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General　Introduction

　　Recently，　regenerative　medicine　has　received　much　attention．　Regenerative　lnedicine，

which　is　term　ofben　used　interchangeably　with　tissue　engineering，　merges　the　fields　of　hfe

sciences　and　engineering，　and　aims　to　orchestrate　body　regeneration　by　speci丘caly

controlhng　the　biological　environment　1．　Many　studies　about　regenerative　medicine　are　based

on　the　tissue　engineering．　It　is　dif丘cult　to　completely　distinguish　between　regenerative

medicine　and　tissue　engineering．　Regeneration　in　the　adult　ofしen　represents　a　recapitulation

of　developmental　processes，　and　strives　to　maintaill　and／or　restore　tissue　integrity　and

負1nctionahty．　Insptration　fbr　regenerative　medicine　strategies　commonly　derives　from　ouヱ

increasing　understanding　of　how　cells　and　biological　systems　decipher　cues，　and　aims　to

replicate　bi610gical　concepts　and　instructions　expressed　during　embryonic　development，

including　sigllal　transduction　pathways，　transcription　factor　instructions　and　protein

regulation．　Tissue　engineering　is　composed　mainly　of　studies　about　scaf丑）ld，　which　cells

attach．　In　addition，　these　scaf【bld　sometime　call　include　and　release　some　growth　factors　2β，

such　as　bone　morphogenetic　protein（BMP）・24，　transfbrming　growth　factor（TGF）一β5，

vascular　endothehal　growth　factor（VEGF）6，　and　basic　fibroblast　growth　f吾ctor（bFGF）7．

Growth　factors　play　a　crucial　role　in　information　transfbr　between　cels　and　their

microenvironment　in　tissue　engineering　and　regeneration．　They　initiate　their　actions　by

binding　to　specific　receptors　on　the　surface　of　target　cells　and　the　chemical　identity，

concentration，　duration，　and　context　of　these　growth　factors　contain　infbrmation　that　dictates

cen　fate．　Eence，　the　importance　ofexogenous　delivery　ofthese　molecules　in　tissue　engineering
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is　unsurprising，　considering　thetr　importance　fbr　tissue　regeneration．1｛owever，　the　short

half・1ives　of　growth　factors，　their　relatively　large　sizes，　slow　tissue　penetration，　and　their

potential　toxicity　at　high　systemic　levels，　suggest　that　conve　ntional　routes　of　administration

are　unlikely　tO　be　ef臨）CtiVe　8．

　　NaturaUy　occurring　materials　such　as　sik，　keratin，　collagen，　gelatin，　fibrinogen，　elastin，

chitosan，　hyaluronic　acid，　starch，　carrageenan，　cellulose　and　alginate　have　also　gained　wide

attention　as　drug　carriers．　Gelatin　is　a　denatured　collagen　and　commercially　available　as　a

biodegradable　polymer．　It　has　been　extensively　utihzed長）r　pharmaceutical　and　medical

purposes，　and　its　bio・safbty　has　been　proven　through　the　long　chnical　applications　9．　Other

advantages　of　gelatin　are　the　easiness　of　chemical　modification　and　the　commercial

availability　of　samples　with　dif〔brent　physicochemical　properties．　It　has　been　experimentally

demonstrated　f士om　some　researchers　are　promoted　by　the　surface　coating　of　gelatin　lo’12．

　　One　of　the　problems　with　the　achievement　of　regeneration　within　an　organism　is　a

nutrient－supply丘om　the　vessels．　Cels　need　to　continuous　supply　of　a　nutrient　and　oxygen．

The　de丘ciency　in　nutrient－supply　to　cels　wj皿induce　the　apoptosis　of　cell．

Many　papers　have　already　reported　about　the　neoangiogenesis．　One　of　effbctive　plans　to

induce　neoangiogenesis　is　to　use　growth　factors．　Unt丑now，　vascular　endothelial　growth　factor

（VEGF）13，　platelet・derived　growth　factor（PDGF）14　and　basic　fibroblast　growth　factor（bFGF）

15is　often　used　fbr　growth　factor　to　induce　the　neoangiogenesis．　For　giving　the　ceUs　an

environment　suitable　to　their　survival　and　fUnctional　achievement，　biomaterials　play　a　key
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role　in　creating　the　environment　fbr　cels．　The　scaf匠）ld　to　promote　the　prol慧bration　and

dif艶rentiation　is　prepared　from　biomaterials，　while　the　biomaterial　is　used　as　the　delivery

carrier　of　bio・signahng　molecules　as　the　cell　nutrients　to　biologically　activate　celL

Combination　with　biomaterials　enables　an　angiogenic　factor　to　ef丘ciently　induce　in　vivo

angiogenesis，　which　gives　nutrients　and　oxygen　to　the　transplanted　cells．　Biomaterials　need

to　assist　the　approach　ofcel　transplantation　and　enhance　the　therapeutic　efficacy．

　　However，　as　far　as　we　know，　the　biomaterials　with　al）ility　of　angiogenesis　are　not　usualy

available　in　clinical　field．　The　objective　of　chapter　l　was　to　coml）ine　biomaterial　with　a　gelatin

hydrogel　incorporating　growth　factor　aiming　at　the　ef丘cient　induction　of　angiogenesis　around

the　biomaterial．

　　Bone　defbcts　that　are　generated　by　tumor　resection，　trauma，　and　congenital　abnormality

have　been　clinically　treated　by　the　implantation　ofbioceramics　or　autogenous　and　allogenous

l）one　graf℃s．　Although　autograf℃ing　is　a　popular　procedure　fbr　reconstructive　surgery，　it　has

several　disadvantages，　such　as　the　shortage　of　donor　supply，　the　persistence　ofpain，　the　nerve

damage，負acture　and　cosmetic　disability　at　the　donor　site．　On　the　other　hand，　there　are　no

donor　site　problems　fbr　alografting，　while　allografting　has　some　clinical　risks　including

disease　transmission　and　immunological　reaction　16．　As　one　trial　to　overcome　the　problems，

bone　tissue　engineering　has　l）een　attracted　much　attention　as　a　new　therapeutic　technology

which　induces　bone　regeneration　by　making　use　of　osteoinductive　growth　factors，　osteogenic

cels，　and　sca且blds　or　their　coml）ination　17．

　　Osteoinductive　growth　factors，　such　as　BMP，　TGF・β，and　bFGF，　have　been　investigated　to
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induce　bone　regeneration，　have　already　been　applied　clinicaUy　fbr　bone　regeneration　at　the

bone　defbct，　because　of　their　high　osteoinduction　activity　18．　However，　the　using　of　growth

魚ctors　fbr　bone　regeneration，　and　the　other　purposes，　has　a　problem　in　terms　of　cost．　The　cost

of　growth　factors　is　usually　expensive　to　use　fbr　medical　products．

　　Lactofbrrin（LF）is　an　iron・binding　glycoprotein　of　trans色rring　fam丑y51t　is　present　in

breast　milk，　especiaUy　colostrum（6・8　mglml）and　in　the　secondary　granules　of　neutrophns．　It

has　been　reported　that　LF　has　the　bioactivity　of　the　prolifbration　and　dif色rentiation　of

osteoblasts　19，20　and　can　inhibit　the　cell　apotosis　21．　On　the　other　hand，　LF　increases　the

calcification　of　extracellular　matrix　by　human　osteoblast・lfke　cells　22，　which　experimentaUy　a

great　potential　of　I、F　fヒ）r　bone　regeneration．

Various　materials　have　been　investigated　as　the　materiahbr　sustained　release　of　growth

魚ctors　23．　Among　them，　gelatin　is　being　used　fbr　the　material　ofvarious　growth　factors　release，

such　as　basic丘broblast　growth　factor（bFGF）24，　bone　morphogenetic　protein　2（BMP・2）25，

transfbrm　growth　factor（TGF）β・15and　vascular　endothelial　growth　factor（VEGF）6．　These

growth　factors　are　certainly　hopefulness　as　the　factor　of　bone　regeneration．　However，　oneρf

the　biggest　issues　fbr　using　these　growth　f急ctors　is　their　cost．　These　growth　factors　are　usually

too　expensive　fbr　using　in　usual　clinica1丘eld．

In　this　study，　we　take　notice　LF，　which　we　could　get　cheaper　than　above　growth　factors，　fbr

the　factor　of　bone　regeneration．　Stallmann　et　a1．　reported　that　the　continuous　release　of

human　LF　from　calcium　phosphate　bone　substitutes　26，　was　ef｛bctive　in　enhancing　bone

regeneration．　However，　fbw　papers　reported　that　the　sustain　release　of　LF．　In　addition，　the
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paper　investigated　ef艶ct　of　LF　in　terms　of　in　vitro　and　vivo　is　very　fbw．

The　objective　of　chap七er　2　was　to　evaluate　the　potential　of　LF　to　induce　l）one　regeneration，

when　LF　is　apphed　in　a　sustained　release　fashion．　A　biodegradable　gelatin　hydrogel　was

prepared　to　alow　LF　to　release　in　a　sustained　manller．　After　apphed　to　the　bone　defbct　of　rat

skulls　and　rabbit　ulnas，　the　bone　regeneration　by　the　hydrogel　incorporating　LF　was　assessed．

In　addition，　we　examined　the　in　vitro　prol挽ration　of　cells『by　addition　of　LF　in　a　repeated

伍shion　and　compared　with　that　of　cells　cultured　LF　added　one　time．　The　scaffbld　of　sponge

shape　has　been　used　fbr　ceU　scaffbld　from　the　viewpoint　of　good　nutrients　and　oxygen　supply

to　cells　and　superior　cel　infiユtration．且owever，　generally　a　porous　structure　weakens　the

mechanical　strength　of　scaf顎）ld．　Therefbre，　the　compression　modulus　of　sponge　scaf葦bld　is　not

enough　strong　fbr　cell　scaf董bld　apphcation．　Three－dimensional　biodegradable　materials　with　a

porous　structure，　such　as　glycolide－lactide　copolymer　non・woven　fabrics，　collagen　sponges，

and　calcium　phosphate　ceramics，　have　been　used　27，　since　it　is　prefbrable　that　the　scafiblds　fbr

bone　regeneratioll　basically　function　as　the　substrate　fbr　the　attachment　and　prolifbration　of

osteogenic　cells，　Among　them，　hydroxyapatite（HAp）andβ・tricalcium　phosphate（β・TCP）

of　bioactive　ceramics　have　been　extensively　investigated　as　the　cell　scaf董bld　fbr　bone　tissue

engineering　27‘37　because　it　is　well　recognized　that　they　are　compatible　to　natural　bone　tissue．

