-
25  bioactive glass as sintering aids are not sufficient in the mechanical

strength.

OBJECT OF THE INVENTION



. A tal ci um phosphate contained in the sintered cal ci um phosphate gl ass of
the present invention is preferably a hydroxyapatite, a carbonated apatite
or tricalcium phosphate. 5 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a
graph showing the result of differential thermal analysis of a

Ca0- Si 02- based glass; Fig. 2 is a schematic view show ng the formation of

(3-wol I astonite 1Aceohdihgly dnobjeet 8f deepeseht v d froRid §2- based

glass; Figs. 3(a) to 3(d) "are schematic, cross-sectional Vviews show ng the

changes of Higattiee gldxeupdain @glds@ AR NOAGeEPePitupe Qﬁ&fdr@c?s@dlﬂ@ﬂti@ﬁ’dy
conposed of hydroxyapatite particles and Ca0-Si 02- based gl ass particles,

wher ei n Fi Qem}efé’thré,@‘v@aTsﬁﬁefﬁdjéaléﬁﬁﬁfﬁﬂdsghﬁ&[] gliagh ﬂ@alltﬂis‘éstthé biektRied2 1b

based gl ass particles at a tenperature’l ower than a glass transition

t enper at ur glady B hadhigihbiveotsatitsility ahdmeéchmdeat ﬁenr_g%hr er the

tenperature reaches the glass transition tenperature, Fig. 3 (c) shows
densifigation by sintering with the formation of a grain boundary phase

(gl assy phase), and Fig. 3(d) shows the formation of (3-wollastonite 20
crystal s afSIEVIMARY OFEHE INCENEROMes a crystallization tenperature; Figs.
4(a) and 4(b) are graphs showing the results of X-ray structure anal ysis,
wherein Fig. 4(a)Askdesukiiod intensivesreseardieitbvigye of vhe gbave objent, theanpl es 1
to 6, and Fig. hgws the results of .the bi oa,ctivgpgl asses of

Conpar at | vénm@tgg%a\sfq found thatz biogctineiglass epmprisingafd ig Gohmol Sewift s of
2 o aph snbaG 18 Dol Ve BETR: Al AT e heotdess ok NaseusgaRe i phosphat e
anarysil oelaRruriton ampEain rodiota oSt Eatn comRSTRES Gnirigt 25 s o
Phot om o1 ogt ik BHORL ARS8 2R Gbatie Gfhdsad A5iiRakEY o the
aid is excellent in biocompatibility and mechanical strength. The present
invention has been completed based on the findings.
Thus, the bioactive glass of the present invention has a
15 composition substantially comprising 30 to 60 mol % of CaO, 40 to 70
mol % of SiO,, and 20 mol % or less of Na,O.
It is preferred that the bioactive glass of the present invention
further comprises CaF, and/or B,O;. The bioactive glass preferably has a
glass transition temperature of 790°C or lower. The difference between
20 the glass transition temperature and the crystallization initiation
temperature of the bioactive glass is preferably 80°C or more. The
bioactive glass preferably forms a B-wollastonite crystal when crystallized.
In a preferred embodiment, the bioactive glass has a composition
substantially comprising 30 to 60 mol % of CaO, 40 to 70 mol % of SiO,,
25 and at least one of Na,O, CaF, and B,03, Na,O being 20 mol % or less,
CaF, being 1 mol %, and B,0; being 5 mol % or less. The bioactive
glass is preferably substantially free from P,0Os.
The sintered calcium phosphate glass of the present invention
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.5 Fig. 9 is a photonicrograph with a magnification of 200 of HOS cells
i'-ncubated on the carrier of Conparative Exanple 7 for one week. DETAILED
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS [ 1 ] Bioactive glass 10 The
bi oactive glass of the present invention has a conposition substantially
conprising 30 to 60 mol % of CaO 40 to 70 nol % of Si02, and 20 nol % or

less of NaZ&dym ﬁ@a@ﬂi@bﬁfa@ﬁ%gm SRthetp RIENPHIvieneidnsads saneHak layd.
conprising 40 to 50 nmol % of O 40 to 50 nmol % of Si02, and 20 nol b/o or

I ess of Na20. TheAQbﬂ%ﬁlmliﬁﬂbs?hﬁtb cormaifbin thesintged Taliioacphasphate
preferable for use as a bioactive material, and has nmechani cal strength,

si nt er abi | i gl BF he Prevear abantica isusrefaably ailyideskyapaitd, 2 atb@idiedr ed

cal ci um phosphate gl ass. The bioacti've glass conprising Ca0 rel eases
calciumi or@)dmc@rlﬁmammqﬁmspﬂam_eby show ng bioactivity. The bioactive
gl ass, which has 20 | ost part of the calciumions by elution, forns a
silica gel layer mainly conposed of silicon oxide. The silica gel |ayer
forms the basis of nucleation of calcium phosphate crystals, whereby the

bi oacti ve @BRESF DESGRIPFHON OFCRHEJADRAIVINGS cal bones. The bioactive gl ass
of the present invention conprises CaQ and 25 Si.02 as_main conponents with
approxi mat el y equBig.rols# | owing e resultafditierential thermabanalygist i ve
glass is substantially.the same as that of the ~3-wollastonite, whereby the
bi oacti ve d?f?%éagagilbyfb@éﬁ@ $5 ~i wollastonite crystals at a

crystallization tenperature. The crystal 5 enerated at, the )
crystal i zation tglr&agrléﬁﬁ eraatig &eénlégpwag[tge E?Hmmwla@tf&wqéla@t%tem

it ordl Carpal BHBsHACE LRI roRanbatPdglasten o [orr]

2 ng & | ar go. AnER 300 1B2U8) BEe FHRABRECVSSEINERRPBH VISP DI COMESEl onal
or event ed SHEHEEs ok Prd o TRl thfiesFotesnl sty dEEr B8y ' Tho "
hecal ng no Copeued Sy AREFHEUR RETRE ) Colr Sl b R RS Pl 2 ure
ner sased By EINE e SokS TR 0By et (R CRE TR CRO "t ce o

P205. THUs bhakb@ ghisRasrtiéRsHtasenWerbhiftelbORe Than ﬁ@ﬁéd f#8n§igidnai ns no P205
thereby easily generating the (3-wollastonite crystal. 15 In the bioactive

gl ass of thempergars, Higye(l) shows tie patwlesithafedifttlyoaftér a0 and Si 02 is
preferably 90 nol % or nore, nore preferably 95 nol % or nore. Crystals of

tri cal ci umtqrhperdtatercagBeStHo glavs traisitieneemperhtate, Hig. 8(g)shaws zat i on
temperatur ?ién;rirﬁic%?ilo%i I;Jymsgil:grsirqg %;[Ii%h i1:1§e ?'(i)rrgl;tziign iorf]‘ a grain boundary phase
(glassy phase), and Fig. 3(d) shows the formation of B-wollastonite
20 crystals after the temperature reaches a crystallization temperature;

Figs. 4(a) and 4(b) are graphs showing the results of X-ray
structure analysis, wherein Fig. 4(a) shows the results of the bioactive
glasses of Examples 1 to 6, and Fig. 4(b) shows the results of the bioactive
glasses of Comparative Examples 1 to 5;

