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ing the size of the pore structure in the sponge, Therefore,
because the PGA(+) sponge can accept and keep a suffi-
cient volume of the cell mixture, the grafted cells can be
retained within the sponge. Perhaps because of this, litde
ectopic hair formation was observed in the grafted sites of
the PGA(+) sponge. Furthermore, the movement of the
transferred cells did not seem to be inhibited in the PGA(+)
sponge, and as a result this may have suppressed the for-
mation of epidermal cysts. Thus, it is likely that not only
the cellular requirements but also the cell positions and
movements are important for proper restructuring of hair
follicles, inferring from the process of hair morphogenesis
that the epithelivm grows downward into the dermis as a
plug that joins at its proximal end a mesenchymal conden-
sation, referred to as the dermal papilla.!

Moreover, because the incorporation of PGA fibers
confers to the collagen sponge the ability to resist me-
chanical deformation, the PGA(+) sponge has the abil-
ity to be transformed into various shapes, raising the pos-
sibility that it could be embedded as a scaffold even on
an irregular graft bed. Future advances in the cell bio-
logical study of hair formation may, using the PGA(+)
collagen sponge, allow for three-dimensional skin re-
constitution cultures with skin appendages and subse-
quent cell transplantation therapy into patients.

ACKNOWLEDGMENTS

The authors thank Dr. Steven D, Emmet for advice on
preparing the manuscript in English. This work was sup-
ported by a health science research grant from the Japan-
ese Ministry of Health, Labor, and Welfare.

REFERENCES

1. Stenn, K.S., and Paus, R. Controls of hair follicle cycling.
Physiol. Rev. 81, 449, 2001.

2. Millar, S.E. Molecular mechanisms regulating hair follicle
development. J. Invest. Dermatol. 118, 216, 2002,

3. Alonso, L., and Fuch, E. Stem cell in the skin: Waste not,
Wnt not. Genes Dev. 17, 1189, 2003.

4. Worst, P.K.M., Mackenzie, 1.C., and Fusenig, N.E. Refor-
mation of organized epidermal structure by transplantation
of suspensions and cultures of epidermal and dermal cells.
Cell Tissue Res. 225, 65, 1982.

5. Kamimura, J., Lee, D, Baden, HL.P., Brissette, J., and Dotto,
G.P. Primary mouse keratinocyte cultures contain hair fol-
licle progenitor cells with multiple differentiation potential.
1. Invest. Dermatol. 109, 534, 1997,

6. Lichti, U., Weinberg, W.C., Goodman, L., Ledbetter, S.,
Dooley, T., Morgan, D., and Yuspa, S.H. In vivo regula-
tion of murine hair growth: Insights from grafting defined
cell populations onto nude mice. J. Invest. Dermatol. 101,
1245, 1993,

10.

1L

12.

13,

14,

15.

16.

18.

19,

ITOH ET AL.

. Weinberg, W.C., Goodman, L.V., George, C., Morgan,

D.L., Ledbetter, S., Yuspa, $.H., and Lichti, U. Reconsti-
tution of hair follicle development in vitro: Determination
of follicle formation, hair growth, and hair quality by der-
mal cells. I. Invest. Dermatol. 100, 229, 1993,

. Kishimoto, 1., Ehama, R., Wu, L., Jiang, S., Jiang, N., and

Burgeson, R.E. Selective activation of the versican pro-
moter by epithelial-mesenchymal interactions during hair
follicle development. Proc. Natl. Acad. Sci. U.S.A. 96,
7336, 1999.

. Cotsarelis, G., Sun, T., and Lavker, R.M. Label-retaining

cells reside in the bulge area of pilosebaceous unit: Impli-
cations for follicular stem cells, hair cycle, and skin car-
cinogenesis. Cell 61, 1329, 1990.

Kobayashi, K., Rochat, A., and Barradon, Y. Segregation
of keratinocyte colony-forming cells in the bulge of the rat
vibrissa. Proc. Natl. Acad. Sci. U.S.A. 90, 7391, 1993,
Rachat, A., Kobayashi, K., and Barrandon, Y. Location of
stem cells of human hair follicles by clonal analysis. Cell
76, 1063, 1994.

Oshima, H., Rochat, A., Kedzia, C., Kobayashi, K., and
Rarrandon, Y. Morphogenesis and renewal of hair follicles
from adult multipotent stem cells. Cell 104, 233, 2001.
Yuspa, §.H., Morgan, D.L., Walker, R.J., and Bates, R.R.
The growth of fetal mouse skin in cell culture and trans-
plantation to F; mice. J. Invest. Dermatol. 55, 379, 1970.
Ueda, H., and Tabata, Y. Polyhydroxyalkanonate deriva-
tives in current clinical applications and trials. Adv. Drug
Deliv. Rev. 55, 501, 2003.

Hiraoka, Y., Agr, M., Kimura, Y., Eng, M., Ueda, H., and
Tabata, Y. Fabrication and biocompatibility of collagen
sponge reinforced with poly{glycolic acid) fiber. Tissue
Eng. 9, 1101, 2003.

Yannas, I.V., and Burke, J.F. Design of an artificial skin.
I. Basic design principles. J. Biomed. Mater. Res. 14, 65,
1980.

. Bell, E., Ehslich, H.P., Buttle, D.J.,, and Nakatsuji, T. Liv-

ing tissue formed in vitro and accepted as skin-equivalent
tissue of full thickness. Science 211, 1052, 1981,
Hansbrough, 1.F., Boyce, 8.T., Cooper, M.L., and Fore-
man, T.J. Burn wound closure with cultured autclogous
keratinocytes and fibroblasts attached to a collagen-gly-
cosaminoglycan substrate. JAMA 262, 2125, 1989,
Maruguchi, T., Maruguchi, Y., Suzuki, S., Matsuda, K,
Toda, K., and Isshiki, N. A new skin equivalent: Ker-
atinocytes proliferated and differentiated on collagen
sponge containing fibroblasts. Plast. Reconst. Surg. 93,
537, 1994,

Address reprint requests to:

Hitoshi Okochi, M.D., Ph.D.

Department of Tissue Regeneration

Research Institute, International Medical

B Center of Japan

1-21-1 Toyama, Shinjuku-ku, Tokyo 162-8655, Japan

E—marl Bokochi@ri.imcj. gojp



BE,»HWh B B

BZ



REBEMIENX morREH bR
B5Y¥|- 162H - Efffi 3,570 (1% 3,400 # 5%)

@1 JVAMIFRIIIRE, ADSEFRTHIFEET DN, FRRODAEIC
WETRDEZADIFEALEFBEFRE CERFFRDPLEEDTND.
Q@ ETTFEDOREICLD BEFROELOEEFOERAD IUREIDERESLD, eilR,
e FUAICETAZLICDOWVWTH, Pre A7EED 1896 BEEODI RN TGE H'5 TAG
[CEDBATEICEKD eMBEOEENRETDEEZSNID, BHEMRICBWTIE Pre
J7EHOER, BHAVEIFPIOT-F—DEBLGENFHRHTHDCEBHESHER
STW3. LIch'>T, WEEBBEFRICHTIERILBEDDDDHD.

@ BREMIFNICH U THHETIZ, 2000F 11 BLD#BFFIO0THASZITIY
DBRECHDLEONTWVWSE, STV VEREAESHEVDD, HAHAWTERER
Shikoh, FOERICELUTORENSHNTVS.

@ CEFFMOAEICELTIE, 2001 EUNREVY Y, QIR 9—T10VDH
FELE, Ay —D T OVEEOBREEIDRELED>TEL.

OE=ETIE, IAIAUFROWMEOESZER - [BEO@ELN DS, BRESEORRMY

[CDULTHEST.
R il (5 (8) N T E IN 115 § o Sam mveoiats o o b et S g i
FUSHIC—I AL AR EF BCEFRT-TILA
. 15, CRUIF 7 A L ZBIEF HEh i T xR
WO VAMFRORR 16,40 8=7 =02k B4 LD A A XA
L.hPEHICEFEFETAL ATy Y 7O 7.4 va—7 0y BEREOEY
2. 74 LT SRDORE 18. Interferon + ribavirin {# F &k
3.7 A AT R DBE DHED T 19. IFN rebound IFN &k
4. T AN2EFgEE P LT -0 L OB 20, M MFEE
5. 04N AFRDOTHR 21, CRUTFs 7 4 A ZEHRTHEE 4 b S A WIRERAT
6.SEN 7 4 L2 & % OEERNER 22 CEMBMRFRD A ¥ & — 7 x o Y EHHIZVDET
— HigA 3

MBEFHYA VR 7 A HREA
7.BEAF# Y 4 L AOBIEFRSEETORS W=
8 BEUTAY A LRE v ) TORAEE B E TR - AENN—TRERRIC BT 5 MR
9.HBs JiERH, HBcHUEREMMIZHI3 HBV DNA B A & DERED A A =X 4

DIFEE 24 FFR2ANAREIZE T AFEOREARE —HhRmnx
10.BEFFEICHT 55 37U v RE—RIT I 7V Y RSy S ERAMERE A TRERT E LS

FBOHF & B & iz 25. B iRz B R T
11. B EUSHRT 4212343 5 IFN 6RO BH 26. FHENES v — & — OH
12. Precore, core, core promoter DFER & IFAEERE 27, FFElassis - 5 SRR i —Fr i o fl it & &%
ILBARMAEOERELOA A =X b L ZTOIE 28. R R EHK
14. B o HE 29, FFEpURZE R 7

OHHDEHIRMDERITF—LA—-UTIELVEETET. hitp://www. ishiyaku. co. jp/
SN = B SE A R S /B 113-8612 ERETREATIA-T-10/ Lk 00 20000 |

200451 BIFRE TP




o
)

A

1,

BRI o oo

HEOSERREE

Multipotent stem cell in skin

EROZHEERMECET 25
i3, 2 HEOEREITE LI
2001 W KEIERE AT KR
BRE, BELO L2, ETO
EEESRmE SO T, IOERTT
ZE2NF s SRR SE
ET A LAEE SNz ES fikg
(Rt 2 B HEE RS
LRk, ERoMEE R
V—=RELTELALONBEDIT
e,

1]

R DB R
b ERER—EERFLD
SV B 0T, BIEROEE
BEAOE: ENTw, £28.3
NI (B R E L) (IR
Ko { DR T e FEY
M X T v ooB, 20014
Oshima & #2302 OEESEE T
b, ANCEBROMEREICD
BIR-bERRCbRDIZILE
KLY, zof, —EREHERE
AL EME(r s F 14
)27 AOEBBICEATS
., REORBRTEEUAOMEE
AL S B I ERTEINED,
FBATR, BHTRUICAE
Ehnf~¥A bz inif
#FoHEHEE DR VM NE (side popu-
lation cell : SP #lig) MEEICLE
FEL, REMFXD SPEREHY
Aba74—DEFATTAILE
FELiEZ3, SBT3
s EhiY,
MrofgERkh, ArPEEic
LR FEEL, BERTD
BR A SRR BE T B W T
ISR A 7 a{bie % b ofifah
FERIEEETS I EbBEohE
o,

fie

B OZEEM T
2001 £ Toma 51, v 7ADE
BiomiEL R g

o & 2 EREHRBMENEET S
IrERLAEY, REEAE0L
#5157 ® B neurosphere JEICHEL
THEOHES BHHEET I L
iz & b H R M (sphere) B FE AL X
W, EEESIcELTabE Y
T23L0TH B,
EEXLLT T ATERCRIL
(1), MREEELRE ER0E
BTThbLric 1 EOHEDR
& 70— L2 sphere ZSIETET
Z &, TGF- B (transforming growth
factor- 8 )¥RI0K & b sphere O
BAMEESNBE L, Biit-
T sphere D HRIIET 5 2
L tErbheicBELREY, B
#, REOHEMENHETES
% invive & invitro TREARIC
BRHLTwBEIATHS.

