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7 4 ¥4 —/, (Physiome) ldphysiology asawholeZ ZE kT BiEE T, LA EEBREORIKE T
LT3, 7/ afElERAE L, ERE. S0EREOEES 7. MEPR/NEE. Wil Mk
ges, ERICEDHRE S G 2B, MEMICE D A D T 4 P —LAEGRSOMEFEE LT,
PETHFA A= 2 T DRIZTHRENIKE W, FEETIE, THROPETHFA A= 2 7 ORER
EFENZTRT D720 DA EHOMREEEEAPET, PET/MROBAF, I X 2 EEEAES T OE
#Hh O BEE TS — A A=V T VAT AT KDY BN DWW TR S, KK ZEERE
THMEMEREL >y —Tld/0—)NIVCOET OV I LADZBEZV. 74P —LET AT A
NAFOD—DPHEFRERIE Uiz, 74 O —AL 7020 NMET J LALX)VInSEIRL X)LV T
U DEMRBEREANTIER L. EREAEEZ LU EECERIELTED ET5HMATH D, £
Di=DITIE, EMEERE AR T 5B EE (U LAMFICB T AR, o574 — AR
JAEEENREEICHY) DBRETHD, FZERAT —)VOREEERT 2H8EET ). 7—%
N—=Zb D70 DHET T v MR —LDOHEE (IMHEEERENTIC BT S statistic parametric mapping) 23
RIpER, PETHFA A= 2 TIBT B EROBELOBREREIT DN TIENS,

1. 74 VF— L%

INET, EZEYEHZEI3EIRE (phenotype) 12X B DHEICHES TIHONTE /=, HBIKES
BT, ERICKDERSE. BRICK272%8 M. 0%, EE. BRESE. 20, Beetk)
TS L. ML b, IgEs L NIV OERRIEATTON e, BEREEIZH S 20, 1714
BT SNBSS SO REETH D, “TRTOMIHIEN S U D" & D HARNTEES
FHENIT D EICHFE L.

20014F, b NEET (T /L) OREEBFINRE S NLEIEIRZ T LD REWbnTn
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SFOESTHRL LD ET2EE - EYFEOH R SR>k, Bl BEFAGCK, 3
K EDALETPIS GEERTFL NIV OEWMIZIVIFF—8 (ERFEL X)) DIfFEFERDO T RobEEHE
RZRGTEH @RIV, OB FIIEALMIE. FHECEREMICHEL (RELNL), 2R
WWEBRIA DAY UHWERAGL TS (EELN))), EBEFE (genotype) ITKDHEE-EW
HOEERIE. BRTEESELTEINSEL 2 EEKEED T & EERED LR ITh = 51K
REEEWET 5,
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MR. Science 244 : 1288, 1989, Silva A], Paylor R, Whener ], Tonegawa S. Science 257 : 206-211,
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FEIEZITOWPETIC L 2 4H - REEEOES(LZITO LN TES., B MNTIE, BRTEENH
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N T FIAREEED EHREEINS, MUBETFO—FDORERERTHARBEFEINAE &
FLind, MAMGEECFISMEEZGE L TWS 0y, HEeiEsml 2RI X0 Ml BEmE O R
BEJ 2 HENEE I NS, BIRELT NRET HICE, MILBEETORANERT H0EHNH
B BFLUNIVTHEPBADANZZLBHSNI > TL 5 &, FINARIOERSES ZNETOM
R 3im & BRI ANT 5, Bl 203, LB E S (gastrointestinal stromal tumor: GIST)
& LB EEZ ALY 2 Cajal MM Dc-kitBIR T D RBAZERNRATH 5 Z ENRIH T N,
FOL 2 FF—UEENTIEL, BLORRERS, BB IRRER v F 2 JidFo s
CFF—VHERTHO., BEENE—HTE20, GISTICH A IFZ T OYENHHEEIN. B
TIRb iz, K. GISTIRERI# D2-deoxy-2- [*F] fluoro-D-glucose (FDG) PETZRT ., 1A
BICIIFDGEBME T L. GISTEH LU TARFINENTH S Z b b,

4. FUWEEREER OIS A

PETHFA A=Y 27 ZEHT 51213, BUROPETEIMZEFE/-KATH 5, BEHEERICEL
TiE, EOfERE L (U AW ATREAR L NIV) . BRE(L GREFRYZIGENTIRE) . THREmE Gt
BEOESENBEIZRS,

1) ¥EPET

SCERL RS ORFRIHEEFSE OB 22T, BRI RE E RIRKFE T 22/ 4 #EE 1 mmPA F OB ES
fREENE(RPET 2 0% L7z, PETHEG OO MRAEL. MIRMNG O AEERE). BEBEOAES, BE
T TRESZND, CdTeEEZANDS 2 EIZX DBEEO/N L2 IEN D, S22/ E
REZER U7z, HEFH.LT0.75mm (FWHM) Tdh 5, FDGEHE TY U AMOEENFRE TE S, &
EEZANT, BB REETUEYY AOWKRHERET 2 Z ENEETH 5,

2) PET-MRI

SPECT-CTPET-CT/z EfE - Rt EGESEBENHFE I N TS, —F. CTOMBI> N
Z MRS A O MRIIAD THEE T > b I A RSENZ &5, HRAZPET-MRIO B i 4
WA U E- . WIBNTIIPETHEE CLETHEMEE. EFHEKRLE) BPEEICEESLRNEZD,
FHOBMILER D AT LOMAEIZ/R D, KIKK%E. PR LESSEM2R. (WA SBITMIT
Bk NESR LRSS O 2 20, NEAPET-MRIZBRIE L. 7 74 N—FHN a2 A L.
WIB N TIEE T 2PETH 2R 2 /BRI L /=, MRIZEN TS v MMOFDGE G Z B L 7-, B,
MRIB L PETHARE 5 OEUESTTHONTH 0. KEEICITESERB OMEETMNTHN D,

3) EER Y b o UighERE



INEINT BB U 7o U R R S O RN B RE 2 AT 9 2113, BRI RRE L 0 BRE SR E IR G S
WP B, WIRT + b2 Ak > THRES N ABRR D b O AREERIT, EEBEGO B AT
B 2N OBBENREETH 0 5 EE OMSNEEREFOKRNEREZ BT T 5D L Tha,
RIEEZANT, "CEBITANAFE ("C-phenitoin) DENSMZFRIL. ML —U& (Quelh
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THEANPE XNz, BEE200 TSRO HEM D3RR S #1172, “C-phenitoiniZ & % LLRT O # & T
13, 551 R E CIINEEAR N I i phenitoin DAL FEYNIME S N, 72, R BEMES TIT
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5, IEETIVIYNA R —IRIR E DMREEEERBOETIREICIZZ Y 7 MEEENELS D5 Z &
BHoMNERD, ZEDO5FR—N—ORRNBHE LB >TNnD,

