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Development of Boron Delivery System for Neutron Capture

Therapy of Cancer

Hiroyuki Nakamura

Department of Chemistry, Faculty of Science, Gakushuin University,
Mejeiro, Toshima-ku, Tokyo 171-8588 , Japan

Boron neutron capture therapy (BNCT) is a binary cancer treatment based on the nuclear reaction of
two essentially nontoxic species, '’8 and thermal neutrons. The neutron capture reaction by i}
produces an a-particle and a lithium-7 ion bearing approximately 2.4 MeV, and these high linear
energy transfer particles afford precise cell killing. Therefore, the marked accumulation and
selective delivery of boron into tumor tissues are the most important requirement to achieve an
effective BNCT of cancers. We focused on a liposomal boron delivery system. Accumulation of
boron in the liposomal bilayer is highly potent. because drugs can be encapsulated into the vacant
inner cell of a liposome. Furthermore, functionalization of liposomes is possible by combination of
lipid contents. Therefore, boron and drugs may be simultaneously delivered to tumor tissues for
both BNCT and chemotherapy. We recently developed the nido-carborane lipid, which has a
double-tailed moiety conjugated with nido-carborane as a hydrophilic function. The longer survival
of tumor-bearing mice injected with the boronated liposomes was observed after BNCT. However.
significant toxicity was also observed in the mice injected at higher boron concentrations. In this
paper, we report synthesis of c/oso-dodecaborate containing boron lipids. Our design of the boron
lipids is based on biomimetic composition of phosphatidylcholines.
Mercaptoundecahydrododecaborate (BjoH, SH”, BSH) was chosen as an alternative hydrophilic
function of boron lipids. BSH is a water-soluble divalent anion cluster and significantly lowered
toxicity. and has thus been utilized for clinical treatment of BNCT. We prepared the boronated
liposomes from diacylphosphatidylcholines and boron lipids and examined their BNCT effect using
tumor bearing mice. Suppression of tumor growth was observed in the mice injected with the

boronated liposomes two weeks after neutron irradiation.
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Boron neutron capture therapy (BNCT) is a binary cancer treatment based on the nuclear reaction of two essential-
ly nontoxic species, '“B and thermal neutrons. High accumulation and selective delivery of boron into tumor tissue are
the most important requirements to achieve efficient neutron capture therapy of cancers. This review focuses on the
liposomal boron delivery system (BDS) as a recent promising approach that meets these requirements for BNCT. BDS
involves two strategies: (1) encapsulation of boron in the aqueous core of liposomes and (2) accumulation of boron in
the liposomal bilayer. Various boronated liposomes have been developed and significant boron accumulation into tumor
tissue with high tumor/blood boron ratios has been achieved by BDS.

Key words——boron neutron capture therapy (BNCT); boron delivery system (BDS); liposome; polyethylene glycol;

boron cluster

1. [FLBIC

MAKRZONE, B - REE 2510
YIS LT OFW - R - (L fE sz
£0T, HEBEBBLROUENASNIDHOD,
{2 TR S S RIER & OV, B s
TREFHFAOEREGRABOMENHIZHEET
3. ZOLIRWT, (LEHE S HEREE O
OEEED £ < HMAL AR %P T RERE
(BNCT: boron neutron capture therapy) AfEH&
nTns 2

BT R ILF—ORPEFR TR — OV
T EREAD, ABIIEFEFTHS. Ll
MoBBPHEFLERIEIOEORER, VFTALL
AL (afd) ZEL, Ths5O0TRNF—I1
2.79MeV LB L FRME LI DERBTHADII AT
N, TOREBIIMEI DOBEE (5-9um) TH
% (Eq. 1), LEMST, 35hLDFIEITE
HAMRIZOARRAICRDAZTEET IAPETR

TR (T171-8588 WA EREE
M 1-5-1)
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FEBIE, HEESSM 1272 MNP T LS TR
ZLiEbOERLIZRRLEBOTHD.

HEFTAE, PAMROAZERMICHETSIL
MTES (Fig. 1). ThEfATHOHMBNCT T
53,
0B +In —> TLi+*He+2.79 MeV m

BNCT O#&IE, 1936 41 Locher 12 & - TR A
IZiEEhic Y E 0, 1950 FERIIKR7 AU A
B TESE PRI 2 % § & U 72 I8 D il Bt et
FEAThNIES, WELEHOMBRRIE S PHET
EEOR+FSPORITHIN L Ied o7, ¥ 1968 £,

ARG HFRESEONE RAKICHT BROSERT L TEE)

Fig. 1. Concept of BNCT
(authonzed by FFAG-DDS Research Organization).
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Fig. 2. Structures of BSH, BPA, and '"F-BPA

WHRAKED () BHPS5iE, Fig. 2i2mT X203
WIESETESTIEAF /52— (BSH:
mercaptoundecahydrododecaborate) # fj \a T fit 5
T THSM M O BNCT IZEETh L /2. % Fh LAk,
BERZOFEY—RLTETED, BEETH
B O R SHLAIT 250 SER B BA T WA, — 4,
1987 fERHF KO =RSRTI /BEREKTHS
BPA (p-boronophenylalanine) # i \» Tt L1
Wi BNCT IZpEZh L 7=, © 1994 4E1Z13, S Gick
0 "SF-BPA Zfily/= PET (positron emission tomo-
graphy) @ZHrEATMIEE N, &5 H Uik
OFTEFHRZERAMLZ2LNTEREDITR
V&R KEEYAOUMSRBATIFr=27
EHFT, F7HF—10 @B LA~ BSH & L{K
BPA OEME(LIZEINL, BETRIO2DO0EREY
IR =R OTRA 2D A~ ORISR AT
KOMWFSICEoTH#HDENTWVS HO X5,
NG EMKOFIRS X, WiTEH £ BNCT &
AETFRO#lAEDUYTRLBEEDREERELTL
5.

