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土土

Alum: aluminum hydroxide gel
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●
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血ming at improvlng drug efficacy,mimimlZlng Side effects and promoting patient
● ● ●

compliance, extensive studies on drug delivery system (DDS) have been conducted. The

studies are generally classified into three categories, that is, 1) controlled release system, the

purpose of which is to keep appropriate drug concentration in a body, 2) pro-drug, the

purpose of which is to improve pharmacokinetics by modification of chemical structure of the

dmg, and 3) targeting,也e p叩OSe Of w血icb is to concentrate dmg at diseased site. Among

these, the concept of controlled release systems occurred in early period, and various methods

have been reported, for example applicatioqs of polymer membrane [1】, osmotic pressure [2],

and external stimulation such as magnetism or glucose [3, 4].

h order to develop a commercially practical DDS, to effectuate desirable drug release

profile is not sufficient･ A lot of other subjects, such as studies on biocompatibility, steri1ity

method, and industrial manufacturing condition should be thorough1y investigated. Because

of the burdens, kinds of materials applicable to DDS carrier are limited to only a few.

Among those, silicone and poly-(1actic/glycolic acid) (PLGA) are extensively used.

Features of these polymers are indicated as follows.

PLGA is hydrolyzed in a body and therefore has been utilized as a material for suture

and so on･ Bioerosion rate is controllable by changing copolymer composition and/or

molecular weight [5, 6]･ PLGA is easily fabricated to microspheres. However, because of

its ･1arge surface areas･ its administration accompanies slgnificant initial burst･ Lupron
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Depot@ [6] is an example of DDS which utilizes PLGA as a carrier material. Lupron Depot@

releases･1ellPrOrelinacetatecorI
-f･irI
-.10.1Slyforoneorthreemonthsafterslgnificantinit主alburst･

This release profile attributes to immediate downregulatio-n･ of ･hormone receptors and to

mairLtain the chemical castration state, which is effectivefor the treatment of prostate cancer･

P1･GAmicrospheres can be used as carriers of drugs with such specific pharmacological

effectsand those with awidetherapeutic index (e･g., growth hormone [7]). However, the

number of such drugs is limited.

Silicone ･is biologically inert, not biodegradedand mechmicallyflexible. These

features make silicone to be extensively utilized for many biomedical applications, including

indwelling catheter and prosthesis, which are deposited in a body for long period･

Norplant@ [8] and Compudose@ [9] are examples of DDS which has been developed using

silicone as a drug carrier. So far, silicone has been used for controlled release system of

lipopbilic and low plOlecular weight drugs･ On the other hand, since water-soluble, high

molecular weight drugs such as proteins are neither sol.uble nor diffusible in silicone polymer

networks, silicone was not considered to be suitable for the delivery of protein drugs [10, 11].

Namely, silicone could not be an effective drug carrier material, depending on

physicochemical properties of the drug･

This study has been performedwith the purpose to develop a novel and commercially
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practical DDS uslng Silicone as a camier material, which can be applied for various kinds of

drugs･ Especia11y, the application of silicone as a carrier material for protein drugs was

investigated i皿detail.

In part l of this thesis, teclmiques to control release of protein drugsfrom silicone

formulation were investigated. Chapter l concerns a matrix formulation in which protein

drug powder is uniformly distributed in silicone. Matrix formulation released interferon

(IFN), which was an example of protein drugs, over longperiod of time in vitro. Chapter 2

dealswith a covered-rod formulation, which was developed in order to improve drug release

profiles of a matrix formulation. Covered-rod formulation released human serum albumin

(HSA) or IFN at a constant rate for 30-100 days in vitT10without significant initialburst･

In part II of this thesis, efEicacy of silicone formulation was investigated･ Chapter 3

dealswith a silicone formulation as a novel vaccine delivery vehicle. Covered-rod

formulation, which released avidin (Avi) as an antigen model over a longperiod, induced

antibody pro血ction responses t血at were more strongly e血anced t血an t血e conventional

alum-adJ'uvanted group･

In part III of this thesis, extension of the techmique in controlled release of siiicone
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formulation was investigated･ Chapter 4 concerns controlled release of lipophilic drug

which is ILligh1y potent in low corlCentrations･ 1α, 25-(OH)2 Vitam主p- D3 (VD3) was llSed as

anexample of such lipophilic drugs･ Addition of HSA and devices on formulation typeand

material were effective to suppress initial burst and to modify drug release･ Chapter 5 deals

witb controlled release of insoluble drugs or simultaneous release of two kinds of

water-soluble drugs. Polystyrene beads (PSTB) which was a model of insoluble drugs was

released fro印Silicone formulation when citric acid (CA) and sodium bicarbonate (SB) were

added as additives･ Release pattem of two kinds of water-soluble drugs was independently

controllable by uslng a double-1ayered formulation･
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Part I

Design of Silicone Formulation

and

Controlled Release of Protein Drugs
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C血apter l

Contro11ed Re!ease of Protein I)rugs tJsing

Matrix Formulation

1. Introduction

Recent advances in genetic englneerlng teClmologies have led tothe discovery and

development of novel therapeutic protein and peptide drugs･ Since protein and peptide drugs

are chemically and biologica11y unstable and have extremely short half-1ives in vivo, many

studies to develop a drug delivery system (DDS) for protein drugs have been performed in

order to improve their therapeutic effects･ Especially, DDSs uslng biodegradable polylactic

acid or poly(1actic/glycolic acid) (PLGA) as a camier have recently been extensively

researched [1-5]. For example, Lupron Depot@ [1-3], which consists of injectable

microspheres of leuprorelin acetate, was developed uslng PLGA and is currently used for the

treatment of prostate cancer･ However, the number of protein drugs to which this teclmology

can be applied is limited, since PLGAmicrospheres usua11y accompany slgnificant initial
●

burst･ The initial burst is, 1n general, not desirablefrom the standpoint of safety･ h

･addition, the need to use organic solvents, which is indispensable in the manufacturing

process of PLGA microsp血eres, is anot血er drawback because of tbe poor stability of protein

dmgs.
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TbdevelopsustainedrreleaseformulationsthatcanbeappliedtoawiderangeOfprotein

driigS，Silicone，a・・nOn－biodegradabiepolymerwasfoctlSedon・Since頭主cone塾asa！ong

historyasamaterialusedforimplants，itssafetyhasbeencarefu11yinvestigated．Siliconeis

alreadyinuseasacarrierinDDSsforlipophilicdrugS［6－8】・However，SinceproteindrugS

donotdiffusethroughmostpolymerchains，itwasat血stbelievedtobeunsuitablefbrthe

deliveryofproteindrugS［9，10］．Hsiehetal．reportedthatproteinssuchasbovineserum

albumin（BSA）and chymotrypsin were released　打om siliconein viiTD［11］，When

incorporatedinconcentrationsashighas30－50％（w伽■）intheformulations．Incorporation

atsuchhighcontentsmaybepracticableforproteinssuchasBSAorchymOtryPSin，however；

itisnotpracticalfromthepointofviewofsafttyandeconomytoapplythismethodto

PrOteindrugSSuChascytokinesandgrowthfactorsthatexertpotentphysiologicalactivitiesin

tracequantities［12］．

hthischapter；aneWteChnique，bywhichproteindrugSef托ctiveinsmalldosesare

releasedfromsiliconeoveralongperiod，WaSrePOrted．Interftron（IFN）wasusedasan

exampleofacytokine，andIFNreleaseprofilesfromsiliconefbrmulationsinvitTDandinvivo

Wereinvestigated．
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2. Experimemtal

2.1. Materials

silicone elastomers (Silastic⑳ MDX4-4210 and Silastic⑳ Q7-4750) were supplied by

Dow Corning Corporation (MI, USA). The MDX4-4210 is cross-1inked by hydrosilylation

w血en a base and a cunng agent are mixed in a mass ratio of lO:1･ T血e base consists mainly

of dimethylvinylsiloxy-terminated polydimethylsiloxane (Fig･ 1),and the curing agent

consists of左platinum catalyst and a cross-1inker. Product lnformation from Dow Corn1ng

CoTPOration indicates that MDX4-4210 is well cured by keeplng at 25 oC for 24 hours･

Q7-4750 is cross-1inked by hydrosilylation when Part Aand Part B are mixed in equal

portions ･ P art A consi sts o f dim ethylv inylsilox y-t ermin ated

poly(dimethylsiloxane-co-methylvinylsiloxane) (Fig･ 2) and a platinum catalyst･ Part B

consists of the same siloxane as Part A and a cross-1inker. The cross-1inking density of

Q7-4735, w血i血is a product of仙e same sedes as Q7-4750, bas been reported to reacb a

plateau value by treatment at 25 oC for 3 days [13], and Product hformation from Dow

Coming Corporation indicates Q7-4735 and Q7-4750 cure at almost the same rates･ The

tensile strength of MDX4-4210 and Q7-4750 is higher than 550 and 1250 psi, respectively･

Human lymphoblastoid interferon, a natural alpha-type interferon (IFN) (Sumitomo

pharmaceuticals Co., Ltd., Osaka, Japan) was used. Human serum albumin (HSA)

(Buminate@ 25%, Baxter Healthcare Corporation, IL, USA) was used to controI IFN release
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from silicone･ Glycine (Gly, Nacalai Tesque lnc･, Kyoto, Japan) was used as an additive.

CH2 -CH-

CH3
l

-si -0-
Ⅰ

CH.

-H

Fig･ 1･ Structure of siloxane (MDX4-4210)

CH2 =; CH-

CH3
l

-si -0-
】

CH3

CH3
l

-si -0-
1

CH = CH2

Fig･ 2･ Structure of siloxane (Q7-4750)

2･2. Preparation of IFN silicone formulations

-H

The formulations used in this study are shown in Table l･ Typically an- IFN silicone

formulation (A-1) was prepared as follows. Aqueous solutions of IFN (56xlO6 IU/ml;

209･5 ml) and HSA (25%; 55･9 ml) were mixed and lyophilized. TLe lyophilized cake was

sieved througha mesh to obtain 531150汁m IFNnlSA powder (0.69×106 IU/mg).

MDX4-4210 10･5 g was mixed with a curing agent (1･05 g) and IFNmSA powder (4.98 g;

IF叩HSA powder content was 30%(w/w))･ After deforming in a vacuumchamber, the

mixture was filled into a polytetrafluoroethylene tube (inner diameter: 5 mmO) and cured at

room temperature forthree days･ A鮎r curlng, the IFN silicone rod was removed from the

tube and cut into lcm-long pleCeS and stored at 5oC･ All ofthe samples except D-1, D-2,

D-3 and D-4 were prepared in the same manner･ However, the mlXlng ratio of the IFN and
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Table l

Compositions of IFN silicone fbmulations

IFN (IU) Content (%) Particle size Type of

IFNmSA powder Gly of powder (pm) Silicone

A_1 0.49× 106

A-2 5.5xlO6

A-3 47x l O6

B-1 4.2×106

B-2 4.2×106

B-3 4.7×106

c-1 44× 106

c-2 42x lO6

c-3 41×106

D-1 6.1×106

D12 6.8xlO6

D-3 6.4xlO6

D-4 5.9xlO6

E-1 0.43xlO6

E-2 4.7x lO6

53-150

53-150

53-150

く300

<300

<300

<53

53-150

106-212

<2

<2

<2

<2

<300

<300

MDX4-421 0

MDX4-42 1 0

MDX4-42 1 0

MDX4-42 10

MDX4-42 1 0

MDX4-42 1 0

MDX4-42 10

MDX4-42 1 0

MDX4-42 1 0

Q7-4750

Q7-475 0

Q71475 0

Q7-4750

MDX4-421 0

MDX4-4210
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HSA solutions, or that of powder and silicone was changed according to the composition.

王FN sillicone formula+Liori D-2 was prepared as follows. AqlleO･1S SO!.1t_ions of王FN

(106xlO6IU/ml; 126 ml) and HSA (10%; 14 ml) were mixed. Gly (0.23 g) was dissolved in

the IFNmSA solution (35 ml) and the mixture was spray-dried using a spray dryer

(Mini-spray DL-21, Yamato Scientific Co･, Ltd･, Tokyo, Japan)･ Observation by scanning

electron microscopy revealed the size of the spray-dried powder to be <2 LLm･ Q7-4750 Part

A (2.1 g) and Part B (2.1 g) were mixed･ The percentage of spray-dried powder (1･8 g)

mixedwith silicone (4.2 g) was 30%(w/w). nemiⅩture was fed into an extruder, extruded

througha l.6 mm die, and cured at room temperature for three days･ After curing, the IFN

silicone rod was cut into lcm-long pleCeS and stored at 5oC. Silicone fbmu･lations D-1, D-3

and D-4 were pr甲ared in tbe same manneちeXCept血at mixing ratios of IFN, HSA and Gly

were血anged according to the composition.

Reproducibility of tensile-strength measurement of silicone formulations was

sufficiently high.

2.3. Measurememt of IFN content in silicone fbmulations

AnIFN silicone formulation was placed in a centrifugal mill, ZM-1 (NIHON SEIKI

SEISAKUSYO Co･, Tokyo, Japan), withliquid nitrogen. After the formulation was

completely frozen, it was centrifuged inside a 500-ELm-meSh screen at lO,000rpmfor l minute,

14



andthepulverizedparticleswerecollected・TheparticleswerethenimmersedinlOmlof

Phosphate－bufftredsaline（PBS；PH7．4），0．5％HSAandO．01％sodiumazide．TLesolution

WaSaSSayedforIFNconcentrationbyradioimmunoassay（RIA），uSinganIFNrαkit（Dinabot

Co・，ud・，Tbkyo，Japan）．RIAwasperfbrmedindoublet．

2・4・D2VitTVreleasestudy

AnIFNsiliconefbrmulationwasplacedinatubecontaininglOmlofPBS（pH7．4），

0・5％HSAandO．01％sodiumazide．Thetubewasplacedinanincubatorat50C．At

designatedtimes，analiquotwascollectedandtransferredtoanewtubecontainingffesh

bu飴L TbesolutionwasassayedforIFNconcentrationbyRIA，uSinganIFN－αkit．RIA

WaSPerformedindoublet．IFNisstableinthebuf托rduringthesamplingintervals．

2．5．Releaserateanalysis

ReleaseratewasanalyzedfromtheinvitTDreleasepro缶Iefbrthe血st缶vedays・It

WaSCalculatedfromlinearregressionanalysis［14］．

2．6．Measurement・Ofosmoticpressure

IFNmSAorIFN／HSA／Glypowder（200mg）wasdissoIvedin2mlofPBS（pH7．4），

0・5％HSAandO・01％sodiumazide・Theosmoticpressureofthesolutionwasmeasured
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threetimesbyanauto－OSmOmeter（OsmostatOM－6020，DaiichiKagakuInc．，Kyoto，Japan）

知ea血sa鱒ple．

2．7．Confocallaserscanningmicroscope（CI．SM）analysis

SiliconeformulationswerepreparedwithQ7－4750andHSApowder（powdersize；

＜20匹m，HSAcontent；30％（wル））・TbeHSAsiliconeformulationswereplacedintubes

COntaining3mlofPBS（pH7・4）andO・01％sodiumazide・Thetubeswereplacedinan

incubatorat50Cfor12days．TheinitialandinvitTDteStedfbrmulationswerecutinthe

CenterandobservedunderaCSI・M（Ⅰ・SM－GB200，01ympusOpticalCo．，ud．，Tbkyo，Japan）．

fISApossessesinherentfluorescence，Whilesiliconedoesnot・¶1erefore，theHSApowders

distributedinsiliconecouldbedetectedagainsttheblackbackgroundofsilicone．

2．8．Experimentalanimals

Femaleathymicnudemice（nuhlu，BALB／cbackground）werepurchased丘omCLEA

J叩anhc・（恥kyo，Jqpan）andhousedinanegative－PreSSureSafetyrackunderspecific

Pathogen－freeconditions．

2．9．MeasurementofserumIFNlevels

neIFNsiliconeformulations（A－1，A－2andA－3）wereadministeredsubcutaneously
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into5week－Old－mice・Then，bloodsampleswerecollectedatpresettimepoints：0・5，1，3，10，

30，60and90days・Serawerecollectedandstoredat－400cuntiltheIFNassa

SerumIFNlevelsweremeasuredbyRIA，uSlnganIFN－αkit．

2．10・Pharmacokineticanalysis

T血emaximumconcentration（Cmax）anditstimeofoccurrence（Tmax）werereaddirectly

fromtheserumCOnCentration－timecurve・TheqpparenthalfJliftO：1／2）wascalculatedusing

aone－COmPartmentmOdelasfo1lows・Tbeeliminationrate（Ke）wascalculatedbytheleast

SquareSmethod血omthelinearterminalphaseoftheserumCOnCentration－timecurveand

usedtocalculateTl／2蝕omthefo1lowingrelationship：Tlr2＝h2／Ke．

2．11．TumortranSPlantation

AmassofRCC－1tumorwasexcisedandcutintoabout2mmx2mmpleCeSinHanks，

SOlution．Then，a放agmentwasimplantedsubcutaneouslywithatrocarneedleataventral

Siteinanudemouse．

2．12．Antitumortherapy

When the tumornodules grew to5－8mmin diameter；nudemicewere separated

randomlyintogroupsofsixmice，andIFNtherapywasstarted．IFNsolutionswereinjected

17



subcutanbouslyintonudemiceatadoseoflO3IU，104ruorlO5IU血ouse／dayatsitesdistant

缶omthetiimOrSぬr21consectitivedays．TheIFNs主IiconefbrmulationA－1，A－2orA－3was

administeredsubcutaneouslyat sites distant丘omthetumoL ControlgroupswereglVen

Placebosiliconeformulationsinthesamewayorleftuntreated・

2．13．Measurementoftumorgrowth

Thelengthandwidthofthetumorsweremeasuredwith aslidingcaliper；andthe

estimated tumorvolume（V）was expressed as V＝1／2×length（mm）×【width（m）】2．

StatisticalanalysiswascarriedoutbyMann－Whitney’sU－teSt．

3．Res廿1ts

3．1．IFNsiliconeformulations

Aqueous solutions ofIFN and HSA weremiⅩed at predetermined volumes and

1yophilizedorspray－driedtoobtainIFN個SApowderswithspecificIFNconcentrations．

Particlesizecouldbecontro11edbythesievemeshsizeorthespray－dryingconditions・Then，

PredeterminedamountsofIFNⅢSApowdersandsiliconeweremixedhomogeneouslyand

Curedatroomtemperaturetoobtaincylindricalsiliconefbrmulations．Siliconeformulations

COuldbe easilyfabricated，regardless ofthe kind ofsiliconeused・Figure3shows an

exampleofanIFNsiliconeformulation，andTbblelliststhecompositionofvariousIFN

18



silicone formulations.