E EHBE oSN
ik b 2001 £z Zuk 5, E

EIERIRS | ds b FAERAME
Bohdiz, BLRERHR, &
Bl ricibs a0 d sk
WEETBZIEZRELLY, &
Dfffa BRI FET MR
B - BIFA% 0%k EE
TAMN BHIOBERCERTE,
A OMTEEN LT 0T, BRID
ALPTwELIfEds3, B
EX L 2MEMERD2HD,
By —A L LTEELEHE
Bt LrBbh3,

1

BHbIC

LLEX D, BTG L8
DD & S KRB0 L P TES
B2 TR TIBE L EP OO
U T invitre DEBREOLHT
Horvie (MRao ) 2 ~ 7
RMPEETE I EHMEEAE N,
HREAsEE L w I ATRY R ST
ohiA b B vizgka) ey b
RIS TOH, bEDERDMLR
MECH -0z 20 Tiddk
OBRHAMBETHE, LIRRL
T HEEFR OREEERD &M

. A1 tubulin

1 EEOSEEMERER
B ORI % IS0 L T sphere 2TURL S & 728, SE&RHF T L
B F 27V 3, neurofilament—M BBt D RUEMBLS GFAP BED S 7
B, smooth muscle actin B O EREAHAL, oil red O RERECIEITH

RPHEAT 5,

824 | E¥DOHFH Vol 211 No. 8 2004, 11, 20



n

LI

+

S

Romfla~akL b, HIER
DfEfas Rz sl bk, W
FECAAREEEbR TR E
MEEIzRI N S 2HiFT, Ml
EMRELEDORT YA LEEBRE W
3. EED S #EMARR S 7H
JaREE T NI HREROLE
I TR EDTES, LK
HOOMEEE 3 ST, FRIRHINE
AT B E&ORBENLEER
T2, ES iz AT 24864
OEEWESPERRGOREE 7
VPREBILICRE, SB, M
BEROA % 6 TEPRER SR
OHEEA~DISALEETESD
T, EROMBRERELFLY
BEEFNHEET LB 3,

1) Oshima, H. et al. : Morphogene-
sis and renewal of hair follicles
from adult multipotent stem
cells. Cell, 104 © 233-245, 2001,

2) Liang, L. and Bickenbach, J. R. :
Somatic epidermal stem cells can

produce multiple cell lineages
during development. Siem Cells,
20(1) : 21-31, 2002.

3) Montanaro, E et al : Skeltal
muscle engraftment potential of
adult mouse skin side population
cells Proc. Nail. Acad. Sci. USA,
100 : 9336-9341, 2003,

4} Toma, ].G. et al : Isolation of

multipotent adult stem cells from

the dermis of mammalian skin.

Nat. Cell Biol., 3+ 778-784, 2001.

Kawase, Y. et al. : Characteriza-

tion of multipotent adult stem

cells from the skin ° transform-
ing growth factor- B (TGF-8)
facilitates cell growth. Exp. Cell

Res., 205(1) : 194-203, 2004.

Zuk, PA. et al : Multilineage

cells from human adipose tissue *

Implications for cell-based

therapies. Tisswe Engineering, 7 ¢

211-228, 2001.

Py

5

6

~—

K FIPHZRE / Hitoshi Oxocat
BEUEERERY - P
HORTAE R A BT SR AR

BREICRIETA VT IYUDEE

The role of integrin in the development of kidney disease

ATEE, MRS & MR AR (ECM)
BOEEL>HE YL ECM L&
TE—, Bl1-4 vF ¥ 0G)
77 IVU—%, EEET, ¥4 b
Ay, PoridsrivizEld
WEEOEOEREAT L L b,
BRERRIChhb 5520
EhE (MNEHE R, £, BE, E&-
FIZEREAT (EMT), ECM REE8) 247
HLTV»B I EMNLEWIZEL )
ithhoT &R, F2THRETH,
B1-IG 7732V —OBREKER
FEEE L, 2oLy il
EEIHIL T2 MREA 7 F LR
BoOBHEOMBITYWT, EEL
OMERRLELTHNT S,

BREERICSITS

B1-IG 77 Z—D1%El
BHECI, vk Thy-1'BHiz
AF—HFrL 27y —Th3

A

al1B1-1G DHEHEHEEE L Bk
REIHBCRSE T L, Bl
HWETa v Fo— AR SR L
HEBELTHERC A Iy o
(MC)¥F % ECM O &R M4
TEIERZREMLAEY, 2o,

EHEEEETLEFALTES
WKY v 2 ¥EH b REEHE
ERET 5 L ARGHLPRED
FRAEETIEIE N 2 2 & HEHS
nTw3d, L7doT, alBl-IG
I2E#RICE T 5 MC B ECM
ERCEELMHEL L TR EL
24, i, b FPEREEBOTY,
alB1, a581-1G(7 4 7o
FrLEeF Y YORERLEIGD
JA Y F ECM OERD L AL
HELTWwE I ELBEIRTE
b, BIMETIZ b AR A
¥ AOECMERBEIS1-
IG77 3 —ORIRENES
LTWEZEE2RBLTVES,
=i, B1-1G 7 7 2 U —DBkEE
PHIEL TR FAnFOR
¢, integrin-linked kinase (ILK)
PERER I BE LIRS
RECEELRRE B2 L Tn3
ZEERTHENS>OLTL
B, ILK i, A1, B3 &izyv2
TEaY W/ ALTovEF—+
Thbh, ZOEHIITHD PKB/
Akt, GSK-3, B -catenin, MAP
Fr—CEREEFEEL WS,
Kretzler 5135 KERF 71 —ED
FEETHILKERSEFLT
WAEIEERRL, EEREZET
AHRETLTHILKFE RO L
ARHED, FFy¥y4 FERMIC
ILK 23805 2 Z L 2 |E LI,
EoZfEol, BERFYA MR

B 1 ¥BEHERICSITS ILK & «—SM actin ODRR
7y b WKY < AXBRICET 3ER 4808 (RED iz, ILKA)®
o -SM actin (B) BEIFFICE REL Tw 3,

E2O&HD%A Vol 211 No. 8 2004, 11. 20 | B25



0

e
-]

L

1

FA=veFT5 LILKDF
B EEsEREL, ILKBHRER
EEHL Fidal3BI-IGEALE
35— vEH L OBEEMET
TAHZLRIHLAE BLORE
EBRFHA P A=Y, M
e ILK Oist b2 L a361-
IG @ affinity, avidity %555 L TR
R+ QRS OFEEE G
BT EIcEY, RES I,
A ETFE L 2o BUR AR IR TRALAE
DEBIROMEE, MCNS % &€t
OFFEEEROMBIILATEY
¥4 @ ILK i, RREFRN
R EgaRTFEFLTCVSED
LR RBLTEY, SRR
{LEORERE*&2 5 9 L TH
BREFEGD, —F Guo 5if, BER
EERETRIREA T ¥ LD
ILK 880 & ECM 08 inssHE
L, EIrHEsEsE i MC o ILK 5
BAEMLT 7 s FuRrF Uil
oEMMERTEILEZERL
Fo. MATHES IIEERTO LK
RGBS L b, MC @ ILK ¢
7470RrFrEEOEAIT
P EEHM L TwA I LR
HHLES EESLI v O
B REF LB WT, KBRfE
Mg o ILK &M - BEDH 4T
fFeEbicEint A g ¥y L5
HoOEHEML- <L :BRLTY
CLEHEZELTVS, moivw T
ILK 2346 ECM REEE+ HI4 L
TWBIEZGIPEbELHRT
3,
(OB, Liu & BREETE
DERREEEE T A RRAVT,
B S HEE (AL ORI
FRiNE - Effg i ILK HREE
Mahzalriclh EMT 240
myofibroblast 1 L 72 H @ (@ -SM
actin W) HEAS T B EEF LD 2
LEEFHALE Zeil, IO
ILK &HEHE 2 12 TGF- 8 HEE
RBEERELTWBILHTL
729, BIfE, BHSIE, THREE
o %34 H{EH2 LI 3 Bowman 5%
FEMEI LS LK BHEEE

AL EMT 5T 3 2 LT
TF=IHRBTL{E N

L]

- Bbbic

1G 3348 5 MifR#EE At & HRE R
oY A EERBRILERERRIC
EER@EEELTWE, 54, #
HOBRERTAIGOL A=) —
EENFADIGY T LOEH
MIFRAEH, LK A ERRFLET
B2 P NATOEE, BiERE
BHHEET 2 A A
EVHHRINTLBLEDbR
5, 20O L) LEHERWE
# - ETHBAORF L Bk
REMHHFEIND,

1) Kagami, S. et al. : Effects of anti-
@1 integrin subunit antibody on
anti-Thy-1 glomerulonephritis.
Lab. Invest., 82:1219-1227,
2002,

Kretzler, M. et al @ Integrin-
linked kinase as a candidate
downstream effector in
proteinuria. FASEB [, 15 : 1843~
1845, 2001,

Hattori, M. et al. : Induction of
integrin-linked kinase(ILK)in

2

~

3

—

mouse cultured podocytes after
stimulation with plasma from
recurrent—focal segmental glom-
erulosclerosis patients. J. Am.
Soc. Nephrol., 14 * 3754, 2003.

4) Guo, L. et al : The distribution
and regulation of integrin-linked
kinase in normal and diabetic
kidneys. Am. J. Pathol, 159:
1735-1742, 2001.