BNCT CHlLW 2R TFREGEO L ISR T
MHRFTWDA, MR SHaledupiE A58 s
hakiicind, WiRMEREA~DOUEMNTIRES 2
DI EMNS BNCT BEHEHMED 1 DL LT
ITRERTHI MM SND, Z ORmE O S n
28 BNCT OMBEAWCK ZMY, HATHHEKX -
H#5IZL - T NEDO UKL DDS BY 164 R 18 5 90
YATHLAOME oz b (o b)—
F— D HEOR - H B, EBE 17-19 1) 12X
DS TN,

ET, BNCTIZBWLWTHEIH 102500 F%0
T L TASARIIE I O &3 IR0 I Ml T3E 0 AT
IERAROPDF ELDRTH D, A&
i3, WP # AN 30 ppm LA EThaEh DM
1/ ik ok o B LA TR Iz Bl E R H R O R
TRBELLA S LN HBRME 2o TWS, ThE

R T BT, Ba iy BEROMBHAMNT
bhTEE AWMTRR, REFHEHATWLAUR
') — 1, DDS (drug delivery system) Zf /=28 L
Wk EFUNRY - ZXF L [ELF “BDS (boron
delivery system)” &B&T] IZD2WTHNTS.

2. YRJ—LERVARTIETY I — (BDS)

YRV —LDDS ZHWERIRF YN —0K
HBELTFg 3Rt LI, KEL 2DODKR
Zanehns, 121, FoREREYRY—LN
EHATAHETSHS, ZOHEE, —8ky R
V—LEMW/DDS Z2IEHT5HOTHD, BSH
LREORIFEELEHEHATS. 13 1 D20HEE
LT, F2&F=2VRY—ABIZHBADEETS
%, ZOHFETRR, URY—LRIZESIZHBAF
HEDEMEHATEIENTES /20, (¥
EOMGHRMMNMETES. WIFhollad, YR
Y — L% PEG{LT% Z &T EPR (enhanced per-
meability and retension) Zh\Mt&E @20, 1D K &
BAFEURY—LABICHEEGIER I EIZED, B
B IZEEMERRICIR DA ZE S LD hlfEERE
LT EMTRE RS TER,

2-1. KRIFRAHE BDS

-1, YR —LEZRVIEMOHTDOBDS T/
ao—+ Ui —LZEH Iz BDS H, 1991 iz
st - TRAICHEEN . WHESIE, Ty
%7 PC (phosphatidylcholine), 2L Z50O—Jk,
DTP-DPPE [ 3- (2-pyridyldithio ) propionyl-dipalmi-
toylphosphatidylethanolamine] (1 : 1:0.05) A5
iRy —LAZMEL, BSH 28 AL05, 20
1] iRY)— L % anti-human CEA (carcinoembryonic
antigen) £/ 2 03— LKL SPDP  [N-hydrox-
ysuccinimidyl-3- ( 2-pyridyldithio) propionate| # £
F, RS € BSH NI A/ URY—LAEGHRL
7=. BSBHBET20mMMSBohizRY—A
AW LIERE, 1 DO/ 20—zl
FHRAFRERAIE, 197 £/
£EN, MK FEREMER. BAF
PrERAEETARHE CATImEE T, 1995
ENMKRETREERBHAL 57—
B, 1997 SEMAL KR ER TR
FBYFE. oM, EvyI—F K%L
FFRUCHISE, 2002 SEEEPEKLEEN
BhEdE. 2006 £k DEER. 1999 £ HA

L2, 2007 45 A5 T IRAOH
WO SR MW,
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TI3XICEOFRIERFETFEESDLAMBENT
W4, AsPC-1 (E FEERRATA) HIRAIZZ O L/
R — LA S rRM =T o2&
A, 0% L LomuwliREEDRIBShE &5
12, AsPC-1 fllllz=BRBLX—FR?ORAZMWT
BNCTHREWM~<ET 5, BSBHEHALTLE
WAL/ YR —LEESLERICL~XT, BSH
HASLIURY—AZTFOKBEBLE 7.8mg/
kg (ROAQEE20g EREL THRT) #5L1
BRI FRE LA A TR, BN AT
SO%BLAFIZfIA s/ W

212, PEG{t! K/ —LICLZRBNT—45T
4 >4 1992 % Hawthorne 5 X, DSPC (dis-
tearoyl phosphatidylcholine) &L Z5F0—IiL%&
JAVT, BSH /247 T2 < NapByHyp, Na (n-ByH,e),
Na, (i-ByH,s), KiByHsH, Na;ByH;g & 135 fobk~
BERORAA25A5— (Fig. 4 ZHALREY
Ry —Lz@ELE. EhEHTHSMLY
EMT6 flifd ##HiL /= BALB/c ¥ 2iz/ L, &+