且owever，　since　HAp　is　not　practically　degraded　under　the　physical　condition，　it　remains

inside　the　bone　tissue　regenerated．　Therefbre，　as　one　trial　to　improve　the　poor　degradability

in　vivo，　HAp　has　been　attempted　to　mix　with　organic　materials　of　conagen　and

glycohde・lactide　copolymer．　The　combination　was　ef【bctive　in　manipulating　the　degradation

and　mechanical　properties　fbr　the　HAp　scaflblds　38’43．β・TCP　is　advantageous　from　the
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viewpoint　of　materal　biodegradabihty，　though　brittle　compared　with　HAp．　We　examined　the

characteristics　of　gelatin　sponges　incorporating　β・TCP　prepared　by　dif色rent　conditions．

As　described　above，　gelatin　is　biodegradable　and　has　been　extensively　used丘）r　fbod，

pharmaceutical，　and　medical　purposes　and　its　biosafbty　has　been　proveh　through　their　long

practical　apphcations　9．　The　objective　of　this　study　was　to　evaluate　and丑）110w　a丘er　the

conveI丘ence　of　gelatin　scaf丑）ld負）r　tissue　engineering，　by　not　only　in　vitro　but　also　in　vivo

experlments．
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INTRODUCTION

　　AI　over　the　world，　approximately　l　milion　surgeries　are　being　per丑）rmed　per　year　44．　The

biomaterials　routinely　used　most　frequently　is　the　repatring　membrane　of　abdominal　wall

de免cts．　The　representative　biomaterials　fbr　this　pu箕pose　are　polypropylene（PL）and

poly（tetra且uoroethylelle）（PTFE）meshes　45．　The　role　of　mesh　is　to　achieve　the　mechanical

and　physiological　reinforcements　of　abdominal　wals　through　the　induction　offil）rosis．　The

mesh　usage　often　leads　to　clir直cal　outcomes　better　than　the　surgical　procedure　per丑）rmed

without　the　mesh，　including　the　lower　recurrence　rate　and　less　postoperative　pain　46°48．　The

process　of　acute　wound　healing　composes　of　complex，　but　well－orchestrated　moleclllar　and

cellular　events　which　initiate　from　hemostasis　and　in且ammation　and　subsequently

angiogenesis　and　fibroplasia　to　fbrm　a丘rm　fibrous　tissue　that　can　resist　the　distractive　fbrce

of　abdominal　walls　49．

　　It　has　been　widely　recognized　that　growth　factors　greatly　contribute　to　tissue　regeneration

at　d遡erent　stages　of　cell　prolifbration　and　d邸erentiation　50．　However，　successful　tissue

regeneration　induced　by　the　growth　factor　has　not　been　always　achieved．　One　of　the　reasons　is

that　the　in　vivo　halflifb　period　of　growth　factor　is　too　short　to　expect　the　biological　activities．

It　is　necessary長）r　their　enhanced　in　vivo　activity　to　develop　the　drug　delivery　system（DDS）．

We　have　explored　biodegradable　hydrogels　of　gelatin　fbr　growth　factor　release　and　succeeded

in　the　growth　factorinduced　regeneration　and　repairing　of　tissues　7・51．　Among　the　hydrogel

could　release　basic丘broblast　growth魚ctor（bFGF）to　induce　angiogenesis　52，53．　When　a

biomaterial　is　implanted　into　the　tissue，　the　ischemic　conditions　around　the　biomaterial

implanted　ofしen　allow　to　delay　the　wound　heahng，　which　is　one　of　the　clinically　large　problems
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to　be　resolved．

　　Apoly（tetrafluoroethylene）（PTFE）mesh（Motif　mesh⑤；Proxy　Biomedical　Ltd．，　Galway，

Ireland）（MM）was　developed　fbr　hernia　repairing　54．　This　mesh　has　a　speci五c　pore　which

gives　the　PTFE　material　homogeneous　tensile　strength　55．　It　is　demonstrated　that　the　MM

丘1nctions　wel　as　the　patch　material　of　soft　tissue　de艶cts　54，55．　However，丑）r　the　application　to

the　ischemic　tissue，　there　are　some　rooms　in　the　material　property　to　be　improved．

　　The　objective　of　this　study　was　to　combine七he　MM　with　a　gelatin　hydrogel　incorporating

bFGF　aiming　at　the　ef丘cient　induction　of　angiogenesis　around　the　MM．　The　gelatin　hydrogel

was　coated　onto　the　surface　of　MM　fbr　the　controlled　release　of　bFGF．　Following　the

subcutaneous　implantation　of　MM　coated　with　the　hydrogel　incorporating　bFGF，　the

angiogenesis　around　the　implanted　site　was　evaluated．　We　perfbrmed　the　surface　treatment

of　MM　with　corona　discharge　to　facilitate　the　hydrogel　coating．　The　pro丘le　of　bFGF　release

from　the　hydrogel　coated　was　investigated　to　compare　with　that　of　the　MM　without　hydrogel

coating．

MATERIA1」S　AND　MET且ODS

Ma孟θη’a15

　　Gelatin　sample　with　an　isoelectic　point（IEP）of　5．0，　prepared　through　an　alkaline　process　of

bovine　bone，　was　kindly　supplied　f｝om　Nitta　Gelatin　Co．，　Osaka，　Japan．　An　aqueous　solution

of　bFGF（IEP＝9．6，10　mg／ml）was　obtained『by　Kaken　Pharma　ceutical　Co。，　Tokyo，　Japan．

The　poly（tetra且uoroethylene）mesh（MotifMesh⑧；MM）was　kindly　supplied　by　Proxy

Biomedical　Ltd．，　Galway，　Ireland．
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Obroηa　df5（ぬa項9θかθa伽θη孟㎡MM　and　waむθr　oα2孟ao孟aη91θmθasurθn1θη孟

　　The　surface　of　MM　was　treated　by　corona　discharge　at　100　W　fbr　30　sec　on　corona　discharge

device（TK1；Iwatsu　electric　Co．，　Ltd．，　Tokyo，　Jap　an．）

　　To　evaluate　change　in　the　sulface　property　of　MM，　the　water　contact　angle　was　measured

with　a　goniometer（contact　angle　meter　CA・X，　Kyowa　Inter塩ce　Science，　Saitama，　Japan）

according　to　the　method　previously　reported　56．　Briefly，　a　water　drop（9　μ1）was　dropped　onto

the　surface　of　MM　at　room　temperature　and　the　water　contact　angle　was　measuled

independently　15　times　fbr　each　MM　to　obtain　the　average　value．

α）a㎞9（ガ9θ1aがη妙dro9θ10η亡0飴θ㎜f　sUZ負0θaηd　5U曲0θob5θrva㎡0η

　　The　coating　ofbiodegradable　hydrogel　onto　the　MM　was　perfbrmed　by　the　sur魚ce　coating　of

gelatin　solution，　fbllowed　by　the　glutaraldehyde　cross・1inking　of　gelatin．　Brie且y，　the　MM　was

immersed　into　the　mlxed　solution　of　gelatin（5　wt％）and　glutaraldehyde（0．05　wt％），　fb1ユowed

by　leaving　at　4℃fbr　15　min　to　alow　gelatin　to　cross・link．　This　procedure　was　repeated　three

times．　Next，　the　MM　coated　with　the　hydrogel　cross－1inked　was　placed　in　100　mmole／l　glycine

aqueous　solution　to　chemically　block　the　residual　aldehyde　groups　of　glutarardehyde，　and

then　washed　three　times　with　double・distilled　water（DDW）．　The　MM　coated　with　gelatin

hydrogel　prepared　was丘eeze・dried　and　sterilized　with　ethylene　oxide　gas．　When　calculated

as　the　weight　percentage　of　water　present　in　the　hydrogel　to　the　hydrogel　in　wet，　the　water

content　of　gelatin　hydrogel　prepared　was　95％．

　　The　surface　of　MM　with　or　without　the　coating　of　gelatin　hydrogel　was　observed　on　a
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scannillg　electron　microscope（SEM，　S・2380N；Ritachi　Ltd．，　Tokyo，　Japan）at　2．50r　3．O　KV　of

an　accelerated　voltage．　The　MM　sample　was　coated　with　gold　on　an　ion　sputterer（E・1010；

Hitachi　L，td．，　Tokyo，　Japan）at　50　mtorr　and　5　mA　fbr　30　s　to　view．

Bond加95孟rθng地π1θasurθmθη孟わθ伽θθn訪θ9θ1a孟fη加dro9θ1　aηd．MM　5ur血oθ

　　Two　MM　samples（18×9mm）with　or　without　corona　discharge　were　coated　with　the　mixed

solution　of　gelatin　and　glutaraldehyde，　and　immediately　after　that　superposed　in　the　half

area　to　allow　to　crosslink　gelatin丑）r　hydrogel　fbrmation．　The　sample　was　reacted　with　the

glycine　solution，　washed，　and　fセeeze・dried．　After　sweling　in　phosphate－1）uffbred　sahne

solution（PBS，　pH　7．4），　the　bollding　strength　betweeII　the　two　MM　samples　superposed　was

measured　on　an　autograph　machine（AGS・5D；Shimadzu　Co．，　Kyoto，　Japan）at　5　mm／min　and

room　temperature　to　evaluate　the　hydrogel　adhesion　to　the　MM　surface．　The　experiment　was

per丑）rmed丑）r　thlee　samples　independently．

Evalua面on　ofわFαF　rθ1θa5θ丘om　gθ1a百η妙dro9θ100a孟θd　o刀．MM　5ロヱ自0θ

　　bFGF　was　radioiodinated　according　to　the　method　of　Greenwood　et　al．57．　To　impregnate

bFGF　into　the　gelatin　hydrogel　coated　on　the　MM，20　μlof　aqueous　solution　containing

1251－labeled　growth　factor　was　dropped　onto　a　freeze・dried　gelatin　hydrogel，　and　then　left

37℃fbr　l　hr　to　obtain　the　hydrogel　incorporating　1251・labeled　bFGF．　Since　the　volume　of

growth　factor　solution　of　growth　factor　was　much　smaller　than　that　theoreticaly　impregnated

into　the　hydrogel，100％of　growth　factor　added　could　be　ent±rely　incorporated　into　the

hydroge1．　The　MM　coated　with　gelatin　hydrogel　incorporating　1251・labeled　bFGF　was

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　13



implant。d　int。　the　back・ub・uti・・f6－week・・ld艶mal・ddy　mice（Shimi・u　Lab・・a鱒A血mal

SupPly　C。．，　Ltd．，恥・t・，　Japan）at　the　cent・a1　P・siti・n　15　mm　away食・m　the　tail…t・As　a

