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I BRI OMARRIBIRIEL LT, BT Vv 28 (EE) OBMAER &
NTW5, = FEV 7o ba— Wl L@ RAETCOBMENHELINTZHO
O, FREMHEIFNC L 2BIEASCBEROEBR LR L, Ha RBESPEINL TS,
KT, RV =FL 7Y a— (PEG) #ANEE (PEG #EAMRY) L AMEH
WE (vuxth—¥) 2RA LT, KEEOEREMORY A, EERom LB
LTW5, PEG IBE & v n & —¥ CEREH L2 EE EHERFE~ 7 2 OHEN~%
L., AEROFEEITo T, FHMEET /L E LT, FESER O NCRERBHE Ay
TSA A N TRENRE G-I U7z, RABEORE S OFRMRE & i U, IE% M EE, B
MEBICHPEELZ SO EINE A A Y VB, HEBEFRIEHED G |
PEG (2 X AREEHNEEFRICE 2 DB LM, BEOERE % PEG &
HowEv X —ECEMiTHZ LT, REBHZ O N EERREICKEWT, B
EHBICACIES~DOHIEENE LBRTELZ R hote, TOZ &iX, B
BRETCTOARECHMIGEMHTDHZ LT, EFREMLETEXAZEEFRTHETH

60

A. WFEEEW

AHFFEIL, BRERIES A ATRE e A4 A TRl %
USSR CRAR L | B R T BRI A%
BEETHLOTHD, ZNNETITHB NI 1
F N TR REREEAELTE, (DAY
TIACICEED (RFENE L2528, (2)

B %ICENER (LAESLRIERIER) S E,

HaPEE ~LBNDHZETHD, THORE
A BEERRBA~OREXRENEERSTH
7mo TORBEZFRR T D120, A4 T
MREEIZ, /Do~ TOE S
TR RS, RimEMROKEDKE
BMSEZ NI U, 2, & IE
(R RIEMEEE R ThHHY X — B AR
X, FUAEHEE B TAHbDTHY, BRE D
HEEROM LERADLDOTHD, BARIIC
WL Al — 5 F IR M & oy F & R 8H B K
e ToOmMBMME ST RV FL Y
a—VEEGIEE) ZFIALIZb DO THD, A5
Fr@mOsH Ty —EAHE L
NA X NTHROBREEZIT S, T, =
7 ARERIGET VR HWT, in vivo F-li %
179, FMET VERRE L TlL, 2R

Tl & [FFERAE 2 VT, BRI L7z, ABFR
TIL, @ THEEIC L0 REEM LB
DT & A% O RIEFE & i T & D4
REVERM OBARICER Y M A, m\ W AEF RN
FBTE D34 A N LRI O BHFE & 5
SEBET TIT O, REBHET VI K DHERE
AT & [FIFERBAE T 7 VI & 2 BEREETA & 12
ST MMEANEE#RET D,

[EERMET NI X HHREEATR]
B. #F5E ik

[E— 5 FPUCBKMEE S T & ESHBUKER
EHETOImMRAMEESS T RV =FL s
Y z2—/ (PEG) fRH) LHEEIEZFRIHL
I ABEEYE 2 EE L, RimE
itk PR OREREMMBIRER Z 72z
b, R COREEBHETSEOEEEMT
X, BHLEKESOABFR R ETHZ &
DHIFFCE 5, in vivo il & LT, FERG
< 7 ZADIFIEAN ~ A A N THER O B %
{To7-e APV RY b CHERF %
FH LIz~ A~ PEG JBEZ WS
Fzm (NAARF—HK) ZPEGREIZXO D



T UTa A A N TR 2 BB L7,
RAMBOPERBIEL LT, L TEREIT
o7z, BAEHOMFEHERE, mpA XU
VHIE, HiED HE Yefgds 5217 -
77

(e~ AELE)
AWFETIT O B ERRIT, S KFEOE)
MEBSOEKRE G- %, [EEKFECBIT
HEMMEBROFEMIZBET MR I2E- T
EBREITO,

C. WrgckER
THETICWBEES T2 AT,
BOMEoRREMEZT>CElZ, 0K
EiL, Mla~OBEENS 220 L, (KN
A Z 2V O TN ~DOB A E 2 /-
Ba. EWICHERRTECR D, WM
maFERAGNT, BEREIZRY =5 L
7Y a— VKBRS AEBESYE OB EL
(MeEMERETHI v —POEE
) 2l ATE -, FFIEN~BH L
B D JiE BRSO [ S I 23 B -3 B i B ~
DMIfaEELZBRB T2 2 HEBE LTV,
AEB T, RIEMHH L LT, K@)/
B DPEGR AR E 2 A L=,
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X 1. PEG IREIC L AR oK EIEM

(a) PEG TEEH O {bF#E:E =, (b) FITC £
U7 PEGEE CREZEM LK
DIE RV — Y —BEMSBIE () /=

— ABRER A A Y iE, ELISA ¥
WX VWRE L,

PEG B E AR NEIREIRAETHZ L
T, HEBEREOIEE BB ~FDOHKMER
AALVORREHSPERMICHEAINS
(B 1(b)) . HEABEMBELRLLHND X
2, BEEBEREIZORENERALNDZ &
Mo, EEEEIC PEGIEENEA ST
LT B Ghb, ZOXOIZ, PEG EE %
MAWg Z & T, BEREMIZ PEG B %ALY
DI EWAERRIC Ao T,

Elo, I a—RERRBRICEY,
BOA LAY VWRE~D BB L -
(4 1(c)) s EFHOBESTIX, KiFE@ED 5
m I E A~ BT B> T, AR
UOHOWEITEML, BOMEEE TP L
AR U WEITIK T 9%, PEG IFE T
KEEM L-FEETH, RO L a—=
IREPRRO LN, EFICHEEL NS L
WDy T,

PERIE~ 7 2 DORFIBN ~FIIRZ @ L T,
INDAL—HROEREEBR LT, 08
METF L, BHERIB X 20N
(concordant) BEBHET L LR ->TWW5B,
LB b U AA~OBEMHIR OR S
BIRoTWRY, KEBTIX, PEGIEE



I L HAREEMODEL L O, BiHER
FHBM D) OHEEDEEREEMTDH 2
CEEMELTEY, ZOREBHEOET
NEEIR LT, PEGIEE CEH L-KEDH
DI & BB ~S00E B L 7-1% 0
M E AL % K2(a) & OIS FNFIRT,
BEBIHET VRO T, NLAZ—E%
BRIFO~ T A~BHE L%, B3Lx—#8

RIIITIERRSIC LD 79 7 R WE L,

IEH MPHE A HERF C& 9, AR iE A~
%, WERZSOOEBE LI-56. BR—B#%
OMPHEIE, 1FEAED< T RTEBWT,
EFmMAEEE CROT ., 38 %6 B mE
EZERLTWD, FHO-TRATIE, EF
MHE %R &9, 300mg/dLAEE TIRT L
ft%., —EM%CRLERE~RES < U A
HAH bz, ZOZ T, FHEN~OBHE
BERICESE~OHREEN &, BFET S
WS ik, SR RE O o i % 1B 5 1l
MTxRNbDEEZ TN,