& boron @ Phospholipid
cluster 7o, boron lipid

i rec
< ligand

Fig. 3. Boron-encapsulated Liposomes and Boron-lipid Lipo-
somes

REREHALEYRY—LEBE 2004) EH
REHL, B RYROEEAI TN
7z.19 BSH, NayBoHyo ZHA LU R Y —LEE
hENRFYFEBETHEHBEICH L T 6mg/ke, 7Tmg/
ke ELEHRE, WIhbEBORMITHERL
A OBMBATYERERGSNEMo> R HAY
Table 1 IZ R T LII2 BSH 0l4, 30MHETSH
iyl /e (T/B) Ry RMAELiZ2 TH D, B
iR RMEE L 8.8ppm THofe, Tz, 20foF
YEETFH SRS 5 A Y — Na, (n-ByH,) Ti,
FAHHED U B — ANE R RBENDD LN
TE, #5RTHEBIEIR 15meg/ke T 48 Byl
it 13.6 ppm, T/B (13 3.3 Thof, HBRENT &
12, Na, (n-ByH;) OR{EARTH S Nay (-ByHye)
OWE, 5 R EME 11 mg/ke T 48 Rl iz
i213.9ppm A CBEL L EFEERHMNS, T/B
it 12 %L 83FTHREL, Na; (FBypHy
DNy 77 —TElOBZHE L THMEE~D 8O
MizAaond, 24 RpMEMAARY LRER 1.9
ppm TT/B HIZBLE 1 THoIEnS, U
V= Az D BRI R R INY —ASERR

ByoHis* (GB)

[n-BaoHsg)™
Fig. 4. Isomerization of ByHi;

Table 1. Murine Tissue Boron Concentrations from Delivery of Borane Salts by Liposomes®

Heron salte-vehicle (m[:"}:;u; mt;n ‘::; 3 Boron o?;:l;‘i)n tumor Tum:?ar’r'/i glood

BSH-liposome 7 8.8% 28
Na, (n-ByH 1s) -liposome 15 13.6 33
Na, (i-ByH ;) -liposome 11 13.9 12

Naj [1-(2'-BjgH;) -2-NH; B H; ] -liposome 1 254 5.3
Na, [1-(2-B\yH;) -2-NH;B,,H;] -PEG-liposome 2 46.7 24
Unencapsulated Nay[1-(2'-B gHy) -2-NH3BgH,| 10 44 5.0
Lipid 1-liposome 6 25 8.4
Nay [1-(2'-B,gH,) -2-NH,BoH,] -lipid 1-liposome 18 32 6.0

a) Tissue boron jons were d

ined by ICP-AES (inductively coupled plasma-atomic emission spectroscopy) and the 48 h-tumor boron concen-
trations and tumor/blood ratios are shown in the table, &) At 30 h-time point.
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ENTLAT EMahs, ZofmWEEERTL,
Ih5D 220 ByHE 1A I2&Bb0TINS
AMEBENICIRDAEN 0L, FENERL LR
FERELTHAZERLTLESOTRAELNES
ABHTWS,

£/, #5132 Fig. SITRT & 51T ByHiy 142
MR T, k7 Y E=TERKBLAI=Z—V12
TEAN-TH M7 IR EL A > [1-(2°-ByoHy) -
2-NH;B,Hg -2l TH L2 R0HLE
OF U AKE DSPC URY—AIZHAL,
MARIANORIRIEMR=LZ B, #5K
7 M 11 mg/kg 2B WL TS R AL,
30 F¥M]#% T 32.3 ppm, 48 FFI#E T % 25.4 ppm TH
D, T/BRIZS53IEEXLAE.® a2 bo—)LEL
T [1-(2°-BygHy) -2-NH;B,gH; 1A A > DR w 7
7—inWE (R EMEE 10mg/kg) =5 L-8BE
TIE, 16 W[5 1o Bl P R 7 FE AR A 8.4 ppm
b, TOHBLAIZETL 8 EHEIZIE 44
ppm iz ofe, ViRV —AL%EF W= DDS T,
PEG #U AV —LZEIC/KSZIEDZ&ICLD,
WRNERIZXZURY—LOMDAZER TS Z
EMTE, FTOHKERRY—LOMPHEEERD
HIEMBICMSNTWS, £2T, #5113 PEG
2000 % §5 ¥ L 7= DSPE (distearoyl phosphatidyle-
thanolamine) % DSPC (Z%f L T 10% Fl 1> T Na,
[1-(2°-BygH,) -2-NH;B(H,| # A L /= PEG (L)
RV —LZWMWL =, ZOURY —LERTERME
2mg/kg TRELEEZS, ThETOFRTHET
F A —HAURY—LZD SRR
kL, m#EPR HRAET 6 BEH#% T 87.2 ppm,
AR F¥M# TS 193 ppm TH-o /2. —F, MEEHE
THRMER, 6FMET 27.4ppm THo =D IzH

[1-(2-ByHg)-2-NH B gHs]*

[n-BaH el

Fig. 5. Conversion of (n-BypH;)?~ into [1-(2°-BjgH,)-2-
NH;B  H,| "~

L, 48 HFMI#E Tid 46.7 ppm LFFHOEM L Bz
EPR B EDFRIHENEMRTH L0 ho
Jo. Ffo48REM#EO T/BHIZ24 Tho k.