。。nt。。1，20μ1。faque・us　s・luti・n・f・251・lab・1ed　bFGF　at　the　sam・d・・e　was　sub・utane・u・ly

i切ect。d　int・the　m・use　ba・k．　Ea・h・xpe・imental　g・・up　was　c・mp・sed・f鉛u・mice・

At　di曲，ent　time　int。。val，，　th。　mice　were・a・・i丘ced，　and　the　ba・k・kin（3×5・m2）a・・und

th。　hyd，。gel　implanted・・i切ected・ite・f　g・・wth塩・t・・was　cut・ut　and　the　c・rresp・nding

魚，ia　wa，　th。r。ughly　wip・d・任with　a丘1ter　paper　t・ab…bth・・emaining　1251’lab・led　bFGF・

The　radi。a。tivity。f　remaining　9・latin　hyd・・gel・，　th・・hn　piece・and　th・丘1te・pape「was

m。a，u。ed。n　the　gamma・・unte・（ARC・301B，　Al・ka　C・・，　Ltd・，　Japan）・The　p・・centage・f

。emaining。adi。a。tivity　wa・e即ressed　a・th・・adi・a・tivity　rati・・ft・・t・amples　t・th・・rゆal

hydrogel　or　aqueous　solution　containing　1251・labeled　bFGF．

Quaη伽孟ゴVθaηd臨・1・卿1・valua伽・fa卿’・唇・ηθ・ゴ5

G。latin　hyd。。9。1・，。at・d　MM・amples　in・・騨ating　bFGF　w・・e　carefully　implanted　int・th・

back　subcutis　of　mice　15　mm　apart　ffom　the　tail　root　at　the　l）ody　center．　The　bFGF　doses　were

O，1，30，and　100μ9／m・u・e　and釦u・t・eight　mice　w・・e　u・ed魚・every・xperim・ntal　g「°up・

The　mice　were　sacri丘ced　at　7　and　21　days　to　evaluate　angiogenesis　in　the　mouse　back　subcutis

on　the　basis　of　the　weight　of　tissue　hemoglobil158・59．　Brie且y，　a丘xed　area　of　subcutaneous

tissu。　a。。und　th。　implant。d・ite・fMM（2×2・m・）was　cut・鉦u・ing　a　blad・and　immersed　in

17mM　T。i、・且Cl　bu働s。luti。n（pH　7．6）・・ntaining　O．75　wt％amm・血um・hl・・id・鉛・24　h・at

4℃to　extract　hemoglobin　from　the　tissue．　The　extracted　hemoglobin　was　quantitated　using

ah。m。gl。bin　assay　Ht（Wak・Pure　Ch・mi・al・C・・，　Ltd・，　Ky・t・・Japan）based・n　a・alib・ati°n

14



curve　which　had　been　prepared　using　standard　hemoglobin　solutions．

　　The　histological　section　oftissue　around　the　implanted　site　of　MM　with　or　without　the

gelatin　hydrogel　coating　and　bFGF　incorporation　was　viewed　afむer　the　staining　with

hematoxylin　and　eosin．

8孟aが5がcal　ana加fs

　　Al　the　data　were　statistically　analyzed　l）y　Fisher’s　LSD　test丑）r　multiple　comparisons　and

statistical　signi丘cance　was　accepted　at　pく0．05．　Experimental　results　were　expressed　as　the

mean士the　standard　derivation　of　the　mean．

RESU1」TS

α1arac孟θn’zaが0ηofMM　sUヱ伽θaηd　gθ1a加加dro9θ100aめθd

　　Figure　l　shows　the　water　contact　angle　of　MM　surface　with　or　without　corona　discharged．

The　water　contact　angle　ofMM　surface　was　significantly　decreased　by　the　corona　discharge．

　　Figure　2　shows　the　SEM　photographs　of　MM　samples　with　or　without　the　coating　of　gelatin

hydrogel．　From　the　SEM　observation，　it　is　apparent　that　the　gelatin　hydrogel　was　coated　on

the　surface　ofMM　at　50μmthickness．

　　Figure　3　shows　the　bonding　strength　between　the　two　MM　samples　superposed．　The

bonding　strength　between　the　two　gelatin　hydrogel－coated　MM　with　or　without　corona

treatlnent　were　similar　although　it　tended　to　be　larger負）r　the　corona－discharged　sample．

わFσFaわ50zpゼ0ηfbr　MM　sam、ρ1θS凹’坊or㎜’伽ロ訪ydrogel　ooaだη9
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　　Figure　4　shows　the　remaining　radioactivity　of　1251－radiolabeled　bFGF　on　the　MM　surface

with　or　without　corona　discharge　and　gelatin　hydrogel　coating．　For　the　MM　samples　with

hydrogel　coating，　the　amount　of　1251・radiolabeled　bFGF　absorbed　was　significantly　high

compared　with　that　of　samples　without　hydrogel　coating．　The　amount　was　similar　to　that　of

gelatin　hydrogel　itself　However，　no　dif〔brence　in　the　amount　of　bFGF　absorbed　was　observed

between　the　hydrogel・coated　MM　samples　corona　discharged　and　non－discharged．

Tfmθμ〇五1θ5㎡わFσF　rθ1θa5θ倉om　8θ1a孟ゴn加dro9θ100a孟θd　o濡hθ㎜5Uヱ飴Cθ

　　Figure　5　shows　the　in　vivo　time　profiles　ofl）FGF　release　from　gelatin　hydrogel　coated　on　the

MM　sur魚ce．　The　radioactivity　of　1251－labeled　bFGF　incorporated　in　the　gelatin　hydrogel

coated　on　the　MM　decreased　more　slowly　than　that　of　1251・labeled　bFGF　on　the　hydrogel－fyee

non－coated　MM　with　or　without　corona　discharge．

A55θssmθη診ofaη81’ qgθηθ5ゴ5

　　Figure　6　shows　the　hemoglobin　amount　oftissue　7　days　after　subcutaneous　implantation　of

dt伍erent　MM　samples　coated　with　or　without　bFGF　incorporation．

When　corona　discharged　MM　samples　with　gelatin　hydrogel　incorporating　bFGF　were

implanted　into　the　l）ack　subcutis　of　mice，　the　amount　of　hemoglobin　was　sign燈cantly　high

compared　with　that　of　other　groups．　On　the　other　hand，　the　hemoglobin　increase　was　not

induced　by　the　injection　of　bFGF　solution．　No　signi丘cant　dj猫erence　in　the　amount　of

hemoglobin　was　observed　among　the　hydrogel－ffee　MM　samples　discharged　and

non－discharged．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　16



　　Figure　7　shows　the　ef正bct　of　bFGF　dose　on　the　angiogenesis　induced　by　MM　samples　coated

with　bFGF・incorporated　gelatin　hydrogel　at　70r　21　days　a丘er　subcutaneous　implantation．　At

the　bFGF　dose　of　100μg，　significantly　high　amount　of　hemoglobin　was　observed　fbr　the　MM

samples　coated　with　the　hydrogel，　irrespective　of　the　corona　discharge．

1五s孟0109ゴoal　oわ5θ1va百on

　　Figure　8　shows　the　histological　section　of　tissue　7　days　after　subcutaneous　i］mplantation　of

dif色rent　MM　samples．　Histological　observation　appearance　greatly　dependent　on　the　MM

samples　implanted．　The　gelatin　hydrogel　incorporating　bFGF　coated　on　the　sur魚ce　of　MM

promoted　the　migration　of　cells　and　induced　vascularizarion　around　the　MM　implanted，

significant　angiogesis　was　induced　at　bFGF　dose　of　30　and　100　μg．且owever，　the

vascularization　was　not　induced　on　the　original　and　corona　discharged　MM．　The　corona

discharge　treatment　did　not　af壬bct　the　migration　of　cells　and　vascularizaion．
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Figure　1．　Change　in　the　water　contact　angle　of　MM　surface　with（＋）or　without　corona

discharge（一）．

※，p＜0．05；sig］【丘ficant　between　the　two　groups　indicated．

Figure　2．　Scanning　electroll　micrographs　of　MM　with　or　without　coating　of　gelatin　hydrogel：

（A）七he　original　MM　or（B）and（C）gelatin・coated　MM（（B）sur魚ce　and（C）cross－section　views）
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Figure　3．　Bonding　strength　be七ween　the　gelatin　hydrogel　coated　and　the　surface　of　MM　with

（＋）or　without　corona　discharge（一）．
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Figure　4．　bFGF　absorption　onto　the　MM　surface　wi七h（＋）or　without　corona　discharge（一）．　The

MM　was　not　coated（一）or　coated　with　gelatin　hydrogel（＋）．　The　percent　absorbed　is　indicated

as　the　amount　of　bFGF　added　initially　of　100％．

※，pく0．05；significant　between　the　two　group　s　indicated．
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Figure　5．　Time　profiles　of　radioactivity　remaining　afヒer　subcutaneous　ilnplantation　of

di挽rent　MM　samples　incorporating　with　1251・labeled　bFGF．　The　MM　was　corona　discharged

and　absorbed　with　1251・labeled　bFGF　solution（0）while　it　without　corona　discharge　was

absorbed（●）．　The　MM　was　corona　discharged　and　coated　with　the　gelatin　hydrogel，　fbllowed

by　the　incorporation　of　1251－labeled　bFGF　solution（△）．

※，indicates　significance　at　p＜0．05　against　the　value　of　non　corona　discharged　mesh　on　the

coreesponding　da￥
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Figure　6．且emoglobin　amount　of　tissue　7　days　after　subcutaneous　implantation　of　dif琵rent

MM　samples　with（口）or　without　bFGF　incorporation（■）．　The　MM　was　corona　discharged

and　absorbed　with　bFGF　solu七ion（＋／－）while　it　was　absorbed　withou七corona　discharge（－／

一
）．The　MM　was　corona　discharged　and　coated　with　gelatin　hydrogel，　fbllowed　by　the

incorpora七ion　of　bFGF　solution（＋／＋）。　As　a　control，　bFGF　solution　was　injected　subcutaneous

（injection）．　The　bFGF　dose　is　100μg／mouse．　The　dotted　line　indicates　the　natural　amount　of

tissue　hemo910bin．

※，p＜0．05；significant　between　the　two　groups　indicated．

21



　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（B）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　㌔：曽

　　　　　　　　　「一一一一一一一rl　　　7
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　～：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1・　　　　　　　難

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　套：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3　　　　　　　　　　　　　　　30　　　　　　　　　　　　　　100

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　bF｛議Fa細配（μ＠

Figure　7，（A）Hemoglobin　amoullt　of　tissue　7　days　after　subcutaneous　implantation　of　gelatin

hydroge1・coated　MM　samples　with（■）or　without　corona　discharge（□）incorporating　O，3，30，

and　100μgofbFGF．

※，p＜0．05；significant　between　the七wo　group　s　indicated．

Figure　7．（B）Hemoglobin　a皿ount　oftissue　21　days　after　subcutaneous　implantation　of　gela七in

hydrogel－coated　MM　sa皿ples　with（■）or　without　corona　discharge（□）incorpora七ing　3，30，

and　100μgofbFGF．
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Figure　8．　Histological　sections　of　tissue　7　days　af℃er　subcutaneous　implantation　of　dif匝rent