Fig. 3. Photograph of a silicone formulation･

In order to evaluatethe stability of IFN duringthe preparation of the silicone

formulation,the amounts of IFN recovered ftomthe IFN silicone formulations were

determined. The IFN silicone formulations (A11, A12 and A-3) were pulverized in a grinder･

The pleeeS Were immersed in a buffer, and the resultant solution was assayed for IFN

concentration by RIA (Table 2). The recovery of IFNfromthe IFN silicone formulations

was 94% or higher for A11, A-2and A-3, indicatingthat IFN remained chemical1y stable

during the preparation of the silicone formulations.
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二hble2

RecoveryofIFNfromIFNsiliconeformulationsa

SamPle IFNcontent

Th氾reticdvahe（IU）　　　　Re00Very（％）

A－1

A－2

A－3

0．49×106　　　　　　　　　100±6

5．5×106　　　　　　　　　　94±7

47×106　　　　　　　　　110±19

aResultsareexpressedasthemean±S．D．ifthreeindependentsamples．

3．2．ControlofIFNrelease

3・2・1・E鮎ctoftheamOuntOfIFN／HSApowderloaded

IFNsiliconcformulationswithdi飴rentam0untSOfIFN／HSApowderloaded，i．e．，B－1

（5％），B－2（15％）andB－3（30％），Wereimmersedinabu蝕rforassayofIFNrelease．Figure

4shows也eres山鹿．

IFNw由continuouslyreleased血omtheIFNsiliconeformulationsoveraperiodofone

month．Thetotalam0untOfIFNreleasedoveronemonthinthecaseofB－lorB－2wasas

lowas5％orless；however；thatinthecaseofB－3（IF抑HSAcontent：30％）was42％．

3・2・2．E鮎ctofI珊HSAparticlesize

IFNsiliconefbrmdationsthatcontainedIFNHSApowdersofdi鮎rentparticlesizes，
謹呈考

i・e・，C－1（d3mm），C－2（53＜＜150mm）andC－3（106＜＜212mm），Wereimmersedinabu鮎r

forassayofIFNrelease．Figure5showstheresults．
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TheIFNreleaserateincreasedwithincreaseinparticlesizeoftheIFFWSApowder．

TbetotalamountOfIFNreleasedoveronemonthinthecaseofC－1（smailestpartidesize）

WaS aPPrOXimatelylO％，Whereas thatin the case of C－3（largest particle size）was

approximately27％・WithintherangeOfparticlesizesconsideredinthisstudy；theIFN

releaseratecouldbecontrolledtoqpproximately3times・

3．2．3．E鮎ctofdi鮎rentconcentrationsofGly

IFNsiliconeformulationsthatcontaineddiffbrentamountsofGly；i．e．，D－1（0％），D－2

（2％），D－3（5％）and D－4（10％），Were PrePared by using Q7－4750silicone・Although

ChemicalstruCtureandtensilestrengthweredi飴rentbetweenQ7－4750andMDX4－4210that

WaSuSedtoprepareothersiliconeformulations，IFNreleasepatternsweresimi1arbetween

them．Figure6shows the results．TheIFN release rateincreasedwithincreasein the

amountofGlyadded．1もble3summarizestheinitialratesofIFNrelease，Calculatedfrom

linearregressionanalysisofFig．6．Thble4summarizestheosmoticpressuresofthebu蝕rs

inwhichIFMISAorIFN作ISA／Glypowders，uSedtoprepareD－1－D－4，WeredissoIved．

Theosmoticpressureofthebu蝕rinwhichIFN／HSApowderwasdissoIvedwasthe

SameaSthatofthenativebu飴r；theosmoticpressureofthebu蝕rincreasedastheamOuntOf

Glycontainedincreased．

Figure7showstherelationshipbetweenIFNreleaseratesfbrthefirstfivedaysofthe

invitfVStudyandtheosmoticpressures（thedi鮎renceintheosmoticpressuresbetweenthe
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二hble3

IFNreleaseratesfromⅣNsiliconeformulationscontainingdi鮎rentamOuntSOfGlya

Sample ReleaseRate（％／day）

D－1

D－2

D－3

D－4

0．2±0．0

4．8±0．0

9．0±0．7

16．3±1．5

aResultsareexpressedasthemean±S．D．oftwoindependentsamPles．

二hble4

0smoticpressureofsolutionwithdissoIvedI円VHSAUGly）powdersa

Osmoticpressure（血Osm）　　Di鮎rencebetweenbufftr（mOsm）

Bu批r

D－1

D－2

D－3

D－4

282±1

283±0

352±0

458±1

591±0

1±1

70±1

176±1

309±1

aResultsareexpressedasthemean±S・D・Ofthreeindependentsamples・
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buffers in which different concentrations of Gly were dissolved and that of the native buffer)･

The IFN feiease rate increasedwi+Lh incl･eaSe in the osm^utic press71re.

The osmotic pressure of the buffer in which叩SA powder was dissolved was the

same as that of the native buffer; the osmotic pressure of the bufEer increased as the amount of

Gly contained increased･

3.2.4. Effect of IFN concentration

IFN silicone formulations with difEerent IFN contents were examined, i.e., E-1

(o.43xlO6 IU/formulation) aJld E-2 (4.7xlO6 IU/formulation), were immersed in a buffer for

assay of IFN release･ Figure 8 shows the results･ The release profiles for E-1and E-2 were

nearly the same when the content and particle size of the IFNmSA powders were the same,

regardless of the difference in IFN content between the two (the content of IFN in E-2 was lO

times血at in E-1).

3.3. Mechanism of IFN release

The changes in distribution of the HSA powderwithin the silicone formulationswith

time were analyzed by CLSM. Figure 9 shows the crosssectional micrographs.

Before immersion of the formulations in the buffer, HSA powders were homogeneously

distributed throughout the silicone (Figs. 9(a), 9(b)). After immersion for 12 days, the

amount of HSA powder decreased and the particles became spherical, indicating that the
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POWdersweredissoIvedinthebu鮎randreleased・Asshownbythearrowinthe

figTlre，aChannel，aCO鱒tinuousblackpath，WaSreCOgnizedintheformulation（Fig．9（C））．

Magnifiedimages around the channelrevealed severalwhite spots showmg HSA

ParticlesdissoIvedinthebu鮎r；aSWellasmanyholeswheretheHSAparticleshad

dissoIvedandbeenreleased血・Om（Fig．9（d））．

3・4・ChangeinserumIFNconcentration

TheIFN silicone　formulations（ATl，A－2　and A－3）were admimistered

Subcutaneouslyintothebackofnudemice．Bloodsampleswereco11ectedfromthe

nudemiceatpredeterminedtimepointsaftertheadministration，andtheserumIFN

COnCentrations were measured．FigurelOand Thble5show the time－COurSeS Of

ChangesintheserumIFNconcentrationsandpharmacokineticparameters，reSPeCtively・

InthegroupofmiceinwhichArl（0．49Ⅹ106IU）wasadmimistered，themaximum

COnCentration（Cmax）ofIFNwasobservedattheimitialsamplingpoint，i．e．，12hafter

administration，and，IFNremained detectal）1eforlO days，but could nolonger be

detectedatthenextsamplingpoint（30days）．hthegroupinwhichA－2（5．5Ⅹ106ru）

WaSadministered，theserumIFNconcentrationsat12hand24hwerealmostthesame，

however；Cmaxwasobservedat24hafteradministration．IFNwasstilldetectablein
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1五ble5

PharmaCOkineticparameterSa

parameter solution［21】　　A－1　　　　A－2　　　　A－3

Dose（IU）

㍍弧　（h）

Cmax　（IU／ml）

孔2・匝）

1d5　　　　0．49×106　　　5．5×106　　　47×106

1　　　　　　12　　　　　　　24　　　　　　12

4390　　　　400±33　　1379±657　　32139±4753

4　　　　　　　50　　　　　　190　　　　　　127

aCLaxareexpressedasthemean±S．D．ofthreenudemice．
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the serum at 30 days after the admimistration, but not at 60 days･ In the group ln Which
:｣

A-3 (47xlO6 ru) was administered, Cmaxwas observed at the initial sampling point, i･e･,

12 h after administration. IFN was sti11 detectable in the serum at 60 days, but not at

90 days･ TLe half-1ives ofA-1, A-2 and A-3 were 50, 190 and 127 h, respectively; the

half-1ives of the drug were 12-42 times longer than those in mice that had been

administered an aqueous solution of IFN･

3.5.Antitumor activity

proliferation of tumor cells was suppressed inmice treatedwith IFN silicone

formulations, compared to those treated with placebo or left untreated as shownin

Figure ll. Theantitumor activity of A-1 (0･49Ⅹ106 IU) was similar to that of an

aqueous solution of肝N which was injected intomice at a dose of lO4 IU/day for 21

consecutive days; the tumor volume in the mice was significantly decreased (<0･05),

compared to that in the untreated group at 37 days after tumor transplantation (28 days

after IFN administration). The antitumor activity of A-2 (5.5Ⅹ106 IU) was simi1ar to

that of an aqueous solution of IFN which was injected into mice at a dose of lO5 ru/day

for 21 consecutive days; the tumor volume in the mice was slgnificantly decreased

(<o.o5) compared to that in the untreated group at every sampling point except the first
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（OnthedayofIFNadministration）・InthemicetreatedwithA－3（47Ⅹ106IU），thetumor

VOlumestartedtodecreaseimmediatelyafterIFNadministration．Thetumorsin50utOf6

mlCeWerenOtVisibletothenakedeye，andremainedinvisibletothe．nakedeyeunti195days

aftertumortransplantation（89daysafterIFNadministration）．Simi1artothemicetreated

WithA－2，thetumorvolumewassigni丘cantlydecreased（＜0．05）inmicetreatedwithA－3

COmParedtQthatintheuntreatedgroupateverysamplingpointexc甲tthe血st（Onthedayof

IFNadministration）．

4．Disc廿SSion

Inthisstudy；aneWteChmiquehasbeendeveloped，bywhichproteindrugSefftctiveat

Verylowconcentrationsarereleasedfromsilicone・貯N，Whichexhibitsstrongphysiological

activityintheorderofmicrograms，WaSuSedasthemodelproteindruginthisstudylIFN

（molecularweight：17，000－23，000）hasvariousbiologicalefEtcts，SuChasantiviral，antitumor

andimmunOmOdulatoryactivities；itiscurrentlyusedwidelytotreatviralinftctionsand

mali騨antdiseases【15－17］．WhenIFNisusedfbrtreatment，adoseof3－6Ⅹ106IUis

generallyadmimisteredeverydayoreverytwodays，dependingonthetypeandseverityofthe

disease．IfthetotaldoseofIFN（90－180Ⅹ106IU：1mgorlessinweig叫，tObeadmimistered

OVerOnemOnthperiodtoonepatient，ismiⅩedwithsilicone，theperCentageOfIFNinthe
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Siliconefbrmulationisstillextremelylow；IFNwouldbetr叩Pedinthesiliconeandcannot

be released easily・In order fbr肝N to：be released缶om也e sii主cone fbrmulation，a

Water－SOlubleLSubstancethatpromotesthepenetrationofwaterintosiliconeisconsideredto

benecessary・IFNwoddthenbeexpectedtodissoIve－andbereleasedalongwiththe

dissolution　and release of the water－SOluble substance．　HSA was selected as the

WateトSOlublesubstanc寧inthisstudy；Sinceithasastabilizingefftctonv島riousproteindrugS

includingIFN・IFN siliconeformulations were prepared（Fig．3），in whichIFNis

homogeneouslydisperSed，bypreparingIF醐SApowdersthatcontainedasmallamOuntOf

IFN．

Ingeneral，PrOteindrugSincludingIFNareeasilydenaturedanddeactivatedbyheating

and use oforganicsoIvents・Since siliconeformulations canbeprepared undermi1d

COnditionswithoutheatingoruslngOrgamicsoIvents，th6siliconeformulationisexpectedto

beapplicabletoalargevarietyofproteindrugS・Infact，reCOVeryOfIFNfromtheIFN

Siliconeformulationwas94％orhigherinthecaseofA－1toA－3（Thble2），indicatingthat

IFNwasnotdenaturedtoanyslgni銭cantextentduringthepreparationoftheIFNsilicone

fbmulation．

Then，withtheoqectiveofevaluatingthereleaseprofilesofproteindrugS，fifteenkinds

OfIFNsiliconeformulationswerepreparedandinvestigatedihvitTDandinvivo．WhenIFN

SiliconefbrmulationswereimmersedinabuffbりFNwasreleasedcontinuously・IFN
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dissolution and release are considered to occur alongwith HSA dissolution and release. This

is suggested by the fhding that IFN release rates were the same for IFN silicone formulations

that contained IFN amounts varying up to lO-fold but the same amo血t of IF叩HSA powder

(Fig･ r8)･ In addition, it was found that the IFN release rate depends on the IFNmSA powder

content, the particle size and the amount of Gly added･ These results are analyzed here,

considering the mechanism by which the water-soluble substance is released from the silicone

formulation.

In regard to the IFNmSA powder content, the followlng reSults were obtained. IFN

silicone formulations that contained either 5% (B-1) or 15% (B-2) IFNmSA powders showed

a l-2% IFN release rate on the first day, and an extremely low release rate thereafter, while

IFN silicone formulation that contained 30% IFN/HSA powder (B-3) showed continuous IFN

releaseand the IFN release rate was accelerated compared to that of B-1 and B12 (Fig. 4).

The reason for the initial release observed in the cases of B-1 and B-2 may be that IFNmSA

powders existing on the surface of the formulations were dissolved and released into the

buffer instantaneously･ However, since the content of IFNmSA powders was low and

particles were isolated from each other in the formulations, interconnecting channels may not

have been formedamong the particles, 1eading to the extremely low release rate. On the

other hand, in the case of B-3, since the content of I円VHSA powder in the formulation was

sufEiciently high, interconnecting channels were formed among the particles, 1eading to
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continuous release of IFN･ 'me lm release rate increased as the IFNmSA particle size

increaspJi(Fig･5)･Thiscouldbebecauseittakesmoretimefo.ri地rcop"nAeC血gLlihapull.elsto

be formed as the particle size decreases･ When Gly was added to the IFN佃SA powder, the

IFN release rate was increased (Fig･ 6)･ Tus effect was prominent even when the Gly

content was as low as 2% (D-2); the totalamount of IFN released over 30 days丘om D-1 (in

which Gly was not added) was approximately 2%, whereas that from D12 was approximately

48%･ TLe effect of Gly could be explained not only by the difference in the IFN作ISA(/Gly)

powder content in the formulations (D-1: 30%, D-2: 32%), but also by the increase in osmotic

pressure that occurs as a result of dissolution of the powder in water. When the osmotic

pressure increases with dissolution of the powder in water, it is thought to cause cracks on the

surrounding silicone wall [18], leading to easy formation of interconnecting channelsand

acceleration of IFN release･ nis speculation is supported by the fhding that the ⅣN release

rate increased with increase in the osmotic pressure of the IFN/HSA/Gly solution (Fig. 7).