2-13. EREARYKRY—-L ZDEDIZ,
Uik —A&EZ PEG LT 5T iz, et
A EL, EPRZRICT L DA IC HEERICH
ENEMT S EARNHINAY, Lee 5id
SICHE MR ML AR EHAURY —A
Z R AR I DRERNAY I IR DA E R/ A 200z,
REICERENL 2 ROBRHAVRY—LEMREL
T DEBEKESY NS TH S folate receptor
(FR) RIEEHMTIRERICHSN-METOHT
BLTWaEY N2 THD, —F4, FRIZZLD
HALBWLWTEMERNEDSNTLS, W ERIZ
COFRIZHML, FHIZHVLESH (K,=-100
M) EHTLHS, REICERMGESLEUR
V—LFR ZBE S L THAHRRA AL EITH
FWIZMOAEFhE T EMHMEIhTVS, 22
T, #5i%, T ¥ PC (phasphatidylcholine), I
L AFO—Jb, PEG-alL AXAF0—)l, HEE-PEG-
DSPE (60 : 35:4.5:0.5) o #ML ~E#ESES
REIHEAHB YRy —LAZHBLE £7,
BSH #1) AV —LARIZH AL, H¥%HiTH5 KB
il 2 FEMEM S B & 2B, MIRRAR D RilE
B O R RREKFNICE< /2D, BSH
R ZHEE 4 uM) TIE 231 ug/10%cell ThH o 7=,
—7. RERHET I mym OFEREZINA-EE, WA
R ML 3 ug/10°cell TH o /= (Table 2).
IOILhs, EEGSRFIRI RV —LOHR
W DAZRN, REIHEATHSFREZMLTNS
CEMRMEER, BEEGET CIRE O AS N
MHEL, TORREFRIHRFHBENETLTWS
ZEMH S ERo, FEkRDOFEHET, Hawthorne
S5 L 7z Na, [1-(2°-B,oHy) -2-NH;B,Hg] % ¥}
ALEREORFYE YR — A% KB #ilaiz
Egillsn fMlEL~LOEETIZ, T O
MR FMEIIBSH X DEFLAE ££, #old
Fig. 6 IZRT L3512, AR ABEET KA
BRUT I AEREESRL, ThoolEsH
ALFEEBEEREIEI R —L2MHL, iR
ANEMMEICDWTHERNLE, TO#E, Table2iZ
T LDIZSPD-5 %2 ASPD-5 Tid BSH #§ AL
FEBEANRORIR—LAOBEEIHRED
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Table 2. Uptake of Liposomal Boron Compounds by Cultured KB Cells”
Boron compounds {-L-[Boron] 1-[Boron] f-L-[Boron] + 1 mMm folic acid
BSH 231 14 53
Na,[1-(2-BjgHg) -2-NH; B oH,] 108 22 18
SPD-5 671 76 297
ASPD-5 770 75 3s2
SPM-5 132 17.6 33
ASPM-5 154 67 1332
SPM-5,10 1584 154 1331
a@) Cellular uptake of boron, following a 2 h incubation at 37°C with a variety of t d agents, each ining 4 um total boron, entrapped in

either FR-targeted (f-L-[boron]) or nontargeted comrol liposomes (L-[boron]). The values indicated were microgrami of boron per 10° cells.

SPD-5

ASPD-§

H
HaN"S N N__~_-NH;

*4HCI
H

SPM-5

MMN%HWNH!

+ 5HCI
NH3

ASPM-5

NH;  HoN

SPM-5,10

Fig. 6. Structures of Boronated Polyamine Derivatives

MEMENEH RAA LNk 2512, SPMS5,
10 2HALEEBESREAYEIRY—LTR,

W< T ElcHBaAR T B 1584 pug/10° cell &
BSH EH AL EEESHFRIRYRY—LOS
kB TBER-E EIAN, ERENMALBHEE
B Tid BSH % Na;[1-(2'-ByH,) -2-NH;B o H,] %4
ALEERBESEFYH YRy - LR EHWARA
RNAABOEEDRERASNZVDLO0, H5E
HEOBEHHEHRGO%EME) XA 5N0ITHL,

SPM-5,10 #H A L= BB ERF IR IRV — L4
TREOHEHEDRNFZLEAES N THENT
LS, RIFEEHSPM-5,10 12, REZEEE
MHMLTHDAENTWAOTIREL, URY—4LH
ST THEERANIZIDAETN TS REED
EZohd.

