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RAFBR AR MBS (BRI RAEENIEF )
WErEREE

RNABIERAZTETH AL FA A=V THROREST (H20-F / -EF-007)
FEFEE B AR MRS RERFEREET R A

WFRREE AW TS small interfering RNA (siRNA) DENEIEL FEEEBH), U 7% A A
P ORBRE T T D HINOMESLZ BRI L L, siRNA @ BF BT b o ViEREDOBER 2 5O
IZARY b WiEYE (positron emission tomography; PET) (& & 2 B REMEAT R ORGSR 2 B L
72o XU ®IZ, Non-RI & FIZT7 v FiZik siRNA DARERE L=, T FEL R84 3
RUGIZAN—H— & T I ) KA A L siRNA ZFEE L, N-succinimidyl 4-fluorobenzoate
(SFB) %G S¥7z, RUS#% HPLC IZTHBE%. ESI-TOF-MS (X > TRIEL. BAEHE
BEMERT-Z L MR LT, RIZFESA: T N-succinimidyl 4-['*F]fluorobenzoate (S'*FB) % ff
WTBFRY b e E# siRNA 28K L, RISFICAEEZIF TWanE & 2R Lz, BF
IRk SIRNA 2~ U RICBHAIRNICEREBE L7z =a— L X V&5 L, Z0ENEIREL SR —
Rt PET %& (planar positron imaging system: PPIS) % F\NCHEHT L7z, PET A% ¥ LK T#
WITFBER 2R U, BT OBREEEZ T o~ A 7 o Z—THIE LTz, FOREE. siRNA
HETIIREZRECHICRIRICER L., BRICBITT2RFIE8ESNE,

{LZE{EAT SIRNA OENENRED PET fi#MT 23R4z, o A IKMICa L AT u— L &S
L7 siRNA D7 v FE A IRMEE PFEHR L, <~ U XTI 3 NEEL AT Lz, =
VAT B —/LiEA siRNA IE. naked siRNA & H#R U Cl A IR ER Lz, £/, 2L X
7 1 —/)UiE & siRNA %, naked siRNA & i U CHFIBIC BV ERME R R L=, D L 524k
FEMIC L D siRNA BIREHIEH OB ZMEE PET A A—T 0 7452 LIS LT,

FINR=T 4 7 )V% siRNA X7 & — L UTHV., =T R IZBIT 5 siRNA DOIENEIRE %7
Ll T/ =T 4NV LTRIFA=v I IRY—LERIZF LI Y a—

(PEG) Effi) RY —2 & H\W Iz, PET BITORR, hF A=y 7 VRY —AZHEE L
siRNA 13, BFIRNE SR ELCHHICIICER L. MCE E 28T 088 SNz, —F T, PEG
Effi U R Y — MCHE LTz siRNA Tk, @505V 73 S h, PEG &) R Y
— LD TH L EHAMFHEEZ T T — 2R3 EBON-, I F A=y 27 VRY—LbLDL
BT, iR shievsg, BB~ BRRE Sk, SEDX iz, A
7 4 —DHEIEF LT siRNA OBERE(LT 2T 2ERBHICA A—V 7350
WZRE LT,

KEBET LEMMIZIIT D siRNA {KPNEIRED PET fi##T % 324 L 7=, Colon26 NL-17 K43 A
Mz~ U 2AERBEETICBH L, EBA~Y R2ER LTz, hF A=y~ VKRV —2Ai, PEG
Effi ) ARV —A5, HDVIE PEG DOEHIZ VEGFR] BFAIESRTFF RERE LY HY FiES
YR Y — 52 F =5 siRNA 2468 L A A~ 7 IR B NEIES PET f#HT L7,
ZORER . PEGEM YR Y —2HDW0IE) H FEESE U R Y — AICHE# L7 siRNA 12380



TRV EFEREP BRI I,

kDX 5T, AHFFRIZTHF L siRNA (KNEIRED PET f#ITIEIL, FTH~7 ¥ —0DF
FMEDFEE, KB ~D siRNA EFEOHEISATRTH S Z ARSI N, KFEF
Lo THLNTREIZL Y., RNA AIEEIZEIT 5 siRNA {KNERED PET fEHTEAMT OF A
PEASEERA &7z, AREHTIC X » TEKRBER O siRNA OENENREICE L THRRERBIED
NBZ L2k, RNAAIEROBREDERELFED, AIBROIMEIZHEOMT Z L3 HifFI L5,

A. WFZEEB

KR OEREMS & LTH7 small interfering
RNA (siRNA) OERIGCAZRET DITIE, KE
LIS LERD siRNA #EEARE R 2 & 58
TUNY = AT LAOMBNRULETHDH, ZHE
T siRNA OERE (VAR — 4, BHFItr%s
DY F—) OENBEITFERICEIT S TE
0, EFETH 5 siRNA RIEDENEIRBIIRID Z
EMNE, T T TABFFE TIiL siRNA DENEIRE%
EEEE, U TAE A DD OERREICETT 55
WORMSIZ B E L, siRNA ® BFRY bo &
BAADOBEEZL AR Y bu CWrfEE  (positron
emission tomography; PET) 2 X % EREFEATEAT D
HEL B Lz, AFERORHBIL. 1) MoBEE
B LY b HBHRBERA A=V TEMT
HDHZ L. 2) R F—TI72< EETH % siRNA
DENREMATET TH D Z L 3) KB, ERES,
R F—IZ Lo TRESINTISAERBEI IRV Z
&L 4) EbhvAru F—AER~OREMELRLE
BETFLND,

ARFZE D BEEERIZ L - T siRNA OANEEE
F—F NEUGATRE & 2 uiE, IREIRETHIT S
9 2 ThH DDS EFEMOBHFRRGHZT 41— K3y
735 ZATHLEERERSIEFELNDZLITR
D, BMERALLE hTORSME - B A
KENTHHEZEZOND, S BITPETIE, A
B2 Te hCTOEAEBERHDH I 2, w478 R
—ARBRA~DISHBFEINTE Y, siRNA D
PETZ K 2 ENEMEHTIZERMEOEH VAL L WNR D,
BRI ORY b o 2 EHAT 5 PET X, &
RS DBNREARAT IZIZ M D>\ AS, < OB

itk h DA EWZBIREEATEAT & VW 2
%, 3 r FEFHBEIOFEEED LA 2RFEB T,
SiRNA R Y b o AZFBIKDOB %, siRNA FRNENE
® PET fEATEAT ORESL, ®H in vivo £ A—T
7L DHEY, BT X —THE#E U7 siRNA
OENEREHT, IRIEE T LV EMITI1T 5 siRNA DF)
T CH B,