25 Fig. 5 is a graph showing the results of X-ray analysis of sintered
calcium phosphate glass in Example 7;
Fig. 6 is a graph showing the results of X-ray analysis of sintered

calcium phosphate glass in Example 8;
4



- 20 physical properties, solubility and bioconpatibility, to

hydr oxyapatites. Further, the crystal of tricalcium phosphate can inprove
t he bi oconpatibility of the sintered cal ci um phosphate gl ass. The
sinterability is inproved in a case where the sintering aid of the

bi oactive glass has (1) a low glass transition tenperature Tg, (2) a 25
crystallization i igipid apraptpieswing thelrssulisrof X atalariadysis of Bamtered
deconposition tenperature of cal cium phosphate, and (3) a | arge difference
DT bet ween hydroxlyapatitesansCompardtéveBxaimple gnd the 6 5 10
crystallization initiation tenperature Tco. In the present invention, the
term"crystallizaFigr8 isw photomicrograpdt with & magrificatiohefi@GofiEOSt whi ch
t he bi oactive glass begins to generate a crystal such as the

[ err]-wol | asgliinicabatedsomthe SpretsrfofcEkample Bdor opstvatdli;zaid on initiation
tenperature is defined as a tenperature of intersection of a base |line and
a bottom of an exBige is & phetkmicrograpl Hwetteamagnificationlof&0H gEHOS ur ve.
The term "crystallization tenperature” neans a tenperature at which the
crystal is gailsingubdtedon thacatefernfiCompasative Example i foraineaweekot her mi ¢
peak in a differential thermal analysis curve. To evaluate the effects of
Na20, etc. in a systemof CaQ Si02 and Na20 on the glass transition
tenperature, etc., a bioactive glass _caonposed of 50 nol % of Ca0 and 50 nol
%of S 02 iERMEERPESCRIBIIONOR TRtk FERRELYEMBOBIMENTS1 shows t he

exot herm cdﬁﬂd@ndo{.her ic 15 20 25 changes with tenperature in the
di fferentiditlt RIPAEYNVGEASsi s of a bioactive glass conposed of 50 nol % of

ot 1100 o oo The Bidkerbi BlbP 8F he pheseol in{Biah BAS L tpfadfitnd oy o 2 ©°

b bs h i . . ] [ N L. A
Cangent o SRR A ADEROH AR AL TSN g o
R e o 20 mi) ARG 1288 BP0, U Prmlobp petet il h¥ EcBmipdRARIH 1 L1 pe ©
are given ts%b%%tﬁil% ﬁrﬁgf;i%ﬁicg 1025 50 mdN 8k BFIGaG ULl 20 50 e % SISO ur e

range show ng the e changes. The glass ' transition tenperature Tg

i s obtai nedirfd 2Nid1€% dit IRES BENDO. of ThBglasnwtthi uh 4 tompdsiich hhe
approximate line b, and the crystallization initiation tenperature Tco is
obt ai ned f rhionétiwity prefesatsieifonusé as acbimpptiveimateeial i axel hasnetchhridabngent i al
line c. In Fig. 1, each of Tcl and Tc2 represents the crystallization

t enper at ur streagth,Finteepbiditygnete. preferitile dornse ash dinteriyigaaid inrasigitetiedn
tenperature Tg and the crystallization initiation tenperature Tco. The
bi oacti ve guaé@untpbmlmte@ﬁwm ng behavior in a tenperature regi on between
the glass transitjon tenperature Tg and t rystallization initiation
tenperature Tco. Ih@biagdie gléssgpagaormmg@éé@&%ﬁ%gﬁpwﬁ@maha

é??%:ﬁ?%&&&%& 296«?;%' ﬁi?sﬁp%ﬁnéa%éétg{" ve. s wdartye -i‘f{sﬁ%'iﬁ%ﬁfna?ﬁgéi?%
Sﬂﬁiéhﬁbea%fa%r%%ﬁt%fﬁa‘él“t’frhg%e?@yié\ﬁﬁpﬁéfﬁf'ﬁ%‘éﬁ%‘aaéﬁo”k%%ﬂhﬁaéﬁ ur E:TEL?:"
10" decomposrRBieR sibhRnstly-  THERHFA Bl B TolBS R B 4 “S00C or
. Th LA [ : I :
pref er abl y LR BRiSRECILARp dHERBhAte By sfdls, hEFE IR EGaCRYT ghies QUET 0T
i nvention @ﬁ%ﬁglﬁﬁbﬂn&ﬁ%%drﬁ&@leb%éier ence OT between the glass transition
t

t enperature ant e crystallization initiation tenperature. 15 Wen the
difference OT is i Boactioessiatd yf iRl predent fRRintioroBiMprisss Gahaull needing

preci se control of the sintering tenperature. The difference DT of the

bi oactpge @5 asimaitl @iBpehtitsdRth YppiBxEnatety equakielatia¥io’0C Thugyor e.

the composition of the bioactive glass is substantially the same as that of

the B-wollastonite, whereby the bioactive glass easily generates [3-

wollastonite crystals at a crystallization temperature. The crystal
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. The glass transition tenperature Tg of the bioactive glass may be 20

| onered by addi ng Na20. However, an excess anount of Na20 often inhibits
the formation of the ~3-wollastonite crystal. Thus, the amount of Na20 is
preferably 10 nol % or less, nore preferably 5 nol %or less, particularly
preferably 1 mol %or less. The lower |limt of the amount of Na20 is

preferably Qederapdd % t stallRz&HEW fémPerdwardisasiéderabdy hSwollastdydife 0. 1 ol

% the effecCts of adding 20 are substantially not obtained. The addition

of CaF2 to tR&tdlRAGhE WendlReSikeddirhanee, Béc%ugéﬂ?@n’iéc%ﬁﬁiddl@&ehgfméfa_tUre
Tg and incredse the difference DI. Wth 'CaF2 added, the glass transition
t enperat ure : i igﬁégi'i had talre Tco are
bot h | ower e@:@gﬁgﬁf ﬁte& }éeigﬁg?lﬁ%érp%?é e SJ?’J??% 1@23%6&63?%‘?? gtﬂllon

temper at ur ewBifistoniRBlyseil AsRBnpAIRH With'SihcebARRls! aNAithb@ass Bper atur e

Tg. Thus, the glass transition tenperature Ig I'S | owere

differenge §dding 4 REpeagssunt OFP DD mBlovehidcodfRibiitpbyf erably 1 5 nol

% or less, nore preféerably 0.5 nol™ % or” | ess. B203 nmay be added to the

bi oactive gb@fentidifhal 3éthblshéedes The foRfBHEh FFIthBHVARRtdANCErystal 0! ass

transition tenperature Tg and crystallization initiation tenperature Tco

and i ncr easp ¢fieh didverned sea Fydinhiation @ihdraaierl Car2. The amount of
B203 added is preferably S 10 ol % or |ess, nore preferably 1 nol % or

less. At |east onFhefbibaciive ghdsd cilitle BreSertiiaveAtiba Reihproeddi n the 16
bi oactive glass of the present invention. It is preferable that Na20, CaF2
and B203 arlsiogddgshtitilitshevith oweeased Qh@sconitent; ergediveg horR,Okhe Thi oacti ve
glass with the preferred glass transition tenperature Tg and the preferred
di f f er diice @iitien, becatsedhe elassytrapgitiopr teapergture rniddomtheNa®6tal IRz orand
B203. The total ampbunt of Na20, CaF2 and B203 is preferably 5 nol % or
| ess, nor e temyresatuse pfthedlioactie glass aranétendnereasedibty BfO4, ibe t ot al  anpunt
of Na20, CaF2 and B%OS is preferahbly 0.1 nol,L % An inorganic_conpound such
as K20, Li 2vioaqtive glagsafihemyosentdnyentipnas dige ofeP{ddedThysithe bi oacti ve
glass. It is preferable use an .i horgani c comnpou hat does not increase
the glass tPIQACHYS Sﬁasﬁé}fégPﬂrW@t‘ng%gOH&@éﬂ%ﬁ nozﬁz@s fhetrﬁ st i on of
the (3-wol |l astonite cr stal. .

generating the ﬁ-wo lastonite crystal.