2-14. EGF @SB YA/ —4L  MlEMMET
@12 T%H%EGF (LE#BaNmMET) 13, #ik
AEICRALTWAZ02BEIEEL T, Mian
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R FILemETSH. ZOEGFZHKIRIE<D
MEMEERTHREBELTWS, F2T, EGF &
Y —LEMICEESREIEIZED, O
EGF-EGF SHEDOHMEFEMAFIAL T, HEMk
~OEMPIRY —¥ 71 2T BHRENATNS W
Kullberg 512, Fig. 712 TE5Fo#ELEY.
WSP1 KUf WSAL % 1) iR/ — LIZ#E A L 7= EGF #
BRRIFEURY —LAEZMRBEL /2.2 WSPI1 |3 5%
HF2@&ERVERTIOMAIASRLIEIET
lipophilic 2 F 7 HE 7/ S AF¥—THH AT &
phenanthridine /n 572 D, WSAlLIZAINEKF > &
acridine P 5720, W KBEEOFTELLED
THS. Invitro EBTIE, Table2icidT L1z
RV —LicEHAZ NI WSP1, WSALIZWTh
A EYERDAZRA, FHFH 1.80 ppm,
0.29ppm EEVLOIIHL, EGF #&RIEY—L
Tid, 2.21 ppm, 6.29 ppm E45iZ WSALI H AR T
1S ARY(F1% S EOR 2 TR AR g Bl

215, TF & S8 YK — 4L  Transferrin
(TF) &, f#d iz 2.5 meg/ml & XHh TS E%k6S
N2 THS, 12O A7) iITiR2D
OFAANBEETE, RAKMIRALTWS
TFEHERER/ETDHIEIZED, MaNICEEE
DAL, MR % < T oo TF ZE&H TS
LTwas, lsid, @ TF-TF SEEROHEE
MEMALT, TFZURY-ARBIHKESSEE
TF-PEG URY —LZMRBL, MEHIE~OER

WSA1

Fig. 7. Schematic Structure Formula of A, WSP1 (water
soluble boronated phenanthridine, upper) and B, WSAI
(water soluble boronated acridine, lower)
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MRy -4 751 FICRBLE D120 RY —
ALZRBLF2WHOTFAHES LTS ERMD
ShTWD, 351, ZoHIMi#+ BDS IZEHEL,

BSH # TF-PEG U YV —AWIZH A L in vitro T
ffaN R ERDIABEBMELAZE A, Fig. 812
R & 212 TF-PEG YR —LDHH PEG-YH
V—=LEDH 10 FLL EF LR ERBEAN RS N
e, ke BRI TR ICEMLERERHTT
i3, CoRYEORMENMBEE SN, Colon 26
RIAKWEAMREBHL Y AR L EER
MO HEBRTIE, MR 7EREIIBSHHALL
TF-PEG 1) Y — LR TX TF-PEG 1 iR — LA Dl
HELHBRIZETLE —#, BEBNRTRRAE
it PEG V) £ — A Tht 48 B MI#%12 35 ppm 1= 8l5#
L, TOZBEMOKBEEHICETFLTLE, 12
FEM#IZIZ 20 ppm e = DIz KL, TF-PEG Y
RY—LOBE R2EFHEICELWTHELFE 35ppm
EMmLEREERLE. £ ROFRREO T/N
ix, PEG R — 4 Tl 48 F§IH T 2.0, 72 B
#®T25THol. TF-PEG Uiy —LTI3 48 B
MTHYHBED T/N it 2.5 & PEG UiV —A4
DWEELIBEAEEDLS M2, T2REMET
6.0 LIEWICHWiABoNL ZOkIiZ, M
AR ERMERTEVEREDT/NEED, B
FERER LN ToRERATHS. E5iC, AL
5 Colon26 MIfREZBHLEYIAZHNVT
BNCT R E2WM~/-. ETih~/=Xk 51z T2 Rell %

a0

g _

2

g2

5

e

2.1

° T IF-PEG TF-PEG PEG Bare

+
free TF

Fig. 8. Receptor Specific Binding and Internalization of TF-
PEG Liposome to Colon 26 cells
Colon 26 cefls (1> 10* cells) were incubated with TF-PEG liposomes
with an average of 20 TF molecules per lip PEG lip or bare
liposomes, containing 30 ug in '*B concentration, respectively, for | hrar 4°
C. Blocking tests of TF-PEG liposomes—cell binding were performed with ex-
cews dose (50 pg) of free TF.
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Oy F@ENTFENZENS, FIRIA
V—A%BEELTHS 2EMBICRETREZSD
% 2 10" thermal neutrons/cm? T 37 4 [l {T
S, BRUERME 3B mg/keg 5 LB AE, PEG
iR —24, TF-PEG UV —LEBHITHERITH
WBNCT 2V en, v 7 AMMEd 8
BEHLED, 10-14 HREIZBLThOBE HHEE
L7z, iE7Tsee s AMMRL Ay, BREaS
nhamofe., i, FUFRBE IS mg/kgFHFLE
WA 120 HM, ZCRBshlkdbok —
A, ROEME 20mg/kg 25 L 2B &1L, BNCT
IR ETL, PHETHY 100 HHETIE PEG
DRV —AEEELETIAOEGERIZNETS
SOz L, TF-PEG URY —LEZEELET
HDADEGFRITTO%E TF AR LEIEIRES
EWEY 2 — 4 7 1 /R AEEF IR E N,

oI, URY—LERWERDEFUN)—
AFLEBNCT ICIEHTASI LT, HHICHL
wEp RSN Z LA RGEE N/,

Fi, Hik - NHFS5XZO TF-PEG YRV —L4
Wi &AL T, NaBHy, Z# AL /= TF-PEG
JFEY—=LAD SCC VI =7 ARE LA AMKII
#d 5 BNCT =R LA P #HSIE, WA
& SR (P-cell) 74T < #pIbR1E O HI Y