B. WA

(1) siRNA R b o AEFRAEOBR %

T oF s A IR 6 [REAR—Y—B X
VM7 I ) E&EA U-piBRA siRNA % by s
AT YA = AFHITEFE L TERR LTz, siRNA
DEFNE, A7 T TN (a2 ha—L) Elx
Bz, Z07 3 /{t siRNA &[¥Fl-a~7BA
I FFHEERERUVREERFTTRE L, BRIZT
20 REEE L TRIG S8, RICIRAMERBRIEIC
LoTRREGD "F 2BREL, Y ho U E#%
siRNA (°F 13 siRNA) %87, 7238, °F 2B
DD EBRIT, EREK b =7 AR R
BT PET & v & — O FEH 71 245 TEME L 7=,

(2) siRNA 73#riEDORRES

siRNA D2, 7ToFEUV R, BIUOT
==V T%O 2 REEETNENRTE FTRER
LC/ESI-TOF-MS Dot &bt Liz, £, =
—/V K GERSME) OkE&mE AW ToEL TR
MU, ZEOEBEEZRY b u AR siRNA O4HTIZ
JiF L7z, HPLC ®# 7 AIZ1X C18 ODS % Av>,
BEMBIITEAA L T =R VEDTF T
r&fE L L7z, ESI-TOF-MS #HEIFFDA A 1L T
ik, RHT 4 T4 A ALET— RERIR LT,



(3) VA Y — 24k siRNA DFFRY

HF A MEREE DOTAP & I LA Fa— /L% -
T8 —NVEERFTRA L, —BREEER LT,
RNase 7 U — D U BERRMEHR CAFIt, U RY—
LDORIFRETZI X M—2 3 VIEICTH 100
nm I L7, *F-siRNA & U Y — A% RRIC
T2 53 A vF 2=k L, JARY—A,{LsiRNA
EFRBLE (W FA=v 7 URY—D) , £,
U R — 2k siRNA ¥84ZIZ MPEG6000-DSPE %
M., 60°C T 10 534 > % 2~_— h LT PEG &
iz L7 PEGEMYRY—L) , KUKV —
LAk siRNA ORLFRRI LN BALIL, Zetasizer
Nano ZS # W THHEI L7z,

(4) VR Y—AI{tsiRNA DLEN

SIRNA ¥ & 5\ L Y K Y — ML siRNA BRI
BACEREE 90% MK L 725 & 5 ICliEERF L, 37
°C 12T 1 BfflA > F 2— h L7z, siRNA Z#h
MLz, RV 727 UAT7 I FEKKBZL>T
5yHf L. Ethidium Bromide (= & ¥ Jefa L7z, &
v ROENBREE L, LAS-3000 2 W THIE LTz,

(5) siRNA RNEIRED PET 4T

F-siRNA BL{AR 5 ONC ERO U AR Y — Al
# L7z ®F-siRNA OENBIEZ AT L7, 5 Eif
et BALB/c v 7 RIZ&H v 7V & BRIV
BElLiz=a—LEv&EE L, M55 2 KT PET
4@ (planer positron imaging system) % U\ Tk
WENREZfRAT L7z, 1 BFE 0 PET FHAIK T#IZ~
TR L, KIRERCRT B EEE v~
H o —IZTHIE LT,

(6) HHAEERK siRNA D invivo f A—

IR ERERTH D Alexa750 THEM LT
siRNA %W T, siRNA #i U A Y — A2 L
T=o ®H in vivo £ A=V 7 DR L LTI,
Xenogen #£ IVIS® Lumina % Fi\ 7=, 5 SRR
BALB/c =7V RIZRF#IRAHK S L., HEHEEKLY
FEIRFRYIC SIRNA OENEERBRZ LT, 1 B0
AA—TV U TETHRICS T AEMTI L. SR
BT 2 EMIREZ ex vivo I TFHM L7z,

(7) {b2ERf siRNA 0 PET BYfEARHT

{L2EER SiRNA & LTIE, I L AT B—LiES
SiRNA Zf\Vz, 2 VAT o—L oA ERTIL,
R b a VEREFRO7 o F 2 A 3R &1
REHUD & > 284 3R L, siRNA DIEHICE
BERIFSRVEFREZBR L, Mx T, K%
RIFBEEZIKVREHCI L, 2V ATR—
JVFEE siRNA DR Y b o U 4E#iE, iR naked
SiRNA Dk & RO FETEMR L, *F %
U AT B —LfEA SIRNA 38 X USHIB o °F 25k
siRNA &~ 7 X (ZB#IRAE S L. PET Z VT
{RNBIRERRIT 21T o 72,

(8) HTHI~2 & —|Z## L 7= siRNA @ PET @&
AT

SIRNARZ % — L UTHBUCBHRE LRV »F
V8" (dicetylphosphate-tetraethylenepentamine:
DCP-TEPA) % Ek5r &% U HY—2A (TEPA
UYRY—2) ZRBLE, 22T o— LA
SIRNA % TEPA U RY — LT3 812k b,
HEMEELERAB I UHAEHEEERIZE-T
REMNTGREND T /K 2BR LTz, £Z T,
BF {8 = L A7 n—/LfE S siRNA % V>, TEPA
UARY—AZ#E# LT siRNA OEANEHED PET
FRAT BRI Tz, B9 100 nm © TEPA U Y
— A B PR S L AT 0 — LSS siRNA
EEFML, 20 A v Far—a 032528 T
T IRFEERSET, ZDH%, FA M P —
¥ a VIEIZ & - TPEG5000-DSPE %7 / KiF12f&
iz, ZH BEARD PET fRHT &2 5ME L7z,