2. KM DT7TVE 284K (PBR) PETU N> Rick3 3707 7 HilaE G4
THAEZE, B R KO T IV Y NA I —fF72 & DR ERE TIEZF OZHGEM N LR RIS
WT 707U 7HIBOBEENED NS, WinL/Z3I707 0 PHIBIREE L /= sl Oz
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ERMIRER LI AT HR DT EE VENEE T HEMTH 0 AL ST HGABA
AN DT VB AEEERAL S 3 e < BV, EH OKHEICBWTIIPBRO FHEE ISMD T
WH DD, N OEEELICH W TPBRIEEIMEINT 5 Z EARINTNDY, Z OfEEEINERT
FroZY 7O EMEER MO T—H L THBD, REICKDEMLAZI 7O ) 7H#llaN T
FEMNTIEL TS EHRINTNSY, PBRIZFEII b RUTPHERICHEBEL, S ha2R
J7NANDIAL AT O—)VOEOAMRIEEL TWEY, LML 5, PBRES OEINMERER IO
FOBENCDNWTIRHRED EZAHSENETR > Thialy,

3. PBRHE&{LY 77> RDAA1106 D%

BED & ZAMHKOPETHIEHERICBNWT, 1 VF /U REKO ['C] PK11195 (¥ 1) HPBR
DOPETU A > RELTEAINTVS, BIZT7 YN Y —BERMERE 208 & LZPETHZ C
3. EWEEE Sk LT [MCl PKI119SO#EEMEML TH DY, a1 O REE MRS EREED
T —H— & UTIERICHER SN TS, PK1119513 I~ DR FT I ASTE A /= o) [ B2 Y 75 [ 4R AT 13 R
HTHO, BRIV FINOBRBIZIZEEZED Y 725 — (LT WIEEROEREZMHT 208 NS
535), LInLanin, EOREOKETIEFRNER S TH50EIMEMEMICEZDBER S0, N
AT AMABDRNDD B, ZTD=DFLIZEFENICPBRZ E&E E{LAEE/ZPETY 5 > ROBFEIC
EF L, ZITHHULZDHDAAIIETH 5 (X 1), DAAILOGIIEEE OPBRY JJ > REde&< R
BT IV TERTY I REKEAELTED, PBRICHT AHMAMMEIINIOESW 20, IhE
TORMEFRTES LBE L /2. T I THRILBEWD 2 7 D/KERFHIT [MCICHE R U il 217 o 7z,
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[l'C]DAAL106 [M'CIPK11195 [M'CIRo 5-4864
Kd=0.09 nM Kd=1.1 nM Kd=0.7 nM

(B 1) PBRY A RD#EiE EPBRNDEBETEE

["CI1DAA1106% 7 17 BIVIC# 5 Uiz & ZAMNNEWEBITIEZ/R L. Z0O#EET ['Cl PK11195
ICHARAEE NS 120 T DN IEREEE DDAAL106 1mg/kg® L < 13PK11195 5mg/kg % &Rk N
ICHTLE S 2 Ll ifEns® (K2), 20T &) 5DAALL6HNN DEFEIZPBROKE ST Hisk
TEHHDEMHAIN, /-, HEHERENM Z O BEBETEAICKL S T v MEBMRIEEICX D,
["C] DAA1106#5 &1 AMNIZBNT ex vivo BEX N in vitro & HITEFHLEIMMNE D 51728, D
Z &5 [MC] DAALLOGII FH#EREEI1C X S PBREEHEINZ M TESPETY /> RThS T EHHA
5MERD Tz,

0

% dose/ml

[""CIDAA1106 +DAA1106 +PK11195
1.0 mg/kg 5.0mgl/kg

(B2) ["C] DAAT06IREE309 D 5900 EBETHDT Ay HILEESRFHE G

[*C] DAA1106 D EFEIT O —)L RDAA11063B X UPK11195FALE T T 0w 7 3N 508, FHRIEN
U7 Y RS EEHAL DT lumazenil TIXFHERNRITZD 517380,

["Cl 13205 & PN E W=D, MEEE\ DX Z2ZRICAN S & ER 111054 & EW [FF]
OB DWTHRETT 20BN H S, T, ['C] DAA1106 & FE iz [*F] fluoro ethyl £
T OWTITWRN ZTTo /2. FDfEE. [“F] fluoroethyl DAA1106 (FEDAA1106) % ["C] methyl
R EFBEDME 2 H#E L TV, £/, EROEEET FIVITBWTREE% 7 HBICREERICS
7% [*F] FEDAA1106 DEFRIIEHICHEML TW-, MRBAICFEEAICBTS [PF1 FDGOHLD A
AEIEE L2 ERBNIEHIE T L TH 0., ["Cl DAALLO6 & [FkRICHREHE DO~ —T—&E L TH
HATHDZ ENRBINT,

4. PBROFEBT 27U T HIlaY A 7 DIREE

INETOE I AMREEREIC K SPBREEMD HRIZEGHEBICER - BWHEL I 707U 7 #illg
BI ORI EBSEICL DIRE LZBRREROT /707 7y =D TH D EVNDFNKREZ HEDTNWBY,
LU 5, LR O TIEPBRICH S 2 REFICHEE T DHUAN RN o /o /o, RIFIIZTZ U Y
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LT BEAFNLICBNWTIY /=) X 2 EHEEZ 7 UMOEBAEB L RWzD, Mot
WERBFEHNREEEZES ZENAHETH S,

I5 ) —=)\EREERIIEuLEAT S E 3 HEMNS ['C] DAALLOGOEENERICHEML. 7 HR
WZRRETR D, T OH%I0H FTHERBEMIMEL Tz, FEEOI 707 7BLUNT A MY
1 M ERERELUERETRR L 2L 25, ZEEBORMICARROI /0T U 7 DNLEERE -
AL TR, TORABEEZI ST A OV MR BHOMENE SNz, Mzl s s
A, 270V 7HIBBOEMMNERMTHO, YA MOY 1 el I 7 0r7 ) 7D
DAALIOGHE B BE LA RICHEL Tz, S 5ICHEMICPBROFEEMLZH SN ET 2012, &
HEAETFERAICKIOPBRES U YHIlE 2 BB UREEZR T o 2. 2707 U YI3iEEG24R % K
DRI N DEBNEZFICHD SN HOD, 2707 7L LIED 5 3 B &L D PBREME:
E7RD, 90HEETCPBROFHIIHMFEFL Tz (M3 A). — 4. BAELAEZA MOV FRITH
PBROFHIIBEINZHOD, ZEIHENS THE—BHETHD (M3 B). Z{E4H LI
% EPBREGMEMINEIZRRD S0 7z T OFERDN S IR EIC X D ENT 5PBROERITE S
LTELULHEE - bl 7070 PHIBIERL TWsH00D, PBRIZFEHILI 707U 7
RO —T—E0WD X0 bEBEHREEET U 7O ——E W RIE 5 NZY Tidanh &
BRIIBEL TNWDBY,

Microglia

Astrocyte“? - + 3
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B (FE) : T4/ —IViFATHEZEDTAMOYA b () &PBR (FF) DOEN2EREHK