H,NGCH,CH,O}-??H,CH,NHz +
0

(Q-cell) lzxf4 % BNCT 2% in vitro THE L
&3, TF-PEG YRV —LDHEH PEG IR
V—ALEDHHRHTHD, Qcell ITHLHEEMNR
WHENE, 250z, SCCVIIHiuEBHL =~
% Z % J} W T decahydrodecaborate (GB) R Tf
BSH #H A L 7= TF-PEG ) iRV — LD EENT D
EnmtWzEl A, WA FRETRS#
(#5577 FMAE © 35 mg/kg) 24 B THRHHURAGR
H&7x0, BSH H A TF-PEG U RV —ATHE 211
ppm TH-o=@lcx L, GB# A TF-PEG UJ R
V=LA T 35.6ppm & GBEH AU RV —LDAHMN
AT Ehahof. LhLadS,
T/BHRWTFNOBEHEELF05THD, MmO
HHRTBBENB NI ENGho/. GBHA
TF-PEG U RV —L2EELEITAD T/B Lt
2.5 Efro 7= T2 T, 12.6 ppm & RN &
i HETFLE

2-1-6. MEHABY K'Y —4L  Lee 513 Fig.
QIZRTLDIZPEG-aLAFO—-IIR L1
4 32 RE#EGL A, Ma-PEG-Chol £#i/z
IZEERL, ThZ2a80UARY—LIZXL, EGFR
/7 O0F7—IHEE#E S Cetuximab-PEG
Yy —AZMELE. Y 512, HSPC (hydro-
genated bsoy phosphatidylcholine), J L A5 0—

CH,Cly, EtsN

ca)Lo
+ | N =
% W { e
ngfcnzcuzo};gnzcnz—ﬁ 0 s S

CH,Cly, EtsN

—

0 o]
H
ﬁ"\/ﬁr"ec*”c“’c’)}?“’c““’_ﬂj\o
o 0

Fig. 9. Synthetic Scheme for Mal-PEG-Chol
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Fig. 10. Structures of nido-Carborane lipids
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Fig. 11. Synthesis of the Carborane Lipid 1
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Fig. 12. Synthesis of the Carborane Lipid 2

Reagents: (2): (1) NaH, THF, (2) CH;=C(CH,Cl)y, 93%, (b): (1)
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Fig. 13. Transmission Electron Micrographs of the Vesicle
Formation Prepared from the nido-Carborane Lipid 2 in the

Fractions 1 (a) and 2 (b) after Sephasex G-75 Column
Chromatograpy
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Fig. 14. The Fluorescence of the Vesicle of the Fraction 2, in
which Caleein was Encapuslated by the nido-Carborane
Lipid 2, in a Bovine Serum Albumin (BSA)
The square plot shows the fluorescence intensity of the BSA solution
ing the vesicle f 2 and the circle plot shows that of the solution
after destruction of vesicles by the addition of Triton X-100.
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Fig. 15. Incorporation of the nido-Carborane Lipid 2 into
Liposome Membranes
The bare-liposome was prepured from DSPC, CH, and 2 {the mixing ra-
tioof 1 1 1: X, X=0-1), and the PEG-liposome was prepared from DSPC,
CH, 2, and PEG-DSPE (the mixing ratio of 1 : 1 : X : 0.11, X=0~1).
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Flg 16 Time Coum of Biodistribution of Tf(—)~-PEG-CL Liposome (TF(—)) and the Tf(+)-PEG-CL liposome (TF(+))
ing '“1.tyraminyl inulin (500 jg lipid/200 uL) were injected into male BALB/c mice (7 weeks old, weighing 20-25 g) via the tail vein,

The distributi ol’ wu d by d
tme (h) after admmwmlon is plotted on the horizontal uis

ing the radioactivity of each tissue. The percent dose/g in each tissue is plonied on the vertical axis and the



204

Vol. 128 (2008)

FEIZXDWE LA mkboREZELR F52A
V) AEMMERIEI ZAY )RV —ARTE
fEMRRI RS T2 — R — A& bICHESMIC
EFLAE —4, FFSk- Bk - METIRR5>27
o) MR OES ALK —LAOFME
DEBETEHEML TLUAHZ &M/, TR
HEHMPREDEFITHE->THTFTL &0,
of, BBEWI LI, BETErS A7) >
IEMRIR IR S AT — )R — ANBEMHIZ -
TRENMPLTWBOIZHL, 5227z
EMRR YRS S A — R Y — A TIAREREE &
MER<EMLTHED, 2EMETLES 27
T UHEMRBRORI SAF— VRV —LDBX
TIBORETH LT &N ol