5) Kagami, S. et al. : Up-regulation
of integrin-linked kinase (ILK)
activity in the rat mesangioprolif-
erative glomerulonephritis (GN).
J. Am. Soc. Nephrol., 13 : 5004,
2002.

6) Liu, Y.: Epithelial to mesenchy-

mal transition in renal fibrogene-

sis © Pathological significance,
moleculat mechanism, and thera-
peutic intervention. J. Am. Soc.

Nephrol., 15 1 1-12, 2004

Shimizu, M. et al. : Enhanced

expression of integrin-linked

kinase(ILK)in crescent forma-
tion in experimental progressive
glomerulonaphritis (GN). J Am.

Soc. Nephrol., 14 + 6304, 2003.

7

—

FHH T/ Shoji Kacamt
R RSEAS AL AL Y T R
FI o g P B AN RE S B

MbEEdEs

I/ ViR IS FF R A Z{EE

Platelets promote liver regeneration

FE4AIZ2wWTI3 TNF-a®
IL-6 fe £ D A4 F & A >, hepato-
eyte growth factor (HGF) 7 & 3
HHETFERLIZ, ZAETELD
W EhTERD, wEHERK
2D AH AL OFEIZIES I
oty Ff, Ihood
4 bA4 R RTERTE, FEE
{HED I & i BRI T2 IR
BOBREICRV 2R T ERERRE
EEE-TED, ZRMKE
BoTuil, HE, MMEsE
MA e s F X EhiBEr oo
EAERS o TE TS,

826 | E¥O&H®MHF Vol 211 No, & 2004, 11. 20

£

MMRICEEND

FFRECEEL S
s o FEEIIL-18,
1L-6, TNF- oz ¥ DI A
kA4 v, c-jun, c-fos % EOH]
5% E S F, HGF, epidermal
growth factor (EGF) % ¥ O34 H
FHELHEELTWE I LRE
Tl MR R R
CHEEEZ N TEEETE
ZETHEERTEY, RENR
HOELTIL-1805 I otd,
IL-18 i mRNA ofE T/ ED
polysome 12T E 4, FREZ
% & sk i MEA TEH A
b, MAERREICEERD
IL-18 IR T 32, WPEEE

T



Smart Polyion Complex Micelles for Targeted
Intraceliular Delivery of PEGylated Antisense
Oligonucleotides Containing Acid-Labile

Linkages

Motoi Oishi,® Fumi Nagatsugi,®’ Shigeki Sasaki,™ Yukio Nagasaki,

Kazunori Kataoka*

A novel pH-sensitive and targetable antisense ODN delivery
system based on multimolecular assembly into polyion complex
{PIC} micelles of pon{L-!ysine)'(PLU and a lactosylated poly(ethyl-
ene glycol)-antisense ODN conjugate (Lac-PEG-ODN) containing
an acid-labile linkage (B-propionate) between the PEG and ODN
segments has been developed. The PIC micelles thus prepared
had clustered lactose moieties on their peripheries and achigved
a significant antisense effect against luciferase gene expression in
HuH-7 cells {hepatoma cells), far more efficiently than that pro-
duced by the nonmicelle systems (ODN and Lac-PEG-ODN)
alone, as well as by the lactose-free PIC micelle. In fine with this
pronounced antisense effect, the lactosylated PIC micelles
showed better uptake than the lactose-free PIC micelles into
HuH-7 celis; this suggested the involvement of an asialoglycopro-

Introduction

Antisense oligodeoxynucleotides (ODNs) have attracted much
attention as a class of therapeutic agents that can be used to
target mRNA for specific inhibition of gene expression.” Nev-
ertheless, the therapeutic value of antisense ODNs under in
vivo conditions has not been fully proven to be effective
owing to several obstacles, including nonspecific interaction
with plasma protein,” low stability against enzymatic degrada-
tion™ low permeability across the cell membrane,” and pref-
erential liver and renal clearance® Therefore, a high dose of
the antisense ODN is generally required to achieve a significant
antisense effect in vivo. To obtain the desired antisense effect,
a variety of antisense ODN delivery systems such as cationic
lipids (lipoplexes)™ and cationic polymers (polyplexes)® have
been developed, and some of these systems contribute sub-
stantially to ODN stability against enzymatic degradation and
increased cellular uptake, at least under in vitro conditions.
However, due to the nonspecific nature of interactions of cati-
onic components with negatively charged biomacromolecules,
they often tend to show nonspecific disposition characteristics
and short circulating lifetimes in the blood after systemic injec-
tion”? Recently, a new class of antisense ODN delivery systems
has emerged based on polyion complex (PIC) micelles com-
posed of PEG-polycation block copolymers (PEG=poly(ethyl-
ene glycol)) and oppositely charged antisense ODNs, held to-

w[a, d] and

tein (ASGP) receptor-mediated endocytosis process. Furthermore,
a significant decrease in the antisense effect (27% inhibition) was
observed for a lactosylated PIC micelle without an acid-labile
linkage (thiomaleimide linkage); this suggested the release of the
active (free) antisense ODN molecules into the cellular interior in
response to the pH decrease in the endosomal compartment is a
key process in the antisense effect. Use of branched poly(ethyle-
nimine} (B-PEY) instead of the PLL for PIC micellization led to a
substantial decrease in the antisense effect, probably due to the
buffer effect of the B-PEI in the endosome compartment, prevent-
ing the cleavage of the acid-labile linkage in the conjugate. The
approach reported here is expected to be useful for the construc-
tion of smart intracellular delivery systems for antisense ODNs
with therapeutic value.

gether by electrostatic interactions.®™ The PIC micelles exhibit-
ed excellent solubility in aqueous media, high tolerance of en-
trapped ODNs against enzymatic degradation, and minimal in-
teraction with negatively charged biomacromolecules and cell
membrane, owing to the steric stabilization of the very dense
PEG corona surrounding the PIC core. However, electrostatic
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interaction between PEG-polycation block copolymer and anti-
sense ODN seems to be weak under extremely dilute condi-
tions, due to the low malecular weight of the antisense ODN,
with this often leading to the dissociation of the PIC micelles
below the critical association cencentration (cac). Therefore,
the stability of the PIC micelles used for entrapping the anti-
sense QDNs needs to be further improved for use in systemic
ODN delivery. On the other hand, the smooth and efficient re-
lease of entrapped antisense ODNs from PIC micelles into the
intracellular environment after their trafficking into the target
cells is needed to achieve an antisense effect.

Recently, our group™ and Park etal"® have independently
reported novel PIC micelles composed of an alternative combi-
nation of an anionic PEG-ODN conjugate bearing an acid-
labile linkage between the PEG and the antisense ODN seg-
ment and a polycation of appreciable molecular weight. Im-
proved stability of the PIC micelles is to be expected from this
approach, due to the increased association force of the entrap-
ped polycations of appreciable molecular weight. In addition
to showing resistance against enzymatic degradation and mini-
mal interaction with negatively charged biomacromolecules,
the PEG-ODN/polycation PIC micelles underwent cleavage of
the acid-labile linkages between PEG and antisense QDN seg-
ments in response to the endosomal pH, which is known to be
1.4-2.4 units lower than that found under standard physiologi-
cal conditions."" The detachment process of the PEG segment
in response to the pH decrease in the endosomal compart-
ment would be expected to correspond to the transport of the
free (active) antisense ODN moiety from endosome to cyto-
plasm. Nevertheless, PEG-ODN/polycation PIC micelles may
show reduced cellular uptake due to limited interaction be-
tween the PEG shell of the micelle and the cell membrane, so
installation of specific ligand molecules on the surfaces of the
PEG-ODN/polycation PIC micelles is indispensable in order to
achieve specific and enhanced cellular uptake through recep-
tor-mediated endocytosis, allowing the effective dose of anti-
sense ODN to be reduced.

Here we wish to report the preparation and bioactivity of
pH-sensitive lactosylated PIC micelles composed of a lactosy-
lated PEG-ODN conjugate {Lac-PEG-ODN) bearing an acid-
labile linkage between PEG and ODN segments and poly(t-
lysine) (PLL), as shown in Figure 1. The lactose moieties on the
surfaces of the PIC micelles act as a specific ligand for hepato-
cytes (liver cells), because hepatocytes are known to have an
abundance of asialoglycoprotein (ASGP) receptors that recog-
nize and internalize glycoproteins bearing terminal lactose
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moieties."? The lactosylated PIC micelles could potentially be
expected to show enhanced antisense effects relative to PIC
micelles without lactose moieties, due to the enhancement of
cellular uptake through ASGP receptor-mediated endocytosis.

Results and Discussion

Synthesis of the lactosylated poly{ethylene glycol)-oligo-
deoxynucleotide {Lac-PEG-ODN) conjugate

A synthetic route to Lac-PEG-ODN conjugate is shown in
Scheme 1, A heterobifunctional PEG bearing an allyl group at
the a-end and a hydroxy group at the w-end (Ally-PEG-OH)
was synthesized by anionic ring-opening polymerization of
ethylene oxide with use of the allyl alcohol/potassium/naph-
thalene initiator system." The radical addition of 3-mercapto-
propionic acid to the Allyl-PEG-OH in the presence of AIBN
quantitatively afforded a carboxylic acid-PEG-OH (HOOC-PEG-
OH), which was in turn converted into a HOOC-PEG-Acrylate
by treatment with acryloyl chloride in the presence of triethyl-
amine. According to SEC and 'H NMR analyses (Figure 2}, the
molecular weight of the HOOC-PEG-Acrylate (SEC: M,=4450,
M, /M.=1.04 and "H NMR: M,=4630) agrees with the calculat-
ed molecular weight (calcd. M,=5060), and a carboxylic acid
group and an acrylate group were shown to have been quanti-
tatively introduced at the g-end and the w-end of the PEG, re-
spectively. The quantitative introduction of a lactose group at
the carboxylic acid end of the HOOC-PEG-Acrylate was also
performed by treatment with excess 4-amincphenyl 3-o-lacto-
pyranoside in the presence of 1-ethyl-3-{3-dimethylaminopro-
pylicarbodiimide hydrochloride (EDC) and N-hydroxysuccini-
mide (NHS). A 'H NMR spectrum of the Lac-PEG-Acrylate is
shown in Figure 3 with assignments, the peaks of aromatic res-
idue assignable to 4-aminophenyl p-p-lactopyranoside moiety
being clearly observable at §=7.14 and 7.34 ppm, along with
the acrylate peaks at §=5.83-6.54 ppm. From the integral
ratios between aromatic peaks and acrylate peaks or PEG back-
bone peaks at 3.65 ppm, it was confirmed that the lactose
moiety had been quantitatively introduced at the PEG end. To
obtain a Lac-PEG-ODN conjugate bearing an acid-labile linkage
{B-thiopropionate linkage), a Michael reaction between the
3'-thiol-modified antisense ODN (5-ATGCCCATACTGTTGAG—
CH,CH,CH,SH, firefly luciferase, pGL3-control antisense se-
quence™ and excess Lac-PEG-Acrylate {10 equiv) was carried
out according to our previous report” For the controls, Ace-
PEG-ODN conjugate bearing an acetal group at the PEG end
and Lac-PEG-scrODN  conjugate
bearing a scrambled ODN se-
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Figure 1. fllustration of the PIC micelle.
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through a Michael reaction be-
tween lac-PEG-Maleimide and
the 3'-thiol-modified ODN, as
shown in Scheme 1.
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Figure 2, at 'H NMR spectrum, and b) SEC chromatogram of HOOC-PEG-acrylate.