5. TIVINA X —IRERZET~ DIt H

TIVINA I —IREFETIEIZABBERICEMREI 7070 YRERL TB ., 2Tk U TPBR
WML TWD Z EIZHS N TH S, 1if> TDAAL106 DPETIZ & % MPNPBROD I E 1 3B HIE D
BHZMEDOONED ERDAREEN D D, F I TRLARFEET NV INA I —K 2SR ITHE
BETFEZEALE2EEO 7 IIVIYNA I —HETIN T ZAPP23< U 2 B X UTauP301S % H W,
DAA1106(DE A DHMAE B Z/x> T, APP23Y ™ ZVIFEEMERY I 01 REiRKkY > )\»
EBALENYTAT, ERIBAMT A Y 2 04 REZBENTEET 2, 2O AIZ[PFIFEDAA1106
EERGLUEENKERE LTI PFTILEERLIZEZA, BI04 REMGLUEEREZE
i (K4),
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F 72 Tau301S~ 7 AW MERRHMED VO E D TH BTaud > /N7 BRI Y D EML X N DL REE T
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DAALI06F— b5 VAT 57 1 —%FFo &5, MROEMHRD 5N 3 ABOKETT T
([CDAALIIO6DFESITHEML TH O, EEITHVESEIBRL TWoz (B5), 20T EnBH
BEMOBBICBNTI /707 Y OBRGERENEELZRTFOOLEDTH D EZEA NS, &
BN 5 DI I ZAETIL TPBROE A % /NEMPET CEHAFIREN E S MR T 2 FETH 5.

(B5) TauP301SY U RAD [*H] DAAN06F — RS ZH IS A

6. BHOIZ

Fox OFFERE RN SPBRY /i > RDAAL106DPETIC & B MR A MREED A XA — > 7137 IV YN
AR —RREDEBEZMITEETH D Z EAREBEI N, FERA IRHREEAEERBZ R E LR
RIFZEIC KX D DAALIO6 DA A ZEIEL TWS SLENH S, £/, PBRIZI ba RY FEICHFE
9 2 EEMEERILOERSY >N DOEDTHD, YIRb—I ZAFEBRICEERI NI RY 74
ANDY b7 ALCOFRRICESBEO> TS, €2 TPBRIZMA A— > THDOU A FITEES
T, B RBEENERDS5EEZ 505,
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1. DT

AT BETHELZEE (Positron Emission Tomography; PET) % FiW\ T OS2 AAIRE D
FEEEHRLOIRICONWTE LD D, PETIIS T A—2 VHEEBTCHEEAIN 2 EFEREGLTFIED
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. IR BT SRS, BT T EAIR G RI0RE OFPETRE 2 it § 2 LEN
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LINDGREEREHTET DI LIk 5, SREORBE L. HEELMSFEINS,

UL, BEERBIUETINEE T OEREERD TIHMEREE & OBRNIERE &7/ 2
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Wu02, Lammertsma96, Gunn97], F/=FEHIL. MAPHEE M ORIRE#FEZISHLEZY LI X
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5. BHOIT
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Background

Integrins are an important class of transmembrane heterodimeric glycoprotein involved in cell-matrix
interaction. Among the superfamily of integrins, «vf3; integrin has been validated as an interesting
target for specific therapies in oncology as it plays an important role in tumor growth, local invasion and
metastasis and angiogenesis. Moreover, it is overexpressed in activated endothelial cells during angiog-
enesis and also in many types of tumor cells such as osteosarcomas, neuroblastomas, carcinomas (lung,
breast, prostate, bladder), glioblastomas, and invasive melanoma. The key component of the ligand
of avpsis an arginine-glycine-aspartic acid (RGD) tripeptide motif, which is found in extracellular
matrix proteins, for example, vitronectin and fibronectin. Cyclic pentapeptides containing RGD (cRGD)
show high affinity and selectivity to av[; depending on the conformation of the RGD-containing loop
and its adjacent residues. Using cRGD for in vivo non-invasive imaging and targeting of « v 3 ;has recently
become an important issue for early cancer detection and cancer control ”. Radiolabeled cRGD peptides
in combination with nuclear imaging techniques such as positron emission tomography (PET) have been
increasingly applied for imaging of av 3 s expression in animal tumor models, as summarized by Kwon S
etal. ®. Furthermore, PET using [“F] galacto-RGD has been applied in patients with different types of
tumors, exhibiting its ability for monitoring of angiogenesis as well as cancer detection **. On the other
hand, although nuclear imaging is an established clinical molecular imaging modality that offers good sen-
sitivity at deep tissue sites, some limitations remain. It is time-consuming, needs highly skilled personnel
and offers relatively poor spatial resolution even in superficial sites. Molecular optical imaging, especially
NIRF (near-infrared fluorescence) reflectance imaging, is a very powerful experimental tool for studying
the temporal and spatial dynamics of biomolecules in real-time and iz vivo *”, and would find its position
in certain clinical situations where the nuclear modality may not be suited or not enough providing com-
prehensive information. For example it may be used for intraoperative navigation aiding to define surgical
margin and detect residual lesions because it can provide improved resolution and sensitive detection of
the superficial lesions, with very short exposure time for every acquisition. Furthermore, optical probes
are interesting because their signal emission can be controlled by chemical modification of the fluorescent
dye, which may offer more specific targeting and functional activity ®. Ir vivo optical imaging using NIR-
dye labeled cRGD peptide has been recently reported for imaging of av 3 expression in animal tumor

models 7.

Our group has developed a new molecular tool RAFT-c ((RGDfK-), . Its core, called RAFT (Regi-
oselectively Addressable Functionalized Template), is composed of a decapeptide platform containing up

to 6 lysine residues with side chains pointing to either side. 4 cRGD monomers were attached to the upper



face of RAFT to form targeting domain. The lower face of RAFT can be functionalized with various cargoes.
According to the chemical synthesis, the attachment of a specific motif or a combination of different motifs
can be completely controlled for particular application. The present study is to show the usefulness of flu-
orescence dye-labeled multivalent RAFT-c (-RGDfK-), as an efficient optical probe for early and non-in-
vasive tumor detection by comparing its bioactivity and tumor-targeting specificity to those of the mono-
valent cRGD *'. In addition, the development of a self-quenched Cy5-labeled RAFT-c ((RGDfK-), is

also introduced here ™.

Synthesis
(1) RGD-Peptides and Labeling

Cyanine5

£ =250 000 mol-.L.cm-
Amax Abs = 646 nm
Amax Em = 663 nm

Cy5-RAFT-c(-RGDfK-),
MW= 4556

Figure 1

Figure 1. Structure of Cy5-RAFT-c (-RGDfK-) ..

RAFT is a cyclic decapeptide (c [-Lys (Boc) -Lys (Alloc) -Lys (Boc) -Pro-Gly-Lys (Boc) -Lys
(Alloc) -Lys (Boc) -Pro-Gly-1) with up to six lysine residues. Protection of the lysine in position 1, 3,
6, or 8 and of the two in positions 2 and 7 results in RAFT molecule having two orthogonally addressable
domains pointing on either side of the cyclopeptide backbone. On the upper face, four copies of the c [-
RGDfK-] peptide were grafted for recognition of the integrin. The bottom face can be used to link one
or two drugs (plasmids, oligonucleotides, peptides, tags, chemicals) and/or agents for molecular
imaging. The fourc [-RGDfK-] were linked on the RAFT using an oxime bond (R1-O-N=C-R2). This
reduces the risk that one domain sterically affects the conformation and accessibility of the other as it is
observed when cRGD is linked directly to another function. Cy5 mono-NHS (N-hydroxysuccinimide)
ester was added for fluorescence labeling. The replacement of the amino acid “G” to “A” leads to
the loss of specifity for integrin @ v ;. The molecule RAFT-c (-R 8 ADfK-), was synthesized as a negative

control peptide.