{th )57 . PEG-IE B % SOOfEREHE L 7= 55A T,

BHE—B#% T, PO~ X TH, EF
MEEE RS2V b 00, 2A% LB TIE,
1T & AETRTO~ U AN IEFE MEHHE % e
Bf L7, S00E DR & 5 WVIPEG-IES 2 8
M LIEBAICHOWT, 777 b OATFHIM
B LT, RICFORERERT, 777
N OAFEHIRIL., WM —TICBWCEE
RERBLNZ, ZOZ b, BHEER
DEER~OHEREE L, PEGEMiIC L v
FlCE oD, BBEERRISICED ST
7 MERFETOEFHMPERLIZbLD L
Zzbohi,
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Blood level (mg/dL)
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X 2. BB % OBERF~ v A DL
PHEZ L () ROMEOBEE (500 islets) ,
(b) PEG IEE TR & &8 L /=R (500

islets)

Loz &b, PEGIERIC XL D, Bl
L1 O R0 /MR EEEE 23 B 59 A AR
EIMHICE D OO, SEEMRRIG T
Bl CERWI ENShoTz,

PEG-lEE & 5V IS %, FIlREZ @ L T
AP~ L%, 1 Bl 1 B
B OFIROMBEFRE HE §efa) 2\ o/
(B 3) . F3(a)yTrRT LI ICESEBHE 1
1% ik, AT OB RICFEE L T
DREBDRENRD b, BRI L-KE
DRELRDICIE, FRIMEROEBER N B  FE
LCEY ., il T/ MRS S MK 0 EERE
NEETWD I ENAREBREIND, £, —
H#% CHRBRICES~DOEEN R ST
Bo Fl. MENENEELZZITTCND D
&M D,

Table 1. Graft survival days after transplantation (500 islets)

Graft survival days MeantSD

control islets
PEG-isiets

0,0,0,1,2,3,3,3,4
4,4,5,5,6,6

1.8+1.6
5.040.9

D

-1 1 3 5
Days (=)

Graft failure was defined as two consecutive plasma glucose
determinations > 200 mg/dL.



X 3. BEBBHEE OERF~ U 2D
i HE Befaty (a)ARALIR DB %
1 K% & D% 1 B (500 islets) , (b)
PEG I E TR & (&8 L /- BEE Bl
| BRI H D3 1 B (500 islets)

Insulin in plasma [ng/mL]

Post transplantation into liver (min)

X 4. FEBBHEE O~ 7 Afd A o 2
U UREZE . @ ROUHE OB
(1000 islets), O: PEG f5E CRmm{&Afi L
7= B B RE(1000 islets).

L L7226, E3(b) TR L= & 9 IZPEG
i U7 Tl MR IR cid, i
B~DBEEIIIFEAELLATP, FFERNIC
EEFoTWS, £/, —HETHLREFED
ZEDBRONTWD, 18- T, RABEOE
B CiE, AR E 25320 THREE L TV B 28,
PEGEERMRIZ L W B EX OREEFRRE Lo
sy & OZEENE, WA OKERE Lo
EFnei, BEirot,

WERs & 2 WIIPEG-FER % FIRN ~F i L
et 15,30,6070 % BRI AT\, oA
YAV vEEELE (M4) , MlakEE L2
TSR RET S L, TOFITHEELT
WbHA L ARY VOB A B, oA
VAU REN BRI S, 0z
WIZ, A A VREARNET DL
T, BE~OMREEORE LBt 5
INTA=Z =TI, RAPBDRES % Bl
T o5&, BHEEZISHBIZIIREDA R
YR &N, £, FOKHEORD
NHLNDHOD, 30, 6055% bR
DIvie, T, BAEER IS Mk
EXZTTHREL, KEDAVAY Uik
HanrzbobtBZxonb, ). PEGHE
ExBH LA TR, BEEZDO A X
UroimizE L milani, zoZk
L. PEGERHIZ L 0 BER~ D ffapEE 2 )
flahTbhbnEtEZLND,



oz L XV, PEG EffilCcL Y, BHEE
#BomiEaEEE2EFE LLMETEAZLE
R ERTE,

D. %%

B OPEGIRE 2 AW TR R %
Effi L. FRA~OBME LItk OEEFRIC
SWTHE L7, PEGISEIX. HIAZEMER
e BKMEMEAMERIC L v BRMICIEE -
HE~EAIND, (- T, HEEBREIZPEG
JEEERRT D Z LRI Y . AL
DI NRIEEMINEBR TE 5,

PEGIEE L. ZH F CTIZDDSOLEIZT,
YRV —LOREEMFIHINTE,
UARY—AZPEGIREIZ T, REEMT D
ZETIPEREERAE LCIERTHZ L
N LM ENTWS, PEGIEMiL- Y R
YV — AORE LT, #fEEE Lo IHI<
i/ MREEE ORISR #E ShTwb, Fix
DI N—T7Tl, SPRIEIZ L V| PEGIESf L
T ER ECOMEROEELLEFTAITND,
PEGIEffi =4 CTlE. C3bDWEFITIHI &5
ZEnD, WEROFEHEIEA LY,

AFEBRCIX, PEGIREIC CRmEEM L7
INDAY — R ERERI~ U A~ LT,
TEERE X0 7T 7 P REET A E
TOEZFHRIZOWT, RABOBES &
PEGIEE CEM LR ZHHE L T\ 5,
PEGIEHi LR #BHE L2 H& Tld, 7
7 MEGFYHEPAEBICEET A Z EHD
Mmolz, £, BEEZOMLFDOA R
LUV G, PEGIERiT S Z & T, S
MBEDA A R AHISIC X, MR
FFELLHHIENTWD Z ERbholz,
PEGI&ffi LI-BEBRE TH., #ifEEELD
Pl M/ MRESEOHIFIABE TVWH T &
BEZLND,

SbEXY, HEEERHERIZPEGEMTHIL
T, BAEERICAE U5 EEERCHIREEL
WK T AR ~OMAREENZE U < B
T&, ZTOZLiF, PEGEHPINLDOK
JGEWHE L TCWA I LERLTRY, S
FHTORE LD EWHITHZ & T,
HEREPMECERZLEETRTHRETH D,

(RIS T 7 M K D HREFEE]

B. #FFEH 1k

[Al—4> F NI BUKEE B 1 & B8EBUKES
rETAmBEESES T (RVmFLro s
Y a—n (PEG) fBHE) Z#FfIHLTYvaX
FT—BEEE L, REEMZOESDRK
FEHEINFRE R Z Bz, R TOR
BSBMENEOFEHEATE, B L
BOAEEBERNA ETHZ EPRHFFTX D,
in vivo il & L C. ¥ERFI~ 7 2ADORHEN
SIS FNLFEROBIE 21T o7, A ML
T R UICTHRREF R LU R
(BALB/c ¥ D A) ~, PEG [REZH\T
JEEZFRE (BALB/c <™ AH¥) % PEG B
N N TR U 2 | O A O R N 3 |- g 4
WL, £, Eblcvexr—FP2EE
(LU BB LT, ROUEOEER %
ayvbha—AfELE LT, EREITo-, B
% O MBFERE, A AU HEE,
fligo> HE Yetafgd G 217 - 72,

(fiy PR ~DERE)
ABFIETIT D B ERIT, FHERZEOH)
WE B OB/ %, DREREICBT
LEMEROENICE T ORE (/- T
KEREIT ).