(9) BIHRET VB %E F\ - sIRNA BIREAZT

Colon26-NL17 #fatk (= o7 A K3 A MHaRE)
EIVALRRTIZBEL. BRETLVEME L
TEEBABBRA~ T ZEERK LIz, siRNA X7
#—L LUTIEDOTAP 2 XKD L THEIF A=
7 YR — A [/ RV —AIZ PEG6000 ZEAH L
72 PEG U AR Y — A B L OMEEEHT A M & A M
CHE MM OoO®BWENY F R

(Ala-Pro-Arg-Pro-Gly : APRPG) % PEG6000 D%



YRIZIETRT D APRPG U R Y —AERIHT Az,
BHYRY—2_yF—THEBR L F ER
siRNA %~ 7 ZARF#ARN L 0 &5 L. ZDOENE
fE% PET fi##r L7,
- B m ~DEE

YUHHRIZBE L T, T TOEMERT o h =2
—it, FTBEEICBT 2BMEREERICLD
EBE - ARBEZIT TV D, £ BMEEORKMH
IZDo kY, ERICEVIRET AR - FwE T
XAME VBB TE D HELBIRL THWE,

C. #FEmER

(1) siRNA R b v AR OB

siRNA % FEfd D F Tk L. HPLC /47 %
FTor-kEF. 1Sk siRNA & RFIED siRNA D 2
RKOE—27 3G ohic, ik siRNA O —27 %
LC T4yHf L, ESI-TOF-MS Z W THHr L7z, %
DFER, FIEMSIRNA 1LY T 22 4o
—sB”EeNnz (W 1) . REROFFICTEY b
o U AER SiRNA 24347 L. "°F £k siRNA D4yHR
T L7z, '°F 55 siRNA DA IO 2%
FTWRNWT EEERKEICTRRL, 1 ER
FENT~DICHABFIRETH D Z L EZHA LT LT,

81129_589 (3.872)
100-

2 TOF MS ES-
956

X1 F#E#% siRNA @ LC/ESI-TOF-MS 7 —#

(2) siRNA RNEIRED PET f#AT
1% U912 siRNA O L iEH TOREMEIZ DUV Tin
vitro TRRRT L7 /& H, siRNA B TiIiig+ T

RMNTHMENDB D, VR — A7 72— il
L7z siRNA [Zf{EF TREIHFELH DT &
Bk ieote, I, ®F-siRNA Biff7e 6 TN
YA Y — nZHE# L7 *F-siRNA D= 7 2 Iz351F
DIENBIREZ PET f#HT L. T OREREZM 2 IR L
72 SIRNA BURCIIR 5 %O I B ERE L.
MEREIC AT 2R T RBE SN, I F A=
YR Y — AT L7 siRNA 13 B 5 #E0H
MCERL, TOEEMCEEEFIEESN
720 S HIZ PEGERR Y R Y — LIZHE, L7z siRNA
Tid, PET #HIR THEO 1 BfIZICBVTHRY
NH YT FARRIE S, PEG Effi) Ky —20
B THIRYMPEEEERBR LA A—D
F—a BNz, £, AFF=v I IRY—
AL OEETIE, PllElEiEES T H 2 i S
NGy, FFECHIES ~DomARH S hi,
PET fHT 42 B a3 1) B HhiEE 2 JIE L7
WER. BF OBBARIIA A —VT—F L—FKL
THEY, W7 —2HOEAENHER I,

(min)  0-1

50-60

Naked
siRNA

kid|

Cationic
liposomes

PEGylated

liposomes

B2 'F i siRNA Z V7= PET A A — U5 —
P



3) ERNEN A A= TiE L DHR

Alexa750 =7 siRNA %~ 7 R 2 BEIRNE S
L. IVIS® Lumina % iU C % O{RNEIBE % 7T L
Too 1B LOMIEEBELZRE, PETHIT L £
T RO R TEREIT 72, TORER. PET
FRATIE & IX R D | BORE CIMERE T S
DoV T FAREHIN (K3), BHRETIT
{RRE D D DIREDOHENKE =, FEREY
RUTNEA LA A=V T LIREAHBD ex vivo
F—BENE LT, in vivo A A—T 2 7Tl
EREITE VBB O > 7 F L ASBE IR S h,
DM DIEER AT D > 27 F TR XA HEE L
TWE,PET A A — 7 CHERB & 7= PEG {4
YR Y —LAORHIM PHEMEL, TIRAEHD in
vivo A A=V VT TIIRAD Z LN TE R T2,
L LR2n s, EHECBWTHEEHAED ex vivo
T— XX PET A4 A —UF — 4 33 L O PET f@#rg
DRI AT — 5 LIZE—F L T,

(min)

Naked
siRNA

Cationic
liposomes

PEGylated
liposomes

3 Alexa750 £k siRNA % FV o saRsh a0
A A=TF—H

(4) {L22{E8G sIRNA 0 PET BhHEARAT

Bp o L AT 0 — LS siRNA 28R L7=
L 25, PET fATIZ 7= » CHARBETES % H
T3 BMkEMnEL Rz, 2T F oL
AT a—/LfEA siRNA 3 XU F E#% naked
SiRNA %~ 7 ZIZBFIRNE S L. ZhZhofk
NENREZ LB L7=, naked siRNA BT, K
SREEEEZICEBICER L., iV GERTEE
BECRAT L=, —F. 2 VAT a—A#ES siRNA
I—EEBHCER LI b oo, i bEREZ
~LU7z (K4) , F7-, naked siRNA & L T4
ANoDV 7 FADREL . LPHBERENT &
BRENTz, 1 BEED PET A A=V 7T,
B E R L CE BB ORKNESEE T v~ Y
VE—IZ X o THIE LR, 2 L AT o—/LiE
A siRNA i3 naked siRNA (Z e~ il TI3f9 5 £,
MK TIEH 10 fEEVMEZ R LTz, F Ossh
A A—VT—H L—HLTRY, EROBAMK
PHERI NI,