(2) Synthesis of Quenched Cy5-RAFT-c (-RGDfK-) 4 Conjugate
Starting with the synthesis of cyclic decapeptide c[-K (boc) -K (alloc) -K (boc) -P-G-K (boc) -A-K



(boc) -P-G-], the purified cyclic decapeptide dissolved in H:O/CH;CN (1:1) was then added to a solution
of H;O/CH.CN (1:1) containing cyclic [-R-G-D-f-K (CO-CHO) -]. The solution mixture was stirred
atroom temperature (RT) for 4 days and then lyophilized to obtain the RGD-containing peptide as a white
solid. The pure peptide was dissolved in a degassed solution containing DMF/PBS (3:1, pH4.8). Boc-
protected cysteine dissolved in DME/PBS (3:1, pH4.8) was then added and the mixture stirred under
Argonat RT for 1 h. To a solution containing the peptide dry DMF was added a solution of Cy5 mono-NHS
ester in dry DMF with DIEA. The solution mixture was stirred at RT for 48 h. The solvent was then re-
moved under reduced pressure to obtain the peptide as a deep blue solid. The crude peptide was then di-
ssolved in solution containing TFA/H,O/TIS (95:2.5:2.5) and the solution was stirred at RT for 45 min.
The solvents were removed under reduced pressure. The residue was dissolved in DMF/H.O/CH,CN and
purified by RP-HPLC to afford the product as a deep blue powder. To a solution containing the Cy5-con-
taining peptide in dry DMF was added a solution of quencher QSY21-NHS ester in dry DMF with DIEA.
The solution mixture was stirred at 45°C for 16 h. The product was then purified by RP-HPLC to produce
RAFT-c (-RGDIK-) -Cy5-SS-Q.

RAFT-¢c (-RGDfK-) 4 versus cRGD
(1) In Vitro Studies

HEK293 () and HEK293 (1) cells, stable transfectants of human f3;and (3, subunits respectively
from the human embryonic kidney cell line, as well as human ovarian adenocarcinoma IGROV1 cells were
used in this study. FACS analysis and Western blot analysis showed the strong avf3; expression in
HEK293 (3, low to moderate levels of avf: in IGROV1, and negative avf3;in HEK293 (5 .).

The binding of RGD peptides in these 3 cell lines was then observed using confocal laser scanning micro-
scopy after incubation with Cy5-labeled RAFT-c (-(RGDfK-),, cRGD, or RAFT-c (-R 8 ADfK-), at final
concentrations of 0.1-0.5 1M for 30 min at 37°C. None of these peptides bound to the HEK293 (3.
cells, and as expected also, the RAFT-c (-R 8 ADfK-), control peptide did not bind to the av S s-positive
HEK293 (83 andIGROV1 cells. Incontrast, cRGD and RAFT-c (-RGDfK-),were reacting with either
ofthe av B s-positiv cells moderately and very strongly, respectively. In order to confirm if the multivalent
RAFT-c(-RGDI{K-), offer an increased affinity for av /33, we performed “competitive cell adhesion assay”
using @y (8 s-positive HEK293 (B3) cells. The assays showed that the negative control RAFT-c (-R 8
ADIK-), did not inhibit cell adhesion. cRGD inhibited the cell adhesion with an IC50 at 30« M, while
RAFT-c (-RGDfK-), strongly prevented cell attachment with an IC50 at 3 1+ M which was 10 times less
than that of cRGD. This result suggests RAFT-c (-RGDI{K-) , has an increased affinity for av 8 s-positive
cells by its multivalent ligation.

(2) Animal Studies

A. Imaging of subcutaneous tumor models (Fig. 2): In order to confirm whether the grafting
of multiple cRGD motifs to RAFT could enhance the tumor-to-background ratio, time courses of non-in-
vasive iz vivo optical imaging studies were conducted in nude mice bearing subcutaneous (s.c.) HEK293
(B3 (highlevels of avBs), HEK293 (8. (avpBsnegative) or IGROV1 (low to moderate levels
of av B, xenografts. Eachmouse received 10 nmol Cy5-labeled RAFT-c (-RGDfK-),, cRGD, or RAFT-
c¢(-R B ADIK-), by intravenous (i.v.) injection. The v S s-negative HEK293 (3,) tumors did not take-
up the RAFT-c (-RGDfK-), peptide, demonstrating the specificity of RAFT-c (-RGDfK-), for the avf;



integrin. In v S s-positive HEK293 ([3,) the RGD-tetramer and the monomer reached similar maximal
tumor uptake 5 to 30 min postinjection (p.i.). Between 30 min and 4 h p.i., the tetramer s signal
remained very elevated in the tumor (65472 = 90 to 61875 = 3434 photons/pixel) while a marked decrease
(from 63744 = 3031 to 28349 * 9727 photons/pixel) was measured with the cRGD. At later time points
RAFT-c (-RGDfK-) , always showed a better tumor accumulation than the monomer. The negative control
probe RAFT-c (-R 8 ADfK-), was rapidly washed-out from the tumors. In normal skin, all 3 probes
exhibited similar kinetic curves, except at early time points (5 min to 1 h) where cRGD showed a
somewhat stronger non-specific diffusion. Finally, the tumor contrast (tumor-to-skin ratio) was markedly
enhanced with RAFT-c (-(RGDfK),. Four hours p.i. the tumor/skin ratio reached the value of 15.9 + 3.6
with RAFT-c (RGDfK-),. This was significantly higher than that of the monomeric cRGD (5.9 = 2.0),

or the 1.4 = 0.1 ratio obtained for the control probe.

Before injection

White light Autofluorescence

HEK293(8;) HEK293(8,)

Time RAFT-¢(-RGDIK-), CRGD RAFT-c(-RBADIK-), RAFT-c(-RGDfK-),

Figure 2

Figure 2. Representative fluorescence images of Swiss nude mice bearing HEK293 (3,) or HEK293
(B3 s.c. tumors afteri.v. injection of 10 nmol Cy5-labeled RAFT-c (-RGDfK-),, cRGD, or RAFT-
c(-RBADfK).. The values shown in each image represent the range of minimal to maximum signal
intensity in each mouse. “T” and “K” indicate tumor and kidney, respectively.