Wiz, HWAAT TR E R L THIE TR B R R
ZDOWTHRH LA ERIC Colon 26 il #FH L
7= BALB/c ¥ A (%60, 16-18g) IZh 5
PRI AEMBRIEISAY— )R —L%E
R #—10 @ T 7.2 mg/kg, 14.4 mg/kg ThEh
RS U, 72 BRI A 0EE & or i Lok oy R
27O T hyEICEDREL R, ARIBASDY#
WMEEE Fig. 171ZRLz, A% —10#8E T 7.2mg/
kg, 144 mg/kg 5 L7 A TIE, 72 Bl
WA - LW - RTIRATEFNIIIZEALEASRAE
mofe. B M#TIXBEE 10ppm, TS
WHEIZHI L T 144 mg/ke 85 08E, BL+3S

Muscle 07.2 mg/kg injection
Lung
Blood |
_I
Spleen |
Tumor 1 )
0 40 80 120

Boron Conc. (ppm)

Fig. 17. "B Concentration in Various Tissues 72 h after In-
jection of T{(+)-PEG—CL Liposomes into Tumor-bearing
Mice

"B-enriched Tf{+}-PEG-CL liposomes were injected into tumor-bear-
ing mice, in which colon 26 cells were transplanted into the left thigh, vie the

tail vein at & dose of 7.2 mg ""B/kg (200 ul of liposome solution) .
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Fig. 18, Survival Curve of Tumor-bearing Mice after Neu-
tron Irradiation for 37 min in KUR Atomic Reactor
The mice were injected with 7.2 mg '"B/kg of the Tf{+ )=PEG~CL-lipo-
some and incubated for 72 h before irradiation. Control indicates survival
rates of tumor-bearing mice after neutron it without ad i
of T {+)-PEG-CL liposomes.
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Fig. 19. Design of Advanced Boron Lipidsbased on Biomi-
metic Composition of Phosphatidylcolines
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Fig. 20. Synthesis of the Boron Lipids 8 and 9
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Fig. 21. Time-dependent Fluorescence Intensities of Calcein-
encapsulated Liposomes Composed of 8b with Various Ra-
tios ((a) X=0.25, (b)=0.5, (¢)=0.75) in FBS

Fluorescence intensity is plotted on the vertical axis and incubation time
is plotted on the horizontal axis. The black plots show the fuoreseence inten-
sity of the FBS sol ing i and the white plots show that
of the solution after destruction of liposomes by the addition of Triton

X-100,
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Abstract—Synthesis, structural characterization, and biological activity studies of o-carborane-substituted 1,3,5-triazines (9-12)
containing polar functional groups such as methoxyethyl and f-butoxycarbonylmethyl amine units are described. De-methylation
of di(methoxyethyl)amine functionalized triazines 9 and 10 resulted in the production of di(hydroxyethyljamine derivatives 13
and 14. NMR ('H and "C) and X-ray crystallographic studies confirmed the structures derived from the sequential o-carborane
substitution on the 1,3,5-triazine core. Preliminary in vitro studies revealed that compounds 9. 10, 13, and 14, despite their low cyto-

toxicity, accumulated at high levels in B-16 melanoma cells.
@ 2007 Elsevier Ltd. All rights reserved.

1,3,5-Triazines are a class of nitrogen-containing hetero-
cyclic compounds with remarkable chemical stability.'
The stability of these compounds along with their anti-
tumor activities has led to their utilization in several
specialized biomedical applications.® As a surrogate
for 1,3,5-triazine, 2,4,6-tris( N-methyl-N-hydroxymethyl-
amino)-1,3,5-triazine (known as trimelamol) was pro-
posed as a potent anti-tumor ag,cn!._3 The 1,3,5-tniazine
ring has three distinct nucleophilic centers,” making it
possible to attach various functional groups to the ring

Me
HO™ N NR3z

Trimelamol (A;) A,B

NRy= -§-N(CHCH,0CHs)

Figure 1. A,B and AB, triazine systems.

ln OH
”"Nj\u"l“u) miu’\@
(o Yo

by simple nucleophilic substitution reactions at each of
the cyanyl chloride (-N=C-Cl) units.® It has been
demonstrated that o-carboranyl anions can function as
nucleophiles® to facilitate substitution on the carbon
atoms of 1,3,5-triazine. Given this behavior, and our
previous success’ in sequentially incorporating o-car-
boranyl units to 1,3,5-triazine, in the present work we
sought to utilize the triazine core as a template for the
production of potential boron neutron capture therapy
(BNCT) agents. For a compound to have potential as

$-N(CH,CH,0H),

* Corresponding authors. Tel.: +82 41 860 1334; fax: +82 41 867 5396 (S.0.K.); e-mail: sangok@ korew.nc.kr
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N(CH;CH;OMe),

A A

€I N" N(CH;CH:0Me)2
5

"

N(CH,CO;Bu); i NICH;CH,OMe),
N R
mj\n'j\n: u"‘\u’l‘m cn”Lu'ko
8 4 8

Jio

N(CH,CO;'Bu);

N
Crin"l‘u(crizcog'su),
7

Scheme 1. Reagents and conditions: (i) HN(CH:CHOCH;) (2 equiv),
(=PrnEIN (2equiv), THF, o (i) HN(CH:CH,OCH;), (i-Pr);ELN,
THF, =10°C; (i) HN[CH;CO,C(CHs);) (2equiv), (iPrpEtN
(2equiv), THF, n; (iv) HN[CH;CO.C(CHs)s), (-Pr;EIN, THF,
=10*C.