In other experiments (data not shown), the protein drug release rafe could be controlled by

uslng additives other than Gly, such as sodium chloride, which also increases the osmotic

PreS Sure ･

Based on the above results, the release mechmism of water-soluble substances from

silicone formulations is considered to be as follows. Althoughseveral studies on the release

mechanism of water-soluble substances from a hydrophobic polymer such as silicone have
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been reported [10, 18-20] and the formation of water-filled channels was speculated to play an

important role, this hypothesis has so far not been established in detai1･ First, the particles of

drug powders existing on the surface of the silicone formulations are dissolvedand released

into the surrounding medium (i･e･, water)･ Second, water fills the pores from which particles

have been eluted, leading to dissolution and release of the particles that exist near the pores･

Repetitive occurrence of this process results in the formation of interconnecting channels and

particles of the drug powder which exists inside the silicone formulation are sequentially

released. When the drug powders dissolve, it causes osmotic pressure and bears stress on

the surrounding silicone. When the stress is strong enough, small cracks generate

accompanied by break of cross-1inks. Since cracking contributes to the connection of the

formation of interconnecting channels, it accelerates drug release. Thus, drug release from

silicone is considered to be related to both the generation of cracksand the formation of

interconnecting channels. A silicone formulation containing HSA powder was immersed in

a buffer and the cross section of the formulation was observed by CLSM (Fig. 9). ¶le

micrographs indicate that channels extendedfrom the surface of the silicone formulation and

pores were formed at positions where particles of the HSA powder might have originally

existed･ Since channels are formed by dissolution of drug powder, cross-1inking density of

silicone matrix should not change slgmificantly･ On the other hand, cracking is formed by

physical strength, that is, osmotic pressure induced by dissolved drug powder･ Therefbre, it
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mightaccompanybreakofcross－1inksleadingtoslightlydecreasedcross－1inkingdensity．

HoweveちSineesiliconeishighlycross－1inkedthreedimensionally；CraCkingmaynota鮎r払e

Shape offormulations．Fig．9shows that siliconeformulation afterin vi加release

experimentsisnotswo11en．

The serumIFN concentrations were measuredin nude micein whichIFN silicone

formulations were administered．The resultsindicate that the serumIFN concentrations

WeremaintainedinthedetectablerangeforlO－60daysaftertheadministrationoftheIFN

Siliconefbrmulations（Fig．10）．T出sresultshowsthat貯Ncanbereleasedcontinuously

fromtheIFNsiliconeformulations，nOtOnlyinviiTDbutalsoinvivo．ThehalfJlives（Tl／2）

Were12－42timeslongerthanthehalfJliftofanaqueoussolutionofIFN．TheTl／20fthe

IFNsiliconeformulationA－1wasshort，SinceitsIFNcontentwaslowandtheserumIFN

COnCentrationdecreasedtobelowthedetectablerangesoonafters．c．administrationofthis

fbmulation．

FurthermOre，theantitumoractivitiesoftheIFNsiliconeformulationswereexamined．

Intheuntreatedorplacebogroups，thevolumeofahumanrenalcellcarcinoma（RCC－1）

ⅩenOgraftedintothenudemiceincreasedexponentially；WhileinthemicetreatedwithIFN

Siliconeformulations，SlgnificantinhibitionofgrowthoftheRCC－1wasobserved；thisef托ct

WaSdependentontheIFNcontentoftheIFNsiliconeformulations（Fig．11）．TheIFN

SiliconefbrmulationA－3（47Ⅹ106ru）exhibitedthemostpronouncedgrovnhinhibitoryefEect；
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tumors in 5 out of 6mice disappeared completely and the tumor growth remained suppressed

for 90 days after a single administration. The aforementioned results indicate that

physiologically active IFN is released over a long period of time from IFN silicone

formulations in vivo, provlng the feasibility of using these silicone formulations.

Since the preparation conditions of silicone formulations alemi1d, this technique canbe

applied to a variety of protein drugsI The use of silicone formulations is expected to be

especia11y effective for the treatment of chromic diseases and for the prophylactic treatment of

high-risk patients. h the case of a DDS that delivers a drug over a long period of time,

discontinuation of treatmentmight become necessary. Since silicone is inert, unlike camiers

that decompose in vivo, it can be removed immediately and easily. Fromthis standpoint,

silicone formulations are superior to other biodegradable formulations.

5. Conclusion

A new method has been developed in which silicone is used for sustained release over a

long period of time of protein drugs that exhibit potent physiological activity in trace

quantities･ h this study, silicone formulations were prepared uslng IFN as an example of

such protein drugs･ The drug release rate from the silicone formulation could be contro11ed

by changing parameters such asthe content of the IFN/HSA powder, particle size and the

amount of additive･ h addition, the肝N silicone formulation was found to suppress the
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proliferation of human renal ce11 carcinoma xenografed into nude mice for a longperiod after

a siTlgle administration･ T出s illl.dicates that physiologically acf･ive四N i･s reJeased ove-r a

prolonged period of timefrom the IFN silicone formulation i7-ivo･ These results indicate

that silicone formulations might be novel and practica11y feasible sustained-release

formulations of therapeutic proteins and peptides･
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Chapter 2

Controlled Release of Protein DrtlgS tJsing

Covered･rod Formulation

1. IntrodⅦction

ne purpose of sustained-release formulations is to maintainanappropriate drug

concentration in the body over a long period, therefore, in general, a formulation which

releases drugs at a constant rate is considered ideal. However, unlike lipophilic drugs,

which can be released at a constant ratefrom hydrophobic polymer, the number of reports on

the su･ccessful zem-order release of protein dmgs is l血ited 【1- 2】.

To devise a practicalsustained･release formulation for protein drugs, silicone has been

studied as a drug carrier in Chapter l 【3】. Interferon (IFN) was used asanexample of a

protein drug and produced a matrix formulation in which IFNnluman Serum albumin (HSA)

powder is uniformly dispersed in a silicone matrix. The IFN release rate could be controlled

by changing parameters such asthe amount of additiveand particle size of the IFN/HSA

powder. However, the release of protein drugsfrom a matrix formulation is afirsｾｰOrder

release, i.e., the release rate decrease? with time. The release mechanism of protein drugs

from the matrix formulation was investigatedand a new drug delivery system that enables a

constant release of piotein drug8 0Ver a long period was developed, by improvlng the

geometry of the formulation･ In this chapter, a technology to control the release of protein
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drugsfromthenewsihconeformulation，Whichisnamedthe covered－rOdformulation，is

repo出ed．

2．Experimenhl

2．1．Materials

Siliconeelastomer（Silastic⑳Q7－4750）wasobtainedfromDowComingCoTPOration

（MI，USA）．CompositionandstruCtureOfQ7－4750aredescribedinChapterl．Human

1ymPhoblastoidinterftron，anaturalalpha－typeinterftron（肝N）（SumitomoPharmaceuticals

Co．，LJd．，Osaka，Jq）an），WaSuSed．Humanserumalbumin（HSA）（Buminate⑳25％，Baxter

HealthcareCoq）Oration，IL，USA）wasusedtocontroIIFNreleasefromsilicone．Glycine

（Gly），SOdiumchloride，andsodiumglutamate（Nacalai1七squehc．，Kyoto，Japan）wereused

asadditives．

2．2．Preparationofsiliconeformulations

Theformulations usedin this study arelistedin Thblel．HSA，IFN／HSAand

IFNmISAねdditivepowderwerepreparedusingtheprocedureoutlinedinChapterl【3］．

TheprepafationmethodofamatriⅩfbrmulationisalsodescribedinthechapter・Typically，a

COVered－rOdformulationC－1waspreparedasfo1lows・Q7－4750PartA（4．02g）wasmixed

withPartB（4・02g）andIFNⅢSA／additivepowder（3．96g）．TheIFⅣHSA／additive
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Table l Composition of silicone formulations

IFN (IU)

Powder size

composition (pm) Formulation type

Additive (%)

M-1 30%

M-2 6x lO6 30%

M-3 30%*

c1 9xlO6 30%

C-2 30%

c_3 1×106 20%

c_4 1xlO6 30%

c-5 1.×106 40%

c_6 1xlO6 50%

c_7 1×106 30%

c8 1xlO6 30%

c_9 1xlO6 30%

c_10 1×107 30%

c_11 1×107 30%

c_12 1×107 30%

c_13 1×107 30%

C-14 30%*

Gly lO%

Gly 2%, NaCl l%

Gly lO%

Sodium

glutamatel O%

NaCl lO%

Gly lO%

1;

1;

こ2

:2

50

50

53-

53-

く

<

53-150

<20

<20

<20

<20

<20

20-53

53-150

く2

<2

<2

<2

<2

Matrix

Matrix

Matrix

Cov eredｨo d

Cov ered-ro d

Covered-rod

Covered-ro d

Covered-rod

Covered-ro d

Coveredｨo d

Covered-md

Covered-ro d

Covered-ro d

Coveredｨod

Covered-ro d

Covered-ro d

Covered-ro d

*¶∋Ⅹas-Red-1abeled HSA
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POWdercontentwas33％（1扉w）・AkneadedmiⅩtureOfthe肝ⅣHSA／additivepowderand

Siliconewas芭11edintoasyrlnge・Separately，amixtureofPartA（25g）andPartB（25g）

WaS filledinto an島nothersyringe・Tbe mixtureswere extrudedthroughconcentrica11y

arrangeddie（OPening diameterwasl・9mm）sothattheIFN丑ISA／additives contaiming

SiliconefbrmedtheinnerpartandtheIF醐SA／additive－ffeesiliconetheouterpart．The

extrudedrodwascuredatroomtemperaturefor3days．Aftercurlng，therodwascutto

1cminlengthandstoredat50c．ThemixingratioofIFN，HSAandadditivesolutions，Or

thatofpowderandsiliconewaschangedaccordingtothecompositionofeachsample．

Tbxas－Red－1abeledHSAwasusedtopr甲are M－3andC－14sothatHSAcouldbe

identifiedbyconfoca11aserscanningmicroscopy（CI．SM）．Thelabelingmethodhasbeen

reportedbyTitusetal．【4］．

2．3．MeasurementofIFNcontentinthesiliconeformulations

TheIFNcovered－rOdformulationC－1wasfrozenwithliquidnitrogenandthenmi11ed

fbr30secondsusingCryo－PressCP－100（MicrotechCo．，ud．，Chiba，Japan）．nemi11ed

PleCeSWerelmmerSedin30mlof′Phosphate－bu蝕redsaline（PBS，PH7．4），0．3％TⅣeen20

andO・01％sodiunaZide・ThesolutionwasdilutedwithPBScontainingO・5％bovineserum

albumin（BSA）andassayedfbrIFNconcentrationbybioassayatMitsubishiKagakuBCL

Inc・（Tbkyo，J叩an）．
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2．4・h2Vit”releasestudy

An王FNsiliconefbrmulation（C－3－13）wasplacedinatubecontaiminglOmlofPBS

bH7．4），0．5％HSAandO．01％sodiumazide．SinceIFNisunstableat370cinasolution

form，thetubewasplacedinanincubatorat50CtoavoiddegradationofIFNandtomeasure

the preciseamOuntOfIFNreleased・At designatedtimes，analiquotwas collected and

transftrred to a new tube containingfresh bu蝕L The sol11tion was assayedforI

COnCentrationbyradioimmunOaSSay（RIA），uSinganInterftronalphakit（DinabotCo．，ud．，

Tbkyo，J叩an）．RIAwasperformedinduplicate．IFNisstableinthebufEtrduringthe

SamPlingintervals．

hviiTVreleasestudyofHSAsiliconeformulation（M－1，C－2）wasperformedinthe

SamemannereXCePtthatthereleasemediumwas3mlofPBSbH7．4）andO．01％so4ium

azide，andthatHSAconcentrationwasassayedbytheBradfordmethod．

2．5．Releaserateanalysis

ThereleaseratewasanalyzedbasedontheinviiTDreleaseproBle・Itwascalculated

fromlinearregressionanalysis・

2．6．Measurementofosmoticpressure

IFN／HSAorIFⅣHSA／additivepowder（300m岳）wasdissoIvedinO．6mlofPBS（pH
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7・4），0・5％BSAand O・01％sodium azide．The osmotic pressure ofthe solution was

measuredthreetimes，uSinganauto－OSmOmeter（OsmostatOM－6020，DAI王CHI監aga如王nc＄，

Kyoto，Japan），foreachsamPle．

2．7．Experimentalanimals

Femaleathymicnudemice（nqhlu，BA⊥B化background）werepurchasedfromCLEA

JapanInc・，Tbkyo，Japan，andwerehousedinanegative－PreSSureSafttyrackunderspecific

Pathogenrfreeconditions．

2．8．MeasurementofserumIFNlevels

TLeIFN covered－rOd　formulation C－1was administered subcutaneOuSlyinto

5－Week－Oldmice・Then，bloodsampleswerecollectedatpresettimepointsofl，4，7，14

and28days・Serawerecollectedandstoredat－400CuntiltheIFNassay・Theser血IFN

levelsweremeasuredbyRIA，uSinganInterftron－αkit．

2・9・PharmaCOkineticanalysis

Theqpparenthalf11ift（nn）wascalculatedusingaone－COmPartmentmOdelasfo1lows．

Theeliminationrate（亀）wascalculatedbytheleast－SquareSmethodffomthelinearterminal

PhaseoftheserumCOnCentration－timecurveandusedtocalculate71f2fromthefo1lowlng
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relationship：nr2＝ln2／R；．

2・10・Confocallaserscanmingmicmscope（Cu；M）analysis

Silicone　formulations M－3　and C－14　were prepared　with Q7－4750　and

Tbxas－Red－1abeledHSA／Glypowder（powdersize；＜2pm，Tbxas－Red－1abeledHSAcontent；

30％（や／w），Gly content；10％（巾））．The siliconeformulation was placedin a tube

COntaininglOmlofPBS（pH7・4），0・5％BSA．Thetubewasplacedinanincubatorat50c

for5days．Theinitialand加γiiTDteStedformulationswerecutinthecenterandobserved

uslngaCI・SM（Ⅰ・SM－GB200，OLrMPUSOPTICALCo・，Ild・，Tbkyo，Japan）．HSAwas

renderedfluorescentbylもⅩaSRed，Whilesiliconeelastomerwasnot．Therefore，theHSA

POWdersdistributedinsiliconeelastomercouldbedetectedagainsttheblackbackgroundof

SiliconeelastomeL

3．R£SⅦ1ts

3．1．Preparationofcovered－rOdformulation

HSAwasusedasamodelproteindrug・IFNwasusedasanexamPleofaprotein

drug Which exertsphysiologicalactivities atverylow concentrations．The preparation

methodofacovered－rOdformulationissimpleandthereproducibilityofthefbrmulationis
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good･ The thickness of the outer layer was uniformand there was no space between the

o.1ter and也e inner layers. Figure l shows an exa!mple of a covered-_rod fo_Tm･11af.主o_.l_.

In order to evaluate the stability of IFN during the preparation of the covered-rod

formulation,the content of IFN in the formulation was determined. Tbe IFN covered-rod

formulation C-1 was crushed uslng a grinder. The pleCeS Were then immersed in buffer, and
●

the resultant solution was bioassayed for IFN content (Table 2). TLe recovery of IFN from

the IFN covered-rod formulation was approximately lOO%, indicating that IFN was stable

during the preparation of the covered-rod formulation.

3.2Jn viiro release behavior

HSA was continuously releasedfrom the matrix fomulation M-l over aperiod of

approximately one month (Fig･ 2a)･ The release rate was highduring the initial stage but

decreased with time･ On the contrary, the covered-rod formulation C-2 continued to release

HSA at a constant rate wit血out也e丘rst day; t血e total amount of HSA released血99 days was

82% (Fig･ 2b)･ Fig･ 2c shows comparison of releasedfraction per day between M-1 and C-2.

The rapid release of C-2 on the first day should be contributed by HSApowder existed on the

surface of the fomulation･ Except the day'the rate of HSA release of-C-2 was constant,

comparlng tO that of M-2.

The profiles of HSA release of the matrixand covered-rod formulations are
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Fig. 1. Photograph of a covered-rod formulation: (a) the appearance, and (b) a cross-section.

Table 2

Recovery of IFN &om IFN covered-rod formulationa

Sample IFN content

Theoretical value (IU) Recovery (%)

c_1 9.25×106 102土6

a Results expressed as meanj: deviation of two independent samples.
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approximated by Eqs. (1) and (2), respectively. The squares of the correlation coefEicients

between the calculated and measured values are indicated in the figures. The HSA release

profiles of the matrix and covered-rod formulations correspond very we11 to Eqs. (1)and (2),

resp ectivel y.

y-am･ty2+bm (1)

y=ac't'bc (2)

3.3. Control of dmg release

3.3.1. Effect of IFN/HSA powder content

Covered-rod formulations containing difEerent amounts of耶/HSA powder were

prepared. These formulations were immersed in buffer to assay for ⅣN release. Figure 3a

s血ows血e results.