For mice bearing IGROV1 tumors, which express a relatively low level of @ v 3, the tumor-to-skin
ratio was also found to be statistically better with RAFT-c (-RGDfK-).. At 6 h afteri.v. injection, Cy5-
RAFT-c ((RGDfK-) , provided the expected contrast (3.24 = 0.772), significantly higher than those of the
control Cy5-RAFT-c (-R B ADfK-), (1.44 = 0.299; p=0.0357) and Cy5-labeled monovalent cRGD (2.00
+0.179 ; p= 0.0159). Although cRGD produced a stronger fluorescence signal in the tumor than RAFT-
c(-RGDfK-),, itslevel in skin was also higher, resulting in a lower tumor/skin ratio. Besides the expected
specific RGD-mediated binding, other factors such as molecule perfusion and increased vascular perme-
ability also participate to the accumulation of a probe in a tumor. This is especially important for small
molecular weight compounds like Cy5-cRGD (3 times smaller than Cy5-RAFT-c (-RGDfK-) ,). In addition,
it is known that endocytosis of cRGD may follow a nonspecific pathway, whereas dimeric and even mul-

timeric cRGD may predominantly induce integrin-dependent endocytosis.



HEK293 (B3 tumors of mice treated as mentioned above were excised at 3 h p.i., and observed by
confocal microscopy. Cy5-RAFT-c (-RGDfK-), was massively internalized by tumor cells, and virtually
each tumor cell was strongly labeled. A similar pattern was obtained with the monomeric cRGD although
the intensity of the signal was lower. IGROV1 tumors sampled at 3 h after i.v. injection were also analyzed
using confocal microscopy. Both RAFT-c (-RGDfK-), and the monovalent cRGD stained the endothelial
cells of the tumor microvasculature as well as numerous tumor cells. No specific fluorescence labeling of
the tumor was found in mice injected with PBS alone or the control peptide Cy5-RAFT-c (-R 8 ADfK-) ,in
both tumor types. '

- B. Imaging of Abdominal Metastases : We finally tried to determine whether Cy5-RAFT-c (-RGD{K-)
4 or Cyb-cRGD could allow a non-invasive detection of deep, and small IGROV1/pGL3 peritoneal tumors.
IGROV1/pGL3 cells, stable transfectants of IGROV1 cells with luciferase-expression vector, were injected
intraperitoneally (i.p.) tothe nude mice, and about 2 weeks later the mice were used for imaging study.
As expected, luciferase-positive nodules located in the abdominal region were identified in each mouse
by bioluminescence imaging (BLI) afteri.p. injection of luciferrin. In 3 out of 4 mice of the Cy5-RAFT-
¢ (-RGDIfK-) -treated group, the Cy5 signal colocalized with luciferase positive nodules. In the fourth
mouse, the Cyb signal was too weak, certainly because of the very small size of the nodule as shown by
the very low BLI intensity. Note that in all 4 mice, the diameter of the tumor nodules ranged between 1
and 5 mm and were hardly visible under normal light after opening the abdomen. We thus performed
optical imaging-guided biopsy and frozen tissue sections were observed by confocal microscopy. Cy5-lab-
eled cells were also presenting a typical pattern of malignant cells after hematoxylin-eosin staining. These
data clearly reflect the good sensitivity of the Cy5-RAFT-c (-RGDfK-) , staining as well as it confirms that
of BLI. In contrast, no tumor specific Cy5 signal was showing up in the 4 mice injected with Cy5-cRGD.
This was mainly due to the strong background fluorescence in the intestine which eventually masked the
specific Cy5-cRGD signal and prevented identification of the positive nodules. Indeed, normalized images
of the extracted tissues (stomachs and intestines) from tumor-free mice clearly showed that the gastro-
intestinal uptake was higher for Cy5-cRGD than its multivalent analog. It is important to note that using
anormalized signal range, no significant autofluorescence from mouse diet in the intestine of PBS-injected
mice was visible. Finally, as expected, none of the 4 Cy5-RAFT-c (-R 8 ADfK-) -injected mice showed

detectable signal in BLI positive tumors.

Non-invasive Imaging of RGD Internalization
(1) In Vitro Studies

Optical imaging was conducted in either RAFT-c (-RGDfK-) .-Cy5 or RAFT-c (-RGDfK-) ,-Cy5-SS-Q sol-
ution. It was found that when conjugated with a quencher by -SS- bound, the emission of fluorescence
from RAFT-c (-RGDfK-) ,~Cy5 was inhibited by 13.5 times. However, after adding a reducing reagent 2-
mercaptoethanol for cleaving the -SS- bridge, the fluorescence emission could restore almost completely.
These findings show RAFT-c (-RGD{K-) ~Cy5-SS-Q is an activatable molecular probe with both quenching
and dequenching efficiency. This probe was further tested in cellular level by incubation with live cells
and observed using a confocal microscope. In IGROV1 cells in the presence of RAFT-c ((RGDfK-) ,-Cy5,
a very intense signal was observed coming from the RAFT-c (-RGDfK-) -Cy5 in culture medium, greatly
hampering the visualization of the specific signal coming from the labeled cells (Fig. 3). In contrast,



this background signal was absent when using the quenched molecule (Fig. 3) and the intracellular
vesicles containing the “activated-smart probe” were then easily detected. A similar experiment per-
formed on HEK293 (8,) cells produced identical results. But, since HEK293 ([3,) cells expressed
very high levels of av (3 the peptide concentration was used 5 times lower and the laser power down
from 30% to 1%. Inthese conditions the background signal coming from the free RAFT-c ((RGDfK-) ,-Cy5
was low but a strong fluorescence coming from a large excess of peptides accumulated on the cell surface
still affected the visualization of intracellular vesicles. Again, when using RAFT-c (-RGDfK-) ,-Cy5-SS-
Q, the unbound molecules in suspension remained undetectable, and only a faint signal was coming from
the membrane-associated molecules. Nonetheless, most of the Cy5 signal was coming from intracellular
vesicles. Thus Cy5-SS-Q allows the visualization of an intracellular signal despite the presence of a large
excess of extra- and peri-cellular probe concentration. The kinetic of the internalization process was then
observed in live HEK293 (3,) cells by real-time microscopic imaging. The intracellular signal became
visible 10 min after addition of RAFT-c (-RGDfK-) ,-Cy5-SS-Q, and augmented regularly during the first
2 h. Finally, live IGROV1 or HEK293 (B3 cells were incubated simultaneously with the quenched
probe and the Green-fluorescent LysoTracker probe during 90 min and examined by confocal microscopy.
A large proportion of the red Cyb5 signal colocalized with the green fluorescence coming from LysoTracker
in both cell lines. This suggested that the dequenching effect occurs mainly in acidic vesicles including

lysosome.

Confocal Laser Scanning Microscopy of Live IGROV1 Cells

RAFT-c(-RGDfK-),-Cy5 RAFT-c(-RGDfK-),-Cy5-5S-Q

Figure 3

Figure 3. Confocal microscopy of intracellular Cy5 dequenching in live cells. Representative images
of IGROV1 cells were taken after 2 h of incubation with RAFT-c (-RGDfK-),-Cy5 or RAFT-c(-RGDfK-)
+~Cy5-SS-Q at a final concentration of 0.5 M. The detected Cyb5 signal was pseudocolored red.