15 In the bioactive glass of the present invention, the total molar ratio
of CaO and SiO, is preferably 90 mol % or more, more preferably 95
mol % or more.

Crystals of tricalcium phosphate Ca;(PO,); may be generated at
the crystallization temperature. Tricalcium phosphate is similar in

20 physical properties, solubility and biocompatibility, to hydroxyapatites.
Further, the crystal of tricalcium phosphate can improve the
biocompatibility of the sintered calcium phosphate glass.

The sinterability is improved in a case where the sintering aid of
the bioactive glass has (1) a low glass transition temperature Tg, (2) a
25  crystallization initiation temperature Tc, remarkably lower than a
decomposition temperature of calcium phosphate, and (3) a large

difference AT between the glass transition temperature and the



. There are no particular restrictions in a method for producing the 25

bi oactive glass of the present invention. The bioactive glass may be
produced by a nethod described in JP 60-239341 A, etc. Specifically,
powders of materials (CaO Si 02, Na20, CaF2, B203, etc.) with a desired
conposition are put in a platinumcrucible and heated at 1,200C to 1, 600C
for approxi omtsedllizationuniiatiorotenaperatunecl ¢en Iyl thespreSemt imventiondthe gl ass is
nol ded and anneal ed to produce the bioactive glass. Though not particularly
restricti veterhcrybtapkzation ftiatioademperature'$ maanstetesmperatiaed dtrwhickhape of
an ingot, a sphere, beads, particles, granules, etc. depending on the

pur poses. Wimbioaetibe gladsi begigs o geherats accrystad sachasithe frwodiastonifeor 5 t he
sintered cal ci um phosphate gl ass of the present invention that will be
described betystal. t IBpedificallygrthefcrystallinatmnt initiatibagempeyatoee todefinéd ed by
pul verization or classification. [2] Sintered cal cium phosphate glass (a)
Conposi t5 onavh tanperatert ofintersectibnyflebasalins andG Bottehrofian phosphat e
contained in the sintered cal ci um phosphate gl ass of the present invention
i s pref er abtyothetmit pealajraa idiferentrad thermalkahaysisiqurver {Itiectaimi um
phosphate. Wen the hydroxyapatite is heated, it is gradually deprived of
hydr oxyl gr tarpstaflizatiantempera0oe” sneansyh eemperauranat whidnihesénystal it 15
around 1, 300C or hjigher. Thus, in the case of using the hydroxyapatite for
the si nt er egeneEptedy Wipha slefinition|asstenaprratyrgt el amex pthseriae peak pi &f er abl y

carried out g} a tenmperature |ower than |,000C. The bioconpatibility of the
sintered cad&f@ﬁ%ﬁ]g@’ﬁwga@ﬂé@bs HYChe further increased by using the

éi{ Pnf’lﬂ_ d o a Eim&%&@%&ﬁg}%ﬁfﬁﬁaﬁ%@%:e : iﬁ?%%&?ﬁ%ﬁ@ﬁﬁa SI0RRBH ¢ han
%Eﬁs?h: 1 idadd o TR EiEhe ntion Pratp Bt 4 BloaBiveridasy SOBRERETL cium
Femper at ur of 9291 Y GROABESOHRETE of SiChf APaMAnemiealdbefliol of (ne
present | nventi onpgompihaes Fibe] RhBashEexdBammladd endiipllc | nvention as
a sintering aid. e “broactive glass preférably generates e

(3-wol | ast ofljan@es Wish eérﬁga%atﬁfaeml@le differeh@al fhedtnaP AnhRRATCS £ BiSacdtiveshown
in Fig. 2. The percentage of the generated ~3-wollastofite crystals to the

bi oact ippe g%la_%cd)mﬁbsed 8f 30l ol 9 ©bf CHO ¥nldys 0vassl-%(df)Sikt froth 100°@reduci ng
sintered cal ci um phosphate glass 5 The sintered cal ci um phosphate gl ass of

t he present] i00P€Nt i The mﬁaadihfd)%ladsgeﬂemeahem tenpéturegrangehobereThe
average particle diameter of the cal cium phosphate particles is preferably
1 to 100 ~,the cooveispaledwe tid hnd L, and2bserbs hFtsincatarnperapinesjangee particl es
with such an average particle dianeter may be 10 prepared by a spray

gr anul at i orwhenettba curvieiss beloav the bnarh.phést@mgcaupghnm atstheriaflggtiponer at es
of fine cal ci,um phosphate crystals (prijmary particles). The ¢al ci um
phosphat e di9iBt af thesCygverat the beginningofihnatabsorRi, FY APRIOKITRLR [1RG

di anet ers

of 10 28 5 fcb%#’lﬁ“@?!rqxr'ﬁfEiagéé;r?@ﬂiq:f;%??dx%@”@é‘czfﬁéﬁbfr{f ihes | %Sriagftfhz

i ny i A i . i . T
§L§f332182rtﬁ?%asﬁn”gj5§ﬁat§p ?I%elﬁéé’e@ﬁ%airsfgawénﬁ&gg BRI of er abl
o oacti ve GrabeTtbiok R fedtnheratiubraes S@ﬁvﬁﬁ&e”f@&%&%ﬁ%?%%ﬁ@ﬁ%e% to 10%
pgr trr:a ifés% gﬁgggﬁglg%ﬁmvger@%@éfg }@@é&lt&%@?{)@ﬁ\k& Tﬁe@%&i@%ﬁé ﬁ?e_al um na
obtain & mEGTLTR GRS Apding SBBLORRAEIERS; an PN ERIalBZgion 8] 10 ST 1O

hour's, o80T Gnfif ol REperandre .18 Whtained from the intersection of the

approximate line b and the tangential line c. In Fig. 1, each of T¢; and

Tc, represents the crystallization temperature, and AT represents the

difference of the glass transition temperature Tg and the crystallization
7



. 25 The mixture is preferably put in a stainless steel die, etc. and
press-nol ded and then col d-isostatic-pressed. A green body thus obtained is
sintered. The sintering 11 tenperature of the green body is preferably
700 to 1300C, nore preferably 700 to 900C. The sintering tinme is preferably
0.5 to 10 hours, nore preferably 2 to 5 hours. The sintering process is
descri bed winitiatieh esrapesatuee Toe sThebibactive gldssdhokwsa seftanirigo 3(d) . As
shown in Fig. 5 3(a), the cal cium phosphate particles and the gl ass
particles dsehaviof i1 atemgesitnidrsgion ibetivben the gladsatsnsibr teinperaugen body
I's heated at the glass transition tenperature or higher, the gl ass