AL RAT B—/LfER siRNA

Naked siRNA

4 BFiE#%=oL 272 —0LEES siRNA © PET
L A=TF—F

(5) FH~Z & —|Z## L7z siRNA O PET g
fEHT

naked siRNA Z#if L7-FH~<7 & — TIIREB
53D siRNA AEEBEIZBIT L TV AR OMBIERS



iz, T D%E)T naked siRNA 2 #5 L7-BifE &
EELLL TR0 | EAED b IREE L7 siRNA 23S
Mt sz e B bND, —J, aLATr
—/VF5E siRNA Z AW EZBAERTIZ. 28060
BNV T FARBES, syl b EEEE R L
1o ET-BEAEO—EH ARSI & DM
RSN AT RBEsh, UEo
I L AT u— /LA siRNA OXENT, FE~<7 ¥
—OENBERRERLIZE-HKLTREY, in
vivo IZB VT SIRNA BFHRARS Z —lZLoinh &
RS RNEERIEN 2 SN TWD Z LAVR
®Xhis,

(6) HIHRET NEM % FV T2 siRNA BIREARAT

Colon26-NL17 A3 A~ 7 A2V T siRNA D
BMEZ MRAT L7 R, PEG VAR Y —ABIW
APRPG U R Y —AiZ, @WILFHEEEZ R 2
Hinb DWW S FUNER SN, -, BEE
HEAE~DEMIT siRNA BB I OHF A=y 7
URY — A TIHRESI AR >7=—F, PEG U R
V=572 5 TNE APRPG U Y — AIEEERAL T
DOV TFABBESNE (K5), EEEHOR
BEZHT ~H X —ICIVBIELEEZA,
SIRNA L0 e kit hF A=y 7 URY
— LI ~DOERBIZ L > THAUITEEI N,
S7-DITH, PEG U HY—2A, APRPG UKV
— A THEBA~DEEIHER S LT,

Naked siRNA ~ APRPG U RY—A

q;h

5 U5F R SIRNA D28 A~DERK

D. B

IEUDIZ, RV b A5 SiRNA ORREFE AR
IZOWTHRA L7, siRNA OBHFEE LT,
LC/ESI-TOF-MS D73 H §efth 2 Hesz L7z, RIBRIC A
U b SR SIRNA % 5y BERTREZ2 AT Sl 2 Tk
S L. PET MRATOERERIRFICET Lz, BEH
1ZiE, FsiRNA # Vv, B2 7 —ic#i#i L
7= siRNA EABIED PET fi##T, PET & #kED
HBRIZ DWW TRRET L7z, siRNA O{RAETE 2 fZtT
TREHED, AFA=v I VKR —LLRY =
FLo 7Y a— &) R —25% siRNA O~
7 Z—& L TRV, siRNA BE{EDENENRE & ik
BRIt L7, CHETORFEREY, IF4=y
7 VR — L% NEIHIRNE S LRE, £
DREEMHOBBICL > THERBEETHD
fli~ERET 5 Z EAFALNLE RS TVS, —,
PEG EffiliC Lo CZDEMET A LIZURY
— Ak, B0 AEN BRI K AR 2[R
WL TEWVILPHEEEZR L, A FA=v 2 VA
VAL FEBICRRLENBBE T LR
HoneRoT, SE. Z0OX 5 RENEE
NESTL BRDBIURY =A% siRNA R7 Z—
L LTAW, BFsiRNA ORPNENE % HBSETE L
T FERITRLEL ST, BF-SsiRNA [ZAVZR
7 5 —OWREITIKTF LT RNBENEZ R L, siRNA
BIFEF THMMEZTT, X7 ¥ —L L HITHE
LTW5 Z LAVRIE S Tz, 4 El175 & 47z PET A
A—UF—H L, % OSBRI D BEHE
PEF —Z RUHIED ex vivo T—F & bERN—
FLTHY ., “F-siRNA OENSHERBEL TN
2b0LEZLND, UELD, BWeRs Z—
DMK LT siRNA OENEIERELT S
BT % JEE DY TV H A AT PET A A —
VI TBRIEIEB LI EE R BND,

—J7 T, PET L #HMEDOHBIZ OV T bR 2
FEMi L. PET fRATEIIT DA 20 2304 L 7=, FER
R in vivo £ A—VF — X THREZHRL
ERAIE, BRE»LOEEOHELZ TR




PET BEF|TH 5 Z &L PRI R X iz, PET
W —4& EHHED ex vivo T—EZB—FKLTW
B, invivo T —F B DZEX. siRNA O
BB Liebi) T, BlERRICESL
FICHELEEZZbND, AEX Y, PET & #
REOT—HBITTRERBIZESSERAET
2 b D0, BIEIL PET T T — ¥ ORIEIZAR
THDHZ EBRLNERSTE, 2, EEIEE
R DOPENSTTREZR &, PET &3 E- R BFA
BHY., ENELOEMERAEDEDZ & T,
L O FEMRENBIRBRIT S REIC 25X L
Nd,

KT, {58 siRNA O PET BhREMRITE OIS
AR AT, AFETHW 2L A7
—/V#EE siRNA 1L, ##R#& 5% HDL, LDL,
TAT I REOmRY R EfEEL.
ZEMICITIRICEEF R Z L BBEIRL T
%, SE, PETHIT2EBm LI ZA, a VAT
o —/L#EA siRNA X, naked siRNA & b U Cif
PR MENE . FFIRICEREEZ R L, b
DHEHEZ., ThETHEINTVEH/RILE LES
HRBLN, I VAT a—LiES siRNA OENE]
DU TNEA ADDOIEREH LRI T
BEILIzeEX b5, Lizh- T siRNA Ok
EMHODROFEIC AR FERATHD Z &
AEINTE,

e PMBECEELZ siRNA T U AT —T X
7 LOFHM % PET fEHTIC X - TEM LT, E4E80
it F @ik 2 U AT B —/L#E S siRNA % TEPA
URY —AZHEH L, siRNA BIfEZMRIT LTz, %
OFER. a L AT 12— 144 siRNA 13, —ZRi3
BARRERZICHIE SN 00, BVilFiEEg
MERL, TR F—OENIERBRER LIS
E—E LT\, ZHiXsiRNA Da L AT e —/)b
Effilz L v, BENHEEEROARR L TBUKMEE
HEERIZE >T siRNA BYRY —b_7 Z—|Z
REFSNEHREZRBRLEZEE L OND, EHD
SIRNA (X, AEPICBV TRy ¥ —h b EHET 2