Cellular association and internalization of the PIC micelles

The obtained Lac-PEG-ODN conjugate would be expected to
form a PIC micelle through electrostatic interaction on mixing
with the appropriate polycation, as illustrated in Figure 1. w-
FITC-labeled (FITC=fluorescein isothiocyanate) Lac-PEG-ODN

ChemBioChem 2005, 6, 1-9

conjugate and w-FITC-labeled
Ace-PEG-ODN conjugate were
separately mixed with PLL
(degree of polymerization (DP)=
460, M, =75900) with an equal
unit molar ratio of the phos-
phate group in the PEG-ODN
conjugate and amino group in
PLL (N/P=1) to form the FITC-
labeled PIC micelles. The fluores-
cence from the Lac-PEG-ODN-
FITC/PLL PIC micelles and Ace-
PEG-ODN-FITC/PLL PIC micelles
was viewed under a fluorescence
microscope at different time in-
tervals (30 and 120 min) after
their addition to cultured HuH-7
cells in the presence of 10%
fetal bovine serum  (FBS)

{Figure 4). Note that HuH-7 cells express quite a few ASGP re-
ceptors that recognize and internalize compounds bearing ter-
minal lactose moieties. The association of the Lac-PEG-ODN-
FITC/PLL PIC micelles with the HuH-7 cells and their internaliza-
tion wefe cbserved as early as after 30 min of incubation, and

www.chembiochem.org  © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3
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Antisense activity of the PIC micelles evaluated by
dual luciferase reporter assay

To evaluate the antisense efficiency of the Lac-PEG-
ODN in the PIC micelle delivery system, we carried
out a dual luciferase reporter assay in HuH-7 cells.
Open and closed bars in Figure 5 show the antisense
effects of Ace-PEG-ODN/PLL and Lac-PEG-ODN/PLL
PIC micelles [N/P=1, PLL; DP =460, M, =75 900), re-
spectively, in the presence of 10% FBS as a function
of the concentration of the conjugate. As the conju-
gate concentration increases, firefly luciferase expres-
sion of the cells treated with Ace-PEG-ODN/PLL PIC
micelles .or Lac-PEG-ODN/PLL micelles was progres-
sively reduced in dose-dependent manner (' <0.05).
It was also noticed that the antisense effect of the
Lac-PEG-ODN/PLL PIC micelles was approximately 1.5

TSR T LT LTI T TN Iy e T times higher than that of Ace-PEG-ODN/PLL micelles

9 ] 7 6 H H 2 ¢
é

Figure 3.'H NMR spectrum of lactose-PEG-acrylate.

Figure 4, Association and Internalization of the Ace-PEG-ODN-FITC/PLL PIC miceltes (N/P =1} and Lac-PEG-ODN-FITC/
PLL PIC micelies (NP = 1) in HuH-7 cells after 30 or 120 min incubation. The PIC micelles used and the incubation
time were as follows: a), b) Ace-PEG-ODN-FITC/PLL PIC micelle, 30 min. ¢}, d) Ace-PEG-ODN-FITC/PLL PIC micelle,

120 min. e), © Lac-PEG-ODN-FITC/PLL PIC micelle, 30 min. g), h) Lac-PEG-ODN-FITC/PLL PIC micelle, 120 min. a, ¢, &,
and g are fluorescent images, and b, d, f and h are phase-contrast images.

furthermore, the number of fluorescence staining cells and the
fluorescence intensity of each staining cell increased with pro-
longation of incubation time from 30 min to 120 min (26%—
49% fluorescence positive cells). In contrast, low cellular associ-
ation of Ace-PEG-ODN-FITC/PLL PIC micelles with HuH-7 cells
and fow internalization into them was observed even at
120 min (21% fluorescence-positive cells). This result strongly
suggests that cellular association and internalization of a Lac-
PEG-QDN-FITC/PLL PIC micelle may occur by an ASGP recep-
tor-mediated process, whereas Ace-PEG-ODN-FITC/PLL PIC mi-
celles are taken up into cells only by fluid-phase endocytosis,
known to be a substantially slower process than receptor-
mediated endocytosis."™

at 5 and 10 pm (P < 0.05). When asialofetuin (ASF), a
natural glycoprotein ligand for the ASGP receptor,
was preincubated with the cells (10 mgmL™"} for
30 min before the addition of
the Lac-PEG-ODN/PLL PIC mi-
celle, the antisense effect was
reduced significantly even at
10 um: from 65% inhibition to
38% inhibition (hatched bar 1)},
the same level as achieved by
Ace-PEG-ODN/PLL micelles. Since
the ASF is known to act as an in-
hibitor of ASGP receptor-mediat-
ed endocytosis,'® it is likely that
an appreciable fraction. of the
Lac-PEG-ODN/PLL PIC micelle
may be taken up into HuH-7
cells by an ASGP receptor-medi-
ated endocytosis process to ach-
ieve pronounced antisense activ-
ity in relation to that produced
by Ace-PEG-ODN/PLL micelles
without any particular affinity
toward cellular receptors.

It is worth noting that no re-
duction in firefly luciferase expression was observed even at
10 pm for Lac-PEG-scrODN/PLL PIC micelle (hatched bar4), a
micelle containing a conjugate of scrambled ODN sequence,
indicating that inhibition of firefly luciferase expression by the
Lac-PEG-ODN/PLL PIC micelles is indeed a sequence-specific
event. Non-micelle systems—the 3-unmodified antisense ODN
alone (hatched bar2) and lac-PEG-ODN conjugate alone
(hatched bar 3}—failed to inhibit the firefly luciferase expres-
sion even at high concentrations (up to 10 pm). This may be
explained either by a much more rapid enzymatic degradation
of antisense ODN and PEG-0ODN conjugate in the medium, rel-
ative to the PIC micalle® cr by impaired diffusivity of naked
antisense ODN and Lac-PEG-ODN conjugate, with their nega-
tively charged and hydrophilic characters, through the nega-
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Polyion Complex Micelles for Oligonucleotide Delivery

120
110
100
a0
80
10
60
50
40
30
20
10

-

Normalized firefly luc.
per renilla luc. / %

0 : e :
1&1*"3,4_.:«;;0;;!! 10pM 10pm 107 10w 10pN
(1) (2} (3) (&) (5)

PIC micelles

Figure 5. Antisense effects against firefly luciferase gene expression in cultured
HuH-7 cells. Open and closed bars show results for the Ace-PEG-ODN/PLL PIC
micelles and the Lac-PEG-ODN/PLL PIC micelles, respectively, at varying concen-
trations. Hatched bars are results for: 1) Lac-PEG-ODN/PLL PIC micelle at 10 jim
with ASF, 2} antisense ODN alone at 10 jem, 3) Lac-PEG-ODN conjugate alone
at 18 M, 43 Lac-PEG-scrODN/PLL PIC micefle at 10 jem, and 5) Lac-PEG-Mal-
ODN/PLL PIC micelle at 10 um. Normalized ratios between the firefly luciferase
activity (firefly luc,) and the renilla luciferase activity {renilla luc.) are shown in
the ordinate, The indicated concentrations of ¢onjugate and antisense CON
were the final concentrations in the total transfection volume (250 ut). The
data are shown as the averages from triplicate experiments +£50. P < 0.05.

tively charged cell membrane. It should also be noted that the
Lac-PEG-Mal-ODN/PLL micelle, a micelle containing the conju-
gate with a non-acid-labile linkage,"” was less effective than
the Lac-PEG-ODN/PLL PIC micelle: the former showed 27 % in-
hibition (hatched bar 5), whereas the latter achieved 65% in-
hibition at 10 pm (closed bar). The significant difference in anti-
sense effects between Lac-PEG-ODN/PLL PIC micelle and Lac-
PEG-Mal-ODN/PLL PIC micelle can be ascribed to the difference
in the natures of their linkages between PEG and ODN seg-
ments. The Lac-PEG-ODN conjugate contains an acid-labile (3-
thiopropionate) linkage that is cleavable in the low-pH endo-
some environment, provoking the release of hundreds of free
PEG strands from the PIC micelle to increase the colloidal os-
motic pressure within the endosomal compartment,™® and
eventually to induce the swelling and disruption of the endo-
some. This event may facilitate the transport of free antisense
QDN into cytoplasm. On the other hand, the Lac-PEG-Mal-ODN
conjugate, bearing a stable thiomaleimide linkage not cleava-
ble in the endosomal compartment, may have no contribution
in facilitating endosomal escape through osmotic pressure in-
crease. Furthermore, the presence of PEG strands may restrict
the interaction of ODN segments with target mRNA in cyto-
plasm through steric hindrance, as observed by Moutton etal.
for conjugates of antisense phosphorodiamidate morpholino
oligomers with peptide."™ These results indicate that the
design of the engineered linkage with programmed sensitivity
toward intracellular environment {“smart” PEGylation) is of im-

Normalized fivefly Luc. __
per renilla luc, / %

portance in the successful delivery of the PEG-antisense ODN
conjugate,

The effect of the PLL length on the antisense activity of the
PIC micelles

The effect of the PLL length (DP} on the antisense effect of the
PIC micelles was then examined by comparing PLLs with vary-
ing DPs {40, 100, and 460). As can be seen in Figure 63, a strik-
ing effect of PLL length on antisense efficacy of the PIC micelle
was observed: micelles prepared from shorter PLL components
(DP =40, Mw =8300) showed only limited efficacy at 5 um an-
tisense ODN with a 24 h incubation period (P <0.05) relative
to those with longer PLLs {DP =100, Mw=20900 and 460,

A

5 24 48 72
Post-intubation time P

Figure 6. Effect of: a) PLL length (DP =40 m, 100 =, and 460 ), and b) post-
incubation time (24, 48, and 72 k) on the antisense effect of the lactosylated
PIC micelies. Normalized ratios between the firefly luc. and the renilla luc. are
shown in the ordinate. The final concentrations of conjugate in the total trans-
fection volume (250 uL} were T M (squares) or 5 um (circles) for DP=100
{open symbol) or DP =460 (filied symbol). The data are shown as the averages
from triplicate experiments £ SD. P’ < 0.05.