particl es drg andfthereystaHizitomninitiafioy tedpbratuh@e,t he green body is
further heated, the softened glass particles penetrate into pores between

t he cal ci um phosplthedipactive ghss twith @ losugkase ¢rasisi iomtéraperdthes Toycahor m ng
grai n boundary phases (gl assy phases) as shown in Fig. 3(c). As shown in
Fig. 3(8), bdesed aea sinternigragd fop des saghonatsdiapatite, ete haverepatlody is heat ed
at a tenperature at which at |east part of the glass conponents forns
crystal s, aleceompasitior temperatuesl i hotdasilyrsanterihe bieagtiviesglasagatat o form
crystal phases. Because the sintering tenperature is |lower than the nelting
t enper at ur dempdratuze teswenthesi theadecomipesitipnriemyferatuee oficaicinnphosphat e

t hroughout the sintering process, the cal cium phosphate particles are
hardly decdhespbatesandihigherban ithe crisstallizetionTinitiatioméeroporatatesTeydhe as t he
~i-wol lastonite crystal s.of certain glass conponents are 20 generated
between t heT¥sirHIZANOMBIHAGRPR tempsratire %pmlqopmfmgﬂy hewsr thask e dense

bt or A00 HERPIRPSIAGR 4raPSiAUNG IR & FJt EsaRaf PRRGRUTADY IR T dioer at ur e
crybtal 11 oaedien  EhEPER (PPN et iR Tl SRk a0yl OBRC A daRefm
W1 oo oxinamsTrRbR, 720 orIBNGR,  Thufor RS TopcE dASEEEI.L Wt howt
40, 5 ol od by gL APEI e aRRRed] LFBE BHERATE AT R el by Blass b0
povder. ver gofistith RAFpaRit At 96k ol Mt bticyPtempbragiee 2 bi oact ve

gl ass ingot having a uniform conposition. Exanples rial powders

were meht edVhén OAEE@NcE A Farfgé,%@is%d@t?@tﬂfs @ﬁé:éésﬂ%rB_sbﬁiﬁed Rdeisuthavi ng

uni form conpositions shown in Table 1. 10 Table 1 ti "Bi
needing precise control of the sintering temperature. The difference AT

of the bioactive glass is preferably 80°C or more, more preferably 90°C or
more.
The glass transition temperature Tg of the bioactive glass may be
20 lowered by adding Na,O. However, an excess amount of Na,O often
inhibits the formation of the B-wollastonite crystal. Thus, the amount of
Na,0 is preferably 10 mol % or less, more preferably 5 mol % or less,
particularly preferably 1 mol % or less. The lower limit of the amount of
Na,O is preferably 0.1 mol %. When the amount of Na,O added is less
25  than 0.1 mol %, the effects of adding Na,O are substantially not obtained.
The addition of CaF, to the bioactive glass can lower its glass
transition temperature Tg and increase the difference AT. With CaF,

added, the glass transition temperature Tg and the crystallization initiation
8



. A Conposition (nmol % oac ve ass Ca0 Si02 Na20 CaF2 B2OBExanpl e

149. 549. 51. 0- - Exanpl e 247.547.55. 0- Exanpl e 340. 050. 010. 0- - Exanpl e
449. 550. 0- 0. 5- Exanpl e 549. 049. 51. 00. 5- Exanpl e 649. 549. 01. 00.51.0
Conparative Exanples 1 to 5 Material powders were nelted at 1500C for 2
hours, to produce 15 bioactive glass ingots having uniform conpositions
shown i n Tdthperature3Tc, FmbbathdowRiredcand echaxtedmtimmpofthe anystathization
99 Ca0Si 02P20sConpar ati ve Exanpl e 150. 050. 0- Conpar ati ve Exanpl e
249. 051. 0- Gutiptioat tewpeEature (Te, 3¢ omabler ¢haaw thatref the ezl Essatrphsition
447.547.55. 0Conpar ati ve Exanpl e 560. 030. 010. 0 Each bi oactive gl ass of
Exanpl es 1tempéramme Tenpdintsi the ghaastansition terhperatusaibgas lewerad, and
differential thermal analysis, to obtain 5 the glass transition tenperature
Tg, the crthet différence & imincreasedn tEpameumnt ©f Cal; addedcisypreddnabhat i on
tenperature Tc, and the difference OT between the glass transition
t enper & ur madid ardess;mpereapreaferably 0.5 mali %t onless.enper at ure. As shown in
Tabl e 3, each biogactive glass, of Exanples 1 to 6 had 10 _a | ower gl ass
transition tenpeBQumaydpeaddedntodbedinnctive gdassi oalhe eddigicsets of

Conparative anples free of Na20, etc. Each bjoactive glass of Exanples 4
to 6 cont amgﬁgamgmt ﬂéﬁz@a candewgelis glasyEansitiqy epaperpurelig andapl e 3

crystallization initiation temperature Tcy and increase the difference AT
like the addition of CaF,. The amount of B,0; added is preferably 5
10 mol % or less, more preferably 1 mol % or less.

At least one of Na,O, CaF, and B,0O; should be contained in the
bioactive glass of the present invention. It is preferable that Na,O, CaF,
and B,0O; are added to the bioactive glass in combination. The bioactive
glass with the preferred glass transition temperature Tg and the preferred

15 difference AT can be obtained by appropriately combining Na,O, CaF; and
B;0;. The total amount of Na,O, CaF, and B,0s is preferably 5 mol % or
less, more preferably 2 mol % or less. The lower limit of the total amount
of Na,O, CaF; and B,0; is preferably 0.1 mol %.

An inorganic compound such as K,0, Li,O, TiO,, Al,0;, MgO and

20 ZrO, may be added to the bioactive glass. It is preferable to use an
inorganic compound that does not increase the glass transition temperature
Tg and does not inhibit the formation of the B-wollastonite crystal.

There are no particular restrictions in a method for producing the
bioactive glass of the present invention. The bioactive glass may be

25 produced by a method described in JP 60-239341 A, etc. Specifically,
powders of materials (CaO, SiO,, Na,O, CaF,, B,0,, etc.) with a desired
composition are put in a platinum crucible and heated at 1,200°C to

1,600°C for approximately 3 hours to obtain a molten glass. The molten
9



d assCrystal lization

CrystallizationD fferenceBioactiveTransitionlnitiationOl between d ass
Tenper ature TenperatureTenperature Tg and TcoTc C ( ~T CTco CCExanpl e
1774. 4862. 5882. 688. 1Exanpl e 2717. 4859. 0829. 3141. 6753. OExanpl e

3662. 9726. 0814. 363. 1918. 2Exanpl e 4780. 4862. 6883. 882. 2Exanpl e

5763. 1859. ?Eéﬁ 29molded absnrBhRd to 9produce the bioactive glass. Though not
6746. 4837. 491. 0869. 4Conpar ati ve792. 9861. 8880' 668. 8Exanpl e