AR S Y, X7 X —TiH R EEFRETHS
SIRNA @ PET A A—U U FI3ERBICEDTH 5,
AL siRNA AMERORBIALIC L2
EESNTWEDEFMET 5D b AP RFER
ThHEEZDNE, 2T, EBRCHENA~Y
RIZHBUT siRNA DENEIREZARIT L, BA~D
EEEZEELEL, TO/FR. PEG VR Y —24B
L TRAPRPG U AR Y — AIZH##R L7- siRNA i3, &
WILFHEEZR L, BA~DEFEIMEEINT,
ZhiE, @Y RV — A7 enhanced permeability and
retention (EPR) ZIRIZ LV BACER L-bo L
Zzohd, £, BELETARICEMLLE
APRPG URY —LiZHEH LI siRNA L, 7277
ATE—=FT 4 THRIC I TEB LI L
BEZ NS,

a2
E. i5am

DDS EHRMOMARF 21T 51 bz b, AR

EOENBEMTIIFERICEEZTH D, ARHFT
. siRNA <7 Z —OENENEMENT TIdE o2
U sIRNA REOENEAT 2 FIREL L, 1ARDR%
FHHSHZ & DDS BARREIC T4 —F w7
THIRXATHFELEERFHRRFGOND L %
AN L, Lo T, siRNARFDORY ¥
—RECBVWTHEER VX EFEA LTS
7 6 NT ARSI U TR D) 2 B ARARAT
BN E R L 72 o7, EXERBERD siRNA O
ENEEBICE L TAERFERBONEZ LI
£V, RNA RIEORESREZEH D, SIROMEL
RO L ZE2 65, & HITPET Hiffid, &
hvA 78 F—ZXRBR~DLAICEBT S HE
HEEHLTEY, TUBERTIEXI L0
DEOM ENFFTE S, FHEFEOKRRICTX
v, BREZMETRFRORRE BE L ERALE
RIZT T ADERDREEDZ LR TERIETE
ETHoD,
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ABSTRACT: Dicetyl phosph hylenepentami
(DCP-TEPA) conjugate was newly synthesized and formed
into liposomes for efficient siRNA delivery. Formulation of
DCP-TEPA-based polycation liposomes (TEPA-PCL) com-
plexed with siRNA was examined by performing knockdown
experiments using stable EGFP-transfected HT1080 human
fibrosarcoma cells and siRNA for GFP. An adequate amount of
DCP-TEPA in TEPA-PCL and N/P ratio of TEPA-PCL/
siRNA complexes were determined based on the knockdown
efficiency. Then, the biodistribution of TEPA-PCL modified
with poly(ethylene glycol) (PEG) was examined in BALB/c
mice. As a result, TEPA-PCL modified with PEG6000 avoided

(’\ DCP-TEPA

APRPG-PEG-DSPE
“=me Cholesterol-conjugated siRNA

SiRNA formulated in DCP-TEPA-based PCL modified with APRPG-PEG

reticuloendothelial system uptake and showed long circulation in the bloodstream. On the other hand, PEGylation of TEPA-PCL/
siRNA complexes caused dissociation of a portion of the siRNA from the liposomes. However, we found that the use of cholesterol-
conjugated siRNA improved the i between TEPA-PCL and siRNA, which allowed PEGylation of TEPA-PCL/siRNA
complexes without siRNA dissociation. In addition, TEPA-PCL plexed with chol 1 gated siRNA showed potent
knockdown efficiency in stable luciferase-transfected B16—F10 murine melanoma cells. Finally, the biodistribution of cholesterol-
conjugated siRNA formulated in PEGylated TEPA-PCL was examined by performing near-infrared fluorescence imaging in
Colon26 NL-17 murine carcinoma-bearing mice. Our results showed that tumor targeting with siRNA via systemic administration
was achieved by using PEGylated TEPA-PCL combined with active targeting with Ala-Pro-Arg-Pro-Gly, a peptide used for targeting

angiogenic endothelium.

B INTRODUCTION

RNA interference (RNAI) refers to post-transcriptional gene
silencing induced by double-stranded RNA."* Small RNAs such
as small interfering RNA (siRNA) and microRNA (miRNA) are
expected to become novel drug therapeutics for intractable
diseases such as cancer.> Compared with local injection of siRNA
drug candidates, systemic injection of them is quite limited at
present because of a serious problem of siRNA delivery;"‘5 ie,
naked RNA is readily degraded by nucleases and poorly pene-
trates plasma membrane of target cells. Thus, establishment of an
siRNA delivery system is a major challenge for the development
of RNAi-based drugs.s In recent studies, a variety of drug delivery
system (DDS) technologies such as lip micelles,” other
nanoparticles,® and cholesterol-conjugation'® of siRNA have
been investigated for siRNA delivery. Also, useful nonviral

A 4 ACS Publications ©2011 American Chemical Society

vectors enabling both potent gene silencing in target cells and
invivo delivery to target cells have been awaited to achieve siRNA
therapy via systemic administration.

We reported earlier that polycation liposomes (PCL), one of
the nonviral vectors, possess the advantages of both liposomes
and polycations for the delivery of plasmid DNA and
siRNA'll‘l7P . 1 ,we T acirad 1 "Edr |, T Ao,
[1800] (cetyl-PEI[1800]) and polycation (spermidine, spermine
or PEI[1800])-dialkyl phosphate conjugates to prepare various
types of PCLs."'™** PCLs are simply prepared with these
conjugates through anchoring via the hydrophobic portion of
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Figure 1. Preparation of DCP-TEPA-based liposomes for efficient
siRNA delivery. (A) Chemical structure of DCP-TEPA. (B) Effect of
DCP-TEPA amount in TEPA-PCL on the knockdown efficiencies.
siGFP (25 pmol, N/P = 24 equiv) was formulated in TEPA-PCL
composed of DCPTEPA/DOPE/DPPC/cholesterol = X/1/Y/1.
DCP-TEPA/DPPC = X/Y is indicated in the figure. (C) Determination
of an adequate N/P ratio of TEPA-PCL/siRNA by performing a similar
knockdown experiment. (B, C) EGFP/HT1080 cells (4 x 10* cells/
well) were precultured overnight. TEPA-PCL complexed with siGEP
(25 pmol, N/P = 6—24 equiv) was added to these cells and then
removed after a 24 h incubation. These cells were subsequently cultured
for an additional 24 h. The fl ities of EGFP were
measured and corrected for protein amounts. The control is that of cells
not transfected with siGFP. Data are presented as the percentage of
control fluorescence intensities with SD bars.