The total amount of IFN released over one month for C-3 (IFN/HSA powder content:

20%) was extremely small, 0.65%; however, IFN was released continuously at a constant rate

from C-4, C-5 and C-6, whose IFN/HSA powder contents were 30% or more. The IFN

release rate increasedwith increaslng IFN/HSA powder content. The total amount of IFN

released over one month for C-6 (the highest content of IF叩HSA powder) was 57%.
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3.3.2. EfEect of IFN/HSA particle size

covered-rod formulations containing珊HSA powders of different particle sizes, i･e･,

c-7 (<20 LLm), C18 (20-53 tAm) and C-9 (53-150 pm), were immersed in buffer to assayfor

IFN release･ Figure 3b shows the results･

The IFN release rate increased with increasing particle size of IFNniSA powder･ The

total amount of ⅣN released over one month for C-7 (smallest particle size) was 17%,

whereas that for C-9 (largest particle size) was 39%･

3.3.3. Effect of kinds of additives

covered-rod formulations were prepared using IFNmSA powder containing different

types of additives: C-10 (additive: Gly), C-11 (additive: sodiumglutamate), C-12 (additive:

sodium chloride)and C-13 (no additive)･ The formulations were immersed in buffer to

assay for IFN release･ Figure 4 shows the results･ The IFN release rate depends on the

kinds and presence/absence'of additives･

IFN/HSNadditive or IFNmSA powders used to prepare C-10-C-13 were dissolved in

a buffer, and the osmotic pressures of the buffers were measured･ Table 3 summarizes the

IFN release ratesand differences in osmotic pressure (which is equal to the osmotic pressure

of the buffer contai血g IFN/HSA/additive minus the osmotic pressure of the buffer itself)･

The osmotic pressure of the bufEers in which IFⅣHSA/additive powder (C-10-C-12) was
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Table 3

耶release rates of IFN covered-rodformulations and osmotic pressure of solutions with

dissolved IFNnISA/additive powdera

Release rate, ac (%/day) Osmotic pressure (mOsm)

C-10

C-11

C-12

C-13

0.335±0.061

0.586±0.040

1.329±0.003

0.001±0.000

1468±2

1761±8

4841±5

148±3

a Results of release rates expressed as mean ± deviation of two independent samples･ Results

of osmotic pressures expressed as mean ± S.D. of three measurements.
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dissolved was higher than thatwithout additive (C-13).

The reJationsh_ip between IFN release rate (corresponding to ac in Eq. (2)) and the

osmotic pressure is shown in Fig. 5. The IFN release rate increasedwith increase in the

osmotic pressure.

3.4. Effect of length of the covered-rod formulation

Covered-rod formulations C-8 of different lengths (1 and 2 cm) were immersed in

buffer to assay for IFN release･ Figure 6 shows the change in IFN released per day with

time.

Over the血st month, both formulations released m at a constant rate, except on the

first day; the amount of IFN released per day from l-cm and 2-cm formulations were similar.

However, after one month, the amount of IFN released from the l-cm formulation declined

gradually, whereas that releasedfrom the 2-cm formulation remained constant over two

mont血s.

3.5 Change in serum肝N concentrations

¶1e IFN covered-rod formulation C-1 was administered subcutaneously into the back

of nudemice･ Blood samples were collected from the nude mice at predetermined time

points after administration, and the serum IFN concentrations were measured･ Figure 7 and
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Thble4showthechangesinserumIFNconcentrationsandthehalfJlives，reSPeCtively・For

fefbrenee，thedatafbrtheIFNmatriⅩfomulationM－2andⅣNaqueoussolutionpreviously

reportedarealsoshowninFig．7andThble4．

InthegroupofmiceinwhichIFNaqueoussolution（1Ⅹ105IU）wasadmimistered，the

SerumIFNconcentrationdecreasedr叩idly．hthegroupofmiceinwhichtheIFNmatriⅩ

fbrmulationM二2（6Ⅹ106ru）wasimplanted，themaximumserumCOnCentrationofI

（1379±657IU／ml）wasobservedattheinitialsamplingtime，i．e．，24hafterimplantation；the

COnCentration decreasedto叩PrOXimatelyl／190fthemaximumvalue atten days after

implantation；Subsequently；Serum肝Ncouldbedetectedfor30days．Ontheotherhand，in

thegroupofmiceinwhichthe1日Ncovered－rOdformulationC－1（9Ⅹ106IU）wasimplanted，

the maximum serum COnCentration（1763±137几〃ml）was observed at24h，and an

approximatelyconstantlevelwasmaintained；eVenOnthe28thdayafterimplantation，the

SerumIFNconcentrationwas叩PrOXimatelyl／180fthemaximumvalue．

3．6．Mechanismofdrugrelease

TbechangeindistributionofTbxas－Red－labeled－HSApowderinsiliconewithtimewas

analyzedbyCLSM・Figure8showsmicrogr叩hsoftheformulations．

BeforeimmerslOnOftheformulationsinbu飴r；恥ⅩaS－Red－1abeled－HSApowderwas

homogeneouslydistributedthroughoutsilicone；therewasnodi鮎renceinthedistributionof
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◆；C－1，●；M－2，▲；Solution．

「hble4

Pharmacokineticparameter

Parameter C－1　　　M－2　　　Solution［5］

Dose（Ⅳ）　　　9×106　　　6×106　　1×105

7k　　匝）　　　　　158　　　　190　　　　　4
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Texas-Red-labeled-HSA powder between the matrix formulation M-3 (Fig. 8a), and the inner

layer of the covered-rodformulation C-14 (Fig. 8b). After immersion for 5 days,

Texas-Red-labeled-HSA powder was released, leading to a decrease in the density of the

powder in M-3 (Fig. 8c). On the other hand, in C-14, water infiltratedfrom the ends of the

formulation, and the area where powder was released became transparent･ At the ends of the

formulation, little powder was present; in contrast, as much powder as under the imitial

condition remained in the central part of the formulation (Fig. 8d).

4. Discussion

In general, peptide and protein drugs are unstable and have an extremely short half-1ife

in the body･ To resolve these clinical problems, many researchers have studied

sust血edｨelease fbmulations of prot血dmgs in order to血crease血e duration of血e dmg

effect and reduce the frequency of administration and side effects･ Examples of formulations

which have already been practically applied includemicrospheres of poly(lactic/glycolic acid)

(pLGA) such as Lupron Depot㊥ 【6-9]and Nutropin DepotTM [10-14]･- These microspheres

of PI･GA release drugsvia an imitial burst immediately after administration･ It is reported

that the imitial burst of PLGAmicrospheres is attributed to their large surface area and/or

porous structure [8, 11112]･ Due to the initial burst, microspheres of PLGA can be used as

carriers of drugs with specific pharmacological effects (e.g., 1euprorelin acetate) and those
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withawidether叩euticindex（e・g・，grOWthhormone）；howeveちaninitialburstisgenerally

undesirablefromthepointofviewofsaftty・

Inordertodevelopasustained－releasefbrmulationofproteindrugSthatise蝕ctive

OVeralongtimeofperiod，amatriⅩformulationuslngSiliconeasacamierhasbeendeveloped・

The matrix brmulationwas designed to suppressimitialburst，by reducing su血ce area

COmParedwithmicrospheres，andmakingthestruCturenOtPOrOuS．Althoughthelevelofthe

initialburstisnotashighasthatofmicrosphereformulations，thereleaserateoftheprotein

drugSdecreaseswithtime．Basedontheknowledgeaccumulatedthroughthedevelopment

Ofmatrixformulations，thegeometryofformulationswasimprovedandanewformulation，

i．e．，aCOVered－rOdformulationhasbeendeveloped．Sincethecovered－rOdformulationwas

designedtofurtherreducesurfaceareacomparedwiththematrixformulation，imitialr叩id

release of the covered－rOdformulationis verylittle．h addition，the covered－rOd

formulationenablesthereleaseofproteindrugSataCOnStantrateOVeralongperiod．

Tbe protein drug release pro貢Ies from matriⅩand covered－rOdformulations were

examinedusingHSA（Fig・2）・TLeamountofHSAreleasedfromthematrixformulation

M－1decreasedwithtime，Whilethecovered－rOdfbrmulationC－2continuedtoreleaseHSAat

aconstantratefbrapproximatelylOOdays．Itisreportedthatwhenadrugdispersedin

POlymerisreleasedthroughchannels，thepercentageofdrugreleasedisproportionaltothe

squarerootoftime［15］；y＝am・ty2・Ontheotherhand，WhenadruglSreleasedat
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COnStantrateregardlessoftime（zero－Orderrelease），thepercentageofdrugreleasedisin

proportiontotime；Y＝ac’t．Theoreticallytheseeqiiationsintersecttheorigin．Howeveち

Since protein drug Particles which exist on the su血ce offormulations are released

immediately aRerimmersioninto an aqueous envlrOnment，COefBcients b．n and bc were

necessaryintheequationstomakecorrectionsforaninitialrapidrelease（Eqs．（1）and（2））．

The HSA release profile of the matriⅩand covered－rOdformulations，M－1and C－2，

COrreSPOndedverywelltoEq．（1）and（2），reSpeCtively．

Whencovered－rOdformulationscontainingI即HSApowderwereimmersedinbu鮎ち

IFNwasreleasedcontinuouslyinthezero－OrdermanneL TheIFNreleaseratedependedon

theI即HSA powder contentandits particle size．h addition，When covered－rOd

formulationswerepreparedusingIFNmSApowdercontainingdi蝕renttypesofadditives，

e・g■，Gly，SOdiumglutamateandsodiumchloride，theUNreleaseratewasinfluencedbythe

kindofadditive（Fig・4）・Theしdegreeofinfluencewasgreaterforformulationsprepared

uslnganadditivethatinduces ahigherosmoticpressureCrhble3andFig．5）．Similar

expenmentSWerePerfbrmeduslngmatrixformulationsandreportedtheresultswerereported

inChapterl［3］・Itwasshownthatpowdercontent，Particlesizeandadditiveshadsimilar

e鮎ctsontheproteindrugreleaseratesofthesetwoformulations；however；therelease

PrOfilesofthematriⅩformulationswereofthefirstordeちWhilethoseofthecovered－rOd

formulationswereofzeroorder」

63



IFN covered－rOdformulations were・implantedin nude mice and the serumⅣN

COnCentrations were measured．In the group ofmicein dchIFN solution was

administtred，theserumIFNconcentrationdecreasedrapidly・Inthegroupofmicein

theIFNmatriⅩformulationM－20rIFNcovered－rOdformulationC－1wasimplanted，the

SerumIFNconcentrationwas maintainedabovethe detectionlimit duringtheperiod of

Observation，i・e・，about30daysafterasingleadministration（Fig．7）．ThehalfJlives（nβ）

Were48and40timeslongerthanthatofanIFNaqueoussolution，reSPeCtively（恥ble4）．

TLisindicatesthatthebothformulationsreleasedIFNcontinuouslyinvivo・hthegroupof

mlCeinwhichtheIFNcovered－rOdformulationwasimplanted，theserumIFNconcentration

WaS maintainedatanaPPrOXimatelyconstantlevelfor28days，indicatingthatIFNwas

released血omthecovered－rOdformulationataconstantratenOtOnlyinviinbutalso由vivo．

MicrospheresarediffimlttoapplyforproteindrugSSuChascytokineandinsulinthat

manifbststrongphysiologicalactivityatlowdoses，becauseofalargeinitialburst・However；

itisexpectedthatthecovered－rOdfomulationcanbepracticallyqppliedfortheseprotein

dmgs．

TLereleasemechamismofproteindrugfromacovered－rOdformulationisdiscussed

Withrespecttotheformationprocessofchannels，WaterinfiltrationpatternSanddiffusion

Characteristics ofthe protein drug，by comparlng these aspects with those ofa matrix

払mulation，aSfbllows．
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1乱ereleaseprocessofproteindrugSffomamatrixformulationisconsideredtobeas

fbilows．First，PrOtein drug Particles existing near the su血ce oftheformulation are

dissoIvedandreleasedintothesurroundingwateL Second，adjacentparticlesaredissoIved

andreleasedintothesurroundingwateL Whenhighosmoticpressureisinducedbythe

dissolutionofproteindrugPOWderintowater，CraCksoccuronthesurroundingsiliconewalls，

Whichpromotestheconnectionofthechannels・Byrepeatingthisprocess，POreS（wherethe

PrOteindrugPOWderhadbeen）andcracksconnecttoformChannels，andtheproteindrug

insidethefomulationissequentiallyreleased．Incaseofacovered－rOdformulation，PrOtein

drugSareCOnSideredtobereleasedthroughchannelswhichareformedinaninnerlayerby

thesamePrOCeSSaSthematrixformulation．hfact，thereleaseratesofproteindrugSCanbe

COntrOlledbythesamefactorssuchasthecontentofproteindrugPOWder；theparticlesize，

andthekindofadditives，WithrespeCttOboththematrixandcovered－rOdformulationsas

describedabove．neresultsindicatethatthereleaseprocessesofthetwoformulationsare

relatedtochamelformation・ProteindrugSarenOtreleasedthroughanouterlayerofthe

COVered－rOdformulation，becausechannelsarenotformedintheouterlayerandproteindrugS

CannOtdifhsethroughpolymernetwork．

InordertoinvestigatethewaterinfiltrationpatternSOfthematrixandthecovered－rOd

formulations，Tbxas－Red－1abeled－HSApowderswereusedtopreparebothfbrmulations．The

Changeinthedistributionofl七ⅩaS－Red－1abeled－HSApowderwithintheformulationswas
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analyzed by CLSM, tracing thefluorescence of Texas Red (Fig. 8)･ [Before the immersion of

the formulations in buffer, the images of the matrix formulation and of the inner layer of the

covered-rod formulation were similar; Texas-Red-labeled-HSA powders were homogeneously

distributed throughout silicone･ For the matrix formulation incubated for five days ifWiiT10,

the image of the central part is similar to that of the two ends; Texas-Red-labeled-HSA

powder was releasedand its density decreased･ On the other hand, for the covered-rod

formulation incubated for丘ve days in viiro, the image of the central part is differentfrom that

of the ends. In the central part, Texas-Red-labeled-HSA powder existed at a density similar

to the initial density; it is considered that the release of Texas-Red-labeled HSA does not

occur fromthe central par( at that time･ h contrast, at the two ends, only a slight amount of

dissolved Texas-Red-labeled HSA remained. This may be explained as follows. h the

matrix formulation, water infiltration proceeded on the entire surface of the formulation;

water infiltrated into all parts of the formulation within a relatively shortperiod,and therefore

a similar image was observed for all parts of the formulation at day 5. In contrast, in the

covered-rodformulation, water infiltration proceededfrom the ends of the formulation, the

rate of water infiltration was slow and at the central part the initial condition was maintained

at day 5.

Tbe water infiltration pattems of matrix and covered-rod formulations are summarized

as follows. For a matrix formulation, the formation of channels occurs over the entire
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surface of the formulation; since the waterpenetration front proceedsfrom the surface of the

cylindficalformulation into its inte由or, the area of the water penetrationfro王1t decreases with

time (Fig. 9a). For a covered-rod formulation, since the formulation is surrounded by

silicone throughwhich water does not penetrate, the areafrom which water can infiltrate is

1imited to the two ends; the area of the water penetrationfront always remains constant (Fig.

9b). The above discussions are also supported by the observation obtained in the in vitT10

experiments,that water infiltrates throughout the matrix fomulation, but water infiltrates only

from the two ends of the covered-rod formulation (Fig. 8).

●

Protein drug lnSide a covered-rodformulation is dissolved upon water infiltration.

However, the dissolution of the protein drug is not the rate-1imiting step of drug release,

because the release of protein drug from a covered-rod formulation continues even after water

infiltrates into all parts of theformulation, as evident byvisual observation･ h addition, if

the dissolution of protein drug powder is the rate-1imiting step of the drug release, the release

rate should decrease with time, since the dissolved protein drug must diffuse througha longer

channel as the water penetration front of a covered-rod formulation moves inwardwith time.

However, the results were inconsistent with this assumption; a covered-rod formulation

continued to release protein drug for a long period at a constant rate･ These findings indicate

that the difbsion rate of the dissolved protein drug lnSide the formulation is extremely low

compared to that outside the formulation.
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Fig. 9. Images of water penetration into and protein releasefrom the silicone formulations:

(a) matrix, (b) covered-rod･ TLe patterned domain indicates the area where intact protein drug

powders remain･Anows indicatefrom where the protein drug lS released.
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In the case of a matrix formulation, protein drug lS released from the entire surface of

the formulation; the concentration of the protein drug iP_S主de t_1._e fofmlllat主on deereases within

●

a relatively shod period.

In contrast, difhsion of protein drug lS SuPPreSSed in a covered-rod formulation, since

1) the areafrom which the drug is released is extremely small compared to that of the matrix

formulation and 2) the channels are rendered narrow by the pressure of the outer layer on the

inner layer. Consequently, the concentration of the dissolved protein drug lnSide the

channelsmight be saturated and remains constant, resulting in the constant release of the

prot血dnlg.