Mw==75900). Presumably the PIC micelles formed from PLL
(DP = 40) may be unstable under the extremely dilute condi-
tions ([ODN]=5 pm) due to the critical dissociation phenomen-
on, leading to the enzymatic degradation of the Lac-PEG-ODN
conjugate. The effect of the incubation time was then further
studied for the PIC micelles prepared from the PLLs of DP=
100 and 460. After incubation of HuH-7 cells with PIC micelles
for 24 h, the medium was changed to a fresh one free of PIC
micelles to continue the culture for a designated time period
{24, 48, and 72 h). As can be seen in Figure 6b, both PIC mi-
celles composed of PLL with DP=100 and DP =460 {N/P=1)
exhibited an appreciable time-dependent increase in antisense
effect even at 1 pm, The antisense effect of the PIC micelle
with PLL {DP=:460) reached 2 constant value after 48 h post-

ChemBioChem 2005, 6, 1-9 www.chembiochem.org  © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5
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incubation, whereas that with PLL {DP=100} exhibited an
almost liner increase in antisense effect with the post-incuba-
tion time period. Notably, a significant antisense effect was
achieved for the PIC micelles with PLL (DP = 100) {45% inhibi-
tion at 1 pm and 62% inhibition at 5 pm} after 72 h post-incu-
bation relative to that with PLL (DP=460) (35% inhibition at
1 pum and 42% inhibition at 5 pm). A lowered antisense effect
for the systems with longer PLL (DP=460) is presumably due
to overstabilization of the PIC core, restricting the release of
the antisense ODN into the cytoplasm.

The effect of the polycation structure in the PIC core on the
antisense activity

To study the effect of the polycation structure in the PIC core
on the antisense effects of PIC micelles, branched poly(ethylen-
imine) (B-PEL, DP =580, M,,=25000) was chosen as the counter
polycation, as it has often been used for gene delivery in the
farm of DNA/B-PEI complexes displaying high transfection effi-
ciency due to the endosomal disruption property of B-PEl (so
called *buffer” or “proton-sponge” effect).?” Nevertheless, the
antisense effect of Lac-PEG-ODN/B-PEI PIC micelles (N/P=1,
9% inhibition at 5 um and 42% inhibition at 10 M) was lower
than that of Lac-PEG-ODN/PLL micelles (N/P=1) at 5 and
10 pm (P<0.05), as shown in Figure 7. Presumably, the buffer
effect of the B-PEl may prohibit the decrease in the endosomal
pH,P" and this should be unfavorable for the cleavage of the
acid-labile linkage (B-thiopropionate) of the Lac-PEG-ODN con-
jugate in the endosome, leading to the release of intact and
relatively less active Lac-PEG-ODN conjugate into the cyto-
plasm.
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Figure 7. Effect of PIC core polycation structure on the antisense effects of the

lactosylated PIC rnicelles. Normalized ratios between the firefly luc. and the re-
nilfa fue. are shown in the ordinate. The indicated concentrations of conjugate
were the final concentrations in the total transfection volume (250 yt): o B-PE!
PIC micelles, m PLL PIC micelles. The data are shown as the averages from trip-
licate experiments £ 5D. P'<8.05.
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Conclusion

In conclusion, this study reports the preparation of a novel
intracellular environment-responsive and targetable antisense
ODN delivery system based on the PIC micelle composed of
PLL and Lac-PEG-CDN conjugate bearing an acid-labile linkage
{B-propionate) between PEG and ODN segments. The lactosy-
lated PIC micelles thus prepared exhibited better association
with HuH-7 cells than the lactose-free PIC micelles, as observed
by fluorescence microscopy at different time intervals. Delivery
of antisense ODN by lactosylated PIC micelle resulted in a sig-
nificant antisense effect (65% inhibition) for firefly luciferase
expression in HuH-7 cells, far more efficient than achieved by
using the 3-unmodified antisense ODN alone (3% inhibition),
Lac-PEG-ODN alone (39 inhibition), or lactose-free PIC micelles
{45 9% inhibition), as evaluated by dual luciferase reporter assay.
This pronounced antisense effect of the lactosylated PIC mi-
celles indicates that ASGP receptor-mediated endocytosis is
considerably involved in the cellular uptake of the lactosylated
PIC micelles. Furthermore, a decrease in antisense effect was
observed for the lactosylated PIC micelles without any acid-
labile linkage (65—27% inhibition), suggesting that cleavage
of the acid-labile linkage may occur in response to the lower
pH in the endosomal compartment, inducing the efficient re-
lease of the active (free) antisense ODN from the PIC core.
Such structural parameters—length and type of counter poly-
cation used to make PIC micelles—substantially affected their
antisense effects. Significant antisense effects of the PIC mi-
celles {(63% inhibition at Spm and 45% inhibition at 1 pm)
were achieved at 72 h post-incubation time by using PLL with
DP =100, presumably due to the efficient release of antisense
ODN from the PIC core through the polyanion exchange reac-
tion in cytoplasm after the detachment of the PEG shell from
the PIC micelle in the endosome. All of these results indicate
that the system reported here is highly feasible as a smart
intracellular delivery system for antisense ODN and related
nucleotide compounds for diverse therapeutics.

Experimental Section

Materials: Tetrahydrofuran, ethylene oxide (Sumitomo Seika), allyl
alcohol (Wako), triethylamine (Wako), and acryloy! chloride (Wako)
were purified by conventional methods. Propan-2-ol, 3-mercapto-
propionic acid, 2,2"-azobisisobutyronitrile (AIBN), 1-ethyl-3-(3-dime-
thylaminopropylicarbodiimide hydrachloride (EDC), and N-hydroxy-
succinimide {NHS) were purchased from Wako and were used with-
out further purification. 4-Aminophenyl B-p-lactopyranoside was
purchased from Toronto Research Chemicals, Inc. Potassium naph-
thalene was used as a THF solution, the concentration of which
was determined by titration. Water was purified with a Milli-Q ap-
paratus (Millipore}, Plasmid DNAs {pDNA) encoding firefly luciferase
{pGL3-Control, Promega; 5256 bpa} and renilla luciferase (pRL-TK,
Promega; 4045 bpa) were amplified by use of EndoFree Plasmid
Maxi or Mega Kits {QIAGEN). The DNA concentration was deter-
mined by reading of the absorbance at 260 nm. PLL {DP =40, M,,=
8300; DP=100, M,==20900; DP=460, M,=75900) and B-PEI
(DP =580, M,,=25000) were purchased from Sigma and Aldrich,
respectively. 3"-Thicl-modified ODNs (5-ATGCCCATACTGTTGAG-
CH,CH,CH,SH, firefly luciferase, pGL3-control antisense sequence,™
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and 5-TCCGTCTAATGACGAGTCH,CH,CH,SH, scrambling  se-
quence) were synthesized as in our previous report™ with a DNA
synthesizer (94DNA/RNA Synthesizer, Applied Biosystems),

Polymer analysis: 'H NMR (400 MHz} spectra were obtained in
D,0 with a JEOL EX400 spectrometer. Chemical shifts are reported
in ppm relative to D,0 (6==4.79, "H). Size exclusion chromatogra-
phy (SEC) in an organic solvent was performed with a TOS0 HLC-
8020 apparatus equipped with an internal refractive index (RI) de-
tector (RID-6 A} with a combination of TSK G4000,, and G3000,,
columns and THF as the eluent.

Synthesis of HOOCG-PEG-OH: Allyl-PEG-OH (M,=4340, M /M,=
103) was prepared as in the previous report!® Allyl-PEG-OH
(4.34 g, 1.0 mmo!} was dissolved in anhydrous THF (30 mL), togeth-
er with 3-mercaptopropionic acid {1.6 g, 15 mmol, 15 equiv} and
AIBN (0.123 g, 0.75 mmol, 0.75 equiv}, and the resulting mixture
was degassed by three freeze—pump-thaw cycles. The radical addi-
tion was carried out at 70°C for 24 h. The polymer was recovered
by precipitation in cold propan-2-ol {—15°C, 2L} and centrifuged
for 45 min at 6000 rpm. Further purification was carried out by
dialysis against distilled, deionized water (M, cutoff 3500), and the
product was then freeze-dried to give HOOC-PEG-OH (3.64 g, 82%
yield). SEC M,=4330, M, /M,=1.04 {calcd. M,=5010); 'HNMR
{D,0): §=1.83-196 (m, 2H; NaQOCCH,CH,~5—CH,CH,CH,0-), 2.57
{t, J=7.6Hz, 2H; NaOOCCH,CH,—5-), 263 (1, J=72Hz 2H;
MNaCOCCH,CH,~S—CH,CH,CH,0-), 2.82 (x, J=76 Hz, 2H; NaQOC-
CH,CH,~5-), 363 ppm (s, 457H; PEG-backbone)

Synthesis of HOOC-PEG-acrylate: A solution of the HOOC-PEG-OH
(2.0 g, 0.45 mmol) and Et;N (0.911 g, 9.0 mmol, 20 equiv} in THF
(15 mL} was added dropwise over 1 h at 0°C to a mixture of acrylo-
yl chloride (0.400 g, 4.5 mmol, 10 equiv) in THF (5.0 mL}. The reac-
tion was allowed to proceed at 0°C for 24 h in the dark. The poly-
mer was recovered by precipitation in cold propan-2-ol {-15°C,
1L} and centrifuged for 45 min at 6000 rpm. Further purification
was carried out by dialysis against distilled, deionized water (M
cutoff 3500) and the product was then freeze-dried to give HGOC-
PEG-acrylate {1.60g, 79% yield). SEC M, =4450, M, /M,=1.04
{calcd. M, =5060%; 'H NMR (D0, in Figure 2): § = 1.81-1.94 (m, 2H;
—Hy), 2.55 (t, J=7.6 Hz, 2H; —-H,), 2.63 (t, J=7.2 Hz, 2H; ~H,), 2.80
(t, J=7.6 Hz, 2H; —H,}, 3.63 (s, 410H; PEG-backbone, —H.}, 4.36 (t,
J=64Hz, 2H; —Hp), 5.98 (dd, /=18, 12.8Hz, 1H; —H,), 6.23 (dd,
J=128, 254 Hz, 1H; |—H9), 6.44 (dd, /=1.8, 128 Hz, 1H; —H,).