(2) Animal Studies

Time courses of non-invasive i vivo optical imaging studies were conducted in nude mice bearing s. c.
IGROV1 tumors. Each mouse received 10 nmol RAFT-c (-RGDfK-) ,-Cy5 or RAFT-c (-RGDfK-) ,-Cy5-SS-
Qbyi.v. injection. Tumors were stained as early as 10 min after administration of RAFT-c (-RGDfK-) ,-

Cy5, but not with the quenched probe. The Cyb5 signal coming from the quenched probe was building up



more slowly than with the original probe. While the RAFT-c (-RGDfK-) ,-Cy5 signal in the tumor began
to decrease as soon as 10 min after injection, the fluorescence intensity was increasing regularly during
the first 3 h into the tumors treated by RAFT-c (-RGDfK-) ,-Cy5-SS-Q. Although the tumor/skin ratio was
not significantly different during the first 6 h for both molecules, it augmentéd and peaked at 10 h with
the quenched probe while it was already significantly lower with the conventional one. As an example,
the tumor/skin ratio is 3.18 = 0.17 for RAFT-c(-RGDfK-),-Cy5-SS-Q and 1.78 = 0.23 for RAFT-c(-RGDfK-)
+Cyb5 24 h after injection.

Tumors sampled at 3 h after 1. v. injection of each molecule were then analyzed by confocal microscopy
using constant acquisition parameters optimized for imaging RAFT-c (-RGDfK-),-Cy5-SS-Q. Results
showed that the quenched probe produced much stronger fluorescence signal in tumor cells or in the
stroma than RAFT-c (-RGDfK-).-Cy5, supporting the macroscopic findings. High-magnification image
showed RAFT-c (-RGDfK-),-Cy5-SS-Q was actively internalized by tumor cells i vivo also. Besides the
staining of the tumor cells, the stroma was also fluorescent, with a pattern resembling that of a CD31
immunostaining of blood vessels. This suggested that RAFT-c (-RGDfK-) ,-Cy5-SS-Q was also binding to

endothelial cells.

Summary and Prospect

In conclusion, we demonstrated that Cy5-RAFT-c (-RGDfK-) , was indeed binding to the av f3 s receptor
with an improved activity as compared to its monomeric analog, confirming the interest of using multiva-
lentligands. Intravenous injection of Cy5-RAFT-c (-RGDfK-),in HEK293 () tumor-bearing nude mice
provided tumor/skin ratio above 15. Such high contrast plus the opportunity to use the HEK293 (1)
negative control cell line or tumor are major assets for the community of researchers working on the de-

sign and amelioration of RGD-targeted vectors or on RGD-antagonists.

The in vitro and in vivo studies show that the multimeric RAFT-c (-RGDfK-), increases the selectivity
of cRGD since Cy5-RAFT-c (-RGDfK-), targets more specifically s.c. tumors as well as abdominal
metastases. This may mainly be due to its lower hepatobiliary excretion and decreased nonspecific binding
to the intestine and skin. In addition, besides its improved targeting properties, the RAFT molecule
was also designed to allow an easy and chemo-selective covalent addition of 1 or 2 biologically active com-
pounds on its second functional face. Altogether this makes of RAFT-c(-RGDfK-), a very promising vector

for future therapeutic and clinical imaging applications.

Cy5-RAFT-c(-RGDfK-), was modified by conjugating a fluorescence quencher (Q) to Cy5 viaa disulfide
bond (-SS-) with the rationale that the resultant RAFT-c (-RGDfK-) ,-Cy5-SS-Q is fluorescence-activated
upon internalization-induced disulfide cleavage. Optical imaging of the probe solution showed that fluor-
escence emission for RAFT-c (-RGDfK-) ,-Cy5-SS-Q was strongly inhibited when compared to the unmodi-
fied form, and nearly totally recovered upon chemically induced disulfide cleavage. Real-time confocal
microscopy of av (3 s-positive cell lines in culture showed only intracellular Cy5 signal could be clearly de-
tected for RAFT-c (-RGDfK-) ,-Cy5-SS-Q-incubated cells. Whole body imaging of mice bearing @v 3 ;-
positive tumor xenografts showed RAFT-c (-RGDfK-) ,-Cy5-SS-Q significantly enhanced tumor contrast
due to the prolonged tumor retention. As compared to the rapid accumulation of the unquenched molecule,
the initially steadily increasing fluorescence in tumor produced by RAFT-c (-RGDfK-) -Cy5-SS-Q indicated



the process of fluorescence dequenching. Histology of the excised tumor clearly exhibited the intracellular
signal produced by RAFT-c (-RGDfK-) -Cy5-SS-Q. This study demonstrates the potential of RAFT-c (-
RGDIfK-)-Cy5-SS-Q as a functionalized probe for iz vivo measuring receptor-mediated RGD internalization

and subsequent events.

Since PET imaging is so far the only established molecular imaging modality for clinical use. Itis of ne-
cessity to develop RAFT-c ((RGDfK-); as a PET imaging probe. This would validate the optical imaging
modality, and also help to translate it into clinical application. It is also expected that the combined use
of PET and optical imaging would provide more comprehensive and complementary hiological information
than the single-modality. In collaboration with Pascal Dumy’s group in University Joseph Fourier in France,
the development of RAFT-c (-RGDfK-) , -based PET probe is underway.
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Quantum Dots : From Multimodal Imaging Diagnostics to
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Nanotechnology-based tools and techniques are rapidly emerging in the field of molecular imaging, bio-
sensing and targeted drug delivery. Employing constructs such as quantum dots (QDs), fullerenes, de-
ndrimers, liposomes, nanotubes and emulsion, these advances lead toward the concept of personalized
medicine and the potential for very early, even pre-symptomatic, diagnoses coupled with highly effective
targeted therapy. The new term nanomedicine has been used recently.

Why nanoparticles are so attractive for molecular imaging diagnostics? Nanoparticles allow a concentra-
tion of a large amount of contrast molecules in a very small area/volume (~20-100 nm in diameter). Thus,
after conjugation with target-specific ligands, even single cells or molecules could be detected in the blood
stream or tissues, using different techniques. The nanoparticles have also a potential for therapeutic pur-
poses (e. g., drugand gene delivery), which is expected to generate innovations and play a crucial role
in medicine. For example, the diagnosis and treatment of cancer at the cellular level could be greatly im-
proved with the development of techniques that enable a highly selective interaction and delivery of analy-
te probes into the cancer cells and subcellular compartments. Target-specific drug/gene delivery and early
diagnosis of cancer is one of the priority research areas in which nanomedicine will play a vital role. Nan-

omedicine attracts also other clinical fields as surgery, cardiology, respiratory diseases, etc.