the conjugate. Our previous results indicate that PCLs containing
cetyl-PEI[1800] (cetyl-PEI-PCL), dicetyl phosphate (DCP)-

spermidine or DCP- spermme Fossess high gene transfer activity
without severe cytotoxicity.''* A possible mechanism of gene
transfer with cetyl-PEI-PCL is internalization of cetyl-PEI-PCL/
plasmid DNA complexes into cells via the endocytic pathway,
followed by the release of plasmid DNA from the endosomes
through the “proton-sponge” effect of PEL'® Intravenous injection

of cetyl-PEI-PCL complexed with a plasmid DNA encoding
luciferase can drive gene expression in the first-pass organs in
mice.'® Our previous results also demonstrate that siRNA
formulated in cetyl-PEI-PCL can induce efficient gene silencing
in vitro."” However, cetyl-PEL-PCL accumulates in the first-pass
organs and reticuloendothelial system (RES) after intravenous
injection, which makes it difficult to deliver siRNA to target cells.
Our recent study usmg positron emission tomography (PET)
demonstrates that ‘*F-labeled siRNA formulated in cationic
liposomes accumulates in the lungs of mice immediately after
intravenous injection via a tail vein.'®

Poly(ethylene glycol) (PEG) forms a water shell on the
liposomal surface and provides a steric barrier to avoid interac-
tions with glasma proteins, resulting in escape from trapping by
the RES.'**° Therefore, PEGylated liposomes have a property of
long circulation in the bloodstream and are useful for drug and
gene delivery to inflamed sites such as tumors !hmugh the
enhanced permeability and retention (EPR) effect.”’ An impor-
tant aspect of PEGylation of liposomes is that it serves for not
only RES-avoidance but also improvement of undesirable prop-
erties of liposomes.”” In general, PEGylation of cationic lipo-
somes can reduce their nonspecific binding to plasma proteins
and improves their biodistribution. However, our previous data
indicate that modification with PEG6000 cannot improve the
biodistribution of PCL containing PEI[1800]. It is considered
that the molecular size of PEI[1800] is too large to improve the
undesirable properties of PCL by PEG6000 modification.

In the present study, dicetylphosphate-tetraethyl
mine (DCP-TEPA, Figure lA) was newly synthesu.ed and
formed into liposomes for efficient siRNA delivery based on
our previous results. Furthermore, DCP-TEPA-based PCL
(TEPA-PCL) was PEGylated and applied to systemic delivery
of siRNA.

B EXPERIMENTAL PROCEDURES

Synthesis of DCP-TEPA. Dicetyl phosphate and tetraethyle-
nepentamine were purchased from Sigma-Aldrich and Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan), respectively. DCP-
TEPA was sy'ntheslzed by using a procedure analogous to that
reported prekusly, i e., two-step reactions, (i) dimerization
of dicetyl phosphate anhydride and (ii) nucleophilic substitution
with tetraethylenepentamine, provided the conjugate. Dimerized
dicetyl phosphate anhydride (323 mg, 0.3 mmol) in anhydrous
pyridine (2.0 mL) was added to a solution of tetraethylenepen-
tamine (351 mg, 1.85 mmol) in 1.0 mL of anhydrous pyridine.
The reaction mixture was stirred under nitrogen atmosphere for
4 h at room temperature. After removal of the solvent under
reduced pressure, the residue was suspended in distilled water
and then filtered to remove any unreacted polyamine. The
residue was subjected to column chromatography using ami-
nated silica gel (Chromatorex NH, Fuji Silisia Chemical LTD,
Aichi, Japan) with an eluting solution of CHCI3/ MeOH (39/1,
v/v), giving 129 mg (60%) as a white solid. "H NMR (600 MHz,
CDCL,) &: 0.88 (t, 6H), 125 (s, 52H), 134—1.37 (m, 4H),
1.65—1.67 (m, 6H), 2.41—3.24 (bm, 16H), 3.93—4.00 (bm,
4H); MALDI-TOE-MS for (C4HgNsOsP)™ caled 718.7,
found 718.2.

Preparation of DCP-TEPA-Based Liposomes for siRNA
Delivery. Dipalmitoylphosphatidylcholine (DPPC), cholesterol,
PEG2000-distearoylphosphatidylethanolamine (DSPE), PEG6000-
DSPE, and Ala-Pro-Arg-Pro-Gly (APRPG)-PEG6000-DSPE
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were products of Nippon Fine Chemical Co. (Takasago, Hyogo,
Japan). Dioleoylphosphatidylethanolamine (DOPE) was pur-
chased from NOF Co. (Tokyo, Japan). Alexa Fluor 750-labeled
control siRNA (AF750-siCont) was obtained from Japan Bio
Semces Co., Ltd. (Saitama, Japan). All other siRNAs including
ol- gated ones were purchased from Hokkaid

System Science Co. (Hokkaido, Japan). The nucleotide se-
quences of siRNA for GFP (siGFP) with a 2-nucleotide overhang
(underline) were §'-GGCUACGUCCAGGAGCGCACC-3' (sense)
and §'-UGCGCUCCUGGACGUAGCCUU-3' (antisense); for
luciferase (siLuc), $-CUUACGCUGAGUACUUCGATT-3'
(sense) and §'-UCGAAGUACUCAGCGUAAGTT-3 (anti-
sense); for enhanced luciferase 2 (siLuc2), $-GCUAUGGGCU-
GAAUACAAATT-3' (sense) and §'-UUUGUAUUCAGCC-
CAUAGCTT-3' (antisense); and for the control (siCont), §'-
CGAUUCGCUAGACCGGCUUCAUUGCAG-3’ (sense) and
§'-GCAAUGAAGCCGGUCUAGCGAAUCGAU-3' (antisense).
In the case of AF750-siCont, AF750 was conjugated with siCont
at the 3'-prime end of the antisense strand. In the case of
cholesterol-conjugated siRNA (siRNA-C), cholesterol was con-
jugated with siRNA at the 3'-prime of the sense strand.