1914, 700”D§§a%ﬁbupa?r r&@ﬁ@tﬁ@,&ﬁe%mgé Bfahe |tﬁoé’6€W@gIa%% inigy B¥agldcted in a,
3780. 8882. 2911. 910T. 4Conpar ati ve789, 1896. 1944. 9107. OExam | e 4Conpar ati ve

Exam | e 59%31%%’&212&%&,6@sﬁh&%gbe@dsggmgﬁmsggmleé, dts adepeardidgton 6 and

Conpar ati ve Exanpl to 5 was heate t the crystallization ténperature

or higher, thegugtpbles. JeWion ¢ sioxctiaé glawerie wwedldszestabtingniatyrial forct ure
anal ysis. The results of X-ray analysis of Exanples 1 to are shown in the

graphs gf HRhesirteedd caleiuhhshosphutd glagé ofshp predont éntzation esatwilbbe are
shown in the graphs of Fig. 4( As shown in Table 4, the (3-wollastonite

crystal s weiescribed/beld®, dﬁaﬁdiraamaér bfi thdbidzctvet glass piaysiesonfrobedript es 1,
2, and 4 to 6, and 15 Conparative Exanples 1 to 3, which contained
appr oxi mat gjulvetizatiemrer chdssifigatiomt of Ca0 and Si02. On the other hand, the
~i-wol l'astonite crystals were hardly generated in the bioactive glasses of
Conpar at i vd2jfxStmpteeed calemamnphosphateglagsP205. 5 Tabl e 4
Bi oactiveCrystallizationd assTenperatureCrystal Systemlc CExanple
1882. 6( 3- wdp) aSiompesitionfcinterad calsiam plosphsde g1a%- wol | astonite >
Na2CaSi 04, . . . . .
10 A calcium phosphate contained in the sintered calcium phosphate
glass of the present invention is preferably a hydroxyapatite, a carbonated
apatite or tricalcium phosphate.
When the hydroxyapatite is heated, it is gradually deprived of
hydroxyl groups at around 1,000°C or higher, causing decomposition at
15 around 1,300°C or higher. Thus, in the case of using the hydroxyapatite
for the sintered calcium phosphate glass, the sintering process is preferably
carried out at a temperature lower than 1,000°C.
The biocompatibility of the sintered calcium phosphate glass may
be further increased by using the carbonated apatite. The carbonate
20 moieties of the carbonated apatite are eliminated at a temperature of
around 900°C or higher, which is lower than the elimination temperature
of the hydroxyl groups of the hydroxyapatite. Thus, in the case of using
the carbonated apatite for the sintered calcium phosphate glass, the
sintering process is preferably carried out at a temperature lower than
25 900°C.
The sintered calcium phosphate glass of the present invention
comprises the bioactive glass of the present invention as a sintering aid.
The bioactive glass preferably generates the $-wollastonite crystals at the

10



2Na2Ca2Si 0~~ ~753. ONa2CaSi 308 Na2CaSi 04Exanpl e 38l 4. 3Na2CaSi 308
Na2CaSi 04918. 2Na2CaSi 308 Na2CaSi 04Exanpl e 4883. 8( 3-wol | ast oni t eExanpl e
S874.9(3-wol | astonite Na2CaSi O4Exanpl e 6851. 6Na2CaSi 04 >

[ 3-wol | ast oni t e869. 4-wol | astonite >

Na2CaSi 04Conpar at i ve880. 6( 3-wol | ast oni t eExanpl e

1914. 7- wol | @ystablizatGmrpenpeiategoss di@vnahiBigt ani {HEpencentaz@onptheat i veg
11.9(3-wol | astoniteExarn | e 3Conparati ve944. 9a-wol | astonite >

(3-wol | ast grerteedtednveoddtonae atystelsoo, thedsiSatdve glims (BPBg flraloly 1@td Not es:
(1) "" neans that the crystal on the left side was generated in an
extrenely 1)@erbymmgst . (2) ">" nmeans that the crystal on the left side
was generated in 10 a |larger anopunt. 16 Exanpl e 7 The bioactive gl ass

i ngot of ExdiypMethotforprodacingesintered qadeiuine bhosphdtb sverage particle
di anmeter of 10 ~.m and 5% by mass 5 thereof was added to 100% by nass of
aggl onesat ed part Thesmteradcalgrmiphosphate ghssof thé phestnd iyeqration may
nano-particles available from Pentax Corporation. The resultant m xture was
wet - bl endedeugtiadyceddpyr @ ppmmon sinterizagdngthod.na balls, and dried to obtain
powder for sintering. 0.2 g of the powder was placed in a stainl|ess_ steel

di e, and press- nolHeaveragenpartisieidiametesnofdhe caloswn plmephataparticlas ihed to
produce a disc-shaped green body having a dianeter of 10 nm and thi ckness
of 2 mm Tiprefprably bdal Ofesms nmrerprdferabbod@ to &0 pnhouThe galtivopl ed in a
furnace to produce a sjintered body of the hydroxyapatite glass. The heating
rate in t h@hssphate partisdes witly such arraverage partickedicimgter siyboeli es of the 15

hydr oxyapatite gl ass were produced in the sape manner_  except for changi ng
the si iper iPAgPAEAIYY ashFey grnulagormathede thaégtpal%@mhwaxgnaﬁ The

anal yei s. PASTSSdre SBEIORRAISS PE NG (gL PAPED RISV AR GEIHREON of Fi .
o7 oduced by ACHAERE: ndTRReH FrLp ORI sev AL FATe A RS RS o8 “2s 1R
Ex le 7 i bi i I f EX The 2

s ?" o b%ﬁﬁgﬁaghlﬁiﬁ%iﬁﬁg?dﬁﬁme'&%%&%etﬁnﬁeﬁ?ﬁpgrs&s”?ﬁeﬁeﬁ{y reeepecsz.h ?afy
Gdlz SEg%i‘iﬁ;%lgf&g‘%}é%ﬂﬁﬁ@fgﬁh§¥ﬂﬁﬁfﬁo@%{_?esg‘ﬁﬁ”;n' bodi 65| 3}2%;37
hour s. The resuﬁ?%ﬂt’lhgqqn gréagﬁggeg;%s agﬁggggvéé%%&ﬁégﬁg?g@% boé;/ wer e
subj ect ed ihfenfidifiha3Bé ¥aBEd 1d e LARMMIDIRIsphfR Balilednairs iagﬁféﬁpshom

in the grap Fig "7. e case o np anpl e 6, eaks of

the hydr Ox?ﬁﬂﬁélét&aﬁiﬁj SethRBiBLctiVE ePRAGIdrtitleR is Preferhbk 0 1S LEREr at ure.
In 10 the Case of the sintered bodieS of 'Exanples 7 and 8, which contai ned

the bi oact w&eg:irefa%lysnaﬁ%rqegg.er«rﬁegferéeﬁg §o?"ché‘bﬁi‘a%iv@“$]‘é@éjtcpﬁfé<s of

the (3-wollastonite, dnd those sintered at 1,100C or higher Turther showed

peaks of (3alcii@eplidspRardpaitiiiesis pledefablyvols a510% by s endre preferabl e

for reinforcing the grain boundari'es, and the (3-trical cium phosphate phase
15 is poef pr@fefszl dr teeft@by imassbi oactivity. Exanple 9 The bioactive gl ass

produced in Exanple 5 were exam ned with respect to cell attachnent, cell
proliferation andld éacium phlosphbte particles and the bioactive glass particles
may be wet-blended with alumina balls and a solvent such as isopropyl
alcohol, ethanol, etc., and dried to obtain a mixture for sintering. The
drying time is preferably 0.5 to 5 hours, more preferably 2 to 5 hours.
25 The mixture is preferably put in a stainless steel die, etc. and press-molded
and then cold-isostatic-pressed.