TLe mechanism explained above is also supported by the finding that the release

duration canbe controlled by the length of the formulation.When l-cm and 2-cm

covered-rodfornulations C-8 were imersed in buffer to assay for the amount of IFN

released per day, the amounts of IFN releasedfrom the two formulations were similar over the

first month; however, subsequently, the IFN released from the l-cm formulation gradua11y

decreased, whereas that fromthe 2-cm formulation was maintained at the same level as dming

the first month (Fig･ 6)･ Over the first month, there was no remaining IFN旧SA powder to

be dissolved inside the l-cmformulation and the IFN concentration inside the channels

gradua11y decreased, as did the release rate. In contrast, the IFN concentration inside the

channels was sti11 maintained at a constant level inside the 2-cm formulation, which leads to a
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COntinuouszero－Orderrelease．

ThecoefGcientaninEq．（1）isconsideredtobedependentonthedrugreleasearea，the

SOlubilityoftheproteindruginwater（bodyfluid），thechannelvolumeinsidetheformulation，

thetortuosityofthechannelsandthediffusionrateofthedissoIvedproteindruginsidethe

Channels．Thecoefficienta。inEq．（2）seemstobeinfluencedbythesamefactorsasthoseof

aminEq．（1）；however，eVenifthematrixfbrmulationandtheinnerlayerofthecovered－rOd

formulationhavethesameCOmPOSition，thevaluesofacandamwouldnotbethesame．Itis

COn？ideredthatthedi鮎rencebetweenacandamdependsnotonlyonthedi蝕rencebetween

thedrugreleaseareabutalsoonotherfactors，SuChasthediffusionrateofthedissoIved

PrOteindrugSinthechannels，aSdiscussedabove・Forexample，amOfthematrixformulation

D－4was16．3％／day，aSrePOrtedinChapterl【3］，W血ereasacofthecovered－rOdformulation

C－10，havinganinnerlayerofthesamestruCtureaSthatofD－4，WaSO・335％／day・Evenif

thecoefBcientsamandacarecorrectedbythedi飴renceinthedrugreleasearea（thedrug

releaseareaofD－4isapproximately14timesthatofC－10），thecoefBcientforthematrix

formulationishigherthanthatforthecovered－rOdformulation．T鮎smaybebecausethe

IFNdiffusionrateinsidethechannelsofthecovered－rOdformulationislowerthanthatofthe

matriⅩformulation．

Ingeneral，PrOteindrugSincludingIFNaredenaturedanddeactivatedbytreatments

SuChasheatingortheuseoforganicsoIvents・Sincethecovered－rOdformulationcanbe

70



PreParedundermildconditionswithoutheattreatmentortheuseoforganicsoIvents，itis

POSSibletoprepareformulationsofproteindrugSthataresensitiveto也esetreatmentswithout

reducingthephysiologicalactivity．Infact，theevaluationofthestabilityofIFNduringthe

PreParationoftheformulationrevealedthattherecoveryofIFNfromtheformulationwas

approximatelylOO％ofthetheoreticalvalue（Thble2）・

5．Concl廿Sion

In orderto develop along－term deliverysystemforproteindrugSthat enablesthe

ZerO－Orderrelease，aCOVered－rOdformulationwasdeveloped．

Sinceacovered－rOdformulationcanbepreparedundermildconditionswithoutheat

treatmentortheuseoforganicsoIvents，itcanbe叩PliedtoproteindrugSthataresensitiveto

these treatments which genera11y cause degradation of their physiological　activities．

FurthermOre，the covered－rOdformulation can release protein drug at a COnStant rate

regardlessofthemolecularweightofthedrugWithoutsignificantimitialburst．Thedrug

releaseratecanbecontro11edbychanglngParameterSSuChastheparticlesizeofproteindrug

POWder；itscontentandthekindofadditives．WhentheIFNcovered－rOdformulationwas

implantedb”ivo，theserumIFNconcentrationwasmaintainedataconstantlevel．

Thecovered－rOdformulationisexpectedtobepracticallyappliedforproteindrugSWith
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narrowtherq）euticindices，andcanbeusede鮎ctivelyandsafelyfortreatmentsofchromic

diseases．
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Part II

EfTICaCy Of Silicone Formulation
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Chapter3

SiIiconeFormulationAsANovelⅦccineDeliveryVthicle

l．Introduction

MatriⅩandcovered－rOdsiliconefbrmulationsreleaseproteindrugSinfirst－Orderand

ZerO－Orderpro銭Iesfbrlongtimeofperiods，reSPeCtively．Inaddition，bothformulations

releasedIFNinvivowithoutlossofitsphysiologicalactivity［1－2］．Fromtheseresults，the

Siliconeformulationsareexpectedtoutilizeintherapyofchronicdiseasesorprophylactic

treatments，Withimprovedqualityoflifeandlessadministrationfrequency．Otherexample

Ofexpectingapplicationofthesiliconeformulationsisvaccine．

neoptimizationoftheimmuneresponsetoanyVaCCineinvoIvescarefulselectionof

themethodofdeliverlngtheantigen．However；theoptimumdeliveryprofilehasnotbeen

established弧dtherelationshipbetweenantigendeliveryandthephenotypeoftheensulng

immune responselS yet tO be determined・Controlled release systems such as silicone

formulationswillintroduceprolongedantigendeliveryprofilesasanalternativedelivery

technique，in contrast tobolus administrationbyinjection or short－termdelayed release

resultingfromidectionwithaquvantssuchasalumoroilemulsions．Thelimitedliterature

OnVaCCinationbycontinuousantigenreleaseinfactincludesanumberofexamplesinwhich

matureandprotectiveimmuneresponseshavebeenelicited，uSingproductssuchaspumps［3］
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or implants [4･5]･ These results suggest that controlled release systems have potential to

allow complete vaccinationwith a single antigen del主very, an ultimate goal h vaccine

research. The study presented in this chapter examines the potential for the silicone

formulations as vaccine delivery systems.

2. Experimemtal

2.1.Antigens and ad]'uvants

ImmunopureTX avidin (Avi) was obtainedfrom Pierce Chemical Company (NY USA)

and used as a model antigen at levels of lO-500LAg Per Sheep dose, as indicated･ For

clostridial vaccination, toxoided culture supematants were obtained from a vaccine

manufacturer and used at levels equivalent to that of the commercially available vaccinesfor

s血eep･ Ahminum血ydroxide gel (alum) was prepared as described in Harlow and Lane 【6】

andincorporated into vaccine formulations at a l:2 dilution. Recombinant ovine

interleukine-1β (rovIL-1β) was prepared at the Centre forAnimal Biotechnology as described

in elsewhere [7] and incorporated as ad3uvant into silicone formulations at levels of either 20

or 50 LLg aS indicated.

2･2･ Preparation of silicone fbmulations

Silicone fomulations were prepared as follows･ Solutions of antigensand adjuvants,
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along. with additives mamitol (Man) and/or sodium citrate (SC) were mixedand lyophilized.

The resulting lyophilized cake was milled to formfhe anduniformparticlesand blendedwith

silicone (Silastic@ Q7-4750, Dow Corning Coq'oration, MI, USA), composed of a l:1 ratio of

Part A (containing catalyst) and Part B (containing cross-1inking agent). The mixture was

then pressed throughan extruderwith a l･6 mm die, and cured at 25oC for 3-4 days. The

extruded rod was then cut to lengths (approximately lO mm) to produce matrix formulations.

For covered-rod formulations, the mixture was co-extrudedwith an outer coverlng Of silicone
●

that was impermeable to water･ TLe extruded rod was then cut to lO mm lengths so that the

cut surfaces exposed the central core of permeable inner layer.

23. Zn vitT10 release study

A silicone formulation (Group 7 and lO in Table l) was placed in a tube containing lO

ml of PBS (pH 7･4), 0･3% Tween 20, 0･01% sodium azide･ At designated times, an aliquot

was collected and transferred to a new tube contaimingfresh buffer. TLe solution was

assayed fbr Avi and ILlβ concentration by EuSA･ EuSA was pe血med in duplicate.

Ayi and IL-1β are stable in the buffer during the sampling intervals.

2.4. Animals

The 12-24-month-old merino ewes and wethers were obtained from commercial farms
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and housed at the Howard Florey Experimental Farm, Tooradin,Anstralia･ Sheep were

maintainedonpastureandmusteredforvaccinationarI
-dbloodsamplirI
_g･h7.-d主vidualswere

iden雌ed by eartag and randomly allocated to exper血ental groups of seven s血eep･

2.5. Ⅵccination

Silicone formulations were delivered subcutaneously to the back of the neck uslng a

prototype血andbeld implant delivery gun prepared by N.J. P血ill阜ps Pty. ud., Gosfbrd,

Australia. Conventional vaccinations were admimistered to the back of the neck in a total

volume of lmiuslng SyrlngeS fittedwith 18 g needles.

2･6. Sample collection

Blood was collected prlOr tO VaCdnatioⅡ and at inteⅣals fbllowmg va∝ination via t血e

]ugular vein uslng 18 g needles and syrlngeS･Anam0unt Of lO ml blood samples were
●

co11ectedand allowed to clot, prior to centrifugation to remove remalnlng red ce11s. Serum

samples were decanted and stored at -20oC prior to use in immunoassays･

2･7･ Immunoassays

Anti-avidin antibody responses were assessed by ELISA as previously described [7].

Isotype-specific antibody responses were assessed by ELISA as for total antibody responses,
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except thatisotype－SPeCiBcanti－Sheepmonoclonalantibodieswereappliedafterthe test

Serum，fo1lowed by an anti－mOuSe　antibody coqugated to horseradish peroxidase．

Anti－Clostridialantibodyresponseswereassessedasforanti－aVidinresponsesexceptthatthe

PlatewascoatedwithastandardsolutionoftoxoidedculturesupematantofCnoty10rC

ietani・Neutralisingantibodytitresweredeterminedbyacommercialvaccinemanufacturer

uslngPaSSivetransftrofimmuneSeratOmiceandsubsequentcha11engeinftction．

3．R£SⅦ1ts

Animmumization study was established to determine the efBcacy of silicone

formulationsasvaccinedeliveryvehiclesinsheep，uSlngthemodelantigenAvi・Groupsof

SheepwereimmumizedasdescribedinThblel・Asthesiliconeformulationsarepr甲ared

uslngdrypowderrawmaterials，alum，Whichisthemostcommonlyusedcommercialvaccine

adjuvant，WaS nOt叩Plical）1e・Therefore，the rovIL－1βwas used as adjuvant．Control

animalswerevaccinateduslngCOnVentionalliquididectablevaccines，eitherantigeninsaline

alone，antigeninsalinewithrovIL－1βadjuvantorantigeninsalinewithalum．Tむotypesof

Silicone　formulation，the matrix and the covered－rOd were compared・　However；

dose－reSPOnSe analysiswas undertakenuslngmatrixformulations only・Formulations as

indicatedin取blelweredeliveredsubcutaneouslyatdayO・Atday28，allsheepreceiveda

SeCOndaryadministrationofAyiinsalinealone・Thiswasdesignedtosimulateanantigenic
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Table l

Vaccine formulations used to immunize sheep for comparison of implants to conventional

vaccination and for dose-response studies of antigen and adjuvant in the fomiulations.

Group number Formulation

Type

Matrix

Matrix

Mat血

Matrix

M at血

Matrix

Matrix

Matrix

Matrix

Cov ered-ro d

Saline

Saline

Alum

些皇上些

500

100

10

500

100

10

500

100

10

500

500

500

500

1

2

3

4

5

6

7

8

9

10

11

12

13
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Challengeanda句uvantWaSdeliberatelyomittedsothatthee蝕ctsoftheprlmaryVaCCine

treatments could be readily distinguished．Blood samPles were collected atintervals

throughoutthevaccinationstudytodeterminetotalantiTaVidinantibodyresponses．Dueto

thelargenumberofserumSamples，Serafromeachgroupwaspooledandtitratedsothat50％

responsetitrescouldbedeterminedforeachgroupinthesameassay．Inaddition，Serum

SamPlesfromindividualsheepwere testedat a single dilution（1：400）sothatstatistical

analysis couldbeperformed，uSing first ananalysis ofvariance卿OVA）fo1lowedby

Fisher，steclmiqueofpalrWisecomparison・MinitabTH softwarewasused．toperformthe

analysis．Whilethe50％responsetitresareshowninthefigures，Slgmi丘cantdi鮎rencesare

indicatedinthetextandusealevelofsigmi丘canceof5％．

3・1・Comparigonofsiliconeformulatio血StOCOnVentionalvaccinationmethods

FigurelshowsAviandIL－1βreleaseprofilesofmatriⅩ（Group7）andcovered－rOd

（GrouplO）formulations・MatrixfbrmulationrapidlyreleasedAviandIL・1β，andtherelease

WaSalmostfinishedwithin7days．Ontheotherhand，COVered－rOdformulationconstantly

releasedthemfbr15days．

Figure2showsantiboqytitresforsheepvaccinatedwithformulationsofgroup7and

10，thatreceived500LLgOfAyiand50匹gOfrovIL－1βinmatrixorcovered－rOdformulations

respeCtively・Alsoshownaregroupsll，12and13，Whichreceived500pgofAvionly，Avi
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Fig■2・Anti－aVidinantibodyresponsesinducedfo1lowlngPrlmaryVaCCinationofshe甲With

either血iinsaline（◇，grOuPll），Aviinsalineplusrovn－1β（○，grOuP12），血iinalum（×，

group13），Or血iandrovIL－1βineitherthematriⅩ（△，grOuP7）orcovered－rOd（□，grOuP

lO），followedbysecondaryvaccinationatday28withAviinsaline．Resultswereobtained

uslngSerumPOOIsffomeachexperimentalgroup・
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insalineplus20pgofrovIL－1β，OrAviwithalumadjuvant・Asexpected，Primingofsheep

WithAviinsalineintheabsenceofadjuvantdidnotelicitanymarkedantibodyresponseto

the antigen（groupll）・hcontrast，theadditionofrovIし1βasa句uvanttOthissaline

formulationresultedinaconsiderableenhanCementOftheantibodyresponse，ranglngfroma

5－fold enhancementbyday14post－PrlmaryVaCCinationto30－foldby14daysafterthe

SeCOndary administrationofantigen（group12）・This con鮎ms the a句uvantactivityof

rovIし1β・neantibodyresponsetoantigendeliveredinalum（group13）wassimilartothat

Ofthesaline＋rOVIし1Vgroup（group12），afterbothprimaryandsecondaryimmumizations．

WhenAyiandrovII／1βwereincorporatedintothematriⅩformulation（group7），theantibody

responsewasslightlyhigherthanthoseofthesaline＋rOVILIVgroup（group12）andalum

a句uvantedgroup（group13）afterbothprimaryandsecondaryimmunizations．Amarked

enhancementwasobservedusingcovered－rOdfomulationscomprising50pgofrovIL・1β

and500pg ofAvi，the only doselevels testedin the covered－rOdin this experiment・

Comparedwiththealumcontrolgroup（group13），theantibodytitreelicitedfo1lowinga

Slngledeliveryofthecovered－rOdformulationwasequivalenttothatobservedaftersecondary

immunizationofthealumcontroIs・A鮎raseconddeliveryofantigentothecovered－rOd

treatmentgroup，theantibodyresponsewasrapidlyelevatedtoaleve14－foldabovethatofthe

alumcontroIsatday14post－SeCOndary・hdividualsampleanalysisshowedthatduetohigh

Variabilitytypicalofoutbredsheeppopulations，thedifferencebetweenthecovered－rOdgroup
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responseandthealuma句uvantedcontroIswasnotstatisticallyslgmi銭cant．恥ecovered－rOd

responsewassignificantlyhigherthanforthegroupthatdidnotreceivea嘩uvantinthe

immun1Zlngformulation・WhiletheantibodyresponsethendeclinesslowlyinthematriⅩ

immumizedgroupandthealumcontrolgroup，therewasnodropintitreinthecovered－rOd

treatmentgroupoverdays14－28post－SeCOndarylmmumization．Theuseofthecovered－rOd

implant，therefore，inducedanantibodyresponsemarkedlysuperiortothatofconventional

alum－basedvaccinationanddemonstratedsustainedantibodytitres．

3．2．Antigenanda句uvantdose－reSPOnSeanalysiswithmatrixformulations

Inthisinitialtrial，thedose－reSPOnSerelationshipwas assessedforonlythematrix

formulation．ResultsforsheepvaccinatedwithmatrixformulationswitheitherlO，1000r

500帽Of血iareshowninFigures3a，3band3cforgroupsa句uvantedwithOtAg，20匹gOr

50LLgOfrovIL－1β，reSPeCtively．

TLecomparisonofantibodyresponsesinducedbydi鮎rentdosesofantigeninthe

formulation yielded a surprising result・Althoughthere was no significant difference

betweengroups，therewasatrendtowardsthelowestdoseofantigen（10匹g）inducingthe

highest antibody titres・「mis was observed at each dosage ofrovIL－1βused and the

di鮎rencewasevidentfbllowlngPrlmaryVaCCinationandgenerallybecamemoremarkedas

thetrialprogressed・Incontrast，elevatinga句uvantdosagesalsoelevatedantibodytitres．
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While there wasminimal antibody induced in the absence of rovILIP (Fig 3a), titres

observed at day 14 post-secondary vaccination ranged from 2000 - 4500 when 20 LAg Of

rovIし1β was used (Fig 3b), to 5000 - 10,000 when a dosage of50帽WaS uSed (Fig 3c)･

3.3. Duration of immune response to silicone formulation vaccination

A vaccination study was undertaken that was similar to the first study except that a

longer interval (69 days, rather than 28 days) was left between primary vaccinationwith the

silicone formulations or conventional vaccineand secondary vaccinationwithantigen in

saline alone. In this way, the duration of the response to the formulation could be better

assessed. The Avi dose used was 500 LLg for all groups, and formulations had either no

adjuvant, or 50 pg of rovIL-1β as adjuvant, as indicated in Table 2. This experiment also

included a control group that received alum plus rovIL-1β as an ad3uvant combination (group

3). Group mean 50% response titres are shown in Figure 4. Similar to the initial

experiment, there was minimal response to immunizationwith Avi in saline only (group l).