a BNCT agent, it should be water-soluble, have low
cytotoxicity, and take up boron in cancer cells.® Due
to the lipophilic character of the o-carboranyl unit,”

N(CH;CH;OMe),

S

N(CH,CH,OMe),;

s - © H 'L‘N H () H
N
10 @

N(CH,CO;Bu);

rLH ’J\

N(CH,CO,Bu);

H

12

’L‘N (i)
—
N” "N(CH;CO,'Bu),
1

the introduction of a second functional group into the
o-carboranyl triazine that endows the molecule with
water solubility is highly desirable. The fact that trimel-
amol, which contains three hydroxyl methyl moieties, is
a water-soluble bioactive agent® suggests that introduc-
ing one or more hydroxyalkyl units to the o-carboranyl
triazine may enhance its solubility in aqueous solution.
As shown in Figure I, conversion of the second func-
tional group of o-carboranyl triazine to a hydroxyethyl
group yielded a molecule 10-100 times more soluble in
water than previously reported A;B-type molecules
without a polar functional group (7.24 x 10~° (mol/
mL) (av.)),'"” where A and B represent the aminoalkyl-
and o-carboranyl substituents of the (triazine,
respectively.

To incorporate polar groups into the triazine system, we
first attempted to prepare hydroxyethyl- and hydroxy-
carbonylmethyl amine surrogates. Thus, a series of
mono- and bis-substituted precursors (5-8) containing
di{methoxyethyl)}- and  di(r-butoxycarbonylmethyl)-
amine functional groups was prepared by the reaction
of compound 4 with diimethoxyethyl)- and di(-but-
oxycarbonylmethyl)amine, respectively, in 1:1 and 1:2
stoichiometry (Scheme 1)."!

When lithiated o-carborane was reacted with precursors
5-8 in 1:1 or 1:2 stoichiometry, the corresponding
mono- and di-substituted o-carboranyl triazines (9-12)
were formed in 12-807% yield (Scheme 2).' Finally, the
desired free alcohol species 13 and 14 were prepared in

N(CH,CH;OH),

(i) H N*N
“N” N(CH,CH,0Me), @Au’ku(cmcﬂ,ouh
13

N(CHZCH,0H);

N(CH,CO;H);
H N’J"'N
ﬁ‘\"j\mcuﬁo,m,
15
N(CH,CO;H),
) H

Scheme 2. Reagents and conditions: (i) Lithio-o-carborane (1 equiv), THF, —78 °C to rt; (i) lithio-o-carborane (2 equiv), THF, —78 °C 1o ri; (mi)

BBrs, CHyCly; (iv) CF,CO.H
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57-71% yield by reacting 9 and 10 with BBrj, respec-
tively.!* On the other hand, the free acid forms of 15
and 16 were not obtained when we attemptled the
de-alkylation of 11 and 12 under trifluoroacetic acid
conditions; rather, it appeared that 11 and 12 were easily
decomposed under acidic conditions."*

Selected physical and spectroscopic properties of o-car-

Table 1. The presence of the o-carboranyl ring was
confirmed by the characteristic absorption bands at
around 2563-2606 cm ' assignable to B-H bonds in
the infrared spectra. In the '"H NMR spectra of 9-14,
signals diagnostic for methylene protons of NCH; were
observed at around & 3.56-4.25. Key signals detected in
the *C NMR specira of 9-14 include resonances at
around & 57.2-61.5 (C-p), 539.0-69.9 (NCH,), 72.4-75.7

boranyl-1,3,5-triazine derivatives 9-14 are listed in (C-a), and 163.4-175.6 (triazine ring). Sequential
Table 1. Summary of selected physical and spectral properties of the o-catbomn)rl-l 3,5-tnazine derivatives 9-14
R; = Carboranyl, H ), N(CH;CH;Oﬁ);
Rz = N{CH,C :) N(
No. Compound Mp* (*C)  Yield® (%) IR (B-H) NMR ('H/"C)
C(NCH;) C(OCH3) Cliriazine) Cla) Cip)
1 9 97-98 18 2584 3.57 (m) 3.84 (m) 4.5 (s)
49.0 69.9 163.4, 167.5 7217 9.0
2 10 120-122 80 2363 3.56 (1) 383 (1 442 (s)
49.0 69.9 163.5, 167.5 T2.8 9.0
3 11 104-106 12 2606 4.20 (d) 443 (s)
50.5 (d) 164.9, 166.5 73.9 56.2
4 12 102-104 T2 2582 4.24 (s) 4.36 (s)
51.2 164.4, 167.2 724 56.2
5 13 106-107 54 2600 3810 387 (1) 5.28 (s)
51.6(d) 59.0 164.0, 167.3 73.5 57.6
6 14 108-110 71 2600 381 (1) 387 (1) 5,28 (s)
51.6 (d) 59.0 164.0, 167.3 73.5 51.6

* Melting points are uncorrected.
® Purified yields.

Figure 2. Molecular structure of compound 9. The thermal ellipsoids are drawn at the 30% probability level.