A green body thus obtained is sintered. The sintering

11



. 20 activity as follows: A test piece (5 Mmx 5 mmx 2 mm) of the bioactive
gl ass of Exanple 5 was subjected to high-pressure steamsterilization, and
placed in a 24-well nultiplate for cell culture (available from Sunitono
Bakelite Co., Ltd., dianeter: 16.3 nm base area: 1.8 cn8). 1.0 x |04 HCS
cells derived from human osteosarcoma (ATCC No. CRL-1543) were 25 seeded in
each pl at e, teampkrature aff thD-gvEdn bodkyFBpre¢ferablyaB@ té 1300BCRAMIBRL) was added
to the plate. The cells were incubated at 37C for 60 minutes or 7 days in
air with a prefei@bly 360tterl00°Che Thetsimterig timesdiprofenallyed Shtanb@dours, t he
fourth day of the 7-days incubation. Conparative Exanple 7 HOS cells were
i ncubat ed i moréereferablyehteet hmirs.n BhengihtertnSpiacess isdesqribédwitlsi ng a
test piece (dianmeter: 6 nmx 2 my) of the sintered hydroxyapatite body of
Conpar at i vereferemek ¢o 6h¢ schematioyiewsdrEigudéa) to, 3(d).C) Anshewd infFighe
bi oactive glass as a carrier. The cell attachnment, cell proliferation and
al kal i né phd@)hibieacadciam phosghate panticlasransd the glads pastiglas areuhifoymiper e
exam ned. The incubated cells were fixed by a 10-%_ neutral, buffered
formal i n sofistritatedsndhe gueery bady hy (Whenghegreembodypde heatednt the glats cal
m croscope and .an el ectron mcroscope. To evalyate cell differentiation,
t he i ncubattsansipndenpesatuse oy &ghasd tbﬁmgf&Sﬁ@aéth@iaﬁ@ spHenpd s sbevaLt i vi ty

Fndustr es g 3(6adn Bt Crert RAY & ABTHEE deaisdh the SOTlsud Eiteanpi e o
hcubat | on PATRCISREP RIS fhiorROTes Bt Wpea it Fal iy RNGSphAlE BRBICIERt cel | s
state d 1 iREoPBEPRLitaog, (hAebY OrLRE Srapouidddtaised (s BRI ¢ he
Exanpl o 7 OB TRt at e Phot om cr ogr aphe (a rmgnif1cati on of 200
Shows the Hos cel 15 SHeShEth L. Ad¥ehed e SHRUInE brobis pfockRls fnd g P
the HOS celdigen 'B%F!???%a%& hE t&aApelaRirelat \Qﬁiﬁlﬁﬁtaflehytepﬁ”f%ﬂhé glassFur t her,

nunbers of The ce attached to the bioactive glass and the™sintered

hydr oxyapatdongp &xeehts b#s ckytalsDe lis%egfenéﬁhtaﬂ it 186 godiél bo are
shown in Table 5. The carrier o anpl e provi ded excellent cell 19

prolifepat igm.seas fomhl crastal phases. r i BecaiseGheisinztingetebxsorpture is 1gwbt e 5
Number of Attached Cel IrZCar ?i erlncubation Peri onggr?i nut es7 daysExanpl e

96. 8 x 103/tham thémeltif§/temperatnae ahd the Beaopiposittom tempertere’@f thex 105/ cn?
5 The al kal i ne phosphotase activities after the incubation of 7 days are
shown i n Taialeium piibsplate thrughouttherpindepnggyonesshéhe calcitm ploosphtd i ne

phosphot ase acgtjvity_ than the carrier of npar ati ve Exa e 7, This result
i ndi cat es maatlc:M@rﬁiha@m qecompesed9% 37@59(:? |8lass: f gﬂms,i thei on. Tabl e

° crystals such as the B-wollastonite crystals of certain glass components are

20 generated between the calcium phosphate crystals, to provide the sintered,
dense calcium phosphate glass. The heating rate is preferably uniform,
and preferred heating rate is approximately 10°C/min. The sintering
temperature is preferably maintained between the glass transition
temperature and the crystallization temperature for 1 to 5 hours. The

25  sintered calcium phosphate glass is preferably cooled in a furnace.

The present invention will be explained in more detail with

reference to Examples below without intention of restricting the scope of

the present invention.
12



Carrier Al kal i ne Phosphotase Activityer 1 cn2 unit: K-AExanple

92. 4Conpar ative Exanple 71.1 As described in detail above, the bioactive

gl ass of the present invention has a conposition substantially conprising
30 to 60 mol % of CaQ, 40 to 70 nol % of SiOz and 20 nol % or |ess of NazO
By 15 containing Ca0 and Si 02 as main conponents, the bioactive gl ass
easily generates the (3-wollastonite crystal at the crystallization
tenperature, resulting in excellent mechanical strength. By containing
Na20, the ZExan@ﬂ@active glass has a |low glass transition tenperature
and/or crystallization tenperature. Further, when the bioactive glass of
the present i nvend#bdhndhaffGaOqfcivdad/49r.5 BadI3, 6H8iQY powidencandet ween the
glass transition tenperature and the crystallization tenperature is

i ncreased. rhoé % iof 4,3 pobwaler srarembaszbied endlteabst PS00YE for 2 henirs,itovent i on
conprises the bioactive glass as a sintering aid, thereby exhibiting high
bi oconpat i ?ﬂoiduyeariﬁioameé letads imgobhaivigd a smiforgt bompdsiion.erability. 21
WHAT IS CLAIMED 1S: 1. A bioactive glass having a conposition substantially
conprising 30 to 60 mol % of CaO 40 to 70 nol % of Si02, and 20 nol % or

| ess of Na20. 5 2. The bioactive glass according to claim1l, further

conpri si ng Ee#nples. 2 ™é bi oactive gl ass according to claim1 or 2, further
conprising B23. 4. The bioactive gl ass accordiqg to any one of clainms 1 to
3, wherein said bMatetiplpoydarswese meltadaats1 300 s for 3movssterprodnecof 790C
or lower. 10 5. The_ biqactive glass . according to any, one ,of clainms 1 to 4,
wherein a c]hlpa%ta%gba%éﬂge@ma\ﬂgg@m&m cappasitons shpwndncrabledd its
crystallization initiation tenperature is 80C or nore. 6. The bioactive

gl ass é@cording to any one of clainms 1 to 5, wherein said bioactive gl ass
generates a ~i-wollastonite crystal atligggystallization 15 tenperature. 7.
A bioactive glass having a conpositio a tantially conprising 30 to 60

nol % of QaC 40 to 70 Mo % of —Sr02, and at reast—one—of Na20,CaF2jand
B203, Na2Q being 20 nol %or |ess, CaF2Cbmipugitiomimoldepnd B203 being 5 nol
% or | ess. @ioﬁctﬁ@@l‘é’s@a rtive gl ass acc L ng-to c aiml or 7 wherein
sai d bioaqtive glass Is subs ial l yasftee |fr 205. A sl ntered ¢al ci um
phosphat e |gl ass conpri si ng tﬁgaLioac¥¥$% glas§ﬂ$éiﬂ1ed8?ﬁ2any gﬁéﬁbf cl ai ms
1 to 8 as|a sintering airdf 10, The S|ntereg cal ci um phosphatje gl ass
according |t o &xamplel 25 Dheﬁ’r@iSn slai #%Pnt dr edl Hal cf um phospjhat e-gl ags
conpri ses ra—eatetumphosphate—of ye-exyapattte—a—ecarboen Hte or
trical ci um ph@ghasle 2 22 47.5 47.5 5.0 - -