DCP-TEPA, DOPE, DPPC, and cholesterol were dissolved in
t-butyl alcohol and freeze—dried. TEPA-PCL was produced by
hydration of the lipid mixture with RNase-free water. TEPA-PCL
was sized by extruding it 10 times through a polycarbonate
membrane filter having a pore size of 100 nm (Nuclepore,
Maidstone, UK). TEPA-PCL and siRNA (or siRNA-C) were
mixed gently and incubated for 20 min at room temperature to
form TEPA-PCL/siRNA complexes. The ratio of the nitrogen
moiety of TEPA-PCL to the phosphorus one of siRNA (N/P
ratio) was varied from 6 to 48 equiv to examine the formulation,
and was then fixed at 18 equiv based on the results. For systemic
administration, TEPA-PCL (or TEPA-PCL/siRNA-C complex-
es) was incubated with PEG2000-DSPE, PEG6000-DSPE, or
APRPG-PEG6000-DSPE dissolved in RNase-free water at 50 °C
for 15 min. The percent molar ratio of PEG-conjugates to total
lipids was 10% or 20%. Particle size and -potential of TEPA-
PCL-based siRNA vectors diluted with RNase-free water were
measured by using a Zetasizer Nano ZS and MPT-2 (Malvern,
Worcs, UK). Free siRNA dissociated from TEPA-PCL was
separated by electrophoresis in 15% acrylamide gel and visualized
by ethidium bromide staining. TEPA-PCL complexed with siLuc
or siLuc-C was used for this gel electrophoresis experiment.

Cell Cultures. HT1080 human fibrosarcoma cells constitu-
tively expressing EGFP (EGFP/HT1080 cells) had been pre-
viously established” and were cultured in DME/Ham F12
medium (WAKO, Osaka, Japan) supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich, St. Louis, MO), 100 units/
mL penicillin (MP Biomedicals, Irvine, CA), 100 ug/mL strep-
tomycin (MP Biomedicals), and 100 #g/mL Geneticin (Sigma-
Aldrich). AS49-luc-C8 Bioware Cell Line, a luciferase-expressing
cell line derived from AS49 human lung carcinoma cells, and
B16-F10-luc2 Bioware Ultra Cell Line, a luciferase-expressing
cell line stably transfected with the firefly luciferase gene (Luc2),
were purchased from Caliper Life Sciences (Hopkinton, MA).
Colon 26 NL-17 colon carcinoma cells, established by Dr.
Yamori (Japanese Foundation for Cancer Research, Tokyo,
Japan), were kindly provided by Dr. Nakajima (Johnson &
Johnson KK, Tokyo, Japan). AS49-luc-C8, B16-F10-luc2, and
Colon26 NL-17 cells were cultured in DME/Ham F12 medium
supplemented with 10% FBS, 100 units/mL penicillin, and 100
g/mlL streptomycin.

Experimental Animals. Five-week-old BALB/c male mice
were purchased from Japan SLC Inc. (Shizuoka, Japan). The
animals were cared for according to the Animal Facility Guide-
lines of the University of Shizuoka. All animal experiments were
approved by the Animal and Ethics Review Committee of the
University of Shizuoka.

Evaluation of RNAI Efficiencies in Vitro. EGFP/HT1080
cells were seeded onto 24-well FALCON plates (BD Bioscience,
San Jose, CA) at the density of 4 x 10* cells/well and precultured
overnight. Before siRNA transfection, the medium was changed
to a fresh one containing 10% FBS but no antibiotics. TEPA-PCL
complexed with siGFP (25 pmol, N/P = 6—48 equiv) were
added to the medium at a final siRNA concentration of 50 nM
and removed after 24 h incubation. These cells were subse-
quently cultured for an additional 24 h and then lysed with 1%
reduced Triton-X100 containing protease inhibitors (2 mM
PMSF, 200 uM leupeptin, S0 ug/mL aprotinin, and 100 4M
pepstatin A). The fluorescence intensities of EGFP were mea-
sured by using a Tecan Infinite M200 microplate reader
(Salzburg, Austria) and corrected for protein amounts by using
a BCA Protein Assay Reagent Kit (PIERCE Biotechnology,
Rockford, IL) according to the manufacturer’s instructions.

AS549-luc-C8 or B16-F10-luc2 cells were seeded onto 96-well
luminunc white plates (Nalge Nunc International, Naperville,
IL) at the density of § x 10° cells/well and precultured overnight.
Before siRNA transfection, the medium was changed to a fresh
one containing 10% FBS but no antibiotics. TEPA-PCL com-
plexed with siLuc, cholesterol-conjugated siLuc (siLuc-C), cho-
lesterol-conjugated  siCont  (siCont-C), or cholesterol-
conjugated siLuc2 (siLuc2-C) were added to the medium at a
final siRNA concentration of S0—100 nM (10—20 pmol, N/P =
18 equiv) and removed after 24 h incubation. These cells were
subsequently cultured for an additional 24 h and used for the
luciferase assay. The luminescence intensity and cell viability
were measured by using ONE-Glo Luciferase Assay System
(Promega, Madison, WI) and CellTiter-Fluor Cell Viability
Assay (Promega), respectively, according to the manufacturer’s
instructions. B16-F10-luc2 cells were also transfected with siLuc2
mixed with Lipofectamine 2000 (LFA2K, Invitrogen, Rockville,
MD) according to the manufacturer’s instructions.