Quantum Dots for Multimodal Molecular Imaging

Among all nanoparticles, QDs are most attractive for molecular imaging diagnostics. Over the past few
years, QDs have won recognition as new generation fluorophores in optical imaging, because of their
unique spectral properties over traditional organic dyes : a high quantum yield ; broad absorption spectra
with narrow, symmetric fluorescence spectra spanning the ultraviolet to near-infrared ; large effective
excitation/emission Stokes-shifts ; a high resistance to photo-bleaching and an exceptional resistance to
photo- and chemical-degradation. All these characteristics make QDs 10-20 times brighter than classical
organic dyes under photon-limited in vivo and in situ conditions, where the light intensities are severely
attenuated by tissue scattering and absorption. ' These novel optical properties of QDs could be used for
optimizing of signal-to-noise ratio and improving the sensitivity of fluorescence detection devices, as well
as for increasing the quality of fluorescent cellular and molecular labeling and in vivo deep-tissue imaging.
The size-tunable fluorescent emission (as a function of core size for binary semiconductor materials) and
the broad excitation spectra (which allow excitation of mixed QD populations at a single wavelength) give
a possibility for multiplex imaging. In addition, the architecture of water-soluble QDs allows a development
of novel nanobioprobes with dual- and multimodality, for simultaneous application in different imaging
techniques [e. g., fluorescent imaging (FI), magnetic resonance imaging (MRI), positron emission
tomography (PET), computing tomography (CT), X-rayimaging, etc.].



In particular, by fabricating QD probes that exhibit both fluorescent and paramagnetic properties, optical
imaging and MRI can be used in a complementary fashion. This is a powerful combination as MRI offers
an ability to follow the distribution of molecules in vivo and provides an anatomical reference, whereas
optical imaging can be applied to obtain detailed information at subcellular levels.

As a research tool, the multimodal probes have a large application potential - from monitoring tissue
implants to studying the real-time dynamics of tumor metastases and biochemical mediators. The simul-
taneous application of one probe in several imaging techniques has two major privileges: (i) it minimizes
the accumulation of different side-effects and artifacts as a result of different pharmacodynamics and pro-
perties of different molecular probes (e. g., target-selectivity, half-life in microcirculation, sensitivity,
non-specific noise effects, etc.); and (i) it allows most precise comparative analysis of the images
obtained by techniques, based on different principles.

The existing prospect of using QDs for development of multimodal probes has attracted the interest of
researchers in many different scientific fields. The number of publications on the topic increases expon-
entially. *” However, the interpretations are still speculative, especially in terms of in vivo multimodal
imaging.

Currently, three basic structures of multimodal QD probes have been described in the literature (Figure
1A-C). The first two structures (Figure 1A, B) consist of QD with different types of molecules, attached
onits surface, e. g., polyethylenglycol (PEG), biocompatible ligand for target-specific interaction, and

paramagnetic lipids or chelators for nuclear spin labeling/radiolabeling. °*

These two structures are very
compact. The contrast signals are comparatively high. However, there is a serious limitation in this
design. The attachment of target-specific ligands and PEG on QD surface restricts the number of contrast
molecules on the same surface, because of limited number of functional groups. This circumstance does

not affect the optical properties of the probe, but could be crucial for their paramagnetic properties.
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Figure 1. Structures of multimodal QD probes described in the literature. (A) According to ref.
12. (B) Accordingtorefs. 5. (C) Accordingtoref. 3. (D) Our originally designed multimodal
QD probe (according ref. 17).

The third structure (Figure 1C) consists of QD nanocrystals (e. g., CdSe, CdTe, CdS, InAs, InP)
and paramagnetic nanoparticles (e. g., Fe;0,;, Fe;O.,, CoFe,0., MnFe,O, FePt, CoPt;) incorporated



together in comparatively small silica spheres, as well as fluorescent/paramagnetic heterodimers (e. g.,
Fe;0,-Au, CoPt-Au, FePt-Ag, Fe,O,-Au-PbSe, gamma-Fe,0:-CdS, FePt-CdS, Co/CdS core/shell, Co/
CdSe core/shell, CdSe/Zn1-xMnxS) over-coated with silica to ensure water-solubility.>**” The combination
of QD nanocrystals and magnetic nanoparticles in close proximity of hereodimers usually results in decre-
asing of their fluorescent and paramagnetic characteristics in comparison with the isolated materials. ** In
this context, the incorporation of isolated fluorescent nanocrystals and isolated magnetic nanoparticles in
silica spheres seems a better choice, at least for the time being. In this design, there are a lot of free
functionalities on the surface of silica sphere, allowing an attachment of large number of PEG molecules
and biocompatible ligands, without restriction of the number of contrast substances incorporated into the
polymer coat. The silica coat is biologically inert. Nanosponges and nanofoams are also a good alternative
to the silica. The silica coat isolates QDs and contrast agents from the environment and prevents immu-
nomodulation if the resulted nanoparticles are small enough. On the other hand, the silica is a porous
material, allowing penetration of small molecules (e. g., water, oxygen, etc.) inside the sphere. This
circumstance has a dual effect and the balance is important. The accessibility of water molecules to the
paramagnetic substances does not affect their properties. Moreover, it could be an advantage if 1H-MRI
substances are incorporated in silica spheres (e. g., Gd-, Mn-, Co-compounds). However, the
accessibility of water and oxygen to QDs results in a decrease of fluorescent intensity. The reported flu-
orescence quantum yield of silica-coated QDs is usually 20% or lower in aqueous solutions. Itis necessary
to develop methodologies allowing a strong isolation of QDs from the polar environment without influen-
cing the permeability of water molecules for silica coat and its accessibility to the paramagnetic contrast
agent.

The impossibility to define the exact concentration of multimodal silica-coated QDs is a serious short-
coming of this design, because of restriction of dose-dependent and quantitative analyses. In addition,
silica-coated QD probes suffer of comparatively low stability in high-salt physiological fluids, an aggrega-
tion takes place and it compromises the quality and precision of the measurements. The aggregation could
change completely the pharmacokinetics of any imaging probe in the organism and results in artifacts. A
conjugation with PEG or Dextran overcomes this limitation.

Below, we would like to introduce our new multimodal QD probe, based on single QD micelles incor-
porated in small silica spheres (15-20 nm in diameter) (Figure 1D). The micelle part allows an incor-
poration of hydrophobic paramagnetic substances into the silica sphere. The hydrophobic micelle isolates
QD nanocrystal from the polar molecules, penetrating from the environment into the silica sphere and
keeps its fluorescence properties. The fluorescence quantum yield of silica-coated QD micelles is up to
30-50% in aqueous solution. In the same time, the hydrophobic paramagnetic molecules are localized on
the micelle surface and are accessible to the water. Amphiphilic paramagnetic substances could be also
incorporated in silica coat. Inboth cases, the incorporation of paramagnetic compounds in close proximity
to QDs does not affect significantly their paramagnetic characteristics. The contrast signal is the same as
of the isolated paramagnetic material. The described structure is compact and chemically stable in water
and low-salt buffers. After conjugation with PEG or Dextran, it becomes stable in high-salt physiological
fluids. The incorporation of one QD in one silica sphere allows normalization of nanoparticle concentration.
The concentration of our silica-shelled QDs related in close proximity to the concentration of QD nanoc-
rystals in moles, calculated from their absorbance spectra.