C. WrEfEHE
INETCICWBESEE ST ERWT,
BOMRoREIEMZIToTE i, ZOFK
mEMIEL, MlREEZSISEZ =7, &
FEHE MO X 72\ B AN ~ OB % 5
2 =5A . EEICHBRTEC 2D, Ki(a),
OUTRLTZ X D, mEEMSS T2
T, BEERICR)zF LT Y a—nfE
fiCHAREEBECTHI VX —ED
BEEICER Y A TE =, FFiBN~BHL
T BR D PAE BSROBEE RS A3 B 59 D B
~OMBEEZRBRT L5 EA#HEBELTY
%o ARBRTI, REEMAE LT, Kla)
BB E OPEGREAIRE 2 L7z,
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(b)

DNA-PEG-lipid

nrokinase

Urokinase-islet

X 1. PEG JEHEC & BB DR EmER &
v u X F—EEEES O (a)
PEG JEE Db FA% S, (b)EmiEfio
J71%(c) FITC #&3% PEG I§'E CREIEHT
Lo~ U AR ORIGBIE FEERYP) ,
(&) vexr—EEELESED T 7
U VRFRIEME O R

PEG fRE AR HEIR S IRET D L T,
EEREORE _ER~Z DBKMERA A
VOREHSPBEBMICEASINRDS (K
1(c)) . HESBMEBEGRILOL D X DI,
FEBRENZOHZEENLOLND Z L b,
JEREmICPEGIEENEAIN TS &
Nohbd, ZOX51Z, PEG [REEZHAWS
LT, MEBREICPEGREEFERTHZ L
ML o7, 277, ok &b
12, BEEFREN S PEG IEE ORBBEN A Hh
77 (®1e) , 2oz Lk, BHEESK TREX

DRIEIEDHZHTE 5 2 & Z2RIET
HHDTHD,

Flo, Fa—2480HARICKY . KE
DAVAY VG WRE~DREER 7=
(Data not shown), IEfOFEE T, &L
FEHE2 & & i~ & BT 5120 T,
A RN oWEIFEML, BOUMERE A
TIF2EA4 020 U HWEITIETT 5,
PEG JEE CRmEMHMi LI-EEH A\ Tv
P —VEEELLEHEETH, FED S
Na— R RERRD G, EFICHEIEL T
WA ENGhol,

T, vuXxtF—VEREFELEEED
MHREFM A2 T O 1=l 74 7V A um
BREEEZ R U CREl 21T - 7= (K 1(d))
vaXxF—REEESORLDO T 7Y
VUNVREBERL TSI LD, EEER
WICHEEELTWD U X —E ORISR
FINTWaZ Enghad, Z0OLHIZ,
PEG [EE#FIH L CvuXxr—¥A2@EEl
LR E B ERICHER L,

FERIF ~ U 2 OIFIgAN~FIlRZ 8 L T,
BALB/c~ U AHRDHESEZBE LT, ZO
BHEE T L, SR B & W RFER
RBHEETNLER->TWD, Biiglckx
BHRIEPN. L DRBETR D012, K
ETNVERIR U, KEBRTIE, PEGIRE
HDHNT T X —PIZ L BREEM DL
RELbN, BEEEZ GBEMO) OBEE
DEERETMT A LE2ABE LTV,
BAEEUT, RAOHE DR % 125(@ & 25018,
PEGHRE CEEMfi LEEEH DV T v o)
—EBEEELLESEZ125EBHE L, £
NENOMFEEE (L E K2icEh TR,
KA OS2 BH L2356 T, 250085
M L7%4E (K2() T, £THOYTRAD
MFEENEFEMEZRLTEY ., BHE LK
ENEZELMMEELTWAZ EE2FRLTVWA,
772, B ERSEE TR SES E (K
2(b)) | HFROPERFE~ 7 AT, MBHED
Egfbashi=bon, Y O¥En~r R
TiX, MEESEFLINT, BRFEOE
FThotr, 2O EIX, BHELEEEN
EEZZITTHEL, BFELTVWAESET
IMPEEZ EFELT LN TEhhotl
ZERLTWA,

fth )7 PEG-IEE % 125ABM L1254 T
(2(c)) B LITS <13, mfEES AR



BETHLHHLOD, £TO< T RTEWT,
EFMEEERLE, £, voxi—+F
FETE LTS E 1R2SEBHE L5512
BWTH (K2(d) . £ TO T RZEBWT,
EFmMPEEER L, 202 &%, R
fifilc L v | BiZ OMREE SR I T,
KT OME ClubEL EF{LT 22 &8
TRETHHZ L ETRTRRETH S,
UbkozZ Lt PEGESfiH DWW IE T H
X —EoBEELRICLY, BHEEZORIE
OSB3 A MaEE S mH c&, A%
REMETEBDZ ENGhoT,

(a)
Islet (250, N=8)

oW
8 8 38

[Blood_ glucose] (mg/dD

8

Blood glucase level [mg/dL]

(©)

600 g

n W
@ 9
SO

Blood glucose level (mg/dLl

<
Q@

Urokinase-islet (125, N=9)

8 8 8 2
oooolv

Blood glucose level [mg/dL]
P
S

X 2. EEBHEEOEREBE~ 7 A0
PEEZL @QFRLEOBES (250 islets) ,
(b) KRALHDOFES (125 islets) , (c) PEG
JEE CREAEH UI-KEE (125 islets) ,
(d) vaxr—¥rEEl LU EE
(125 islets)

PEG i L7-EEH A WI v o % —EH
ELEER 2, PIlRE @ L TR~ L
%, 64 BRI Vva— X ARmAR
(IPGTT) #1T o7, £ DFEREX ()R
T, £, £TO%, B IE T, HiiEo
M FERA (HE Qefa, AR V36) %
iT>7= (™ 30b)) . B 3@ TrT LI,
EFE~<UAORELRERC LI, HEBHE
HCHLMBEEOIGENR B, B LK
BA 64 HIETHEFICHEL TEEFLT
WAHZEERLTWS, ZOZENDLY,
REIEM L 7R S OB EE~5- 2 5%
BINFEALENLDEEZLND, £,
HE @85 D50 IA A ) VY@l D
b, B LEFBOMLEN~EEFEL TS

ZENGMoT,

(a)
Normal mice PEG-, urohingsea-isiet
200 200
2 3
% 150 F 2 150 Q\é\
5 &
Tiog ERE g'/)&w B N
g s g 0
5 3 64 days
[ 0 .