In addition, delivery of antigenwithout rovII/1β adjuvantfrom either the matriⅩ or

covered-rod formulations did not elicit a higher response than the saline-vaccinated controls.

A moderate enhancement in antibody response was observed in the alum control group

(group 2) and the matriⅩ plus rovILlβ group (group 5). For these groups, theantibody tires

were 4 to lO-fold higher than for the saline control group at day 14 post-prlmary vaccination,
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Table 2

Vaccineformulations used to immunize sheep for study of duration of response to silicone

formuiations.

Group number Formulation

Type

Saline

Alum

Alum

Matrix

Matrix

Covere d-m d

Covered-ro d

1

2

3

4

5

6

7

rovIL-1β (tLg) Ayi (pg)

8000
ﾄ■

O

Itj

忘6000
∽
Fj
O

訂4000
Fi

営2000
tn

0 20 40 60 80 1 00

Time (Days)

+1+2+311+4+5+6+7

Fig･ 4･Anti-avidin antibody responses induced followlng Prlmary VaCCinationwith either Avi

in saline (ﾛ, group l) or alum (◇, group 2) or alumand rovIL-1β (△, group 3) or Avi

formulatedwithout adjuvant into matrix (◆, group 4) or c9Vered-rod (▲, group 5)

formulations, or Avi formuiatedwith rovIL-lβ into matrix (●, group 6) or covered-rod (卑,

group 7)formulations, followed by secondary vaccination at day 69 with Aviin saline. Avi

was administered at 500 pg per doseandrivIL-1β was administered at 50 pg per dose.

Results were obtained uslng Serum POOIs from each experimental group･
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with these titres returnlng tO Pre-VaCCination levels by day 56 post-pnmary･ Followlng
●

●

secondary vaccination with antigen and saline at day 69,antibody responses for groups 2 and

5 were 5-6 fold higher thanfor the saline control response.

A marked enhancement in antibody response was observed by day 14 post-prlmary for
●

the treatment groups that received eitheraninjection with Avi plus alum and rovIし1β as

adjuvant (group 3)and the covered-rod plus rovIし1β group (group 7). At this time point,

equivalent titres were recorded for both these groups, that were 9-fold higher thanfor the Avi

plus alum vaccinated sheep (group 2)･ Beyond this time point, there was a rapid drop in titre

for both groups･ however, by 42･ it was evident thatthe fa11 in titre for the covered-rod plus

rovIし1β group was occuming at a reduced rate compared to the alum/rovII/1β controls. By

day 69 post･primary vaccination, the covered-rod plus rovII/1β group had a titre 4-fold

higher thanthe alum/rovII/1β group,and this titre was higher than that observed forany of

the other treatment groups after secondary vaccination･ Followlng SeCOndary vaccination, a

boost in titre was observed for the covered-rod plus rovIL-1β group. The titre did not reach

the very high1evels observed af[er the primary vaccination, but was 3-fold higher than for any

other treatment group at lO days post-secondary vaccination. In contrast to the first

experiment where the post-secondary titre was maintained in the covered-rod + IL-1β group,

w血ere t血e secondary lmmunization was glVen at 69 days ratber也an 28 days也e titre in t血e
●

equivalent group began to decline immediately after vaccination･ However, the titre was
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remained consigtently higher than for other treatment groups at both time points assessed after

the secondary lmmunization･
●

3･4･ Isotype-speci丘c antibody response to silicone formulation vaccination

Serum samples collected lO days followlng the second vaccinationfrom the experiment

shown in Table 2 were used to assess the isotype-specific antibody responses･ These results

are shown in Figure 5･Asthere is no reference serum available for sheep isotyping studies,

the actualamount of each isotype present isunknownandthe relationship between O･D･

values and 8ntibody quantities may not necessarily be the same for each isotype･ TLe O･D･

of each isotypeand the relative proportions of each isotype however, may be compared

between treatment groups･Lew levels of lgM were observed for all treatment groups, with

group 2, the alum-ad3uvanted. controls showlng the lowest lgM titres. IgGI was the
●

dominant isotype for all treatment groups･ While lgG2 was measured in all groups, the

relative proportions differed, ranging from low levels (relative to lgGl response) in the

matrix/rovILIP group (group 5, Gl/G2 ratio=7) to high1evels in the covered-rod/rovII/1P

group (group 7, Gl/G2 ratio=1.95). The covered-rod formulation, therefore, induces a

response that favors production of both sheep lgG isotypes･

90



IgM IgGI

Isotyp e

ﾛ2国3[ｺ5■7

Ig G2

Fig. 5. Isotype-specific anti-avidin responses induced followlng Prlmary VaCCinationwith
●

either申i in either alum (group 2, white bars) or alumand rovIL･1β (group 3, diagonal

striped bars) or Avi and rovIL-1β in either matrix (group 5, dotted bars) or covered-rold (group

7, black bars) formulations, followed by secondary vaccination at day 69with Avi in saline.

Ayi was administered at 500 llg Per dose and rovIL-1β was administered at 50 pg per dose.

Results were obtained uslng Serum POOIsfrom each experimental group.
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3・5・UseofsiliconeformulationsfordeliverlngClostridialantigens

Tbeantibodyresponsetodeliveryofcommerciallyrelevantantigenswasnextassessed

byadministeringeitherCteianitoxoid，OrCnotッitoxoidtosheepasdescribedin恥ble3．

Theoptimumipplant，COVered－rOdplusrovII／1βwasusedandcomparedtodeliveryofthe

toxoidsineitheralum，Similartocommerciallyavailablevaccines，OrinalumplusrovIL－1β．

SheepwereimmmizedatdayOandagalnatday28withaformulationidenticaltothe

PrlmaryVaCCination・Fig・6aand6bshowthetotalantibodyresponseselicitedagainstC

teuniandCnotyitoxoids，reSPeCtively⊥　WhileafterprlmaryVaCCination，Similarresponses

WereObservedforeachtreatmentgroup，fo1lowlngSeCOndaryvaccinationamarkedboosting

intitresoccurredinanimalvaccinatedwiththecovered－rOdformulation．Byday42（14

dayspost－SeCOndaryvaccination），thetitreforthecovered－fodgroups（groups3and6）

exceededthoseofthealum－a句uvantedcontroIs（groupsland4）by5－fold（Ctetani）to

lO－fold（C nowi）・Whilethetitresrapidlydroppedoverthenext14days，therateof

reductiondecreasedandbyday780fthetrial（50dayspost－SeCOndary），thetitresforthe

COVered－rOdgroupsremained5tolO－fo1dhigherthanthealumcontroIs．Ⅵ1eadditionof

rovIL－1βtothealumformulation（groups2and5）didnotprovideasigni鮎antelevationof

antibodyresponseoverthealumcontroIsaswasobservedforimmunizationwithAvi．TLe

PrOteCtiveabilityofclostridialvaccinationmaybeassessedbymeasurlngtheneutralizing

antibodytitreinduced，andtheseresults，ObtainedffomsamPlescollected14daysafterthe
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Tもble3

Ⅵccineformulationsusedtoimmumizeshe甲forstudyofre＄POnSetOClostridialvac血ation

Groupnumber Fbrmulation

Type rovII／1β（匹g）　　　Antigen

1

2

3

4

5

6

Alum

Alum

Covered－md

Alum

Alum

Covered－rOd

0

50

50

0

50

50

TbtanuStOXOid

Tbtanustoxoid

Tbtanustoxoid

Nov再toxoid

Novカtoxoid

Novカtoxoid
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Fig・6・TbtalantibodyresponsesinducedagainsttwovaccinationsatdayOand28witheither

（可Ctetanitoxoidor（b）Cnotyitoxoidadministeredineitheralum（groupland4，◇）

alumplusrovIL－1β（group2and5，△）orcovered－rOdwithrovIL－1β（group3and6，口）．

ResultswereobtaineduslngSerumPOOIsffomeachexperimentalgroup・
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SeCOndary vaccination are shownin Figure7・For alum－adjuvanted groups，tyPical

PrOteCtivelevelswereobserved，howeveちtheselevelscouldbeenhancedby2－foldto4－fo1d

byeitherco血biningrovIし1βintotheconventionalalumformulation，Orbyadministeringthe

antigenswithrovIし1βusingthecovered－rOdformulation・

25

吉20
■■■

苫15
「占
‡∃

．凱0
遥
d
－
・■l■

屋5

0

Tetanus

□1，4団2，5■3，6

Novyl

Fig．7．Neutralizing antibody titresinduced14days after secondary vaccination with

Clostridialtoxoidsformulatedineitheralum（groupland4，Whitebars），alumplusrovIL・1β

（group2and5，diagonalstripedbars）orcovered－rOdfbrmulationwithrovIL－1β（group3and

6，blatkbars）・
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4. Discussion

TLe delivery of vaccine antigen via contro11ed release formulations offers many

potential benefits, including enhanced stability and shelf-1ifeand reduction in dosage of

antigen or adjuvant･ Primarily, the use of formulations may result in delivery of vaccine in a

single administration, eliminating problems of non-compliance and reducing admimistration

costs substantia11y･ While the current study examines the prlmary reSPOnSe elicited by

silicone vaccine formulations followed by booster immunizationswitheither antigen in saline

or in a second formulation, the covered-rod formulation has also shown potential.as a

single-dose vaccine delivery device [8].

Since the silicone formulation is restricted to use of dry powder materials, the use of

alumadjuvant, whose structure does not retain integrity upon freeze-drying [9], is therefore

excluded･ However, there are a number of adjuvants that are suitable for use in the silicone

formulations･ including Quil A, a product that has beenwidely used in veterinary vaccines

【10]･ In the study described here, rovIL-1β, that has previously demonstrated adjuvant

activitywith both Avi and clostridial antigens were used [7, 11]. TLe silicone formulations

are an ideal way to deliver cytokine adjuvants as they are able to maintain stability in the

lyophilized stateand are required in extremely small dose levels and may be easily

incorporated into the silicone formulations･ In addition, the silicone formulation confers

increased safety for cytokine adjuvants that may have adverse effects if excessive amounts are
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administered．Thesiliconeformulationo蝕rsexquisitecontroloverdoselevelsandthereis

alsoreducedrisktotheoperatorasself・injectionislesslikely」

Tbeimmuneresponseelicitedbysiliconeformulationswascomparedtothoseelicited

by antigenwithoutadjuvant，antigenwithsolublerovII／1βandantigenwithalum．The

alumgroupswereusedascontroIsasthisadjuvantr甲reSentSthemostwidespreadad3uvantin

useinhumanoranimalvaccines．Itisuniversa11yusedasanadjuvantforclostridialtoxoid

VaCCines．Alum typicallyinduces moderate antibody responses，Prlmari1y oftheIgGl

isotype，andlittlecellularimmunity［12］，andisreasonablysafeforusewiththeexceptionof

OCCaSionalsteri1eabscessorgranulomaformationattheihjectionsite［13］．

Theresultsindicateatypicalvariabilityinresponsesbetweendi鮎rentexperiments

WhichisnotunusualwhenuslngOutbredanimalsderivedfromanumberofdi蝕rentbreeding

StOCks．Howeveちthere was a consistent pattern of responses evident between similar

treatmentgroupsindi飴rentexperiments・Whiletheuseofthematrixformulationselicited

responsesequivalenttothoseinducedbyalum，itwasthecovered－rOdthatinducedamarked

enhancementinresponseoveralumcontrolgroups・T鮎sissurpnslng，becauseonlylow

1evelsofantigenarereleasedoveralongperiodoftime丘omthecovered－rOdformulation

（Fig．1）．Similarly；itwasthelowestdoseofantigenreleasedfromthematrixformulations

thatinduced the highest antibody response・From conventionalimmunologicaltheory；

increasedantibodyresponsesaregenerallyelicitedinresponsetoincreaslngantigendoses，
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althoughatthehighandlowdoseextremes，antigenictoleranCeisinduced［14－16］・Lew

antigen doses have also resultedin a change to a cellular based response［17］・Tbe

di蝕renceinthiscasemayhavebeenthefactthatreleasewascontinuousratherthanPulsatile

asoccurswithneedleiⅡ皿unization．Inaddition，thegradualreleaseofantigenfromthe

lyophilized stateinto thelimited available bodyfluids would have resultedin high

COnCentrationsofantigenbeingdeliveredtothelymphnodeandmayhavebeenase蝕ctiveat

inducingaresponseasdeliveryofantigenhigh1ydilutedinsaline・TLerewasnot，however；

asimilarinversedose－reSPOnSerelationshipfordeliveryofrovIL－1β・T鮎smaybeattributed

totheshortinvivohalflliftofrovIし1β（2minutesfo1lowingintravenousdelivery；［18】）so

thattheamOuntdeliveredwasstillalimitingfactorintheresponse．

Althoughthesiliconeformulationsaredesignedtoreleasedantigencontinuouslyovera

longperiod，theantibodyresponseeliciteddeclinedsoonaftertheprlmarylmmunization．

Whilethetitresinducedbythecovered－rOdformulationweresustainedathigherlevelsand

for alongertimeperiod thatfor otherformS Ofimmunization，itmaybe expected that’

COntinualantigenstimulationwouldmaintainpeaktitresforsometime．Whenverylow

levelsofantigenarereleased，however；itislikelythatthisantigenwouldbeadsofbedbythe

hightitrecirculatingantibodyandthismayservetOlimittheresponse．Inaddition，feedback

mechanismsexistwithintheimmuneSyStemtOturnOfftheimmuneresponseandpreventthe

inductionofpathologythatmayresultffomchronicstimulationoftheantibodyresponse
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（reviewedin［19］）．

Figures2，4and6show slgnificantantibodyresponseincovered－rOd groups after

SeCOndaryimmunization．Similarresultwaspreviouslyobserved［8】andthemechanismis

SPeCulatedasfo1lows．AntigendeliveredbysolublevaccinationistranSient．Therefore，the

PerSistenceofantigenwasshortandthusonlylimitednumberofBcellswouldbeselected，

expandedandbecomememorycells．Ontheotherhand，Whenantigenwasdeliveredby

COVered－rOdformulations，Whole repertoire ofB cells was constantly stimulated，Which

ShouldleadtoproductionofsuperiornumberofmemorycellshavinghighafBnity．

5．ComclⅦSion

Siliconeformulations o蝕r a new methodfor vaccination thatinducesimproved

antibody responsesand has the potentialfor single－doseimmunization．TLey also will

PrOvideaneSSentialtoolin studying theimmune response elicited by di飴rent antigen

deliveryprofiles・Furtherstudieswi11focus onthedevelopmentofsingle－dosedelivery

SyStemSandtheuseofalternativeadjuvantstomodulatetheresponsetovaccination．In

addition，the siliconeformulationswillalso serve aS a uSefultoolto assess theimmune

responseinducedbyuslngaCOmbinationofcontinuousandconventionalvaccinationineither

theprlmaryand／orsecondaryvaccination．
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C血apter4

Novelmethod to controlrelease oflipophilic drugSwith high

potemcy伽omsilicone

1．ImtrodⅥ．Ction

Inthe1970s，muChinterestwasfocusedontheuseofsiliconeasadeliverysystemfor

lipophilicdrugS・Twotypesofsystemshavebeendeveloped：reServOirtypeandmatrixtype・

Intheformer；aCOreOfdrugissurroundedbyapolymermembrane．Norplant⑳【1】isan

exampleofcommercializedreservOirsystemwhichise蝕ctiveforfiveyearswithsingle

admimistration・ThepnncipaladvantageofreservOir－tyPeSyStemSistheeasewithwhich

COnStantreleaseratescanbeobtained．However，theyarepotentiallydangerousbecausea

tearin the reservOir could cause rapid release of alltheincorporated drug・In the

matriⅩ－tyPeSyStemS，thedruglSuniform1ydistributedinthepolymermatriⅩ・TLeprlnCipal

advantageOfmatrix－typeSyStemislowcost・TheprlnCipaldisadvantageofmatrixsystemis

thefirst－Orderkineticsofdrugrelease．Compudose⑳【2］isanexampleofcommercialized

matrix－tyPeSyStemSe鮎ctiveoverlongerthanlOOdayswithsingleadministration．hthis

WaySiliconehasbeenextensivelyinvestigatedasapracticalDDScarriermaterial．Howeveち

additionalstudyis necessaryforlipophilic drugS Which are high1y potent atlow

COnCentrations，becausedrugreleaseshouldbestrictlycontro11ed・Ithasbeenreportedthat

factorssuchasphysicochemicalpropertiesofdrugsandadditives，membranethiCknessand
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drug-loading method influence the rate of drug release ffom silicone matrix [3-8】･Among

f_hese factors, the use of additives seems to be the most practical way to control drug release･

Amphiphilic substances such as PEG orglycerin have been shownto enhance release of

steroids &om silicone matrix [5, 6, 8]. However, it was reported that these substances

weaken physical strength ofthe silicone formulations [6]･ h the present chapter, using

vitamin D3 (VD3) as a lipophilic drug, which is highly potent at low concentrations, novel

methods effective to suppress initial burst and to control rate of drug release were searched

for.