Lactosylation of HOOC-PEG-acrylate: The HOOC-PEG-acrylate
(100 mg, 22 umol} and 4-aminaphenyl f-o-lactopyranosice (48 mg,
111 pmol} were dissolved in MES buffer (25 mm, pH 6.6, 5.0 mL} to-
gether with EDC {532 mg, 2.78 mmol, 125 equiv) and NHS {64 mg,
555 umol, 25 equiv). The reaction mixture was stirred at room tem-
perature for 24 h. The polymer was recovered by precipitation in
cold propan-2-ol (—15°C, 200 mL} and centrifuged for 45 min at
6000 rpm. Further purification was carried out by dialysis against
distilted, dejonized water {M,, cutoff 3500} and the product was
then freeze-dried to give lactose-PEG-acrylate {69 mg, 67% yield).
SEC M,=4630, M, /M, =104 (calcd. M,=5490); 'HNMR (D,0, in
Figure 3} 6=1.79-1.95 (m, 2H; —H,), 2.37~2.41 (m, 4H; —Hy —H},
263 (t, J=7.2Hz 2H; —H,), 3.65 (s, 452H; PEG-backbone, —H,),
437 (t, J=6.4 Hz, 2H; —H), 446~454 {m, 1H; —H,}, 5.13~5.19 {m
1H; —-H,}, 598 (dd, #=1.8, 128 Hz, 1H; —H,), 621 (dd, J=128,
254 Hz, 1H; —H), 643 (dd, J=18, 128 Hz, TH; -HJ), 714 {d, J=
7.7 Hz, 2H; —Hg, 739 ppm (d, /=7.7 Hz, 2H; —H,).

Synthesis of PEG-ODN conjugates: To obtain a Lac-PEG-ODN con-
jugate bearing an acid-labile linkage, a Michael reaction of the 3'-
thiol-modified ODN with excess lactose-PEG-acrylate (10 equiv) was

camied out according to our previous report {79% yield.™ In addi-
tion, three types of PEG-ODN conjugate—possessing an acetal
group at the PEG end (Ace-PEG-ODN, 84% yield), a scrambled
ODN-sequence {Lac-PEG-scyODN, 88% yield), and a non-acid-labile
linkage (Lac-PEG-Mal-ODN, 67% yield)—were also synthesized in
the same manner. 'H NMR (for Ace-PEG-ODN conjugate, D,O):
=119 (t, J=94Hz, 6H; —OCH,CH;), 1.73 (t, J=7.3Hz, 2H;
—SCH,CH,C00-), 181-233 {m, 36H; 2-methylene + ODN-
CH,CH,CH,S-), 243 (t, J=73 Hz, 2H; —CH,CHIOED,), 3.02-3.16
{m, 4H; —CH,SCH) 358 (5, 432H; PEG-backbone + ODN-
CHCH,CHS— + —OCH,CH;), 3.88-3.94 {m, 36H; 4-methine +
—COOCH-), 4.16 (s, 34H; 5-methylene), 4.48 ppm (t, J=73 Hz
1H; —CH,CH(OER),). t'-Methine protons and 3-methine protons
were overlapped by the peak of H,O (4.79 ppm).

Preparation of PIC micelle: Specific amounts of the PEG-ODN
conjugates and polycations were dissolved in Tris-HCl buffer
{10 mm, pH 7.4} to prepare the stock solutions. The solutions were
filtered through a 0.1 pm filter to remove the dust. The PEG-ODN
conjugate stock solution was mixed with polycation stock solution
at an equal unit molar ratio of phosphate group in the PEG-ODN
conjugate and amino group in the polycation (N/P=1}, followed
by the addition of Tris-HCl buffer (10 mum, pH 7.4} including NaCl
(0.3 m) to adjust the ionic strength of the solution to physiological
conditions (0.15m NaCl). The size and size distribution of the PIC
micelle was elucidated by DLS measurements(DLS-7000, Photal,
Otsuka Electronics).”

Cell culture: HuH-7 human cancer cells derived from a hepatocar-
cinoma cell line were obtained from the Cell Resource Center for
Biomedical Research, Institute of Development, Aging, and Cancer,
Tohoku University. The cefts were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with fetal bovine serum
{(FBS, 10%), penicillin (100 unitsmL™"), and  streptomycin
(100 ngmL~"} at 37°C in a humidified 5% CO, atmosphere.

Fluorescence micrescopy: FITC-labeled (FITC=flucrescein isothio-
cyanate} Lac-PEG-ODN and Ace-PEG-ODN conjugates were pre-
pared from 5'-FITC- and 3'-thiol-modified ODN and lactose-PEG-ac-
rylate, HuH-7 cells were seeded at a density of 5x 10° cells per dish
in a 35 mm glass-bottomed dish (lwaki, Japan) and kept overnight
at 37°C in a 5% CO, atmosphere. The Lac-PEG-ODN-FTC/PLL and
Ace-PEG-ODN-FITC/PLL PIC micelles (N/P=1, PLL; DP = 460) were
added at a conjugate concentration of 1pum and incubated at
37°C in a 5% CO, atmosphere for the designated time (30 and
120 min). The cells were washed three times with phosphate buf-
fered saline (PBS) and imaged directly in the cell culture medium
with an Olympus [X70 and an appropriate filter.

Dual luciferase reporter assay: HuH-7 cells were plated in a 24-
well plate (5x 10 cells per well) to reach about 50% confluence at
transfection. The cells were grown for 24h and the culture
rmedium was changed to OPIMEM I. The cells were co-transfected
with two [uciferase plasmids (firefly luciferase, pGL3-control and re-
nitla luciferase, pRL-TK) in the presence of LipofectAMINE (Invitro-
gen). For each well, pGL3 (0.0835 ug} and pRL (0.75 pg) were ap-
plied; the final volume was 250 pL per well. The cells were incubat-
ed for 4 h, and the transfection medium was then changed to
DMEM with FBS (109%, 225 pL per well). The PIC micelle (N/P=1}
(25 pL per well) was added 10 make up a prescribed concentration,
After 24 h incubation, the transfection medium was changed to
fresh DMEM with FBS {10%), and the cells were further incubated
for the designated time (24, 48, and 72 h). The luciferase expres-
sion was monitored with the dual luciferase assay kit (Promega)
and ARVOSX-1 (Perkin-Elmer).
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A novel pH-sensitive and targetable
antisense ODN delivery system was suc-
cessfully prepared by assembling lacto-
sylated PEG-antisense ODN conjugates
containing acid-labile P-thiopropionate
linkages into polyion complex (PIC) mi-
celles through mixing with paly(L-lysine;
see figure). The lactosylated PIC micelles
enhanced gene silencing in hepatoma
cells remarkably; this indicated that this
approach is feasible for a targetable an-
tisense ODN delivery system,
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A Reactive Poly{ethylene glycol) Layer To Achieve
Specific Surface Plasmon Resonance Sensing with
a High S/N Ratio: The Substantial Role of a Short
Underbrushed PEG Layer in Minimizing Nonspecific

Adsorption

Katsumi Uchida,b* Hidenori Otsuka,’ Mitsuhiro Kaneko,! Kazunori Kataoka,® and Yukio Nagasaki*!

Department of Materials Science, Tokyo University of Science, 2641 Yamazaki, Noda-shi, Chiba 270-8510, Japan, and
Graduate School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

A reactive poly(ethylene glycol) (PEG)-brushed layer was
constructed on a surface plasmon resonance (SPR) sensor
chip using a heterobifunctional PEG possessing an acetal
group at one end and a mercapto group at the other end
(c-acetal-w-mercapto-PEG). The density of the PEG
brushed layer substantially increased with repetitive
adsorption/rinse cycles of the PEG on the sensor chip,
allowing dramatic reduction of nonspecific protein ad-
sorption. Notably, formation of a short, filler layer of PEG
(2 kDa) in the preconstructed longer PEG brushed layer
(5 kDa) achieved almost complete prevention of nonspe-
cific protein adsorption. The acetal group located at the
distal end of the tethered PEG was converted to an
aldehyde group by the acid treatment, followed by the
installation of biocytin hydrazide through Schiff base
formation. SPR sensing of streptavidin was done with a
very high S/N ratio even in a proteinous medium using
the biotinylated PEG (5 kDa) tethered chip with an inert
filler layer of short PEG (2 kDa). Furthermore, the specific
affinity of streptavidin for the biotinylated PEG was highly
influenced by the length of the filler PEG and was
significantly reduced when the length of the filler PEG was
longer than that of the biotinylated PEG. This result clearly
revealed the substantial importance of the steric factor on
biospecific interaction at the distal end of tethered PEG
on the sensor surface.

Biosensors for detecting specific biomolecular interactions
such as antigen/antibody recognition and DNA hybridization play
a significant role as a tool in the biochemical and medical fields.
Particularly, a surface plasmon resonance (SPR) analyzer has been
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widely utilized as a labelfree, realtime measurement system.!-4
Even in the highly sensitive biosensor, the background, viz.
nonspecific adsorption of biocomponents often decreases such
sensing ability. Thus, to prevent nonspecific adsorption, a variety
of modifications on the surface has been carried out 15—
Modification by poly(ethylene glycol) (PEG) tethered chains leads
to a significant reduction in the nonspecific interaction of hiological
molecules with the sensor surface because PEG is highly hydro-
philic and has appreciable chain flexibility inducing an effective
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exclusion volume effect®# The key issue in repelling nonspecific
adsorption by tethered PEG is control of the length and density
of the PEG.%#3 However, the length and the density of the
tethered PEG layer involve a tradeoff relation. Increase in the PEG
chain Tength to construct a defined tethered chain layer results
in a decrease in the density of the PEG chain due to the exclusion
volume effect® Construction of a highly dense layer of a
substantially longer PEG chain is surely imperative for obtaining
a nonfouling sensor surface. To solve this controversial issue of
the length and density of the PEG layer, we developed here a
novel approach of undercovering the ligand-installed PEG layer
with a filler layer of a considerably shorter PEG chain. Another
important issue in the construction of a highly sensitive sensor

chip is the proper ligand installation. To intreduce a ligand

installation site at the distal end of the tethered PEG chain, we
have developed a novel synthetic heterobifunctional PEG, pos-
sessing different functional groups at each chain end, with a
controlled molecular weight and a very narrow molecular weight
distribution based on zmionic ring-opening polymerization of
ethylene oxide using various types of metal alkoxide initiators3-%
The one used here is a-acetal-o-mercapte-PEG.33° The mercapto
group reacts with the gold surface of the SPR sensor chip, while
the acetal group is transformed by an acid treatment to an
aldehyde group having high reactivity with the primary amino
group of biologically significant molecules as ligands.