[ 30 &0 90 120 ] 30 80 90
Tims (min)



(b) FT-ESRRET S L, TOFICHFEELT
WHA LAY OBHBRHRL, oA
VA PRER—ERRIZEINT S, D7
BT, A2 REZRETSZ L
T, EE~OHEEDORRE 2T cE 5
NI A—=F =205, RIOEBOEER % B
T D&, BHEZISHOBIIIKREDOL R
I E N, £, FOKRHEORD
DHALNDHDD, 30, 605571% b HHR
biiz, THUE, BB I DS ik
ELXZITTHEL, KEDOA VR Y UK
Insulin staining HahkzbobtELZ N5, ). PEG-¥
BEHH0Evoxr—YREEES 2B
LB E T, BEEBEZOA V2 Y Ok
HIZZF LMl Shi, 2oz &ix. PEG
Effid DT Y a I —PEEMIC L 0
BOMREEN IR S TChbDEEXL
b,

IOZE Ry, REEHIZEIY, BHEE
#moOmMKEEEE2ZE L METE5 2%

P

B3 v RADOT ) a— AN E D. =iz
(IPGTT), A&, EH~ YA, PEG PRI OPEGHSE & /LB M ©
EEBEOBM L <Y 2 (b) Fi FFIBPS ~ OB L 72 i DA RIS U TR
Bl (64 0ik) OWIRI~ T AOIE g7, PEGISE, Mla#ES 72 < B
WO HE Retaf b o v 2 Y v Refafly VERBEAERTIC X 0 1 FeIc NG — B8~
e _ 250 islets AZhd, o T, KBFRMEICPEGE 2

R D EBNEREICAR Y . RO RN

ﬁ% I REEHVEBRTE D, Ibic, HARE
08 o J HHMETHLIV X —YEEELT D 2
PEG-islet(N=4) | T, BTN ETHZ N T, MK

R Urokinase-istet(N=J4 AEERM LT EnTE B,

. g - === U AERTIE, PEGIEEH D\ iT v o)
Pothoinfusion into Iivel:'O(min) 6? - ']2 L: < i% @{f%ﬁfﬁ L f: Htﬁ% %%%;ﬁ ~ '7 A
~BW LT, 777 PREEKTAEETOAE

EWRIZOWT, ROBEOBEERR & kL

12 F

Mouse insulin level in
blood [ng/mL]

o

£

X 4. EEBEZR O~ U A MAA 2 \ e L 7 T o
JREE(. O: RAROMBBIETE 5 ot i e e re 5
(250 islets), (O: PEG 5 CTRmER L 57 NOAEERBE ETA DL 7j§§7\7§>\o 7=
T BB RETE(250 islets), O: 7w ¥ ﬁ%%m%m‘ﬁu%+~ﬁ®@%%mmo
— P (RSB RERE (250 islets) . AR T L RCE b OO, BIREON

PEMEIZILBAVPEGIEMIRE L ¥ LEL T

W 5 NIPEGEB A I~ L 2 T ED. MROERE| ST L
feth, 1530600 %ICRMETV, oy PRI BERICORR ST LOLHR

VAYLEERLE (R4) , MlaErs (02
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iR #FEIZ PEG IEffidh AWy v % —

PEEENT D2 LT, FEBHZ SO
BREBREICBWT, BHEERICELDENR
HWEtEE R ETE, BE~OHlAEE)E
LS TEf, 202 LT, AEREN
LTCELEETFRTRHERTH D,
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F. {ERRfabR i
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Islets Surface Modification Prevents Blood-Mediated Inflammatory
Responses

Yuji Teramura and Hiroo Iwata*
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Transplantation of islets of Langerhans (islets) is a promising technique for treating insulin-dependent diabetes
mellitus (type I). One unresolved issue is early graft loss due to inflammation triggered by blood coagulating on
the surface of islets after transplantation into the portal vein. Here, we describe a versatile method for modifying
the surface of islets with an ultrathin membrane carrying the fibrinolytic enzyme urokinase or the anticoagulant
heparin. The surface of islets was modified with a poly(ethylene glycol)—phospholipid conjugate bearing a biotin
group (biotin-PEG-lipids, PEG MW: 5000). Biotin-PEG-lipids were anchored to the cell membranes of islets,
and the PEG-lipid layer on the islets was further covered by streptavidin and biotin—bovine serum albumin conjugate
using a layer-by-layer method. The surface was further activated with oxidized dextran. Urokinase was anchored
to the islets through Schiff base formation. Heparin was anchored to the islets through polyion complex formation
between anionic heparin and a cationic protamine coating on the islets. No practical islet volume increase was
observed after surface modification, and the modifications did not impair insulin release in response to glucose
stimulation. The anchored urokinase retained high fibrinolytic activity, which could help to improve graft survival

by preventing thrombosis on the islet surface.

INTRODUCTION

The success achieved with the Edmonton protocol has
established clinical islet transplantation as an alternative to
pancreas transplantation (I, 2). Transplantation of islets of
Langerhans (islets) has been proposed as a safe and effective
method for treating patients with insulin-dependent diabetes
mellitus (type I). However, it still remains an experimental
procedure for late-stage diabetics who can no longer control
diabetes with insulin injection. Some improvements in islet
transplantation are needed, including increasing islet isolation
efficiency, improving islet preservation, increasing the efficacy
of immunosuppressive drug dosage protocols, and reducing islet
loss in the early phase following transplantation. Among these,
graft loss poses the most serious limitations for current islet
transplantation protocols. Even though sufficient numbers of
islets from multiple donors are transplanted to one patient,
only 30% of patients treated become insulin-independent (2),
suggesting that many islets are lost early after intraportal
transplantation.

Innate immune reactions are involved in the destruction of
islets exposed to blood in the portal vein (3-6). The blood
coagulation and complement systems are activated when islets
are exposed to fresh blood in the portal vein. Chemotactic
factors, tissue factor, chemokines, and other inflammatory
mediators are released during this early phase. These factors
induce instant blood-mediated inflammatory reactions that result
in graft loss (7). Some methods of regulating early coagulation
and blood-mediated inflammatory reactions have been investi-
gated, such as administering the thrombin inhibitor Melagatran
(8), activated protein C (9), dextran sulfate (/0), and the water-
soluble domain of complement receptor I (/7). Control of these
reactions has promoted the transplantation success by reducing
islet loss in animal models; however, it is difficult to apply these

* To whom correspondence should be addressed. E-mail: iwata@
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methods in the clinical environment because systemic admin-
istration is associated with an increased risk of bleeding.
Recently, Nilsson et al. proposed an original method for
preventing instant blood-mediated inflammatory reactions by
coating islets with heparin to inhibit surface thrombosis forma-
tion following transplantation (/2). Although it is a challenging
method to reduce islet loss in the early phase of transplantation,
it has been experimentally under examination. At this point, it
is valuable to propose several alternative methods to modify
islet surface.