Example 3 40.0 50.0 10.0 - -

Example 4 49.5 50.0 - 0.5 -

Example 5 49.0 49.5 1.0 0.5 -

Example 6 49.5 49.0 1.0 0.5 1.0

Comparative Examples 1 to 5
Material powders were melted at 1500°C for 2 hours, to produce

156  bioactive glass ingots having uniform compositions shown in Table 2.
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between the glass transition temperature and the crystallization initiation

temperature.

As shown in Table 3, each bioactive glass of Examples 1 to 6 had

a lower glass transition temperature Tg as compared with the bioactive

glasses of Comparative Examples free of Na,O, etc.

Each bioactive glass

of Examples 4 to 6 containing CaF; had a relatively large difference AT.
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. U&
U&

' ()- x&dEbCl0e p$10% U& ()- "10% U& ()- 10% U& ()- ,! 10% U& ()-10%
'()-  10% U& ()- hk\dEbClOe pY310% U&' ()-1110% U& ()- 3 10% U& ()- OF10%
U& ()- 1y& 10% U& ()- * 10% U& () - VIKYOQuV710e 1098& () -
109B& ()-3y109B& ()-3 109B& ()- 10 10 10! zY310%&' ()- QSuzZdEuV710e fy
10988 ()- S109B& ()- 109B& ()- S109B& ()- 109B& ()-s109B& () - Z/ wdEuV710e
"109B& ()- @ 109B& ()- FLl09B& ()- S 109BBld 3- 9109B& ()- @109B& ()-
Glass Crystallization Crvstallization Difference
Bioactive Transition Initiation 'II:Z mperature AT between
Glass Temperature | Temperature Tc? °C) Tg and Tcy
Tg (°C) Teg (°C) &Y
Example 1 774.4 862.5 882.6 88.1
Example 2 717.4 859.0 829.3 141.6
753.0
Example 3 662.9 726.0 814.3 63.1
018.2
Example 4 780.4 862.6 883.8 82.2
Example 5 763.1 859.0 874.9 95.9
851.6
Example 6 746.4 837.4 860.4 91.0
Comparative 880.6
Example 1 792.9 861.8 914.7 68.8
Comparative | ;09 6 866.7 886.2 77.1
Example 2
Comparative | ;g ¢ 882.2 911.9 101.4
Example 3
Comparative | g9 | 896.1 944.9 107.0
Example 4
Comparative | g 873.4 885.9 66.2
Example 5

Each bioactive glass of Examples 1 to 6 and Comparative
Examples 1 to 5 was heated at the crystallization temperature or higher,
5 and the generated crystals were analyzed by X-ray structure analysis. The
results of X-ray analysis of Examples 1 to 6 are shown in the graphs of Fig.
4(a), and the results of Comparative Examples 1 to 5 are shown in the
graphs of Fig. 4(b).
As shown in Table 4, the B-wollastonite crystals were mainly

10 generated in the bioactive glasses of Examples 1, 2, and 4 to 6, and
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7Y109B& ()- 15109B& ()- 7aedEnbCLOel09%& ()-109& ()- ! 109%& ()-3109%& ()-
y10%& ()-  10%& ()-3!W!!dEnbCl0e$ 109%& ()- "z 10%& ()- f !10%& ()-
3100& ()-yS! 10%&' ()- s10%& ()- !"I""" ##GHdENDCLOe/ 10%&' ()- - 10%& ()-

, @O0%: ()- Cinphfdiivd Exafiples 0483 whichatnsiiet) appBokithatidp fibelEame10 10;
109& ()-9109& ()- 7109 ()-35109%& ()- , 3G 109%& () ,1109% () -

$$%& _' X( ( aiybldr alGas df)CaOkéndlSiﬂ@%?& Onth@oﬂﬁbﬁ%&dﬁ ﬁhe' ByWoldSomid@ ()-'!y3
yO-#109% / /& ()-1y9-#10% ] & () - S ** bty \WB- | 10/

10% & () - 'myaan@%f@nmygen@ﬁatém/tné Bidactl la&@éﬁ&f@&nﬁ arhti@! 109% /[ / &
()- XE"10987& ()-: +++++. 1. .. VL@ 10%&' ()- 109 “YFy109%& () - -

109 () - L0%&drhp Ib@%ﬁalﬁds dotait@he PhOs( AOOAETN L@ 10%10% ()- z

10%. () - @109&! () @* 10%& ()-y! 500 ()-S, 10%&' ()- 0g3h3i 3j 3k333. 4bCL@ 10%
10% h& 6)- 10% h& ()- 10% h& ()-3 10 10 10; s109%& ()-1(

109 () - . 494A55<78$82X9bC&F 10%

h& ()-!a, THLIO%h& ()-!t, TH1096S& Table ATH109Mh& ()-!3 - 109h& ()-f10%

h& ()-4$8f889: V. : dEhCY710% h&' () - 510%h& ()- 3"10%h& ()= Y@ 10%

"()-L*& - VI 6voesaHRratdon |- - - - - o
he () - L*&f10%.h& () - Y @;gmﬂ&dtjon ..... <G<ébC101/<§& () -
Glass emperature rystal System
Tc (°C)
Example 1 882.6 B-wollastonite » Na,CaSiO,"
E le 2 829.3 B-wollastonite > Na,CaSiOy,,
xampie 2 NaZCagsiO7(2)
753.0 Na,CaSi30g » Na,CaSiO,
Example 3 814.3 Na,CaSi;Og » Nay,CaSiO,
918.2 NazCaSi3Og » NaZCaSiO4
Example 4 883.8 B-wollastonite
Example 5 874.9 -wollastonite » Na,CaSiOy
851.6 Na,CaSiO, > B-wollastonite
Example 6 869.4 B-wollastonite > Na,CaSiO,
Comparative 880.6 B-wollastonite
Example 1 914.7 [3-wollastonite
Comparative :
Example 2 886.2 B-wollastonite
Comparative _
Example 3 911.9 B-wollastonite
Comparative 944.9 a-wollastonite > B-wollastonite
Example 4
Comparative :
Example 5 885.9 Ca,S104> Ca (PO3)2
Notes: (1) "»" means that the crystal on the left side was generated in

an extremely larger amount.