MM　samples　incorporating　bFGF：（A）the　original　MM，（B）the　MM　corona　discharged，（C）the

gelatin　hydrogel・coated　MM　corona　discharged，　and　gelatin　hydrogel・coated　MM　corona

discharged　incorporating　1（D），30（E）or　100　μg（F）．

The　bar　length　is　100μm．
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DISCUSSION

　　The　objective　of　the　present　study　was　to　provide　the㎜with　the　nature　fbr　the　controlled

release　of　bFGF　to　induce　vascularization．　The　MM　surface　is　so　hydrophobic　that　cannot　be

readily　coated　with　gelatin　hydrogel　of　hydrophilicity．　Therefbre，　the　surface　was　treated　by

corona　discharge　to　convert　into　hydroph且ic．　The　decrease　in　the　water　contact　angle　of　MM

sur魚ce　discharged　imphes　the　hydrophilic　conversion　of　surface　by　the　corona　discharge．

Higher　bonding　strength，　though　no　significant　dif【brence，　may　l）e　explained　in　terms　of　high

miscibiity　between　the　gelatin　hydrogel　and　the］〉［M　surface．　It　is　possible　that　corona

discharge　makes　the　MM　surface　hydrophilic，　resulting　in　the　enhanced　interaction　between

gelatin　molecules　and　MM　surface．

　　In　this　study，　bFGF　was　selected　as　a　growth　factor　to　induce　in　vivo　angiogenesis．　It　is

reported　that　the　production　of　bFGF　in　the　drainage　of　wound且uid　from　patients　promoted

incisional　hernia　repai1！ing　60．　From　the　implantation　experiment，　there　was　no　signi丘cant

dt任erence　in　the　amount　of　tissue　hemoglol）in　between　the　corona・treated　and　non－corona

treated　MM．　The　amount　of　bFGF　absorbed　was　significantly　enhanced’by　the　coating　of

gelatin　hydrogel（Figure　4）．　Similar　bFGF　absorption　was　observed　on　the　surface　ofMM　with

or　without　corona　discharge　treatment．　The　gelatin　hydrogel　would　be　coated　strongly　to

function　as　the　carrier　ofbFGF　release．　As　expected，　angiogenesis　was　signi丘cantly　enhanced

by　the　hydrogel　coating　at　a　bFGF　of　100　μg．

As　apparent　from　Figure　8，　sign」直cantly　higher

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　24

number　of　blood　vessels　was　observed　fbr



the　MM　sample　coated　with　with　the　hydrogel　incorporating　bFGF，　in　remarked　contrast　to

other　groups．　The　inf且tration　of　inflammatory　cells　was　sometimes　ol）served．　It　has　been

demonstrated　reported　that　in且ammation　was　oftell　important　to　recover　from　hernia　61．

The　in且ammatory且uid　contains　some　growth　factors　and　cytokines　60・62’66．　These　factors　may

contril）ute　to　accelerate　the　natural　repairing　ofhernia．

　　It　has　been　demonstrated　that　bFGF　release　can’be　controlled　by　the『biodegradation　of

hydrogel　itself　58・67，68．　It　is　highly　possible　that　the　bFGF　molecule，　once　ionicaly　complexed

with　the　acidic　gelatin，　is　not　released　from　the　gelatin　unless　the　hydrogel　is　degraded　to

generate　water－soluble　gelatin　fragments．　The　initial　bFGF　release　from　the　gelatin　hydrogel

can　be　explained　in　terms　of　bFGF　dif蝕sion．　Because　the　present　condition　of　bFGF

impregnation　was　not　suf丘cient　to　complete　poly　ion　complexation　between　the　bFGF　and

gelatin　molecules，　the　uncomplexed　bFGF　would　be　diffUsed　out　initially　58．　TheわFGF　of　100

μgwas　enough　to　induce　angiogenesis　which　is　experimentally　confbrrned　by　significant

increase　of　hemoglobin　amoullt．　increase　of　hemoglobin　amount．　In　case　the　mesh　is　used　at

an　ischemic　site，1）FGF・induced　angiogenesis　must　assist　to　repair　hernia．　Blood　vessel　can

not　only　accelerate　the　wound　heahng，　also　enhance　the　recruitment　ofkey　cells　to　the　wound

Site長）r　tiSSue　regeneratiOn．

25



　　　　　　　　　　　　　　　　　　　　　Chapter　2

Bolle　regeneration　by　lactoferrin　released　from　gelatin

　　　　　　　　　　　　　　　　　　　　　hydrogel
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INTRODUCTION

Lacto免rrin（L，F）is　an　iron・『binding　glycoprotein　of　transfbrring　fam且yJt　is　present　in　l）reast

milk，　especiaUy　colostrum（6・8　mg／ml）and　in　the　secondary　granules　of　neutrophils．　It　has

been　reported　that　LF　has　several　biological　activities，　such　as　the　enhancement　of　cell

prol廿bration　and　d邸erentiation　19・69，　and　endothehal　cells　adhesion　70，　anti・tumor　71，　and　the

modulation　of　inflammatory　responses　72．　In　addition，　it　modi丘es　the　prolj｛bration　and

dif色rentiation　of　osteoblasts　19・20　and　can　inhibit　the　cell　apotosis　21．　On　the　other　hand，　LF

increases　the　calci丘cation　of　extracellular　matrix　by　human　osteoblast・like　cels　22，　which

experimentally　a　great　potential　of　L，F丘）r　bone　regeneration．

It　is　widely　recognized　that　growth　factors　play　an　important　role　in　tissue　regeneration　at

dif色rent　stages　of　ceU　prolifbration　and　difibrentiation　50．且owever，　successful　tissue

regeneration　by　the　growth　factor　has　not　been　always　achieved．　One　of　the　reasons　is　that

the　in　vivo　halfLlifb　period　of　growth　factor　is　too　short　to　expect　the　biological　activities．　It　is

necessary　fbr　their　enhanced　in　vivo　activity　to　develop　the　drug　dehve］ry　system（DDS）of

growth　factor．　For　example，　it　has　been　reported　that　the　sustained　release　of　bone

morphogenetic　protein・2（BMP・2）enhances　the　activity　to　induce　bone　fbrmation　whereas　the

SOIutiOn　WaS　nOt　ef飴CtiVe　in　ViVO　73，74．

Various　materials　have　been　investigated　as　the　material　fbr　sustained　release　of　growth

蝕ctors　23．　Among　them，　gelatin　is　being　used　fbr　the　material　of　various　growth　factors　release，

such　as　basic　fibroblast　growth　factor（bFGF）24，　bone　morphogenetic　protein　2（BMP－2）25，
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transfbrm　growth　factor（TGF）β・15and　vascular　endothehal　growth　factor（VEGF）6．

Gelatin　has　been　widely　used　fbr　pharmaceutical　and　medical　applications　to　demonstrate　the

biocompatible　and　biodegradable　natures　on　the　basis　of　the　long・term　clinical　trials．

Stallmann　et　al．　reported　that　the　continuous　release　of　humall　LF　from　calcium　phosphate

l）one　substitutes，　was　ef董bctive　in　enhancing　bone　regeneration　26．

The　objective　of　this　study　was　to　evaluate　the　potential　of　LF　to　induce　l）one　regeneration

when　LF　is　applied　in　a　sustained　release　fashion．　A　biodegradable　gelatin　hydrogel　was

prepared　to　alow　LF　to　release　in　a　sustained　manner．　After　app】ied　to　the『bone　defbct　of　rat

skulls，　the　bone　regeneration　by　the　hydrogel　incorporating　LF　was　assessed．　We　examined

the　in　vitro　prolifbration　of　cells　by　addition　of　LF　in　a　repeated　fashion　and　compared　with

that　ofcells　cultured　L，F　added　one　time．

MATERIALS　AND　METEODS

Maめθ盟’a18

Agelatin　sample　with　an　isoelectric　point　of　5．O　was　kindly　supplied　by　Nitta　Gelatin（Osaka，

Japan）．　Bovine　LF（WAKO　Pure　Chemical　Industries，　Osaka，　Japa11，　Lot　No　ALR2632．），

glutaraldehyde（GA），　glycine，　and　other　chemicals　were　purchased　from　Wako　Pure　Chemical

Industries（Osaka，　Japan）and　used　without　fUrther　purification．

Pr臼paraゼoηofgθ1aゼn妙dro9θ15

Gelatin　hydrogels　were　prepared　by　the　chemical　cross－linking　of　gelatin　with　GA．　Briefly，

4．29wt％aqueous　solution　of　gelatin（70　m1）was　mixed　at　5，000　rpm　at　37°C負）r　3　min　with　a
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homogenizer（ED・12，　Nihonseiki　Co．，　Tokyo，　Japan）．　After　the　addition　of　2．17wt％GA

aqueous　solution（30　ml），　the　mixed　solution　was　agitated　fbr　15　second『by　the　homogenizer．

The　resulting　solution　was　cast　into　a　polypropylene　dish　of　138×138　cm2　and　5　mm　depth，

負）Uowed　by　leaving　at　4°C　fbr　12　hr　fbr　gelatin　cross－linking．　Then，　the　cross・linked　gelatin

hyd，。9。1、　were　placed　int。100　mM。f　aqu。。u、　gly，in。、。luti。n　at　37・C飴。1㎞t。わ1。ck　6he

residual　aldehyde　groups　of　GA．　Following　complete　washing　with　double　distiled　water

（DDW），　the　hydrogels　were　freeze・dried　and　cut　into　the　disc　in　8　mm　diameter　and　2　mm

thickness負）r　the　fblowing　implantation　experiments　into　the　bone　de色ct　model　in　rats，　or　5

×5×20mm　into　the　bone　de艶ct　lnodel　in　rabbits．

8臨a加θdrθ1θa5θ孟θ5診of五P丘on29θ1a哲ηhydro9θ15

LF　was　radioiodinated　according　to　the　method　of　Greenwood　et　a1．57．　Then，20μlof

aqueous　solution　containing　1251・labeled　LF　was　dropped　onto　a　freeze・dried　gelatin（2　mg），

and　then　lefヒ37℃fbr　l　hr　to　obtain　the　gelatin　sponge　incorporating　1251・labeled　LF．　Since

the　volume　of　LF　solution　added　was　much　smaller　than　that　theoreticaUy　impregnated　into

the　sponge，100％ofLF　added　could　be　completely　incorporated　into　the　hydroge1．　The　gelatin

hydrogel　incorporating　1251－labeled　LF　was　implanted　into　the　back　subcutis　of　6・week・old

fbmale　DDY　mice（Shimizu　Laboratory　Animal　Supply　Co．，　Ltd．，　Kyoto，　Japan）at　the　central

position　15　mm　away　from　the　tail　root．　As　a　control，20μlof　aqueous　solution　of　1251・1abeled