In our previous studies (13, 14), islets were enclosed in a
thin synthetic polymer membrane through poly(ethylene glycol)-
conjugated phospholipid (PEG—lipids) derivatives that had been
anchored in the membranes of islets cells. The PEG—lipid
derivatives can be immobilized on the cell surface through
hydrophobic interactions between the lipid bilayer and the
PEG—Ilipid, without any effect on cell viability or function. The
polymer membrane can be covered further using the layer-by-
layer method (73, 14). In this report, we propose a versatile
method for immobilizing enzyme and glycosaminoglycans, such
as urokinase and heparin, to the surface of islets utilizing this
layer-by-layer method. In addition, the results of detailed studies
on the fibrinolytic properties of islet-anchored urokinase are
reported.

EXPERIMENTAL PROCEDURES

Materials. a-N-Hydroxysuccinimidyl-w-fert-butoxycarbonyl
poly(ethylene glycol) (NHS-PEG-Boc, MW 5000) was pur-
chased from Nektar Therapeutics (San Carlos, CA). 1,2-
Dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine (DPPE)
was purchased from NOF Corporation (Tokyo, Japan). Dichlo-
romethane, chloroform, N,N-dimethylformamide (DMF), diethyl
ether, N,N'-dicyclohexylcarbodiimide (DCC), p-biotin, strepta-
vidin from Streptomyces avidin, dextran (MW 200 000—300 000),
protamine sulfate (from Salmon), and heparin sodium salt were
purchased from Nacalai Tesque (Kyoto, Japan). Sodium perio-
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date (NalOy4) was purchased from Wako Pure Chemcal (Osaka,
Japan). Fluorescein isothiocyanate (FITC) was purchased from
Dojindo Laboratories (Kumamoto, Japan). Urokinase was
purchased from Calbiochem Inc. (La Jolla, CA). Biotinylated
bovine serum albumin (biotin-BSA, biotin/BSA = 9, by molar
ratio) was purchased from Pierce Biotechnology Inc. (Rockford,
IL). Fibrinogen (human) and FITC-labeled BSA (FITC-BSA)
were purchased from Sigma-Aldrich Co. (St Louis, MO).
Thrombin was purchased from Kayaku CO. Ltd. (Saitama,
Japan). FITC-streptavidin was purchased from Zymed labora-
tories (South San Francisco, CA). Biotinylated poly(ethylene
glycol) alkanethiol was purchased from SensoPath Technologies
Inc. (Bozeman, MT). Minimum essential medium (MEM),
HEPES buffer solution, and Medium 199 were purchased from
Invitrogen Co. (Carlsbad, CA). Fetal bovine serum (FBS) was
purchased from BioWest (Miami, FL.). Phosphate-buffered saline
(PBS) was purchased from Nissui Pharmaceutical Co. Ltd.
(Tokyo, Japan).

Synthesis of Biotinylated PEG-Conjugated DPPE.
NH,—PEG-—lipid was synthesized from DPPE and NHS-PEG-
Boc, which carries an activated ester (NHS) to react with an
amino group of DPPE, and a protective group (Boc) for the
amino group, as reported previously (/3). Briefly, NHS-PEG-
Boc (175 mg) and DPPE (21 mg) were dissolved in 5 mL of
dichloromethane solution, and stirred for 3 days at room
temperature (RT). Then, a solution of TFA (2 mL) was added
and stirred for 20 min at 4 °C to remove Boc groups. The crude
product was purified by precipitation with diethyl ether. After
extraction into chloroform and evaporation, NH,—PEG—lipid
was obtained as a white solid (115 mg, yield 66%). D-Biotin
(20 mg) and DCC (21 mg) were dissolved into DMF and stirred
for 3 h at RT. Then, NH,—PEG—lipid (22 mg) was added to
the solution and stirred for 7 days at RT. This solution was
filtered through a glass filter and the DMF was evaporated in
vacuo; then, chloroform was added. After precipitation with
diethy! ether, biotin-PEG-lipid was obtained as a white powder
(10 mg, yield 40%). Biotin-PEG-lipid: 'H NMR (CDCl;, 400
MHz, 0 ppm): 0.88 (t, 6H, -CHj3), 1.25 (br, 52H, -CH,-, DPPE),
3.18 (d, 2H, C-CH;-S, biotin), 3.24 (q, 1H, S-CH(-C)-C, biotin),
3.64 (br, 460H, PEG). 4.52 (m, 2H, C-CH(-C)-N, biotin), 5.15
(s, 2H, C-NH-C, biotin).

Forming Biotin-BSA and Streptavidin-Based Multilayers. A
multilayered protein membrane was formed with biotin-BSA
and streptavidin using the layer-by-layer method. To examine
the formation of the multilayered membrane, we employed an
in-house-designed surface plasmon resonance (SPR) instrument
(15). Gold-coated BK-7 glass plates were immersed in a biotin-
SAM (1 mM) methanol solution for 24 h, and the biotin-SAM
formed on the surface of the gold-coated glass plates. Before
SPR measurements, the plates were sequentially washed thor-
oughly with pure water and 2-propanol. A glass plate was set
in an SPR flow cell, and a solution of strepavidin (20 gg/mL in
PBS) was allowed to flow onto the surface, followed by a
solution of biotin-BSA (40 ug/mL in PBS). These procedures
were repeated several times to form multiple layers of BSA
and streptavidin by the layer-by-layer method. The reaction
solutions and PBS were allowed to circulate through the flow
cell at 4.0 mL/min, and all SPR measurements were performed
at 30 °C.

Modifying a Single Cell Surface with Biotin-PEG-Lipid
and Streptavidin Complex. CCRF-CEM cells (acute lympho-
blastic leukemia T-cells) were used as model cells for the surface
modification of single cells. Biotin-PEG-lipids were dispersed
in MEM and added to a CCRF-CEM cell suspension (1 x 10°
cells in MEM, [biotin-PEG-lipids] = 100 uM), the cell
suspension was incubated for 30 min at RT. The cells were
washed with MEM and centrifuged at 180 x g for 5 min at
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RT. This procedure was repeated twice. The biotin-PEG-
modified cells were resuspended in 80 uL. of MEM. Then, 20
uL of FITC-labeled streptavidin was added to the cell suspension
(100 ug/mL) and incubated at RT for S min. Cell viability was
assessed by the Trypan blue exclusion method. FITC-labeled
streptavidin-modified cells were observed by confocal laser
scanning microscopy (FLUOVIEW FV500, Olympus, Tokyo).