Biodistribution of TEPA-PCL in Mice after Intravenous
Injection. In order to label TEPA-PCL with a radioisotope, we
added a trace amount of [*H] cholesteryl hexadecyl ether (GE
Healthcare UK Ltd., Buckinghamshire, England) to the initial ¢-
butyl alcohol solution and freeze—dried it with the other lipids of
the TEPA-PCL preparation. Five-week-old BALB/c male mice
(n=S) were injected with [*H]-labeled TEPA-PCL via a tail vein
(74 kBq/mouse). Three hours after the injection, these mice
were sacrificed under deep anesthesia for collection of the blood.
The plasma was obtained by centrifugation (600 g for S min).
Then, the heart, lungs, liver, spleen, and kidneys were removed,
washed with saline, and weighed. The radioactivity in each organ
was determined with a liquid scintillation counter (Aloka LSC-
3100, Tokyo, Japan). The total amount in the plasma was
calculated based on the body weight of the mice, where the
plasma volume was assumed to be 427% of the body weight
based on the data for total blood volume.**

Near-Infrared Fluorescence Imaging of siRNA in Vivo. The
biodistribution of AF750-siCont-C formulated in TEPA-PCL
modified with 10% PEG6000 (PEG-TEPA-PCL) or 10%
APRPG-PEG6000 (APRPG-TEPA-PCL) was assessed by
near-infrared fluorescence (NIRF) imaging with a Xenogen IVIS
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Table 1. Particle Size and {-Potential of TEPA-PCL-Based
Nanoparticles”

size (nm) PDI &-potential (mV)

TEPA-PCL 134 0172 +52.5
TEPA-PCL modified with 10% PEG2000 107 0.154 —692
TEPA-PCL modified with 20% PEG2000 133  0.011 —13.1
TEPA-PCL modified with 10% PEG6000 104  0.269 —6.01
TEPA-PCL modified with 20% PEG6000 135 0.402 —3.60
TEPA-PCL/siCont-C 139 0.121 +46.2
PEG-TEPA-PCL/siCont-C 98.1 0234 +223
APRPG-TEPA-PCL/siCont-C 121 0.190 —0.05

“ Particle size and &-potential of TEPA-PCL-based nanoparticles diluted
with RNase-free water were measured by using the Zetasizer Nano ZS.
Lipid composition of TEPA-PCL is DCP-TEPA/DOPE/DPPC/cho-
lesterol = 0.25/1/0.75/1 as a molar ratio. N/P ratio of TEPA-PCL/
siCont-C is 18 equiv. PDI: polydispersity index.

Lumina System coupled to Living Image software for data
acquisition (Xenogen Corp., Alameda, CA). Colon26 NL-17
cells (1.0 x 10° cells/mouse) were implanted subcutaneously
into the foot of 5-week-old BALB/c male mice. These mice were
fed an alfalfa-free feed (Oriental Yeast Co. Ltd., Tokyo, Japan) to
reduce the influence of background fluorescence. Ten days after
tumor implantation, the carcinoma-bearing mice (n = 3) were
anesthetized continuously via inhalation of 2% escain (Mylan
Pharmaceuticals, Morgantown, WV) and intravenously injected
with AF750-siCont-C formulated in PEG-TEPA-PCL or
APRPG-TEPA-PCL (15 ug, N/P = 18 equiv) via a tail vein.
The fluorescence of AF750 was acquired 10 min, 3 h, and 24 h
after the injection. These mice were sacrificed under anesthesia
96 h post injection. Then, the organs (heart, lungs, liver, spleen,
kidneys, and tumor) were collected and imaged ex vivo with
the IVIS.

Statistical Analysis. Differences between groups were eval-
uated by analysis of variance (ANOVA) with the Tukey
posthoc test.

B RESULTS

Gene Silencing with DCP-TEPA-Based Liposomes. An
adequate lipid composition of TEPA-PCL for siRNA transfec-
tion was d by performing knockdown experiments using
EGFP/HT1080 cells and siGFP. As shown in Figure 1B, the
amount of DCP-TEPA in the PCLs clearly affected the knock-
down efficiency, but did not show simple dose-dependency: The
highest knockdown efficiency was obtained when the lipid
composition of TEPA-PCL was DCP-TEPA/DOPE/DPPC/
cholesterol = 0.25/1/0.75/1 as a molar ratio. Thus, this compo-
sition of TEPA-PCL was adopted for the subsequent experi-
ments. Next, an adequate N/P ratio of TEPA-PCL/siRNA was
determined by using the same knockdown experiment. As a
result, the highest knockdown efficiency was obtained when the
N/P ratio was 18 or 24 equiv (Figure 1C). The knockdown
efficiency did not change even when the N/P ratio was increased
up to 48 equiv (data not shown). siGFP without TEPA-PCL did
not show any knockdown effect. Obvious cytotoxicity was not
observed in any of the experiments (data not shown). Particle
size and C-potential of TEPA-PCL-based nanoparticles are
summarized in Table 1. The {-potential of TEPA-PCL under
various pH conditions (pH = approximately 4.1—7.9) was also
determined as an indicator of the buffering effects of TEPA in
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Figure 2. Biodistribution of PEGylated TEPA-PCL in mice after
intravenous injection. TEPA-PCL labeled with [*H] cholesteryl hex-
adecyl ether (74 kBq/mouse) was modified with DSPE-PEG2000 or
DSPE-PEG6000. The percent molar ratio of DSPE-PEG to total lipids
was 10% or 20%. BALB/c mice (n = 5) were injected with TEPA-PCL or
PEGylated TEPA-PCL via a tail vein. Three hours after the injection, the
radioactivity in each organ was determined with a liquid scintillation
counter. Data are presented as % dose per tissue (A) and % dose per 100
mg tissue (B). Significant differences from the TEPA-PCL group are
indicated (*p < 0.0, **p < 0.01, ***p < 0.001).

PCL and compared with that of 1,2-dioleoyl-3-trimethylammo-
nium-propane (DOTAP) liposomes. The {-potential of TEPA-
PCL under low pH conditions was higher than that under the
neutral condition, whereas that of DOTAP liposomes did not
change at any pH tested (Supporting Information Figure 1).
Biodistribution of TEPA-PCL in Mice after Intravenous
Injection. The biodistribution of PEGylated TEPA-PCL was
determined in S-week-old BALB/c male mice (Figure 2). The
relative amount of DSPE-PEG to total lipids affected the RES-
avoidance activity in the case of TEPA-PCL modified with
PEG2000: Modification of TEPA-PCL with 10 mol %
PEG2000 could not avoid RES uptake, resulting in rapid
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