LF　at　the　same　dose　was　subcutaneously　injected　into　the　mouse　back．　Each　experimental

group　was　composed　ofthree　mice．　At　dif艶rent　time　intervals，　the　mice　were　sacri丘ced，　and

the　back　skin（3×5cm2）around　the　sample　implanted　or　injected　site　ofLF　was　cut　out　and
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the　corresponding　facia　was　thoroughly　wiped　off　with　a丘lter　paper　to　absorb　the　1251・1abeled

LF　remaining．　The　radioactivity　of　remaining　gelatin　hydrogel，　the　skin　piece，　and　the丘lter

paper　was　measured　on　the　gamma　counter（ARC・301B，　Aloka　Co．，　Ltd．，　Japan）．　The

percentage　of　remaining　radioactivity　was　expressed　as　the　radioactivity　ratio　oftest　samples

to　the　original　hydrogel　or　aqueous　solution　containing　1251・lal）eled　LF．

In　addition　above，　we　investigated　the　repercussions　of　dif艶rent　administratioll　routes　in

terms　of　amount　of　LF．　Injected　LF　as　solution　or　implanted　LF　with　hydrogels　was　estiln．ated

from　remaining　radioactivity　one　day　afしer　the　application．

0θ刀ou加rθθ琢）θη゜加θ刀孟w1’訪LF

MC3T3・EI　cells（mouse　derived　osteoblasts）were　seeded　into　each　well　of　24・well　muユti　dish

culture　plate（Corning　Inc．，　Corning，　NY）at　a　cell　density　of　2×104　cels／well　and　cultured　in

500μ10f　culture　MEM　medium　with　10　wt％fbtal　bovine　serum（FBS）fbr　one　day（day　O）．

After　the　incubation　fbr　one　day，　each　well　was　washed　twice　with　the　phosphate－1）uf艶red

saline　solution（PBS，　p且7．4）twice．　Then，　the　cells　were　cultured　in　FBS・free　medium　fbr　3

days．　Fresh　FBS・f拍e　medium（500μ1／wel）was　changed　every　day，　L，F　was　added　into　the

medium　in　one・time　or　repeated　time　fashion．　For　the　group　of　one・time，　single　addition，　the

LF　solution　was　added　to　each　well　at　total　concentrations　from　O．15to　1500μg／ml　on　day　1．

On　day　2　and　3，500μlof　PBS　was　added　to　each　wen．　For　the　group　of　repeated　additiol1，　the

LF　solution　was　added　3　times　to　each　well　at　the　total　concentrations　from　O．05　to　500μ

g／ml　every　day　fbr　3　days．　As　a　control　group，　MC3T3・EI　cells　were　incubated　in　the　medium

containing　10　wt％FBS　fbr　3　days，　while　the　medium　was　changed　every　day　by　the　PBS

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　30



addition　at　same　amount　of　other　groups．

Mπassay　mθ孟ゐod

The　cells　were　washed　twice　with　PBS．　The　culture　medium（500μ1）was　added　into　each

well　The　cel　prolt色ration　was　evaluated　with　MTT　assay　kit（Nacalai　tesque　Inc．，　Kyoto，

Japan）．　　Briefly，　　to　　　each　　　well，　　50　　　μ　　　l　　　　　of　　solution

（2・（2・methoxy・4－nitrophe　nyl）・3・（4・nitrophe　nyl）－5－（2，4・disulfbphe　nyl）・2］壬tetrazohum，

monosodium　salt；WST・8）was　added　fbHowed　by　incubation　fbr　futher　2　hr．　The　absorbance　of

cel　supernatants　was　measured　on　a　VERSAmax　microplate　reader（Molecular　Devices，

Sunnyvale，　CA，　USA）at　450　nm．　The　number　ratio　of　cel　prolifbrated　was　expressed　as　1．0

負）rthe　group　where　cels　were　cultured　in　the　medium　containing　10　wt％FBS．

D2＞Aa55aymθ孟加d

The　number　of　prohferated　cells　was　measured　by　a　DNA　assay　method　57．　The　cells　were

washed　twice　with　PBS，　underwent　the　conventional丘eeze－thaw　process，　and丘nally

incubated　in　l　ml　of　aqueous　solution　containing　O．2　mg／ml　sodium　dodecyl　su丘ate，9．O　mg／ml

NaCl，　and　4．4　mg／ml　sodium　citrate　fbr　l　hr　to　completely　dissolve　cells．　The　cell　lysate（100

μ1）was　mixed　with　100μ10f　1μ1／ml　Roechst　33258　dye　solution（bisbenzimide

R33258且uorochrome　trihydrochloride　dimethyl　sulfbxide　solution，　Nacalai　Tesque，　Inc．，

Kyoto，　Jap　an）containing　9．O　mg／ml　NaCl　and　4．4　mg／ml　sodium　citrate．　The且uorescence

intensity　of　mixed　solution　was　measured　on　a且uorescence　spectrophotometer（Spectra　Max

Gemini　Em，　Molecular　Device　Japan　Co．，　Osaka，　Japan）at　exciting　and　emission
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wavelellgths　of　355　and　460　nm．　The　ceU　number　was　determined　by　the　calibration　curve

P・epared丘・m　th・且u・rescent　mea・皿・甲・nt鉛・th・kn・wn　number・f・el・・

B・nθrθ9θηθraが・ηa55ay・f卵1a孟加加dro9♂s　fn・・潭P・ra伽gL∬

Ra孟modθ1

LF　solution　at　concentrations　of　O，1，10，　and　100　mg／ml（300μ1），　was　dropped　onto　the　disc

of　gelatin　hydrogel　freeze・dried，　fblユowed　by　leaving　at　4℃fbr　overnight　in　dark　to　obtain

the　gelatin　sponge　incorporating　O，0．3，3，　and　30　mg　of　LF．　Fisher　344　rats（14・weekold，

Shimizu　Laboratory　Animal　Supply　Co．，　Ltd．，　Kyoto，　Japan）were　used　divided　into　4　groups

（3rats　l　group）．　Under　anesthesia　with　a　pentobarbital（40　mg／kg），　a　flap　was　raised　and　a

bone　defもct　of　8・mm　diameter　was　created　with　a　bone　trephine　bur．　Then，　the　hydrogels

incorporating　LF　were　applied　to　the　defbct，　and　then　the且ap　was　repositioned　and　sutured．

The　rats　were　sacrificed　8　weeks　after　the　hydrogel　apphcation．　The　calvaria　were　dissected

out　and　examined　with　soft　X－ray　radiography（且itex・100，且itachi，　Tokyo，　Japan）at　20　kVP

and　2．O　mA　fbr　200　sec．　X・ray　radiographs　around　the　bone　de艶ct（8×8mm　square）were

mechanicany　changed　to　the　binary　images　on　a　soft　ware（Photoshop，　Adobe　Systems

Incorporated，　San　Jose，　CA，　USA）at　the　region　of　interest　of　8×8mm　square．　Then，3

binary　images　fbr　each　experimental　group　were　analyzed　to　calculate　the　average　percentage

of　ossified　area　±　the　standard　error．

Raわbf診mod「e1
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The　implantation　was　pre負）rmed　by　a　surgical　procedure　previously　reported75，　with　a　slight

modification．　The　site　to　be　operated，　either　the　left　or　right　f士ont　hmb　of　rabbits（New

Zealand　white　rabbit，　Shimizu　Laboratory　Animal　Supply　Co．，　Ltd．，　Kyoto，　Japan）was

shaved，　prepped，　and　draped負）r　aseptic　surgery　in　the　supine　position．　A　2　cm－long

superomedial　incision　was　made　and　the　tissue　overlying　the　diaphysis　of　the　radius　was

dissected．2cm　segmental　defもct　was　prepared　in　the　radius　with　a　surgical　oscj皿ating　saw

supplemented　by　copious　sterile　saline　water　irrigation．　Gelatin　hydrogel　incorporating　LF

（0．3，3．0，30mg）and　empty　gelatin　hydrogel　were　applied　to　defbcts，　and　some　defもcts　were

left　without　any　apphcation．　Fixation　of　the　ostectomized　bone　was　unnecessary　because　of

the　fibro・osseous　union　between　the　ulna　and　radius　located　distal　and　proximal　to　the

surgical　site．　The　soft　tissue　was　approximated　with　interrupted　4・O　Vicryl（Ethicon，

Somevile，　NJ）and　the　skin　was　closed　with　3・O　sik　sutures．　A　post　operative　antibiotic

（fbs釦mycin）（［Fosmicin］；Me顛i　Seika，　Tokyo，　Japan）was　administered　intramuscularly　at　a

dose　of　100　mg／kg　per　day　fbr　3　days．　The　radius・ulna　complex　containing　the　de免ct　was　then

taken　out　and丘xed　in　10　w％fbrmaldehyde　solutioll　in　PBS丘）r　assessment　of　bone

regeneration．　Bone　regeneration　at　the　site　of　bone　defbct　was　assessed　by　sofヒXTay　12　weeks

afヒer　application．　SofしXTay　photographs　of　bone　specimens　were　taken　with　above　soft　X・ray

system　at　20　kVP　and　2．O　mA　fbr　240　s．

Preρaraだ0ηofgθ1aだηβρongθS四’飴β・TσP

Gelatin　sponges　incorporatingβ・TCP　were　prepared　by　chemical　cross－linking　of　gelatin

with　glutaraldehyde　in　the　presence　ofβ・TCP　granules（50　wt％）．　Briefly，4．29　wt％aqueous
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solution　of　gelatill　atβ・TCP（70　ml）was　mjxed　at　various　rpm　fbr　dif匝rent　time　at　37℃

（table　1）by　using　a　homogenizer（ED・12，　Nlhonseiki　Co．，　Tokyo，　Japan）．　After　addition　of　2．17

wt％of　glutaraldehyde　aqueous　solution（30ml），　the　mixed　solution　was　fUrther　mixed　15　s

with　the　homogenizer．　The　resulting　solution　was　cast　into　a　polypropylene　dish　of　138×