Islets Surface Modification. Islets were isolated from the
pancreas of Syrian hamsters (7—8 weeks old, female, Japan
SLC, Inc., Shizuoka, Japan) by the collagenase digestion method
(24). The islets were maintained in culture medium (Medium
199 with 10% FBS, 8.8 mM HEPES buffer, 100 units/mL
penicillin, 100 ug/mL streptomycin, and 8.8 U/mL heparin). A
large amount release of insulin was observed from damaged
islets during a few days culture after the islet isolation. Isolated
islets were cultured for 7 days to remove damaged cells before
surface modification. Effect of surface modification on islet
functions could be clearly seen after this 7 days culture. A biotin-
PEG-lipid solution was added to islets suspended in MEM (100
islets, [biotin-PEG-lipid] = 500 uM 100 uL. of MEM), and the
mixture was incubated at RT for 1.5 h. After washing three
times with MEM, the biotin-PEG-lipid modified islets were
mixed with a solution of streptavidin (50 g#g/mL in PBS) and
allowed to react for 10 min at RT. Streptavidin-modified islets
were washed three times with MEM. The modified islets were
then added to a solution of biotin-BSA (100 ug/mL in PBS)
and left for 10 min at RT. The layer-by-layer modification with
streptavidin and biotin-BSA was repeated 10 times to form 20
layers on the surface of the islets. In order to visualize the
surface of islets by confocal laser scanning microscopy), FITC-
labeled streptavidin (30 pg/mL in PBS) was used for the 21st
layer.

Anchoring Bioactive Molecules onto the Surface-Modified
Islets. The surface-modified islets were further modified with
the fibrinolysis enzyme urokinase or with heparin, using
dialdehyde dextran (/6) or protamine. NalO4 (107 mg) was
added to a dextran (250 mg) solution in pure water (5 mL) and
the reaction mixture was stirred for 2 h at RT. Oxidation of
dextran by NalOy causes cleavage of the carbon—carbon bonds
within each monosaccharide unit of the dextran chain, trans-
forming the 1—2 hydroxyl groups into dialdehyde groups. After
precipitation with acetone and dialysis against PBS, dialdehyde
dextran was obtained as a white solid (220 mg). Biotin-BSA/
streptavidin-modified (20 layers) islets were then activated using
the dialdehyde dextran solution (5 mg/mL in PBS) for 30 min
at 37 °C, and then incubated in urokinase solution (1000 IU/
mL in PBS) for 60 min at 37 °C to anchor the urokinase onto
the islets. Urokinase-islets were cultured in Medium 199
supplemented with FBS, heparin, and HEPES for a specified
number of days at 37 °C in 5% COa,.

Fibrinolytic activity of the anchored urokinase was determined
by the fibrin plate method (/7). Briefly, 10 mL of a fibrinogen
solution (10 mg/mL in saline) (¢ = 9.5 cm) and 60 uL of a
thrombin solution (60 TU/mL) was mixed well. Plasminogen
was not added to the fibrinogen solution, because plasminogen
is included in fibrinogen prepared by the standard preparation
(17). Naive islets and urokinase-anchored islets (50 islets)
collected after 0, 1, 3, and 7 days of culture were spotted onto
the fibrin plate and incubated at 37 °C for 12 h. The size of the
area of dissolved fibrin around the islet spot was determined as
a measure of urokinase fibrinolytic activity.

For anchoring heparin, the BSA and streptavidin-modified
islets (total layers, 10) were further treated with polycation,
protamine (150 ug/mL in HBSS), for 5 min at RT. Most of
polycations are cytotoxic toward many cell types. In this study,
protamine was used as a polycation, because it is the least
cytotoxic polycation as could be expected from the fact that it
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@ (a) Scheme for anchoring urokinase on surface of islets by constructing a multilayered membrane composed of streptavidin and biotin-BSA.,
(b) Chemical structure of biotin-PEG-conjugated DPPE (biotin-PEG-lipid). (c) Biotin-BSA/streptavidin multilayered membrane formation. The
first biotin-PEG layer was anchored to the surface through hydrophobic interactions. Then, streptavidin and biotin-BSA were chemically reacted to
the surface, layer-by-layer. (d) Dextran was oxidized to produce aldehyde groups on the surface of islets, providing a means for urokinase
immobilization through Schiff base formation. Heparin was anchored to the surface of islets after treatment with protamine.

is administered to reverse heparin action in the clinical setting.
Then, heparin was added for 15 min at RT (5 mg/mL in HBSS).
For visualization, the heparin had been labeled with FITC.
Heparin (40 mg/mL in pure water) was reacted with FITC (2.6
mg in 100 L of DMSO) for 3 h at RT, precipitated in acetone
at —20 °C for 24 h, evaporated, and washed three times with
acetone. Finally, the precipitate was dialyzed against PBS for
2 days (MWCO; 3500 Da) to obtain FITC-heparin (FITC/
heparin = 2.5 by molar ratio).

Glucose Stimulation Test. A static glucose-responsive
insulin assay (/3) was performed on biotin-BSA/streptavidin-
encapsulated islets, activated dextran modified-encapsulated
islets, and urokinase-immobilized islets after 1 and 7 days in
culture. After the modified islets were washed several times with
Krebs-Ringer solution, they were incubated in 0.1 g/dL, 0.3
g/dL, and then 0.1 g/dL glucose in Krebs-Ringer solution for
1 h each at 37 °C. The insulin concentration in the supernatant
at each step was determined by an enzyme-linked immunosor-
bent assay (ELISA; Shibayagi Co. Ltd., Gunma, Japan).

Statistical Analyses. Comparisons between two groups were
performed by Student’s ¢ test. P < 0.05 was considered
statistically significant. All statistical calculations were per-
formed using the software JMP v.5.1.1.

RESULTS

Forming Multilayered Biotin-BSA and Streptavidin
Membranes on Surface of Islets. A nanometer-thick membrane
composed of streptavidin and biotin-BSA layers formed on cell
surfaces using biotin-PEG-lipid and the layer-by-layer method,
as shown in Scheme 1. Biotin and streptavidin interact to form
a stable conjugate (association constant was ~10'> M™!) under
physiological conditions, so this system can be used to form a
multilayered membrane without damaging the surface of the
living cell. To confirm the formation of a multilayered biotin-
BSA and streptavidin membrane, the SPR method, which can
detect small changes in refractive index on the surface of a gold
thin film in real time, was employed. Figure 1 shows the SPR
profiles of layer-by-layer reactions between streptavidin and
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Figure 1. SPR-monitoring of multilayered streptavidin and biotin-BSA
membrane formation on the biotin-SAM surface. Stepwise SPR profile
indicates sequential formation of a protein multilayer. Arrows and
arrowheads indicate the addition of streptavidin and biotin-BSA
solutions, respectively.

biotin-BSA. A solution of streptavidin was flowed onto an SPR
sensor with a self-assembled monolayer of biotinylated poly-
(ethylene glycol) alkanethiol (biotin-SAM) as indicated by the
first arrow in Figure 1 and Supporting Information Figure SI.
The streptavidin layer was formed on a biotin-SAM formed on
the sensor surface. Then, biotin-BSA was flowed onto the
surface (indicated by the first arrowhead), and BSA was trapped
on the streptavidin layer through the biotin/streptavidin reaction.
Afterward, streptavidin and biotin-BSA solutions were alter-
nately applied to the surface. The refractive index increased in
a stepwise manner indicating the formation of a multilayered
membrane composed of streptavidin and biotin-BSA. After this
procedure was repeated 10 times, the thickness of the multi-
layered membrane was about 30 nm as indicated by an SPR
shift when the refractive index of the BSA and streptavidin layer
was assumed to be 1.45.