●

IISA was used asanadditive in order to establish umque method to control release of

lipophilic drugs, avoiding problems caused byamphiphilic substances. Core-rod-type

formulation was prepared and the drug release was investigated. Since the core is cured

silicone, rapid leak would not occur inthis type of formulation even if the membrane is

broken･ h addition, novel me也od to s叩preSS initial burst and rate of dnlg release of

reseⅣoir-type system was investigated.

2. Experimental

2. 1. Materials

Silicone samples (Silastic㊨ MDX4-4210 Medical Grade Elastomer with Catalyst,

Silastic@ RX-50 Medical Grade Tubing, Silastic@ Medical Adhesive Silicone TypeA and
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Silastic⑳ Q7-4750 Biomedical Grade ETR ElastomerKit) were provided by Dow Corning

Corporation (MI, USA). Compositions and strudures of MDX4-4210 and Q7-4750 are

described in Chapter l. RX-50 is a tube sample prepared using Q7-4750. Medical

Adhesive Silicone TypeA is a one-component silicone adhesive.

1α,25-(OH)2 Vitamin D3 (VD3) was purchased from BiomoI Research hboratories, hc.

(n㌔ USA). 2, 6-Di-t-butyl-p-cresol (BHT), DL-α-tocopherol (TP) and sodium azide were

purchased from NacalaiTesque, Inc･ (Kyoto, Japan)･ Sudan II, which is a dye modeling for

lipophilic drugs, was purchasedfrom Wako Pure Chemicals lndustries, Ltd. (Osaka, Japan).

Bovine serum albumin (BSA)and human serum albumin (HSA) Buminate@ were purchased

from SIGMA CHEMICAL CO･ (MO, USA)and Baxter Healthcare Corporation (IL USA),

托Sp eCtiv el y.

2.2. Preparation of VD3 Silicone formulations

Figure l shows the structure of the silicone formulations, and Table l lists their compositions･

Matrix formulation r㌢D-1 and γD-2)

●

TLe base and the cu･rlng agent Of MDX414210 weremixed in a mass ratio of lO:1. TP

and BHT (0.5%w/w each) were added to thismiⅩture as anti-oXidants. Freeze-dried HSA
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Silicone + Drug Powder

Outside: Silicone

lnside : Silicone + Drug Powder

0
Outside: Silicone

lnside : Drug Sohtion

Fig. 1. Silicone formulation: (a) matriⅩ formulation (VD-1 and VD･2), (b) core-rod

formulation (VD-3), (c) reservoir formulation (VD-4).

Table l Composition of VD3 Silicone Formulations

Formul ation

Content Typ e S ize Additive S ilicone

VD-1 43 pg

VD-2 45 tAg

VD-3 32 pg

VD-4 38 BLg

Matrix 5¢ × 10 MDX4-4210

Matrix 5¢ × 10 HSA30%w/w MDX4-4210

Core-rod 3o x 15 Inside: MDX4-4210

0山side: Q7-4750

Reservoir 3o x 15 TP Q7-4750
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powder (434.8 mg) was mixed with l･00 g of MDX4-4210･to prepare VD-2･ Eachmixture

was cast into a sheet, and 130 pl of VD3 ethanol solution (concentration: 1.O mg/ml) were

placed on each Blm. Then, ethanol was removedunder nitrogenflow and each mixture was

kneaded to have VD3 homogeneously distributed. Each mixture was then deformed by

centrifugation, filled into a Teflon tubewith an inner diameter of 5･O mm, and allowed to

stand for 24 h to cure. A鮎r curlng, eaCh mixture was taken out of the Teflon tube and cut

into lO-mm-long pleCeS.
●

Core-110d formulation rHD-3)

MDX4-4210 (277 mg) contaiming O.5%w/w TPand O.5%w/w BHT wasmixed with

186 pg VD3and deformed by the same method as for matrix formulation. The mixture (52

mg) was filled in themiddle of an RX-50 tube (3.O mm outer diameter, 2.O mm inner

diameter, 50 mm length) and allowed to stand for 24 h to curethe core section.

MDX4-4210 was introduced into the tube at both ends to seal; the mixture was allowed to

stand for 24 h and the ends of the tube were cut offto adjust the length of the sealed poftion

at 2 Ⅱ1m.

Reservoir formulations (γD-4)

A small amount of MDX4-4210 was filled into an RX-50 tube (3.O mm outer diameter,

2.O mm inner diameter, 50 mm length) from both ends of the tube and cured to prepare a
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container with the length of the hollow cylinder of 15 mm･ The container was degassed by

stickjng one endwith a needle, and a TP solution (46 pl) of VD3 (concentration: O194 mg/ml)

was injectedfrom the other end uslng an Syrlnge･ The two holes were sealedwith Medical
● ●

Adhesive Silicone Type A.

2.2.3. Di血sion of Sudan II in silicone

MDX4-4210, MI)Ⅹ4-4210 containing 30%w/w HSA, and Q7-4750 were cured in a

35-mm plastic petridish. Sudan II (1 mg) was placed at themiddle of thepetridish,and the

diffusion of SudanII was observed either visually or with a digitalmicroscopeVH-6200

(KmNCE CORPORÅnON, Osaka, Japan)･

2.2.4. VD3 release study

Fomulations were placed in a brown-coloredglass test tube containing 3 ml of

phosphate buffered saline (PBS, pH 7.4) containing O.05% BSA and O.01% sodium azide and

allowed to stand at 37oC･ The amount of VD3 released into PBS during a specified period

was determined by reversed-phase HPLC･ HPLC was performed by an isocratic condition

and the mobile phase was 55% acetonitrile. neflow rate was l.O mL/min. Waters

LL-Bondasphere 5p C18-100Å column (3.9 × 150 mm) was used and UV detection was

performed at 265 nm.
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3．Results

3．1．DifhsionofSudanIIinsilicone

The e蝕ctofHSAaddedto MDX4－42100nthe diffusionoflipophilicdrugSWaS

investigateduslngSudanIIasamodel・TheefEtctsofdi蝕rentsiliconematricesonthe

diffusionrateofSudanIIwerealsoinvestigated．SincesiliconeistransparentandSudanII

COlorsred，thetraceofSudanIIdi蜘sioncanbedetectedbycoloration．neareaSudanII

diffusionin3dayswaslargestwithMDX4－4210・TLerewasnotlargedi蝕rencebetween

MDX4－4210containing30％w／wHSAandQ7－4750（Fig・2－bl）・Observationbyadigital

microscope¢300）showedthattheMDX4－4210sheetwasdyedhomogeneously（Fig。2－b2）．

Ontheotherhand，intheMDX4－4210sheetcontaiming30％巾HSA，Onlysiliconewas

dyed，keepingHSAunchanged（Fig・2－b3）・TbeseresultsshowedthatdifEusionprofileof

SudanⅠⅠ，mOdelingforalipophilicdrug，COuldbecontrolledbyaddingHSAtoasilicone

matriⅩ．

3．2．ControlledreleaseofVD3byHSA

MatriⅩ　formulations VD－1without additives and VD－2　with　30％w／w HSA

COntinuouslyreleasedVD3foronemonth（Fig．3a）．WhileVD－1releasedll．8％ofVD3in

thefirstday，VD－2releasedonly5・5％・TheaverageratesofVD3releaseinthelaterstage，
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that is, 14-30 days, were calculatedfrom Fig･3a･ The results were O.42%/day for VD-1 and

0.61%/day for VD-2. ne monthly amount of release was 41% for VD-1 and 30% for VD-2.

Tbus, the release of VD3 rePreSenting a lipophilic drug could be controlled by adding HSA to

a silicone matrix.

3･3･ Controlled release of VD3from different types offormulation

The release of VD3from VD-1 (matriⅩ formulation) was initia11y rapid and gradually

decreased (Fig･ 3a)･ On the other hand, the releasefrom VD-3 (core-rod formulation) and

VD-4 (reservoir formulation) continued almost constantly after small initial burst (Fig. 3b).

T血e release of VD3from VD-4 was slower than thatfrom VD-3, and the monthly amount of

release was 57% for VD-3and 17% for VD-4. Thus, the release of VD3 COuld also be

controlled by VD3 incorporating formin silicone matrix.

4. I)iscussion

A number of investigations have been camied out on the sugtained release.f

lipophilic drugsfrom silicone matrices･ It has been reported that substances

such as glycerin and PEG promoted the release of lipophilic drugs by inducing

swe11ing ofthe formulation [5, 6]. pflSter et al. [6] reported that the release rate

of testosterone was decreased by adding titanium dioxide or barium sulfate to a
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Silicone carrier．However，they didnotclarifywhat払ctorswere a飴ctedby

theseadd呈tives．WhenadrugisdissoIvedinacylindricalmatrixformulation，therateof

drugreleaseisgivenbyeq．1［9］，

莞＝4（貰）圭
Dt
‾

（incaseof芝≦0・4）　　（1，

WhereMtistheam0untOfdrugreleasedattimet，Mc。isthetotalamountOfdrugCOntainedin

theformulation，DisthediffusioncoefBcientinacarriermaterial，andristhediameterofthe

formulation．Eq．1showsthattherateofdrugreleasecanbecontrolledbyvarylngDunder

aconstantn

In general，matrixformulationsshowanimitialrapidrelease．Accordingto eq．1，

decreaseofDintheinitialperiodshouldbee蝕ctivetosuppressinitialrapidrelease．Rom

thefactthatthereleaserateoftestosteronewasdecreasedbyinsolublesubstancessudlaS

titamiumdioxide，Doftestosteroneinsiliconeshouldbesuppressedbythesesubstances．It

is considered that titamium dioxide，Whichisimiscible with testosterone and silicone，

blockedthediffusionoftestosterone．HSA，Whichiswater－SOlubleandthereforeimmiscible

WithlipophilicdrugSandsilicone，isexpectedtohaveasimilare鮎ct．SinceHSAdoesnot

SWellstrongly；SlgnificantpromotionofdrugreleasewouldnotoccurunlikeglycerinorPEG

Inaddition，When30％w／wHSAisaddedtosilicone，it■isgradua11yreleasedffomsilicone
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matrix as shown in Chapter 2･ Therefore, reduction of D by HSA addition should occur

op11y in the early period of release experiments･

In this investigation, it was found that the addition of HSA to a silicone matrix delayed

the diffusion of Sudan II (Fig. 2-bl). ′mismight have occurred by the HSA particle

blocking Sudan II diffusion in the silicone matrix･ h a digital microscope observation,

silicone matrix in the area of Sudan II diffusion colored red, but HSA particle was not dyed

(Fig. 2-b3). From this observation, VD3 is considered not to diffuse throughHSA particle,

but throughsilicone phase. TLis丘nding supports the above consideration, that is, HSA

blocked the diffusion of VD3 in a silicone matrix.

Tbe change in D by the addition of HSA was reflected in the release of VD3from a

silicone ca汀ier｣ The initial release rate of VD-2 was slower也an也at of VD-1 w血ic血does

not contain any additiv?s (Fig･ 3a)･ However, the rate of VD3 release of VD12 in the period

of 14-30 days was l･5 times as large as that of VD-1･ This reversal could be explained as

followlng･ When HSA exists in silicone matrix, it disturbs VD3 diffusion･ However, once

HSA is released, VD3 diffusion is no longer suppressed･ Since water-filled channels are

formed inside the formulation, the contact of remalnlng VD3 With water becomes easier than

血e initial stage to accelerate VD3 release (Fig･ 4)･ Because HSA血as血igb molecular weig血t,
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onlylowosmoticpressureisinducedbyitssolution・Evenso，CraCkhgmightslightlyoccw

duringreleaseofHSA，Whichleadstodecreaseofcross－1inkingdensityofsiliconematrix・

TLisincidencemightincreaseVD3di払ISionrateinsiliconematriⅩandenhanCereleaseof

VD3．

Almingataconstantrelease，thecore－rOd（VD－3）andreservOir（VD－4）fbrmulations

wereprepared・WhenalipophilicdrugisenclosedwithinapolymerCOntainerbeyondthe

Saturatedconcentration，thereleaserateofthedrugisgivenbyeq・2［9］，

筈三顧r
a娩βだAC

（2）

wheredMJdtisthedrug－releaserateattimet，histhelengthofcoreintheformulation，Kis

the distributioncoe伍cient ofthe drugbetwecnthe membraneandthe core，ACisthe

di蝕renceinconcentrationbetwecntheoutsideandtheinsideofthemembrane，andrbandri

aretheouterandinnerdiameterSOftheformulation，reSpeCtively．WhiledrugeXistsover

thesaturatedconcedration，ACisconstantandthedrugisreleasedataconstantrattduring

thesteadystate．Inthecaseofcore－rOdformulations，diffusionrateofdrugslnmembr

material（D2inFig・4b）hastobesmallerthanthatinthecorematerial（DlinFig・4b）inorder

to have a constant release．When the difEusion rates of SudanIIin MDX4－4210and

Q7－4750werecompared，itwasfoundthatthedistanCeOfSudanIIdiffusionduring3days
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（b）coveringamatrixformulationwithamembraneoflowdiffusivity（COre－rOdformulation）

SuPPreSSeSinitialburstandreleasesdruglnaCOnStantrate・Inaddition，uSlngmaterialsfor

Whichthedrughashighaffimity¢eservOirformulation），thedrug－releaserateisreduced．
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was shorter thanthat in MDX4-4210 (Fig. 2-bl). Therefore, the diffusion of lipophilic

drugs ipI Q7-4750 should be slower than that in MDX4-4210･ While a lbase siloxane of

MDX4-4210 has vinyl groups only at ends of molecules, that of Q7-4750 has vinyl groups

not only at ends but also at side chains (Figs･ 1 and 2 in Chapter l)･ This fact should result

in higher cross-1inking density of Q7-4750 thanMDX4-4210･ Based on the result, an

RX_50 tube madefrom Q7-4750 was used as a membrane. It was found thatLVD3 WaS

released from VD-3 iT"itro at an almost constant rate (Fig. 3b). Based on this fhding, the

vD3 COnCentration in the core of VD-3 was considered to exceed the saturation value, and the

RX-50 tube acted as a difEusion bamier. This is also supported by the factthat, although

vD3 COntentpermit volume of the VD-3 core is higher _thanthat of VD-1, the amount of

vD, released per unit surface area on the first day was smaller for VD-3 (0･016 pg/mm2) Ihan

for vD-1 (0.025 pg/Ⅱlm2). In conlrast, with respect to VD-3, the release rate gradua11y

decreased after 14 days (accumulatedamount of release: approximately 40%)･ Based on

this finding, approximately 60% of the initial amount of VD3 in VD-3 (approximately 400

pg/cm3) is considered to be the saturated concentration in MDX4-4210･ VD3 WaSalso

released at a constant rate from VD-4 as well as VD13, but the release rate of VD-4 was

approximately l/3 as low as that of VD-3･Anong the parameters shown in eq･ 2, VD3

content, formulation size and membrane material are the same in VD-3 and VD-4･ The only

difference exists in K. VD3 eXists in MDX4-4210 in the case of VD-3, and in TP in the case
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of VD-4･ Probably K is smaller in the RX-50nT pair than in the RX-5WMDX4-4210 pair

(Ⅵ)3 has a higher a瓜nity to TP than to MDX4-4210).

5. Conchsion

Addition of HSA to a silicone matrix suppresses the initial burst of VD3 by reducing

the diffusion rate･ Having HSA released, the rate of drug release is increased･ Namelyl

addition of HSA enables to release VD3from matrix formulation in almost constant rate.

●

Covenngthe surface of a matrix formulationwith a membrane of low diffusivity suppresses

initial burst and maintain constant rate of drug release･ h addition? uslng materials for
●

which the drug has highafEhity as dissolution solvent, the drug-release rate canbe reduced.
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Chapter 5

Novel drug delivery device uslng Silicone: controlled release of
●

insol血ble drugs or two kinds of water･soluble drugs

1. Introd廿Ctiom

The mechamism of drug releasefrom silicone carrier differs depending on the

physiochemical properties of the drugs as illustrated in Fig･ 1･ In the 1980s, although

silicone was considered to beunsuitable for the delivery of water-soluble macromolecules,

Hsieh etal. [1] and Fujioka et al. [2-4] reported that proteins could be continuously released

●

&om silicone. h this way, many studies have been conducted on DDS uslng Silicone.

● ●

However, 1nVeStigations have not beenperfect to satisfy various medical requlrementS. First,

sustained release of insoluble drugs has 'been desired･ On purpose to develop new vaccine

formulations which are effective for a long period of time, sustained release of antigens from

silicone camier has been attempted. It was reported that a superior immunity was obtained

by sustained release of avidin (Avi) as an antigen model from silicone carrier compared to

injection of an aqueous Avi solution [5, 6]. Similar effects are expected by sustained release

of live vaccines and inactivated vaccines. Such vaccines contain viruses or ba9teria as

antigens, which are insoluble either in water or in organic solvents･ However, sustained

release of insoluble drugs from silicone has not beeh reported so far･ Second, simultaneous

release of two kinds of water-soluble drugs is o鮎n required･ Depending on the nature of
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a) L申op且ic drugs

b) Water-sohble drugs

Water-sohble drug

c) hsoluble drugs

hso lub le drug

Channe l

Fig. 1. Release mechanism of drugs with different physiochemical propertiesfrom a

silicone carrier. (a)Lipophilic drugs are solubilized in silicone, diffuse, and are released.