138cm2　and　5mm　depth，　fbnowed　by　leaving　at　4℃fbr　12　h　fbr　gelatin　cross・linking．　Then，

the　cross・hnked　gelatin　hydrogels　withβ一TCP　were　placed　into　100　mM　of　aqueous　glycine

solution　at　37℃fbr　l　h　to　block　the　residual　aldehyde　groups　of　glutaraldehyde．　Following

complete　washing　with　double　distilled　water（DDW），　the　hydrogels　were　freezed　at　various

conditions（table　1）and　dried．　Then，　the丘eeze・dried　gelatin　hydrogels　withβ・TCP　were　cut

into　cubes　of　5×5×5mm3．

Table　1．　Prepared　condition　of　gelatin　sponges　incorporating　β一TCP

Mixed　revolution（rp　m） Cooling　condition（℃） Mixed　time（min）

1 1，500，5，000，9，000 ・80 3

2 5，000 ・ 30，・80，LN 3

3 5，000 ・80 1，3，30s

LN＝hquid　nitroge　n，

The　resulting　sponges　were　sputter℃oated　with　gold　l　palladium　and　viewed　both　on　a

sca皿ing　electron　microscope（SEM，　S・2380N，且ITAC且1，　Japan）．　The　average　pore　size　and

porosity　of　sponges　were　measured　by　the　methods　reported　previously　76，77．
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α伽rθ㎡oθ刀uηdθr伽9θ1a加5poη9θ凹’診hαr四’伽u孟β一70P

MC3T3－EI　cells　were　seeded　into　each　wel　of　96－weU　multi　dish　culture　plate（Corning　Inc．，

Corning，　NY）at　a　cell　density　of　1×105　cells／well　and　cultured　in　200μ10f　culture　MEM

medium　with　10　wt％fbtal　bovin．e　serum（FBS）fbr　6　h．　A庇er　the　incubation負）r　one　day，　each

well　was　washed　twice　with　the　phosphate－buf艶red　sahne　solution（PBS，　p且7．4）twice．　Then，

gelatin　sponges　with　or　withoutβ・TCP　sponge　were　placed　onto　each　well．　A　fresh　medium

was　changed　every　3　days　fbr　ce1ユprol迅eration　without　touch　gelatin　sponge．

Mθa5urθmθ11孟ofoθZ111umbθr　alld　oZ）5θrva百0120f8∂1a彪12理）012gθwワ゜診h　β一丁OP

The　cultured　sponges　on　the　well　plate　were　washed　twice　with　PBS．　The　number　of　cells　in

washed　sponges　was　measured　by　above　DNA　assay　method．

The　cultured　sponges　on　the　well　plate　were　washed　twice　with　PBS，　and丘xed　into　O．2　wt％

glutaraldehyde　solution　fbr　l　h　at　4℃．　The　fixed　sponges　were　washed　twice　with　PBS，　and

reserved　in　70％ethanol　solution　unti　observation．　The　reserved　sponges　were　freezed　and

dried　befbre　SEM　observation．　The　resulting　sponges　were　sputtercoated　with　gold／

paladium　and　viewed　above　SEM　system．

8孟a疲51ゴoaηa加fβ

Statistical　analysis　was　per丘）rmed　by　the　Tukey・Kramer　method，　and　p　value　less　than　O．05

was　considered　sign士丘cant．

RESU】」TS
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Rθ1θa5θμ〇五1θofLF丘om　gθ1a孟加加dro9θ1s　fnooヱpora孟fng五F

Figure　9a　and　9b　show　the　remaining　ratio　and　amount　of　applied　LF　at　the　site　of

implantation　after　one　day　afヒer　the　application．　The　applying　ef且ciency　of　LF　with　hydrogel

was　dearly　better　than　administration　as　solution．

Figure　9c　shows　the　release　pro丘le　of　LF　f｝om　gelatin　hydrogels　incorporating　with

1251・lal）eled　LF　afしer　subcutaneous　implantation．　The　remailling　radioactivity　of　1251－labeled

LF　solution　injected　subcutaneously　was　2．96　and　O．82％on　Day　l　and　3，　respectively．　OII　the

contrary，　the　remaining　radioactivity　of　1251・labeled　LF　in　the　hydrogel　inco芝porated　fbrm　was

10．14and　5．26％on　l　and　3　days．　The　remaining　radioactivity　of　LF　fbr　a　long　time　period

was　observed　by　the　sustained　release　with　the　hydrogel．

1加1°6ro　Oθ刀5．ρro肋r副0η

Figure　10　shows　the　mitochondrial　metabolism　activity　of　cels　pro1漉rated　l　and　3　days　in

the　presence　of　LF　in　the　one－time　or　repeated　additional　fashion．　The　mitochondrial

metabolism　activity　of　cells　was　measured　by　MTT　assay　method．　The　activity　of　cels　on　3

days　was　lower　than　l　day，　because　of　culture　without　FBS．　On　l　day，　with　an　increase　of　LF

concentration，　the　cell　activity　tended　to　promote．　On　3　days，　although　cel　activity　of　all

groups　was　decreased，　with　an　increase　of　LF　concentration，　the　cell　activity　tended　to　keep

the　level　of　l　day．

Figure　l　l　shows　the　mitochondrial　metabolism　activity　of　cels　proli色rated　on　3　days　in　the

presence　of　LF　in　the　one・time　or　repeated　additional魚shion．　With　an　increase　of　LF

concentration，　the　cell　activity　was　promoted．　At　higher　concentrations　of　LF，　the　activity　of
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cells　prolifもrated　was　signi丘cantly　higher　fbr　the　repeated　additional　group　than　that　of　single

additional　group．

Figure　12　shows　the　cell　number　cultured　on　l　and　3　days　in　the　presence　of　LF　in　the

one・time　or　repeated　additional　fashion．　The　number　of　cells　was　measured　by　DNA　assay

method．　With　an　increase　of　LF　concentration，　the　cell　number　was　increased，　especially

repeated　additional　group．111　single　additional　group，　there　were　no　dif色rent　in　ceU　number

between　on　l　and　3　days．　However，　in　repeated　additional　group，　the　number　of　cell　cultured

on　3　days　with　high　dose　of　LF　was　increased　compared　with　on　l　day，　in　the　face　of　a　culture

without　FBS．

Figure　13　shows　the　cel　number　on　3　days．　After　MC3T3・EI　cells　was　cultured　under　10％

FBS　media　fbr　l　day，　the　cell　numl）er　of　initial　attachment　was　18，996　cells（dot・line）．　With

the　culture　under　10％FBS　media　fbr　further　3　days，　the　ceU　number　increased　to　13　times

it・number（・・nt・・1）・On　th・・t与er　hand・the　cell　p・・h艶・ati・n　wa・p・ev・nted　by　the　culture・f

serum・free　media．且owever　the　supply　of　1500r　1500μg／ml　LF（both　single　and　continuous）

induced　to　significantly　increase　of　cell　number　compared　with　initial　attachment　number．

血卿oわoηθre9θηθraがoηby　gθ1aがη妙drρ9θ1s　fncαrpom伽g　LF

Figure　14　shows　the　soft　XTay　radiography　pictures　of　rat　calvarial　defbct　after　implantation

of　gelatin　hydrogels　incorporating　various　amounts　of　LF．　Implantation　of　LF・fセee　gelatin

hydrogels　did　not　induce　bone　regeneration．　On　the　other　hands，　bone　regeneration　at　the

defbct　site　was　observed　by　the　implantation　of　gelatin　hydrogels　incorporating　30　mg　of　LF．

Figure　15　shows　the　soft　XTay　radiography　pictures　of　rabbit　ulna　defbct　after　implantation
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of　gelatin　hydrogels　incorporating　various　amounts　of　LF．　Sham　operation　and　implantatioll

of　hydrogel　incorporating　O．3　mg　LF　did　not　induce　bone　regeneration．　On　the　other　hands，

bone　regeneration　at　the　defbct　site　was　observed　by　the　implantation　of　gelatin　hydrogels

incorporating　3．O　and　30　mg　of　LF．

Porθβfzθofgθ1a血βpongθ凹’訪β一πΣP

Figure　16　a，　b，　and　c　show　mean　pore　size　of　gelatin　sponges　withβ・TCP　prepared　by

various　conditions．　Although　mixed　time　did　not　af艶ct　thetr　pore　size，　lower　temperature　was

inclined　to　reduce　the　pore　size．

During　cel　culture，　the　cells　under　the　sponges　infiltrated　the　sponges　and　produced

extraceUular　matrix（ECM）．　Figure　17　shows　the　number　of　cels　in　the　gelatin　sponges　with

or　withoutβ・TCP　cultured　7　and　14　days　in　vitro．　In　both　sponges，　the　number　of　cells

infiltrated　into　sponges　at　14　days　were　almost　twice　compared　with　its　of　7　days．　The　number

of　cels　in　the　gelatin　sponge　withβ・TCP　was　significantly　larger　than　it　in　the　sponge

withoutβ・TCP　at　14　days．　Figure　18　shows　the　surface，　observed　by　SEM，　of　sponges

infiltrated　cells．　Although，　unfbrtunatel那we　did　not　determine　quantity　of　ECM　in　the

sponges，　it　seemed　that　the　amount　of　ECM　around　sponge　withβ・TCP　was　more　than　it

around　sponge　withoutβ・TCP．
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Figure　9．

a；Remaining　ratio　of　LF，　when　infected　as　solution　or　implanted　with　gelatin　hydrogels．

b；Remaining　amount　of　LF，　when　injected　as　solution　or　implanted　with　gelatin　hydrogels．

c；Time　profiles　of　radioac七ivity　remaining　after　the　subcutaneous　injection　of　1251・1abeled　LF

solutio11（0）and　implan七ation　of　gelatin　hydrogel　incorporating　with　1251・labeled　LF（●）．
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Figure　10．　Time　pro且1e　of　mitochondrial　metabolism　activity　of　MC3T3－EI　cells　in　the

presence　of　LF　in　the　single（1eft）and　3－times　addition　of　I、F（right），　evalua七ed　by　MTT　assay

on　l　and　3　days。
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Figure　11．　The　mitochondrial　metabolism　activity　of　MC3T3・EIcells　in　the　presellce　of　LF　ill

the　single（口）and　3－times　addition　of　LF（■），　evaluated　by　MTT　assay　on　3　days。

†，p＜0．05；signi丘cant　against　the　activity　of　cells　cultured　in　the　LF・free　Inedium

††，p＜0．05；signi五cant　against七he　activity　of　cells　cultured　on　the　single　addition　of　LF　into

medium
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Figure　12．　Time　pro丘le　of　MC3T3－EI　cells　proli艶ration　in　the　presence　of　LF　in　the　single

（1efし）and　3・times　addition　of　LF（right），　evalua七ed　by　DNA　assay　on　l　and　3　days．
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Figure　13．　Figure　13　shows七he　ef色ct　of　LF　supply　on　the　prolifbration　of　MC3T3－EI　cells

evaluated　by　DNA　assaヌMC3T3・EI　cels　were　incubated　under　10％fbtal　bovine　serum

（FBS）media．　Afしer　MC3T3・EIcells　was　cultured　to　induce　initial　cel　attachment　under　10％