Modifying the Surface of Islets with the Multilayered
Membrane. In order to construct a biotin-BSA/streptavidin
multilayer on the membranes of islets, a hydrophobic lipid chain
conjugated hydrophilic PEG chain carrying a biotin molecule
was applied to the cell suspension. When a biotin-PEG-lipid
dispersion is mixed with the islets suspension, it is expected to
incorporate into cell membranes spontaneously via hydrophobic
interactions between the hydrophobic part of biotin-PEG-lipid
and the lipid bilayer of the cell membrane. Hydrophilic PEG
chains remain on the outer surface of the cell, as illustrated in
Scheme 1.

First, the surface of single CCRF-CEM celis (floating cells,

. acute lymphoblastic leukemia T-cells) was treated with biotin-
PEG-lipid to confirm the occurrence of the reaction. After
incubation of the cells in biotin-PEG-lipid dispersion, FITC-
labeled streptavidin was applied. Figure 2a shows the micro-
scopic images of cells modified with FITC-labeled streptavidin/
biotin-PEG-lipid. Fluorescence from FITC-streptavidin was
visible at the periphery of the each cell, indicating that FITC-
streptavidin had formed a complex with the biotin-PEG-lipid
on the cell membrane. No fluorescence was observed for cells
not treated with biotin-PEG-lipid. Thus, the hydrophobic lipid
of the biotin-PEG-lipid was anchored in the lipid bilayer of the
cell membrane as shown in Scheme 1. Cell viability as assessed
by Trypan blue exclusion was 89% after the modification. There
was no statistically significant difference in cell viability between
cells modified with streptavidin/biotin-PEG-lipid conjugates and
cells prior to modification. Therefore, the surface modification
was not toxic to the living cells.
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Islets were sequentially treated with biotin-PEG-lipid and
FITC-streptavidin. Their fluorescent images taken with a con-
focal laser-scanning microscope are shown in Figure 2b. Clear
fluorescence is seen at the periphery of each islet; no fluores-
cence was observed on islets treated with FITC-streptavidin
when the biotin-PEG-lipid treatment was skipped. These
observations indicate that biotin groups can be introduced on
the surface of islets using biotin-PEG-lipid and that streptavidin
can be anchored to the islet surface via biotin without damaging
islet morphology. To form a multilayered membrane of strepta-
vidin and biotin-BSA, the biotinylated islet surface was treated
sequentially with streptavidin and biotin-BSA; this procedure
was repeated several times. Finally, FITC-streptavidin was used
for the 21st layer to allow visualization under a confocal laser-
scanning microscope. Figure 2c shows fluorescent images of
islets encapsulated with 21 layers of biotin-BSA and strepta-
vidin. A strongly fluorescing layer was observed at the periphery
of all islets, indicating the presence of multilayered membranes
of biotin-BSA and streptavidin.

Immobilization of Bioactive Molecules to the Surface of
Encapsulated Islets. Urokinase is a serine protease that activates
plasminogen. Activation of plasminogen triggers a proteolysis
cascade that participates in thrombolysis. Immobilizing uroki-
nase on the surface of islets is expected to help dissolve small
blood clots that may form on islets, thereby suppressing blood-
mediated inflammatory reactions. Multilayered membrane-
modified islets were further modified with dialdehyde dextran
to introduce aldehyde groups on the surface of islets. Urokinase
was immobilized on the islets surface through Schiff base
formation between the aldehyde groups with primary amines
of urokinase. FITC-labeled BSA was reacted with the aldehyde
groups in place of urokinase, allowing direct visualization
(Figure 2d). Fluorescence from FITC-BSA was observed at the
periphery of all islets, indicating the presence of FITC-BSA.
On the other hand, no fluorescence was observed on islets
without treatment with activated dextran (Supporting Informa-
tion Figure S2 (a)). Islets after treatment with biotin-BSA and
streptavidin were also used to immobilize heparin at the surface.
Protamine was immobilized on islets with biotin-BSA as an
outermost surface and then anionic heparin was immobilized
on the protamine layer through polyion complex formation.
Fluorescence from FITC-heparin was observed at the periphery
of all islets (Figure 2e), indicating the presence of FITC-heparin
on the islets. There was no fluorescence on islets without the
protamine layer (Supporting Information Figure S2 (b)). Thus,
our technique enables various bioactive molecules to be
immobilized on the surface of islets.

A fibrin plate-based assay was performed to assess the
function of the urokinase anchored on the islets. Urokinase
transforms plasminogen into active plasmin, which can dissolve
fibrin. To assess the activity of the membrane-anchored uroki-
nase, we spotted the modified islets on a fibrin gel, and measured
the area of dissolved fibrin around the spotted urokinase-islets.
Figure 3a shows the fibrin plate at 12 h after urokinase-islets
spotting. A large transparent area was observed around the
urokinase-islets, indicating urokinase activity. The transparent
area was small around naive islet spots. The small transparent
area might be due to small amounts of urokinase secreted by
the islet itself (I8). Islets with anchored urokinase were cultured
in Medium 199 supplemented with 10% FBS. Urokinase activity
during culture was followed and is shown in Figure 3b. The
fibrinolytic activity of urokinase was retained for 3 days, and
then decreased to 25% after 7 days in culture. The stability of
the surface modifications was also examined by observing the
morphology of islets treated with a multilayered membrane (total
layer number = 20). Their outermost layer was treated with
FITC-streptavidin and fixed with dialdehyde dextran. Figure 4
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Figure 2. Images of surface-modified cells and islets observed under confocal laser and differential interference microscopy. (a) CCRF-CEM cells
were sequentially modified with biotin-PEG-lipid and FITC-labeled streptavidin. (b) Hamster islets were sequentially modified with biotin-PEG-
lipid and FITC-labeled streptavidin. (c) Hamster islets modified with biotin-PEG-lipid were sequentially coated with streptavidin and biotin-BSA
(20 times); the 21st layer was FITC-streptavidin. (d) Islets covered with a multilayered biotin-BSA/streptavidin membrane were activated with
oxidized dextran. FITC-BSA was anchored to the islets through Schiff base formation. (¢) Multilayered islets were coated with cationic protamine
and FITC-labeled heparin (anionic) was immobilized on the islets through polyion complex formation. Scale bars: 20 um for (a), and 200 #m for

(b), (), (d), and (e).
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Figure 3. Fibrin plate assay for islet-anchored urokinase. (a) 100 naive
islets and 100 urokinase-modified islets were spotted on the left and
right sides of a fibrin plate, respectively, and incubated at 37 °C for
12 h. (b) Bar graph illustrating the change in islet-anchored urokinase
activity during culture in medium. Activity is expressed as the area of
dissolved fibrin around urokinase-islet spots normalized to the area at
day zero (see Experimental Section).

shows the microphotographs of islets at 1, 3, and 7 days of
culture. The membrane gradually deteriorated over time,
although islet morphology was well-maintained. Thus, urokinase
could have detached from the islets, which could account for
the decrease in urokinase activity.