(b) Water-soluble drugs neither dissolve nor diffuse in silicone･ At first, water-soluble dTug

existing on the surface area, and then, that existing in the near-surface area dissolve into water.

Repetition of these processes leads to channel formation, allowlng Water-SOluble drugs in the

bulk to be released･ (c) hsoluble drugs neither dissolve nor diffuse in silicone. They are

not released because channels are not formed due to insolubility in water.
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disease, combined use of multiformdrugs could yield synergistic effect. For example,

simultaneous release ofantigensand a3uvants is expected to improve its efEicacy. When

multiform drugs are released, the release pattern of each drug should be optimized to obtain

the maximum therapeutic effect･ For example, since ad3uvant sometimes induces strong

inflammatory reactions at the admimistration site, a short release period is preferable. On the

other hand, sustained release ofantigens for a longperiod is desirable to maintain the effects.

h this way, the development of the method to release two kinds of water-soluble drugs in a

suitable release profile should be indispensable.

In this chapter, technologies to control the release of drugs with various

physicochemical properties血om silicone camiers were investigated.

2. Experiments

2.1. Materials

Silastic@ Q7-4750 Biomedical Grade ETR ElastomerKit was provided by Dow

Corning Corporation (MI, USA). Compositionand structure of Q7-4750 is described in

Chapter l.

Citric acid (CA), sodium bicarbonate (SB),glycine (Gly), sodium citrate (SC),

mannitol (Man) and sodium azide were purchased from Nacalai Tesque, hc. (Kyoto, Japan).

Asa model for insoluble drugs, polystyrene beads (PSTB) were used. For PSTB, Bacto
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Latex⑳ 0.81 (0.81 pmO)and Fluoresbrite⑳ plain microspheres YG (1 and 20 t^mO) were

purchased from Difco hboratories, Inc･ (MI, USA) and PolyScience, hc･ (IL, USA),

respectively. Human1ymphocyte interferon (natural α-type interferon, IFq obtainedfrom

sumitomo pharmaceuticals Co., ud. (Osaka, Japan) was used. Ⅰし1β was provided by Dr･

Lefthouse of Tbe University of Melboume. Bovine serum albumin (BSA) purchased from

SIGMA CI正MICAL CO. (MO, USA), humanserum albumin (HSA) Buminate⑳ from

Baxter Healthcare Corporation (IL, USA), high-grade gelatin丘om Nippi, Inc･ (Tokyo, Japan),

and avidin (Avi)from Boehringer Mannheim GmbH (Ⅵ屯rk Penzberg, Germany) were used･

2.2. Preparation of formulations

Figure 2 shows the structure of the silicone formulations,and Table l lists their

compositions.

2.2. 1. Preparation of PSTB silicone formulations

Bacto htex⑳ 0.81 was used for the preparation of PSTB-1and 2,and Fluoresbrite⑳

was used for the preparation of other formulations･ For example, PSTB-6 was prepared as

follows･ PSTB (1-pm diameter) was washedwith water, filtered using a O.22-pm

membrane filter and dried under vacuum･ This PSTB (60 mg) was then mixed with 3.63 g

of CA solution (100 mg/ml)and ffeeze-dried. Thefreeze-dried PSTB/CA mixture was
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PaSSedthroughasievewitha300－tAmmeShtoobtainPSTB／CApowderofthediameterless

than300pn．Inthesameway；SBpowderwasprepared．AftermlXlngWithO．70geach

OfQ7－4750PartAandPartB，PSTB／CApowder（282．25．mg）andSBpowder（317．75mg）

Wereaddedandhomogeneously叫ixed・Themixturewasfilledintoasyrlnge，eXtruded

throughal．6－mm－diameternOZZle，andcuredat370Cforlday．ThecuredmiⅩtureWaSCut

intolO－mm－longpleCeS．

2．2．2．Preparationofdouble－layeredsilico鱒eformulations

TLepreparativemethodsforIFNmlSA－1（matrixtype）andIFNmSA－2（COVered－rOd

type）have been describedin Ch叩terSland2［3，4］．For examPle，double－layered

formulations珊HSA－3waspreparedasfo1lows．Anaqueoussolution（28．2g）of

（114MU血1）wasmixedwith2．5ggelatinandfreeze－dried．Thefreeze－driedcakewas

groundunderanitrogentoobtain『叩gelatinpowdeL Q7－4750PartAandPartB（1．05g

each）weremiⅩedwithO．90gIFN／gelatinpowderandfilledintoasyringe．Q7－4750PartA

andPartB（17・5geach）weremiⅩedwith15・OgofHSApowderandfilledintoothersyringe．

TLemiⅩtureS Were eXtruded througha concentrically arranged nozzle and die（0rifice

diameter ofl・6　a鱒dl・9　mm）to haveIFN／gelatin－COntaining siliconeinside and

HSA－COntainingsiliconeoutside・Thiswascuredat250cforthreedays・Theresultant

SamPlewascutintolO－mm－longpleCeS・
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2.3. Evaluation of drug release from formulations

2.3. 1. PSTB silicone formulations

Formulations were placed in a test tube containing 2 ml of PBS (pH 7.4) containing

0.1% pluronic and. 0.01% sodium azide･ The test tube was gently shaken at 37oC･ The

amount of PSTB released into PBS dming a specified period was determined uslng
●

Fluoroscan II (LabSystems, Co., Finland)with the emission wavelength at 485 nm,and the

detection wavelength at 538 nm.

2.3.2. Double-layered silicone formulations

Formulations were placed in a test tube containing 2 ml of PBS (pH 7.4) containing

0･3% Tween 20 and O･01% sodium azide and allowed to stand at 5oC. At specified time

periods, the amount of IFN released was determined by radioimmunoassay (RIA) and the

amounts of HSA, IL-1βand Ayi released were determined by enzyme immunoassay (EIA).

Since ,IFN and IL-1β are rather unstable proteins, their stability in the buffer solution dming

the sampling intervals was confirmed in advance of the in vitro release study･

3. Resdts

127



3.1. PSTB silicone formulations

Figure 3a shows the appearance of PSTB-1, 2and 3 after immersion in PBSfor 15

days･ PSTB-1 gently swelled and retained its original shape･ PSTB-2 significantly

swelledand the surface layer was broken. Change was not observed in PSTB-3. Figure 3b

shows PSTB-releaslng PrOfile of PSTB silicone formulations･ PSTB was not released from
●

PSTB13, which contained no additives. Similarly,from PSTB-4 containing 30%w/w Gly,

PSTB was not released. On the other hand, PSTB was releasedfrom PSTB-5, 6 and 7 in

which PSTB/CA powderand SB powder were distributed. The amount of released PSTB

from PSTB-6and 7, both containing 30%w/w PSTB/CA and SB powders, was larger than

that丘om PSTB-5, contaiming 15%w/w PSTB/CAand SB powders. Tbese results indicate

that PSTB canbe releasefrom silicone by uslng CA and SB as additives,and its release rate
●

can be contro11ed byamount of CAand SB incorporated in silicone matriⅩ･ Tbe particle size

ofPSTB (1 LLm Or 20 pm) did not affect the amount of PSTB released.

3･2･ Simultaneous contro11ed release of two kinds of water-soluble drugs

3.2.1. Release from matrix and covered-rod formulations

Figure 4a shows the release of IFN and HSA from IFNmSA-1 (matriⅩ)and

IFNﾉHSA-2 (covered-rod). The drug releasefrom the matrix formulation was much faster

than that from the covered-rod formulations. h the matrix formulation, an initial burst
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130



releasefo1lowedbyaslowreleasetookplace？Whileinthecovered－rOdformulationsaslow

andmonotonousreleasewasobserved・Forbothtypesoffbmulations，IFNandHSAwere

releasedinthesamepattern・恥erefore，WhentwokindsofdrugSShouldbereleasedinthe

samepattern，matriⅩOrCOVered－rOdformulationwouldbeusefuldependingonrequired

releaseprome（first－Orderorzero－Order）・

3．2．2．Release血omdouble－layeredfbrmulations

Figures4band4cshowthereleaseofdrugSffomdouble・layeredIFN丑ISA－3and

IIJ・1β〟絨－1．Forbothformulations，thereleaseoftheouter－layerdrugShowedaninitial

burstproLle．With『ⅣHSA－3，HSAintheouterlayerwasreleasedr叩idlyand97％of

HSAwasreleasedwithin20days，WhileIFNintheinnerlayerwasreleasedgradually．Wth

IL・1β〟如i－1too，Ⅰし1βintheouterlayerwasrapidlyreleasedwithinoneday；andAviinthe

innerlayerwasreleasedgradua11yover15days．

Fromthisresult，itwasreleased thatadouble－1ayeredformulationenabledcontrol

releaseoftwokindsofdrugsindi鮎rentpatterns．

4．DiscⅦSSio皿

PSTBasamodelofinsolubledrugWaSnOtreleased、丘omasiliconecarrierwhenitwas

dispersedin the silicone without additives（PSTB－3，Fig．3b）．In thein vitfV release
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experiment, when PSTB-3 was immersed in a buffer solution, no swelling was observed (Fig.

3a), suggesting that chamels and cracks were not formed in the formulation under these

conditions. Even in the presence of 30%w/w Gly as an additive (PSTB-4), PSTB was not

released. PSTB-1, which contained 30%w/w Gly as in the case of PSTB-4, swe11ed 'after

immersion into the buffer solution, suggesting the formation of channels and cracks inside the

formulation･ Since the original particle size of Gly is 300 LAm, PSTB particles having a

diameter of l LAm CanPaSS throughchannels formed by Gly release. The absence of PSTB

release indicates an extremely slow diffusion of PSTB in the channel. It is considered that

some driving force could accelerate release of insoluble substances. According to this idea,

SBand CA were used as additives. Water-soluble SBand CAmight form channels and

cracks inside the formulation and react_ upon mlXlng tO generate Carbon dioxide in the

channels･ The gaseous carbon dioxide would promote release of PSTB･ nis appears to

explain the experimental fhdings that the silicone formulation containing CA and SB

released PSTB in the rate depending on the contents of CA and SB (Fig. 3b). PSTB-2

swelled significantly and many cracks are observed on the surface (Fig. 3a), indicating a

generation of highpressure caused by carbon dioxide gas.Although intense swelling and

surface cracks were not observed in PSTB-5, 6 and 7, these formulations should have

released PSTB by the same mechanism･ A faster release could be attained by generating a

1arger amount of carbon dioxide, that is, by suitable choice of the kind and amount of
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carbonate and acid.

h order to meet various medical requlrementS, matrix formulations, covered-rod
●

formulations, and double-layered formulations containing two kinds of drugs were prepared

and investigated their release behaviors･ In contrast to covered-rod formulations, water

penetrates throughan outer layer of double-layered formulations･ Therefore, it is expected

that the drug in the inner layer would be releasedwith a first-order profile. However, IFN

released was more like zero-order kinetics (Fig. 4b). T山s could have arisen from a slow

channel formation in the outer layer, making the inner layer of IFN/HSA-3 similar to that in a

covered-r6d formulation. h the case of double-1ayered formulation of IL-1β/Ayi-1

contaiming SC and Man, which promote drug release, the drug release was faster thanthat of

IFNmSA-3･Almost all of Iし1β existing in the outer layer was released within one day.

The release pattern of Avi in the inner layer obeyed the first-order kinetics (Fig. 4c),

supporting the above consideration.

5. Conchsion

Novel methods by which insoluble drugs and two kinds of water-soluble drugs are

released in a controlled way were found (Fig･ 5)･ For insoluble drugs, by gas generation in
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the carbonate/acid reaction in silicone carrier achieved the sustained released (Fig. 5_a). To

release two rinds of water-sol曲Ie drugs inthe same pattem, powderic drugs should be

homogeneously distributed in the formulation･ For their release in different pattems,

double-layered formulations should be adopted, in which the drug to be released faster is

placed in the outer layer, and the drug of slower release in the inner layer (Fig･ 5b)･

a) Insoluble drugs

Inso lub le drugs

Water-soluble drugs

Water- so l血1e drugs

Fig. 5. Diagram showing the process of drug release ffom a silicone formulation: (a)

insoluble drugs can be released using sodium bicarbonateand citric acid as additives; (b) two

kinds of water-sohble drugs can be released with different patternsfrom double-layered

formulations, drug placed in the outer layer is released rapidly, and thatinthe inner layer

slowly.
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ThisthesissummarizesresearchachievementsontheapplicationofsiliconetoDDS

InpartIIaimlngatdevelopingDDSwhichreleasesproteindrugSOVeralongperiodof

time，tWOtypeSOfsiliconeformulationsweredesignedandinvestigated・hChapterl，a

novelteclmique，bywhichproteindrugSe蝕ctiveinsmalldosescanbereleasedoveralong

period，WaS developed・Preparationofsiliconeformulationwasconductedundermild

conditionswithoutheattreatmentortheuseoforganicsoIvents・Inthisstudy；interftron

（IFN）wasusedasamodeloftheproteindrugS・T鮎‖『NsiliconeformulationreleasedIFN

continuouslyinvi加andsuppressedthetumorgrow血innudemiceforaboutlOOdaysa鮎ra

singleadministration．T鮎s suggeststhatphysiologica11y activeIFNis releasedovera

PrOlongedperiodoftimefromtheIFNsiliconeformulationinvivo・

hChapter2，inordertoachievezero－OrderreleaseofproteindrugS，COVered－rOd

fomulationwasdeveloped・TLecovered－rOdformulationreleasedhumanSerumalbumin

（HSA）orIFNataconstantrateOVer30－100daysinviiTDwithoutsigni缶cantinitialburst・

Whenthe肝Ncovered－rOdformulationwasimplantedinnudemice，theserumCOnCentration

ofIFNwasmaintainedataconstantlevelduringtheperiodofobservation，i・e・，28days■

Thecovered－rOdformulationenabledprecisecontrolofreleaseofproteindrugSandapossible

useinpracticalDDSisexpected．
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InpartII，Siliconeformulationswereassessedasvacdnedeiiveryvehiclesinsheep，

usingavidin（A叫asamodelantigenaswellasClbstridiumtetaniandClbsiridiumnotyi

toxoids．Tbematrixandcovered－rOdformulationswerepreparedusinglyophilizedantig

anda（帥vant（recombinantOVineinterleukin－1β；rOVIL・1）・ThematriⅩformulationwas

c叩able ofinducing antibody responses equivalent to thoseinduced by conventional

vaccinationwithaluminumhydroxide（alum）a嘩uvant．Tbecovered－rOdformulations，that

releaseverylowlevelsofantigenoveralongperiod，inducedstrongerresponsesthanthe

alumcontrolgroups・Prolongeddurationoftheantibodyresponsewasalsoobservedwith

covered＿rOdformulations．Siliconeformulations o飴r a new methodforvaccination that

inducesimprovedantibodyresponsesandhasthepotentialforsingle－doseimmumization・

InpartIII，eXtenSionoftechmiqueincontro11edreleaseofsiliconeformulationwas

attempted．InCh叩ter4，uSingvitaminD3（VD3）asanexampleoflipophilicdrugSWhich

havehighpotencyinlowconcentrations，nOVelmethodtosuppressinitialburstandtomodify

therateofdrugrelease致omsiliconematriⅩWaSinvestigated．Asaresult，itwasfoundthat

（a）addit享OnOfHSAsuppressedinitialburstandenhancedreleaseinthelaterstage，reSulting

1n COnStant release ofVD3，仲）covering a matrix fbrmulation with a membrane oflow

diffusivity（COre－rOdformulation）suppressedimitialburstandreleaseddruginaconstantrate，
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and（3）usingmaterialsforwhichthedrughashighafhityasdissolutionsoIvent（reservoir

fbrmt！1ation），therateofdrug releasewasreduced・

In Chapter5，methodsfor（1）cohtinuous release ofinsoluble drug，and（2）

Simultaneous release of two kinds of water－SOluble drugSfrom silicone carrier were

established．Polystyrenebeads（PSTB）andproteinssuchasⅣNandHSAwereusedas

modeldrugS．PSTBwasreleasedfromsiliconeonlywhencitricacid（CA）andsodium

bicatbonate（SB）existedasadditives．ThereleasepattemsofIFNandHSAwerealmostthe

samein the cases of matrix　and covered－rOd　formulations．　On the other hand，

double－layeredformulationreleaseddrugSindi蝕rentpattern・

Tbcondude，drugreleasefromsiliconefbrmulationissummarizedasfo1lows．

1）Controlfactorsfordrugreleasefromsilicone

（i）

（ii）

（iii）

Water－SOluble drugS brotein drugS）：formation of channelsand craCksin

Siliconematrices．

1ipophilicdrugS：diffusionrateinsiliconematrices。

insolubledrugS：generationofcafbondioxidegasinsiliconematrices．

2）ProteindrugreleaseproBles

（i）

（ii）

matrixfbrmulation：first－OrdeL

COVered－rOdfbrmulation：ZerO－Order．
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(iii) double,layered formulation: drug ln Outer layer lS quickly released and drug ln

●

inner layer is released slowly.
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