Figure 2A represents a comparative analysis of paramagnetic and fluorescent properties of two multi-



modal probes, based on silica-shelled single QD micelles. In the first probe, a Gd-DOTA-isothiocyanate
- was attached on the surface of silica sphere. In the second probe, amphiphilic Gd-derivative (Resolve
AI™-Gd) was incorporated inside silica sphere. In both probes, Gd-compound was given in equal con-
centrations in the process of synthesis. The fluorescent properties of both structures were same. Their
quantum yields are ~30-50%, depending on the initial quantum yield of QDs in organic solvent. The
paramagnetic properties were slightly different. After purification, using 50 hours dialysis, T, and T
(relaxation times) of the probe, consisting of Gd inside silica sphere, were shorter than T, and T of the
probe, consisting of Gd on the surface. This suggests that the probe, consisting of Gd inside silica sphere,

may provoke a stronger positive contrast than the Gd on the surface due to the volume of Gd binding area.
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Figure 2. (A) Spectral characteristics of multimodal silica-shelled single QD micelles consisting
of DOTA-phenyl-isothiocyanate-Gd on the surface of silica sphere (first structure) or Resolve AI™-
Gd incorporated inside the silica sphere (second structure). MRI measurements were performed in
a4.7-Teslamagnet (General Electric, CT) interfaced to a Bruker Avance console (Bruker Medical
GmbH, Germany). A 30 mm diameter Litz coil (Doty ScientificInc., SC, USA) was used for me-
asurement of the samples. Sample temperature was maintained at room temperature (approximately
25 °C). The measurements were performed in the following order : T, weighted imaging using con-
ventional spin echo (SE) sequence, multi-echo SE imaging for T calculations, and inversion
recovery SE imaging for T, calculations. For calculation of photoluminescence (PL) quantum yield,
the spectrally integrated emission of particle dispersion in phosphate buffered saline was compared
to the emission of an ethanol solution of rhodamine 6G  (Fluka) of identical optical density (<0.015)
at the excitation wavelength 365 nm. In both MRI and optical images, the concentration of nanop-
articles in each sample corresponded to 1M QDs.  (B) Intracellular delivery of QD probe in cancer
cells. Silica-shelled QDs (500 nM QDs) was incubated with cells within 1 hour in humidified at-
mosphere at 37 °C, 5% CO.. The cells were washed by PBS and fluorescent images were obtained
by Olympus FV1000 microscope. (C) Electron micrographs of localization of positively charged
silica-shelled QD micelles in olfactory area of the brain after 7 days intranasal inoculation in mice. Ag-
gregates were detected in nasal mucosa after 3 days intranasal inoculation in mice. The images were
kindly provided from Dr. Yoko Ishihara (Kurume University, Kurume, Japan).

It is necessary to note that Resolve Al™-Gd has a low hydrophobicity and comparatively small part

(~10%) of its molecules is retained in silica spheres. The incorporation of strongly hydrophobic contrast



substances in the micelle part of silica-shelled QDs could improve significantly the paramagnetic charac-
teristics of this multimodal probe, which is under way in our Team.

In preliminary experiments, we established that non-pegylated, and positively charged silica-shelled
QDs (15-18 nm in diameter) are localized in olfactory area of the brain after 7 days intranasal inoculation
in mice (Figure 2C). However, only few QDs were found in the brain tissue, presumably due to
aggregation of non-pegylated probe in nasal mucosa. An additional improvement of the surface of QD probe
could increase its stability in physiological fluids and its permeability for brain tissue.

The cytotoxicity of pegylated probe was comparatively low. There was no cytotoxic effect up to 500 nM
concentration on cultured cell lines. However, speaking about the cytotoxicity of nanoparticles, it is
necessary to note that this parameter is usually varified on cancer cells that are inherently resistant to
many external agents. The data on normal cells are scanty. Currently, there are no data about the me-
tabolism of silica-shelled QDs in living organisms and it is unclear what will happen if the nanoparticles are
accumulated in different organs for a long time. The best case seems to be their excretion through kidney

avoiding any long-term accumulation and metabolism in the liver, bone marrow or other organs.

Quantum Dots for Photodynamic Therapy of Cancer

The cytotoxic effect of QDs has a dual nature. Several years ago, it was found that uncoated QDs are
energy donors and possess photosensitizing properties and could be used in light-mediated cancer-cell
killing. ** Moreover, hybrid nanoparticles consisting of QDs and classical photosenstizers (e. g., phthalo-
cyanines, eosins, natural pigments, etc.) or QDs and X-ray contrast substances have a great potential
in radiation-induced photodynamic therapy of cancer. These hybrid photosensitizing probes could be ad-
ditionally conjugated with cancer-selective ligands, which should minimize their side-effects on normal

cells and tissues.
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Figure 3. (A) Structure of QD-based photosensitizing probe. FRET - fluorescence resonance
energy transfer. (B) Cancer-selective laser-induced cytotoxicity of QD-phthalocyanine-CD90 con-
jugate. Incubation conditions : Cells (leukemia cell line Jurkat or normal lymphocytes, 2x10° cells/
ml) were incubated with QD-phthalocyanine-CD90 (1 M QD) in RPMI-1640 medium, in humidified
atmosphere, within 24 hours. The cells were washed twice by medium and analyzed for target-se-
lectivity (using fluorescent confocal microscopy) and viability (using flow cytometry). The cells
were subsequently subjected to laser irradiation and cell viability assay.

Below, we describe a new photosensitizing probe, consisting of QDs conjugated with metal-containing
phthalocyanines (Figure 3A). The probe was conjugated with cluster-of-differentiation antibody (CD90)
with high affinity to leukemia cells. The conjugate was incubated with leukemia cells (Jurkat) or normal



lymphocytes within 24 h in humidified atmosphere. The cells were washed by cultured medium to remove
non-bound QD-phthalocyanine-CD90 conjugates. The probe was selectively bound to the leukemia cells,
which was visualized using fluorescent confocal microscopy. Interaction with normal lymphocytes was
not detected. Both, leukemia cells and normal lymphocytes were subjected to laser irradiation. The cell
viability was analyzed before and after irradiation. It was established that the viability of leukemia cells
markedly decreased (~40%) after irradiation, while the viability of normal lymphocytes remained to
the control levels (Figure 3B). The results suggest that QD-phthalocyanines possess target-selective

light-mediated cytotoxicity due to the specific binding with cancer cells.
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Figure 4. Potential mechanisms for QD induced cell death. (A) According to Bakalova et al. 18 ;
(B) According to Maysinger et al. 19

In 2004, we hypothesized that non-coated QDs and hybrid QD substances could generate reactive oxy-
gen species or could induce Cd-mediated cytotoxicity in cancer cells (Figure 4A). ** This hypothesis has
been approved by several groups, demonstrating that the mechanism of QD induced cell death involves
acceleration of lipid peroxidation, activation of tumor necrosis factor (Fas) and suppression of mit-
ochondrial function (Figure 4C). %

Since the penetration depth of red laser in tissues is less than 1 cm, the current efforts are directed to
development of hybrid QD probes with enhanced photosensitizing properties by using X-rays and their ap-

proval in pre-clinical practice.
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Figure 4.. (a) ‘Edge-corrected image (N-image), (b) second-derivative image (N'") and (c)
oxyger)atlon-mdex image of the right breast, oblique projection, of a 47-year-old woman
with a cancer less than 0.5 cm in size. Cancer location is indicated by the arrow.
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