EXPERIMENTAL SECTION

Materials. Two lots of e-acetal-w-mercapto-PEG with different
molecular weights were synthesized according to our established
method,®3 The molecular weight and the molecular weight
distribution of the synthesized PEGs, denoted PEG5k and PEGZk,
were 4990 and 1.04 and 1920 and 1.03, respectively. A gold chip
(SIA KIT Au) for SPR measurement was purchased from Biacore
AB (Uppsala, Sweden). Biocytin hydrazide was obtained from
Pierce, Streptavidin was obtained from Vector Lab. Bovine serum
albumin (BSA) was purchased from Sigma-Aldrich Fine Chemi-
cals. A solution of 0.01 M HEPES buffer (pH 7.4, containing 0.15
M sodium chloride, 3 mM EDTA, and 0.005% surfactant P20) was
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purchased from Biacore AB (Uppsala, Sweden). As a control, a
dextran-modified gold chip (CM5) for SPR measurement was
obtained from Blacore AB {Uppsala, Sweden). SPR evaluations
were carried out on a Biacore 3000 device (Biacore AB).

Preparation of a-Acetal-wmercapto-PEG-Modified Gold
Chip. Introduction of hetero-PEG onto the sensor chip surface
was carried out using an SPR instrument (Biacore 3000). After a
bare gold sensor chip was docked into the instrument, sodium
phosphate buffer (pH 7.4, 0.05 M, containing 1 M NaCl) solution
of acetal PEG-SH (1 mg/mL) was injected at a constant flow rate
of 20 4L/min for 20 min at 37 °C. After a completed injection, the
gold chip was washed with a solution of 0.05 M NaOH for 1 min.
This washing was repeated twice in order to increase the
introduction efficiency. An SPR sensorgram on the gold sensor
chip for this adsorption/rinse of PEG was monitored, and the
amount of tethered PEG was assessed by the SPR angle shift. To
increase the amount of PEG, the process of PEG introduction was
repeated several times. Namely, after introduction of PEG on the
sensor surface as stated above, the acetal PEG-SH solution was
injected again, followed by washing with 0.05 M NaOH in the same
way as mentioned above. PEGylated surfaces prepared by one,
two, and four repetitive introductions were denoted as PEGSk-
(1), PEGSk(2), and PEGSk(4)} surfaces, respectively. In a way
similar to the above-mentioned repeated process, a successive
PEGylation with longer and then shorter PEG was carried out.
On the surface with the preconstructed longer PEG brushes
(PEGSk (1) surface), a shorter PEG (PEG2k) as a filler was layered
by repetitive introduction. PEG5k(1) surfaces with single and triple
treatments with the filler PEG were denoted as PEGSk/2k(1/1)
and PEG5k/2k(1/3) surfaces, respectively.

Nonspecific Protcin Adsorption. Adsorption of BSA on the
prepared PEGylated surfaces was monitored by SPR. A solution
of 1 mg/mL BSA in 0.01 M HEPES buffer was allowed to flow
onto these PEGylated surfaces for 10 min at a flow rate of 20 L/
min at 25 °C, following the injection of HEPES buffer for 3 min at
the same rate. The magnitude of the SPR angle shift by this
successive injection was measured and assessed as the amount
of BSA adsorbed. As a contrel, BSA adsorption on a conventionally
used CM5 chip was examined.

Introducing Biotin to the o-Acetal-w-mercapto-PEG Teth-
ered Chain. Biotinvlation of the free end group of the tethered
PEG was conducted by the acid hydrolysis of the acetal end group,
followed by a reaction with biocytin hydrazide. This treatrent was
carried out before the backfilling PEG unless stated otherwise. A
soluticn of 0.01 M HCl was allowed to flow onto the gold sensor
chip modified with acetal-PEG at 5 4L/min for 60 min at 37 °C to
convert the acetal group to an aldehyde group. Biocytin hydrazide
(0.7 mg/mL} in sodium phosphate buffer (pH 7.4, 0.05 M) was
then injected at 10 4L/min at 37 °C. In this way, the biotin moiety
was introduced at the distal end of PEG through Schiff base
formation. The amount of introduced biotin was assessed by the
SPR angle shift. The surface with biotinylated PEG was denoted
as PEGb; for example, the biotinylated PEGS5k(1) surface was
described as PEGSk—h(1).

Recognition of Streptavidin on the Biotinylated PEG
Surface. PEG5k(4) surface was constructed by four repetitive
introductions of PEGSk as mentioned above. After the construction



of the PEG5k(4) surface, the bictinylation was carried out and
denoted as PEG5k-b(4). On the PEGylat=d gold sensor chips with
or without the biotin end group, viz.,, PEGSk-b(4) or PEGEk({4)
surfaces, a solution of 6 gg/mL streptavidin in 0.01 M HEPES
buffer was injected at a flow rate of 20 xL/min for 10 min at 25
°C, followed by the injection of HEPES buffer for 3 min at the
same rate. The magnitude of the SPR angle shift by this successive
injection was measured to assess the amount of streptavidin bound
to each surface. An untreated gold surface was used as a control.

In the same way as mentioned above, the SPR angle shift for
streptavidin was monitored on the PEGZk-b-tethered chain sur-
faces without and with a longer filler PEG5k and on the PEGSk-
b-tethered chain surfaces without and with a shorter filler PEGZk.

SPR Sensing of Streptavidin from a Mixed Protein Solu-
tion. On two kinds of PEGylated gold sensor chips, PEG5k-b/
2k(1/3) and PEG5k-b(1) surfaces, a mixed solution of 0.1 zg/mL
streptavidin and 1 mg/mL BSA, a 104 excess relative to the former,
was injected at a flow rate of 20 uL/min for 10 min at 25 °C,
followed by the injection of HEPES buffer for 3 min at the same
rate. The magnitude of the SPR angle shift by this successive
injection was measured to assess protein adsorption. A 0.1 ug/
mL streptavidin solution was used as a control.

Inflzence to SPR sensing of streptavidin by the length of
the filler PEG. To assess the effect of the chain length of the
filler layer, two types of mixed tethered chains were prepared,
viz., biotin molecules at the free chain end of PEG5k and -2k,
respectively. In the case of the mixed PEG tethered chains (5k/
2%) having the bictin molecule at PEGSk, after the modification
of PEG5k (SPR angle shift of 0.18°, which was controlled by the
SPR flow time of the PEG5k solution), biocytin hydrazide was
conjugated in the same manner as stated above. The amount of
modified biotin was also controlled by the SPR flow time (0.015%).
To the prepared surface, PEGZK was modified (PEG5k-b/2K).
PEG2k-b/5k was also prepared in the same manner.

RESULTS AND DISCUSSION

Two lots of a-acetalw-mercapto-PEG with different molecular
weights were synthesized according to our established method %5
The molecular weight and the molecular weight distribution of
the synthesized PEGs, denoted as PEGSk and PEG2k, were 4990
and 1.04 and 1920 and 1.03, respectively. PEGylation of the SPR
gold sensor surface was done in sodium phosphate buffer
contairing 1 M NaCl The use of the buffer with high ionic
strength caused an increase in the amount of tethered PEG, due
to the reduced solubility of PEG in the buffer solution™ From
the result of SPR analysis, the use of the buffer with 1 M NaCl
induced an increase of the SPR angle shift for tethered PEG by
~40% in comparison to that without NaCl (data not shown).

Nonspecific protein adsorption on the PEGylated surface was
evaluated using BSA as a model protein. A bare gold and a
commercial carboxymethylated dextran surface (CM5) were used
as a control. The SPR angle shift due to the nonspecific adsorption
of BSA was (802 £ 176) % 107" and (58.9 £+ 123} x 107" for a
bare gold and the CMS5 surfaces, regpectively, when 1 mg/mL
BSA solution flowed for 10 min. The amount of adsorbed BSA
was gradually increased until 30 min, On the contrary, the PEG5k
surface showed very low BSA adsorption ((24.1 & 4.3) x 107%)

26) Emoto, K; Harris, ). M,; Alstine, M, V. Anal. Chem, 1996, 68, 3751-3757.

under the same conditions. It should be noted that ne increase in
the adsorbed amount was observed after 10 min. Thus, evaluation
of the protein interaction on the PEGylated surface was carried
out for 10 min. An SPR angle shift of 1.0° ont the CM surface was
reported 1o correspond to ~1 wg/em2A* If this relation is
applicable for the PEGylated surface, the amount of the adsorbed
BSA on the bare gold, CM, and PEG5k surfaces were estimated
as 80.2 + 17.6, 5.9 £ 1.2, and 2.4 % 0.4 ng/cm?, respectively, It
should be noted that the thickness of the tethered PEG layer is
estimated to be below ~10 nm "% whereas the dextran? gel has
~100-nm thickness. It is well known that the sensitivity of SPRis
in an inverse proportional relation to the distance from the gold
surface.#373 Thus, the PEGSk tethered chain surface is likely to
have the more remarkable nonfouling character than the conven-
tional CM hydrogel, even though the former has the shielding
layer ~1/10 thinner than that of the latter. Though PEGSk
appreciably reduced the nonspecific BSA adsorption, there was
still a slight, but definite, adsorption of BSA, which may hamper
the specific sensing ability in actual use. To further decrease the
nonspecific adsorption of BSA on the PEG layer, an increase in
PEG density on the surface may be absolutely imperative,
Repeated introduction of the PEG chain to the preconstructed PEG
brush surface was then carried out to increase the surface density
of PEG. After a first treatment with PEGSK, the sensor surface
was washed with the buffer and a solution of 0.05 M NaOH in
order to remove noncovalently adsorbed PEG. The sensor chip
was then treated with a sclution of PEGSk again. This cycle of
adsorption/rinsing of PEG5k was repeated several times. By
rinsing, a reduction in the SPR angle shift was observed on the
surface with PEG5K, indicating that noncovalently adsorbed PEG
was removed. Retreatment with PEGSk caused a reincrease in
SPR angle shift.® Eventually, the total SPR angle shift was
amplified by increasing the treatment cycles to four, indicating
that repetitive treatment with PEG5k was effective in increasing
the density of PEG. According to the simplified calculation for
estimating the effective adlayer density on the gold surface from
the measured SPR response 2% the average PEG adlayer density
was calculated, and the results were shown in Table 1. Nonspecific
adsorption of BSA on the PEG5k layer with varying numbers of
treatment cycles was evaluated as the amount of adsorption (ng/
cm?) from the measured SPR angle shift, and the results are also
listed in Table 1. With increasing treatment cy¢les, the nonspecific
adsorption of BSA was dramatically reduced. Thus, the repeated -
treatment was indeed effective in preventing nonspecific protein
adsorption. Notably, this trend became even more significant by
the additional treatment of the PEG5k(1) surface with shorter PEG
(PEG2k) as seen in Table 1. Qur hypothesis was to increase the
surface brush density by PEG2K, refaining the PEGS5Sk brush
surface character. After a first treatment with PEGBk, the surface
was treated with PEG2k by a repeated adsorption/rinse procedure
as stated above. The density of the PEG layer from the total SPR
angle shift induced by this adsorption/rinse treatment with PEG5k
and -2k is also summarized in Table 1. Obviously, successive

37 Jung. L. 8. Campbell, C. T; Chinowsky, T. M Mar, M. N;; Yee, 8. 8.
Langmuir 1998, 14, 5636—5648.

(38) Lu, H. B.; Campbell, C. T; Gastaer, D. G. Langmnuir 2000, 16, 1771-171.