(2) ">" means that the crystal on the left side was generated in

10 a larger amount.
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CCYD~DDbEE{ Y7Tnh@f @ #10% [ [ & ()-!aS"'10% B[ B& ()-!pS"10%j & ()- ~S"10%

x& ()-)!pS"EQumpled ()- & 10%& ()- EF6GHH 1112zX9. @ 10BS;

10988 ()-!1510% ()-&"10%& ()- @ ~&"10%BxB& ()- @ &' 10% B} B& () - @ a@ #10% BJ

B& ()-111%$3"JIKKale bioactive glass ingot of Example 1 was pulverized into

10BS#10%&' () -!\ S#10%/BVBE&' ()-! k3S#10%BeB&' () -! ~S#10%x& () | S#109BB&' () -

102 NS \RUNIR psaL g BB LML e
_= 10B! IxXy#fireoflva} added¥s 100% biausq vf agfrhefatdd particle®lavdrage
diameter: 15 um) of hydroxyapatite nano-particles available from Pentax
Corporation. The resultant mixture was wet-blended using isopropyl
alcohol and alumina balls, and dried to obtain powder for sintering. 0.2 g
of the powder was placed in a stainless steel die, and press-molded and
10 cold-isostatic-pressed (CIP), and finished to produce a disc-shaped green
body having a diameter of 10 mm and thickness of 2 mm. The green
body was sintered at 900°C for 3 hours and cooled in a furnace to produce
a sintered body of the hydroxyapatite glass. The heating rate in the
sintering was 10°C/min. Further, three sintered bodies of the
15 hydroxyapatite glass were produced in the same manner except for
changing the sintering temperature to 1,000°C, 1100°C or 1200°C,
respectively. The sintered bodies and the unsintered green body were
subjected to X-ray analysis. The results of the X-ray analysis are shown
in the graph of Fig. 5.
20
Example 8
Four sintered bodies of the same hydroxyapatite glass were
produced by sintering at different temperatures in the same manner as in
Example 7 except for using the bioactive glass of Example 5. The
25  sintered bodies and the unsintered green body were subjected to X-ray

analysis. The results of the X-ray analysis are shown in the graph of Fig.

6.
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1 Q)) R 10% €omparpiive Bhatiyple-6 ) R 10% & () - AYEYFYJYKYPYQYVYoUs@
)) R 10% & () - )R!lO%&'é)- - o
The hydroxyapatite green bodies in Examples 7 and 8 were
sintered at 900°C, 1,000°C, 1,100°C or 1,200°C, respectively, for 3 hours.
5 The resultant sintered bodies and the unsintered green body were subjected
to X-ray analysis. The results of the X-ray analysis are shown in the
graph of Fig. 7. .
In the case of Comparative Example 6, only peaks of the
hydroxyapatite were detected irrespective of the sintering temperature. In
10 the case of the sintered bodies of Examples 7 and 8, which contained the
bioactive glasses, those sintered at 1,000°C or higher showed peaks of the
B-wollastonite, and those sintered at 1,100°C or higher further showed
peaks of B-tricalcium phosphate. The B-wollastonite phase is preferable
for reinforcing the grain boundaries, and the B-tricalcium phosphate phase

15 is preferable for enhancing bioactivity.

Example 9
The bioactive glass produced in Example 5 were examined with
respect to cell attachment, cell proliferation and alkaline phosphotase
20 activity as follows: A test piece (5 mm x 5 mm x 2 mm) of the bioactive
glass of Example 5 was subjected to high-pressure steam sterilization, and
placed in a 24-well multiplate for cell culture (available from Sumitomo
Bakelite Co., Ltd., diameter: 16.3 mm, base area: 1.8 cm3). 1.0 x 10*
HOS cells derived from human osteosarcoma (ATCC No. CRL-1543) were
25  seeded in each plate, and 1 ml of D-MEM 10% FBS (available from
GIBCO-BRL) was added to the plate. The cells were incubated at 37°C

for 60 minutes or 7 days in air with a 5-% CO, content. The culture
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Comparative Example 7
HOS cells were incubated in the same manner as in Example 9
5 except for using a test piece (diameter: 6 mm x 2 mm) of the sintered
hydroxyapatite body of Comparative Example 6 (sintering temperature:
1,000°C) instead of the bioactive glass as a carrier. The cell attachment,
cell proliferation and alkaline phosphotase activity of the sintered
hydroxyapatite body were examined.

10 The incubated cells were fixed by a 10-%, neutral, buffered
formalin solution, stained by methylene blue, and observed by an optical
microscope and an electron microscope. To evaluate cell differentiation,
the incubated cells were homogenized and the alkaline phosphotase
activity was measured by Alkalipha K-test Wako (available from Wako

15  Pure Chemical Industries, Ltd.).

Adhesion of the cells to each carrier used in Example 9 and
Comparative Example 7 was observed after the 60-minute incubation. In
the case of the carrier according to Example 9, the cells were proliferated
on the bioactive glass, and were nearly in a confluent state on the fourth

20 day of the incubation. After the 7-days incubation, the cells were
proliferated on each carrier of Example 9 and Comparative Example 7 into
a confluent state. Photomicrographs (a magnification of 200) of the HOS
cells incubated for a week are shown in Figs. 8 and 9. Fig. 8 shows the
HOS cells incubated on the carrier of Example 9, and Fig. 9 shows the

25 HOS cells incubated on the carrier of Comparative Example 7. Further,
numbers of the cells, attached to the bioactive glass and the sintered
hydroxyapatite body after the incubation of 60 minutes and 7 days, are

shown in Table 5. The carrier of Example 9 provided excellent cell
19
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proliferation, as well as the carrier of Comparative Example 7.

Table 5

Number of Attached Cells

Carrier Incubation Period
60 minutes 7 days
Example 9 6.8 x 10°%/cm® | 1.8 x 10°/cm®

Comparative Example 7 | 6.0 x 10%cm® | 2.0 x 10°/cm?

5 The alkaline phosphotase activities after the incubation of 7 days
are shown in Table 6. The carrier of Example 9 was higher in the
alkaline phosphotase activity than the carrier of Comparative Example 7.

This result indicates that the bioactive glass affects the cell differentiation.

10 Table 6
Carrier Alkaline Phosphotase Activity
per 1 cm® (unit: K-A)
Example 9 2.4
Comparative Example 7 1.1

As described in detail above, the bioactive glass of the present
invention has a composition substantially comprising 30 to 60 mol % of
Ca0, 40 to 70 mol % of SiO, and 20 mol % or less of Na;O. By

15 containing CaO and SiO, as main components, the bioactive glass easily
generates the B-wollastonite crystal at the crystallization temperature,

resulting in excellent mechanical strength. By containing Na,O, the

20
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A bioactive glass having a composition substantially comprising

30 to 60 mol % of Ca0, 40 to 70 mol % of SiO,, and at least one of Na,O,
CaF, and B;03, Na,0 being 20 mol % or less, CaF, being 1 mol %, and
B,0; being 5 mol % or less.

20 8. The bioactive glass according to claim 1 or 7, wherein said
bioactive glass is substantially free from P,O:s.
9. A sintered calcium phosphate glass comprising the bioactive glass
recited in any one of claims 1 to 8 as a sintering aid.
10. The sintered calcium phosphate glass according to claim 9,

25 wherein said sintered calcium phosphate glass comprises a calcium
phosphate of a hydroxyapatite, a carbonated apatite or tricalcium

phosphate.
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