FBS　media　fbr　l　day，　then　were　incubated　under　a　serum・free　condition，　except　the　control，

with　single　or　con七inuous　supply　ofLF　fbr　3　days．　The　dot　line　means　the　cell　nu皿ber　of　initial

attachment．

†，p＜0．05；significant　against　the　number　of　initial　a七tached　cells　cultured　in　the　10％FBS　on

lday。
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A調議◎㎜tof　LF｛翁COτPGr紀tGd（1ng）

Figure　14．　SofヒXTay　radiographies　of　rat　calvarial　de艶ct　8　weeks　afむer　implantation　of

gelatin　hydrogels　incorporating　O，0．3，3，　and　30　mg　LF．　The　lower　stand　value　irLdicates　the

average　percentage　of　area　ossified　in　8×8mm　square　around　bone　defbct．　No　statistical

signif〔cant　was　observed　between　LF　O　and　O．30r　3　mg　group．

＊，　p＜0．05；signi丘cant　against　the　percentage　of　ossified　area　in　square　around　de」宝｝c七

implanted　with　gelatin　hydrogels　incorporating　O　mg　of　LF．

42



Amount　of　LF　incorporated（1ng）

Sham 0．3 3．0 30

Figure　15．　Soft　X・ray　radiographies　of　rabbit　ulna　defbct　12　weeks　after　implantation　of

gelatin　hydrogels　incorporating　O．3，3，　and　30　mg　LF　and　sham　operatiol1．
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Figure　16．　These丘gures　show　the　pore　size　of　gelatin　sponges　withβ一TCP　prepared　by

various　conditions．　The　pore　size　ofsponges　was　measured　by　observation　of　SEM　pictures．
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Figure　17．　This　figure　shows　the　number　of　cells　in　the　gelatin　sponges　with　or　withoutβ

・TCP　cultured　on　the　wel　plate　seeded　MC3T3・EIcells丑）r　7　and　14　days．

†，p＜0．05；sig】虹ficant　d櫛erent　between　these　groups

††，p＜0．05；significant　against　the　number　of　cels　in　theβ・TCP（一）gelatin　sponge．
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Figure　18．　This　gifure　shows　SEM　pictures　observed　the　surface　of　gelatin　sponge　with　or

withoutβ一TCP　cultured　on　the　well　plate　seeded　MC3T3－EI　cells　fbr　7　and　14　days，　Cells

and　ECM　attached　sur飴ce　on　the　scaf偽1ds．　It　seemed　the　amount　of　ECM　around　sponge

withβ・TCP　was　more　than　it　around　sponge　withoutβ・TCP．
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DISCUSSIONS

The　present　study　demonstrates　that　the　sustained　release　with　the　gelatin　hydrogel

enabled　LF　to　enhance　the　potential　of　bone　regeneration．　Sta1ユman　et　al．　reported　that　the

continuous・release　of　human　LF　f士om　calcium　phosphate　bone　substitutes　was　ef｛bctive　in

el止ancing　bone　regeneration　26．　The　release　technology　is　necessary　to　enhance　I．F・induced

bone　re　generation．

It　is　wel　recognized　in　the　polymer　science　that　a　positively　or　negatively　charged

polyelectrolyte　ionically　interacts　with　the　oppositely　charged　one．　Thus，　it　is　highly　possil）le

that　the　LF　molecule　of　a　positive　charge　is　not　released　from　the　acidic　gelatill　hydroge1

（negative　charge）unless　the　hydrogel　is　degraded　to　generate　water・soluble　fragments．　On

the　other　hand，　LF　will　be　diffused　out　ofthe　basic　gelatin　hydrogel　ofpositive　charge　since

there　is　no　electrostatic　interaction　between　the　LF　and　gelatill　molecules．　The　initial　release

from　the　acidic　gelatin　hydrogel　can　be　explained　in　terms　of　this　LF　diffusion．　Because　the

present　LF　impregnation　condition　was　not　suf丘cient　to　complete　poly・ion　complexation

between　the　LF　and　the　acidic　gelatin　molecllles，　the　uncomplexed　LF　would　be　dif6used　out

initially．　There　have　been　reported　on　many　carriers　fbr　the　controlled　release　of

proteins4，6・73・78．　The　pro丘le　of　LF　release　from　other　carriers　is　under　investigation　at　present

to　compare　that　of　gelatin　hydrogel．

We　investigated　the　ef艶ct　of　LF　additional　fashioll　on　the　prohferation　of　cells．　Repeated

addition　of　LF　was　more　ef色ctive　in　enhancing　the　cell　prohferation　than　the　single　addition．

The　enhanced　extent　became　high　as　the　LF　concentration　increased．　Cornish　et　al．
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investigated　that　the　efi色ct　of　bovine　LF　on　the　prolifbration　of　human　osteoblasts　to

demonstrate　the　promoted　prolifbration　of　primary　or　cell　line　cultures　of　human　or　rat

osteoblast・hke　cells　in　the　dose・dependent　manner（1・100μg／ml）．　It　is　reported　that　in　the

healthy　body，　the　serum　level　of　LF　ranges　from　2μg／ml　to　7μg／ml　79．　On　the　other　hand，

Lorget　et　al．　have　reported　that　bovine　LF　inhibited　the　in　vitro　bone　resorption（200μg！ml）

in　the　in　vitro　culture　of　rabbit『bone　cells．　Therefbre，　the　concentration　of　I、F　to　aflbct　the　cell

behavior　in　vitro　should　be　examined　considering　the　type　of　cells．　In　this　study，　we　did　not

check　the　time　course　of　LF　concentration　in　culture　medium　and　around　bone　defbct．　These

points　should　be　checked　in　order　to　con丘rm　the　eflbctive　concentration　of　LF　is　released　f士om

the　hydrogel．

It　is　apparent　in　Figure　2　that　the　repeated　addition　of　I、F　ef色ctively　enhanced　the　in　vitro

prolilbration　of　cels．　This　is　just　an　in　vitro　experiment，　but　this　clearly　indicates　that　a

continuous　supply　of　L，F　to　the　cel　culture　system　was　ef【bctive　in　the　enhancement　of　cells

prolifbration．　Bone　regeneration　could　be　detected　in　a　rat　skuU　bone　regeneration　model　8

weeks　and　a　rabbit　ulna　bone　regeneration　model　12　weeks　afヒer　implantation．　On　the　other

hand，1251・labelled　LF　was　not　detected　in　the　tissue　around　implanted　hydrogel　on　14　days

afむer　implantation．　This　time　d櫛erence　is　often　observed　in　the　case　of　protein－induced’bone

regeneration．　The　protein　is　localy　released　fbr　14　days　to　enhance　the　number　of　key　cells

and　activate　their　activity．　Then，　the　cells　initiate　to　work　onthe　regeneration　ofbone　tissues．

It　is　possible　that　it　needs　some　time　period　to　achieve　the　cel・based　bone　regeneration．　It　is

well　known　that　LF　interacts　with　the　receptors　of　cels　to　exert　their　biological　functions．
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There　is　the　cell　surf吾ce　receptor　of　LF　fbr　various　types　of　cells，　such　as　T　ceUs　80，　monocytes

81，hver　cells　82，　intestinal　cells　83，　platelets　84，　and　kidneyゴthyroid　or　p　arathyroid　glands　85．

且owever，　we　did　not　check　which　cells　were　key　cel　afi〔bcted　by　LF．

There　are　two　important　advantages　to　use　gelatin　hydrogels　over　the　LF　solution　upon

applying　to　the　defbct　site．　One　of　the　advantages　is　the　sustained　release　of　LF　which　can　be

acheved　with　the　gelatin　hydrogel．　The　other　is　that　the　gelatin　hydrogel　could　maintain　the

LF　concentration　at　the　bone　de色ct　site．　The　L，F　molecule　of　positive　charge，　once　ionically

complexed　with　the　acidic　gelatin　of　negative　charge，　is　not　released　from　the　acidic　gelatin

hydrogel　unless　the　hydrogel　is　degraded　to　generate　water・soluble　fragments．　As　one　control

experiment，　the　repeated　addition　of　LF　was　ef色ctive　in　the　enhancement　ofcen　prohferation

and　activity　in　vitro．　This　indicates　that　continuous　release　enables　I」F　to　induce　the

biological　activityξTaken　together，　we　can　say　with　certainly　that　the　sustained　release　ofLF

promotes　LF・based　the　abiity　of　bone　regeneration．

Although　we　should　add　the　number　of　trials，　especially　in　rabbit　model，　in　vivo　experiments

（Figure　14，15）revealed　that　the　gelatin　hydrogel　functioned　well　to　increase　in　the　number　of

key　cells，　resulting　in　cel1・based　bone　regeneration．　Some　papers　demonstrate　that　bone

regeneration　was　promoted　by　growth　factors，　especially　bone　morphogenetic　proteins（BMPs）

4・25・86and　basic　fibroblast　growth魚ctor（bFGF）7．　We　think　that　comp　aring　with　other　growth

魚ctors，　an　important　advantage　to　use　LF　is　the　low　cost　compared　with　other　growth　factors．

Smith　et　al．　reported　that　bone　regeneration　in　a　rabbit　calvarial　was　induced　by　288μ
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g／defbct　of　BMP・2　with　a　collagen　sponge　86．　Yamamoto　et　al．　succeed　in　the　dose　reduction

of　BMP2　dose（17μglde色ct）induce　bone　regeneration　by　using　the　gelatin　hydrogel　of

release　carrier　25．　Tabata　et　al．　demonstrate　bone　regeneration　in　a　rat　calvarial　defbct　by

gelatin　hydrogel　incorporating　100　μgof　bFGF　7．　Although　it　is　reported　that　the　dual

release　of　growth　factors　could　reduce　thetr　dose　requested　to　induce　bone　regeneration　87．

However，　from　the　view　point　of　cost，　it　is　practically　dif丘cult　to　say　that　the　growth　factors

are　available　fbr　therap）㌃In　this　study，　we　use　a　30皿g　of　LF　fbr　bone　regeneration　in　the　rat

calvarial　defbct．　Mountziaris　PM　et　al　reported　on　the　modulation　of　the　in且ammatory

response負）r　enhanced　bone　tissue　regeneration　88．　An　anti・inflammatory　property　is　useful

fbr　bone　regeneration　since　inflammation　is　mainly　associated　with　a　loss　of　bone　mass．　LF　is

reported　to　have　an　anti－in且ammatory　activity72．　On．　the　contrary，　this　property　is　not

observed　fbr　BMPs　and　bFGF．　It　is　highly　conceivable　that　LF　has　an　advantage　over　other

growth　factors　in　terms　of　anti“i11且ammation・

This　study　experimentaly　con丘rmed　that　the　combination　of　LF　and　gelatin　hydrogel　was

useful　to　induce　bone　regeneration．1｛owever，　it　is　dif五cult　to　make　a　direct　comparison　in　the

bone　regeneration　between　this　and　other　papers　because　there　are　some　dif艶rences　in　the

animal　species，　the　defbct　model，　and　the　speed　and　degree　of　bone　regeneration．　In　spite　of

this，　we　beheve　that　the　cost・bene丘t　perfbrmance　of　LF　is　very　practical　compared　with　other

growth　factors　which　are　widely　used丑）r　the　bone　regeneration．

In　previous　experiment，　we　already　checked　the　compression

gelatin　incorporating　β・TCP　sponges　in　the　freeze・dried　state　74．
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of　gelatin　sponge　was　O．27±0．01　MPa．　On　the　contrary，　its　of　gelatin　sponges　incorporating，