(39) Licdbery, B.; Lundstrom, b; Stenberg, E. Sens. Adtuators, B 1993, 11, 63—
72

{40) Refer to Supporting Information.
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Table 1. Relation between the Adsorbed Mass of PEG and BSA on the Gold Surface

SPR response (deg)

density (ng/cm?

surface® PEG BSAt PEG- BSAd
bare gold 802 + 176 x 10~4 802+ 17.6
PEG5k (1) 0.150 £ 0015 24143 x 1074 20+23 241043
PEGSk (2) 0.194 £ 0027 170+ 3.2 x 104 298 1 42 1.70 + 032
PEGHK () 0.239 £ 0022 76425 x 101 366 £ 34 0.76 £ 0.25
PEGHk/2k(1/1) 0.219 +£ 0.018 40+ 1.6 x 1074 335227 0.40 £ 0.16
PEGHk/2k(1/3) 0.298 £ 0.025 11+11 x 1074 456 + 39 011+ 0.11

= PEGylalion of a gold SPR sensor surface by repetitive PEG modification: PEG5k(L), PEG5K(2). and PEGSk(4) surfaces are prepared by the
modification of c-acetal-mercapto-PEG having the My, of 5 kDa, where the number in parentheses deneles the number of modification cycles;
PEGHk/2k{1/1) and PEGSk/2k(1/3) surfaces are prepared, respectively, by single and triple modifications of the PEGSk(1) surface with e-acetal-
w-mercapto-PEG having M, of 2 kDa. ¥ The SPR angle shift for BSA adsorption by using 1 mg/m]. BSA solution at a fow rate 20 xl/min for 10
mir at 25 °C. ¢ PEG adlayer density is esimated {rom the total SPR response for the PEG madification.3# ¢ The adsorbed mass of BSA is

calculated from SPR response for adsorbed BSA 4N

sutface treatment with PEG5k and -2k induced a more significant
SPR angle shift compared to the repeated treatment with only
PEGSk, indicating the former to have a higher PEG surface
density than the latter. Furthermore, as can be seen in Table 1,
the PEG5%/2k (1/1) surface showed remarkably lower nonspecific
adsorption of BSA than PEGbk(2}). Notably, by triple treatment
with PEG2k of the PEG5k(1) surface (PEG5k/2k(1/3)), nonspe-
cific BSA adsorption was almost complete suppressed, L1 x 1074,
namely, ~0.1 ng/cm? On the basis of these results, it was
concluded that an essentially nonfouling surface was constructed
by the successive surface treatment with PEG having a molecular
weight of 5000 (PEG5k) and a shorter PEG (PEG2k) that formed
the underbushed PEG layer.

The c-acetal group of the PEG in aqueous sclution was
quantitatively converted into an aldehyde group by acid treatment
such as (.01 M HCIL The conversion reaction on the surface
tethered chain end was confirmed by an ESR measurement after
an installation of ESR probe (4-amino-TEMPQ).3 Due to the high
reactivity of aldehyde groups toward primary amino groups3+3®
various ligands including proteins and peptides can be covalently
conjugated to the distal end of the tethered PEG chains. In this
study, biotin, a molecule showing specific affinity for streptavidin,
was bound to PEG as a model ligand molecule.

Biotin having a hydrazide moiety (biocytin hydrazide} was
installed at the distal end of the PEG tethered chain on a PEGSk-
() surface constructed using four repeated treatments with
PEGSk. The biotin-conjugated PEGSk(4) surface was denoted as
the PEG5k-b{4) surface, SPR sensing of streptavidin (6 ug/mL)
binding to the PEG5k-b(4) chip was then examined. A bare gold
chip and a PEG5k{4) chip without biotin were used as controls.
Obviously, there was essentially no adsorption of streptavidin on
the PEG5k(4) chip as shown in Figure 1. This is in sharp contrast
to the bare gold surface showing a significantly high nenspecific
adsorption of streptavidin. Highly specific recognition of strepta-
vidin by the system of PEG5k-b(4) was confirmed through the
significant shift in the SPR angle with the injection of streptavidin
solution into the SPR flow channel.

To assess the specific sensing of streptavidin in a mixed
solution of protein by a biotinylated PEG5k surface, the BSA
solution (1 mg/mL) containing 0.1 pg/ml streptavidin was
injected into the SPR system equipped with the PEG5k-b(1) or
PEGS5k-b/2k(1/3) sensor chip. The results are summarized in
Table 2. The PEG5k-b (1) system showed a higher SPR signal upon
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Figure 1. SPR sensorgrams for the binding of streptavidin 1o the
bare gotd, PEG5k-b(4) and PEGSk(4) surfaces using 6 pg/mlL
streptavidin solution at a flow rate of 20 ul/min for 10 min at 25 °C.
At time zero, the flowing solution is switched from HEPES buffer to
the streptavidin solution and the altemation of their solutions at 600
s (10 min). PEG5k(4) surface has acetal groups at the end of PEGSk
tethered chain surface, on the other hand, PEGSk-b{4) surface has
biotin moieties. On the PEGSk with aldehyde groups tethered ¢hain
surface, biocytin hydrazide was introduced, and SPR angle shift for
biotinylation was 0.030 + 0.009°. This surface was denoted as a
PEGSk-b(4) surface.

Table 2. Effect of a Filler PEG Layer on the Specific
Recognition of Streptavidin

adsorbed mass (ng/cm?

sireptavidin/
surface® BSA mixture! streptavidin®
PEGSk-b(1) 531 £ 52 455 + 40
PEGSk-b/2k(1/3) 449 £ 30 439 £ 27

% The mass of biocylin hydrazide binding to the end of the PEGSk
chain is estimated at 203 ng/cm? from SPR angle shift44 (n = 4,
+SEM), *The adsorbed mass of protein from a mixture of 0.1 ug/
ml, streptavidin and 1.0 mg/ml BSA is calculated from the SPR angle
shifl.414_ ¢ The adsorbed mass of protein from 0.1 ug/mL streptavidin
is calculated from theSPR angle shift . The SPR angle shifts on the
biotinylated PEG surfaces by flow of the protein solution at a flow rate
20 ul/min for 10 min at 25 °C.

the injection of the streptavidin/BSA mixed solution compared
to that obtained for the pure streptavidin solution. This increased
response by the mixed protein selution is the contribution from
the nonspecific adsorption of BSA. Worth noting is that coexisting
BSA has almost no effect on the SPR signal in the case of the
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Figure 2. SPR sensorgrams of protein adsorption on the PEGSk-b/2k(1/3) surface from (a) 0.1 pg/ml streptavidin, (b} 1.0 mg/mL BSA, and
{c) the mixture of 0.1 xg/mL streptavidin and 1 mg/mL BSA at a flow rate of 20 al/min for 10 min at 25 °C. The sensorgram calculated by
subtracting the SPR sensorgram of 1 mg/ml. BSA from that of the mixture is shown in {d). PEGSk-b/2k(1/3) surface is the PEGSk with biotin
moieties tethered chains surface having the backfilling of PEG2K. The mass of biocytin hydrazide binding at the end of PEGSK chain is estimated

20 + 3 ng/cm? from the SPR angle 4 {n = 3, +8EM)

mixed brush surface of PEGSk-b/2k(1/3}. The nonspecific char-
acter was also confirmed by the SPR sensorgrams shown in Figure
2. Panels a and b of Figure 2 show the sensorgrams of 0.1 ug/
mL streptavidin and 1 mg/mL BSA, respectively. Due to the bulk
effect, the angle shift of ~0.01° was observed when 1 mg/ml BSA
solution was flowing. When the mixture of 0.1 #g/mL streptavidin
and 1 mg/mL BSA flowed, the sensorgram was exactly the same
as the streptavidin sensorgram along with the bulk effect due to
the 1 mg/mL BSA solution. Obviously, the subtracted SPR
sensorgram (Figure 2d = 2¢ — 2b) completely overlapped with
that obtained in the presence of streptavidin (Figure 2z}, indicating
that excess BSA had negligible effect on sensing of streptavidin,
It was confirmed again that the mixed PEG brush surface showed
an appreciable nonfouling character. The short underbrushed
layer of PEG2k contributed to minimizing the nonspecific adsorp-
tion of BSA.

To obtain further information on the sensing of biotin at the
free end of the PEG tethered chain, two models of PEGylated
surfaces were prepared. One was a PEGylated surface possessing
a short PEG chain (2k) with biotin and a long PEG chain (5k)
without biotin, denoted PEG2k-h/5k. The other was an alternative

combination, which means that the sensor chip possessed a short
PEG chain (2k) without biotin and a long PEG chain (5k) with
biotin, denoted PEGSk-b/2k. Those are schematically fllustrated
in Figure 3. To assess the effect of PEG chains without a ligand
end group, the amount of first modification of PEG was controlled
in the range of angle shift of 0.13—0.18° to introduce a certain
amount of the second PEG. Construction of these model surfaces
was monitored by the SPR angle shift, and the data are sum-
marized in Table 3. PEG2k-b and PEGSk-h were used as controls
of this study. The SPR sensorgrams for streptavidin binding on
these model surfaces are seen in Figure 3. Compared to the
PEG2k-b surface, the introduction of PEGSk among the PEG2k-b
brushes appreciably reduced the SPR response to streptavidin
(Figure 3a). These results indicated that 2 longer PEG chain
hindered the specific interaction of steptavidin with biotin at the
distal end of the shorter PEG chain due to the excluded volume
effect of the longer PEG chain; viz. the protein could hardly access
the free end of the shorter chain because of the existing longer
PEG chain. Worth noting is that, by a treatment with PEG2k of
the PEGSkb surfaces, the SPR response to streptavidin was
definitely increased (Figure 3b). Further worth mentioning is that
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