Glucose-Stimulated Insulin Release by Surface-Modified
Islets. A glucose stimulation test was performed in order to
examine the ability of the modified islets to control insulin
release in response to glucose level changes; the results are
summarized in Figure 5. When the glucose concentration was

Figure 4. Changes in multilayered membranes on islets after (a) 1, (b)
3, and (c) 7 days in culture. Islets had been coated with a multilayered
biotin-BSA/streptavidin membrane on biotin-PEG-lipid modified sur-
face, followed by reaction with activated dextran and culture in Medium
199,

increased from 0.1 g/dL to 0.3 g/dL, islets in all groups increased
insulin release from basal levels. Insulin release returned to the
basal level when islets were re-exposed to 0.1 g/dL, indicating
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Figure 5. Glucose stimulation test. Bars from left indicate (1) islets
without surface modification, (2) islets modified with a multilayered
biotin-BSA/streptavidin membrane, (3) periodate-activated dextran-
treated islets, (4) urokinase-anchored islets at day zero, and (5)
urokinase-anchored islets after 7 days of culture in Medium 199 at 37
°C. The amounts of insulin secreted from modified islets in response
to glucose concentration changes (0.1, 0.3, and 0.1 g/dL) were
determined by ELISA. (n = 3). * indicates a statistically significance
difference (p < 0.01).

that islets after surface modification normally response to the
glucose changes. At low glucose level, the insulin secretion rates
in groups of islets after surface modification are slower than
that of control group, whereas it was the same level among all
groups at high glucose level. However, the all insulin secretion
rates were recovered to the basal level after seven days culture.
These results indicate that the surface modifications and
urokinase anchoring did not influence the islets’ ability to
regulate and release insulin.

DISCUSSION

Recently, Nilsson et al. reported that the graft survival of
porcine islets could be improved by modifying the surface of
islets with heparin (/2), and Chaikof et al. reported immobilizing
thrombomodulin to the surface of islets (19). In their approaches,
biotin molecules were conjugated to amino groups of islets
surface proteins in order to cover the surface with avidin for
immobilizing heparin, and it is necessary to covalently conjugate
phosphine molecules to surface protein amino groups to anchor
thrombomodulin. Although they reported some improvements
in the graft survival by their modification methods, their method
is not sufficient enough to solve all of the problems related with
the graft loss in the islet transplantation. It is meaningful to
increase options to modify islet surface.

In this study, we develop a versatile method for anchoring
bioactive substances onto the surface of islets. First, biotin-PEG-
lipid was anchored to the lipid bilayer of the cell membrane
through hydrophobic interactions. This modification had no
influence on cell viability. The biotin molecule on the cell
surface was used to add multilayered membranes of streptavidin
and biotin-BSA. Then, a fibrinolytic enzyme, urokinase or
anticoagulant heparin, was immobilized to the outermost surface
to prevent the instant blood-mediated inflammatory reaction.
Our methods can much more easily immobilize enzymes and
polysaccharide on islet surfaces. The surface modifications did
not influence the glucose-responsive insulin-secreting ability of
islets, and anchored urckinase retained its fibrinolytic properties
at least for 7 days. Therefore, thrombosis that form immediately
after transplantation would be prevented from using these
modified islets for transplantation. Immobilizing urokinase and
heparin on the surface of islets is an attractive method because
it would prevent systemic administration of anticoagulants,
which is associated with an increased risk of bleeding after
intraportal transplantation.

As shown Figure 2c, a strong fluorescence layer was observed
at the periphery of all islets. Multilayered membranes of biotin-
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BSA and streptavidin seem to be formed on islets from the
microphotographs and SPR monitoring shown in Supporting
Information Figure S1. Although the surface of islets treated
with a single layer was smooth, the surface became rough and
some debris-like material was found on the surface of islets
coated with the 21 layers. The internal tension in the coated
membranes is expected to increase with a number of the layer-
by-layer sequences. The layer formed was peeled off when the
internal tension became larger than the anchoring strength of
the PEG-lipid into the lipid bilayer. Bovine serum albumin is a
globular protein and is expected not to form a mechanical strong
film. We will examine synthetic linear polymers, such as
poly(vinyl alcohol) and cellulose derivatives, which have been
used to prepare tough membranes in industrial applications.

The number of amino groups in urokinase (25 lysine residues
in a molecule) is less than that of BSA (59 lysine residue in a
molecule) and the reaction used to immobilize proteins was
Schiff base formation which is considered to be a reversible
reaction. Although urokinase seems to be easily released from
the islet surface, the fibrinolytic activity of urokinase im-
mobilized on islets retained 25% of its initial activity after 7
days in culture. Activated dextran carries a number of aldehyde
groups in a molecule. The interaction between the activated
dextran and urokinase becomes stronger and more stable due
to multibond formation between these molecules, even though
each Schiff base is unstable by itself. Our technique using
activated dextrane enables various bioactive proteins to be
immobilized on the surface of islets.

Islets microencapsulated within an alginate-poly-(L-lysine)
membrane and an agarose hydrogel membrane have been
investigated for use as a bioartificial pancreas (20-26). Many
groups have reported that a long-term normoglycemia in a
diabetic small animal, such as a mouse or a rat, can be realized
by transplanting microencapsulated islets into its peritoneal
cavity. However, in clinical settings, about 10 mL of islet
suspension should be injected through a catheter into the portal
vein in liver. The diameter of microencapsulated islets was
several times larger than that of islets, which could result in
plugged vessels if infused into the portal vein. As shown in
Figure 1 for SPR examinations, the thickness of the membrane
increases stepwise using the streptavidin/biotin-BSA multilayer
method. We examined the possibility of enclosing islets within
a thin membrane using this layer-by-layer method. After forming
21 layers, the multilayer thickness reached tens of nanometers,
as evaluated by SPR method and microscopy (Figures 1 and
2). The thickness was enough to the cover islet surface, but the
islets’ volume increase was small. Our method holds promise
as a means to enclose islets without increasing volume.
Immunoisolative efficacy of the layer-by-layer membrane is
carefully being examined in islet transplantation studies; the
results will be reported.

We examined membrane stability and found that the mem-
brane gradually deteriorated over time (Figure 4). Either the
mechanical strength of the streptavidin and biotin-BSA mem-
brane is not strong enough for long-term encapsulation or
enzymes secreted from the cells degraded the membranes. In
addition, it would be necessary to carefully examine the effect
of urokinase and heparin immobilized to the surface of islets
in vivo. Future work will focus on maintaining the integrity of
the multilayer membrane for longer periods and graft survivals
will be carefully examined.

In conclusion, thin-layered membranes were formed on the
surface of islets via biotin-PEG-lipids and the biotin/streptavidin
system without increasing cell volume. Further, urokinase was
anchored to the membrane, and its high fibrinolytic ability was
maintained for seven days in culture. This novel method for
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constructing a bioartificial pancreas provides a promising means
for improving graft survival following intraportal transplantation.
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