25，50，75and　90　wt％，β一TCP　were　respectively　O．52±0．14，1．13±0．13，2．60±0．32　and　4．97

±0．73．These　results　indicate　that　gelatin　sca登bld　wi皿be　reinforced　by　the　addition　of

microsphere．　In　this　study，　we　prepared　some　gelatin　sponges　incorporatingβ・TCP　with

various　conditions　and　evaluated　thetr　pore　size．　Although　the　mixed　time　did　not　af飴ct　the

pore　size　of　sponges，　coohng　temperature　and　mixed　revolution　af｛bcted．　Cooling　temperature

affもcts　the　size　of　ice　crystal，　when丘eezed　gelatin　solution．　The　size　of　ice　crystal　is

in且uenced　by　the　coohng　temperature．　Because　of　the　pore　due　to　melting　of　ice　crystal，　we

could　change　the　pore　size　of　gelatin　scaf証blds　by　coohng　temperature．　As　it　has　been　reported

that　the　optimal　pore　size　fbr　attachment，　d面erentiation　and　growth　of　osteoblasts　and

vascularizatioll　is　approximately　300・400μm89，　there　rnust　be　the　optimal　pore　size　which

have　a　significant　in且uence　on　cell　signal　expression　and　dif飴rentiation．　In　addition，　the

change　of　pore　size　of　sca且bld　means　the　change　of　superficial　area　of　it．　The　superficial　area

of　sca丑bld　af色cts　the　degradation　rate　of　it　and　the　release　pro丘les　of　growth　factors．　We

should　investigate　the　optimal　design　parameters，　including　porosit防　pore　size，

interconnectivity，　and　mechanical　properties，　fbr　cells．　Furthermore，　we　must　develop　the

process　of　manufacture　to　prepare　the　scaf丑）ld　with　optimal　parameters．　Biodegradable

hydrogels　containing　microsphere　subunits　such　asβ・TCP　provide　new　types　of　gelatin

scaHbld　with　stable　and　controlled　degradability，　which　be　able　to　incorporate　growth　factors．

We　aspect　that　it　wiU　be　easy　the　characteristics　of　this　gelatin　scaf【bld　withβ・TCP　to　be

modified　to　optimal　specifications負）r　tissue　regeneration．

51



General　Conclu8ion

In　chapter　1，　we　tried　to　produce　the　biomaterial　with　angiogenesis　abihty　using　gelatin　and

bFGF．　Although　Motif　Mesh　has　hydrophobic　nature，　corona　discharge　induced　the　reduced

hydrophobicity（Figure　1）．　The　gelatin　could　attach　strongly　the　surface　of　1＞［M長）y　this　arti丘ce

（Figure　3）．　The　strongly　attached　gelatin　was　not　easily　diffused　af℃er　the　implantation．

Sigr江丘cantly　higher　number　ofblood　vessels　was　observed　fbr　the　MM　coated　with　the　gelatin

hydrogel　incorporating　bFGF，　in　remarked　contrast　to　other　groups（Figure　8）．　To　use　the

gelatin　and　bFGF　induced　angiogenesis　around　the　matehal，　which　even　had　hydrophobic

nature．　These　results　suggest　that　these　artt且ces　can　be　apphed　to　the　other　biomaterials．

Combination　with　l）iomaterials　ellables　an　angiogenic　factor　to　ef丘ciently　induce　in　vivo

anglOgeneSIS・

In　chapter　2，　we　tried　to　prepare　the　gelatin　sponge　which　has　an　ability　of　sustain　release　of

LF．　In　addition，　we　checked　the　bone　regeneration　by　this　gelatin　sponge　incorporating　I．F　in

rat　and　rabbit　defbct　models．　Injected　LF　back　of　mice　was　diffuse　in　a　day．　On　the　other　hand，

LF　incorporated　in　gelatin　sponge　was　sustained　release　during　12　days．　In　addition，　the

repeated　addition　of　LF　was　eflbctive　in　the　enhancement　of　cell　proli艶ration　compared　with

the　single　addition　in　vitro．　These　results　indicate　that　the　bioactivity　of　sustain　released　I」F

is　higher　than　it　of　irゆection　in　vivo．　This　assumption　was　supported　by　some　results　of　in　vivo

experiment．　The　drug　in　hquid　fbrm　is　d面cult　just　to　keep　at　the　defもct　site　without　diffusion．

It　is　easy　to　imagine　that　to　use　of　scaflbld，　which　could　incorporate　liquid，　has　an　advantage

in　terms　of　preventing　diffusion．　Although　it　needs　some　additional　studies　to　control　release
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P。。飢。。f　LF丘・m　g・latin　sca飾ld，　w・a・pect　that・・mpl・x・f　gelatin　sca伽ld　and　LF　hav・

good　prospects　as　biomaterial　fbr　bone　regeneration・

Furthermore，　we　investigated　the　characteristic　of　gelatin　sponge　incorporatingβ・TCP　in

。hapter　2．　The仕eezing　t・mperat肥・at　the　stage・f骸b・i・ati・n　had　an　in且u・nce・n　th・p・re

size　of　gelatin　sponge　withβ・TCP　On　the　contrarヱthe　mixed　time　and　revolution　did　not

a艶，t　the　p。。e・ize・f　it．　ln　previ・us　study，　w・al・eady・heck・d　that　th・g・latin・p・ng・with

the　addition　ofβ・TCP　was　rein丘）rced　as　compared　with　gelatin　sponge　withoutβ・TCP．　In

this　study，　we　checked　that　this　reinfbrced　gelatin　sponge　had　a　property　to　easy　infU七ration

。f，ell，（Figure　17　and　18）．　Th・・e　result・indi・ated　that　1・・al・nvi・・nm・nt・a・enables　cel1・t・

i趙1t。ate　and　p。。m・te　th・坤・・h色・ati・n　and　di艶・entiati・n，　was　creat・d　by・ei㎡・・ced

gelatin　sponge　incorporating　β゜TCP・

Tissue　engineering　i・an・wly・merging　bi・m・di・al　techn・1・倒and　meth・d・1・留t・assi・t　and

accelerate　the　regeneration　based　on　the　natural　healing　potentials　of　patients　themselves．

Biomaterial　technology　plays　an　important　role　in　the　creation　of　a　local　environment，　which

。nhan，e，　and，egulates　cell　p・・駈erati・n　and　di艶rentiati・n・T・c・mbine　gelatin　sca働ld　with

bFGF　and　LF　can　induce　the　angiogenesis　and　bone　regeneration．　Furthermore，　gelatin

scaf飾ld　can　be　modi丘ed　to　suitable　shape，　hardness，　and鋤ric　fbr　tissue　regeneration．　We

a，pe・t　that　gelatin　sca飾1d　wil　play　an　imp・・tant・・1・in　tissue　engineering丘・ld・
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Ab8tract

The　medical　meshes　have　been　used　fbr　the　treatment　of　hernia．　Mesh　herniorrhaphy　is　the

surgical　intervention　that　has　decreased　recurrent　incisional　hernia　fbrmation．且oweve　r，　the

incidence　of　recu皿ent　incisional　hernias　remains　unacceptably　high　even　after　mesh　repair．

For　successful　mesh　herniorrhaphy，　it　is　important　to　induce　angiogenesis　and丘broplasia

around　the　mesh　implanted　site．　The　purpose　ofthis　study　is　to　combine　a　mesh　with　a　gelatin

hydrogel　fbr　basic　fibrol）last　growth　factor（bFGF）release　and　evaluate　the　biological　activity

in　vivo．　The　MotifMesh⑧（MM）of　poly（tetrafluoroethylene）was　treated　with　corona　discharge

to　facilitate　the　coating　of　gelatin　hydrogel．　When　implanted　into　the　back　subcutis　of　mice，

the　gelatin　hydrogel℃oated　MM　incorporating　bFGF　showed　signt丘cant　angiogenesis　around

the　implanted　site，　in　contrast　to　the　MM　without　gelatin　hydrogel　or　bFGF　incorporation．　It

is　concluded　that　coating　of　hydrogel　incorporating　bFGF　is　a　promising　technology　to　give　the

mesh　an　angiogenic　property．

The　objective　of　chapter　2　is　to　evaluate　the　potential　of　lactofbrrin（1」F），　an　hgon・binding

glycoprotein，　to　induce　bone　regeneration．　A　biodegradal）le　hydrogel　of　gelatin　was　prepared

to　allow　the　LF　to　release　in　vivo　in　a　sustained　fashion．　When　subcutaneously　implanted　into

the　l）ack　of　mice，　the　gelatin　hydrogel　incorporating　LF　showed　a　longer　time　period　of　LF

retention　at　the　site　implanted　than　that　of　LF　solution　infbction．　An　in　vitro　culture

experiment　of　3T3El　cells（mouse　derived　osteol）1asts）revealed　that　the　cells　were

prohferated　by　the　repeated　addition　of　LF　to　a　significantly　great　extent　compared　with　the
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single　addition　of　LF　at　the　same　dose．　Following　the　implantation　of　gelatin　hydrogels

incorporating　LF　into　a　skull　l）one　de」筐）ct　of　rats，　significantly　stronger　bone　regeneration　at

the　defbct　was　observed　than　LF・丘ee　or・low．　It　is　concluded　that　the　sustained　release　with

the　gelatin　hydro　gels　enal）les　LF　to　enhance　the　in　vivo　activity　of　bone　rege　neration．

Furthermore，　we　investigated　the　in且uences　of　manufacture　condition　toward　pore　size　in

gelatin　sponge　incorporatingβ一TCP．　Although　mixed　time　did　not　af｛bct　thejl　pore　size，

lower　temperature　was　inclined　to　reduce　the　pore　size．　In　addition，　the　reinfbrced　gelatin

sponges　withβ・TCP　showed　higher　cell　in丘1tration　compared　with　gelatin　sponges．　We

aspect　that　gelatin　scaf｛bld　wil　play　an　important　role　in　tissue　engineering　field，　because

gelatin　scafi【bld　can　include　growth　factors　and　be　modi丘ed　to　suitable　shape，　hardness，　and

fabric　fヒ）r　tissue　regeneration．
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