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require high-tumor selectivity and should be essentially nontoxic. Therefore, the approach to use
biological vehicles has become one of the recent trends to accumulate a large amount of 1B in
tumor tissues.

Liposomes, whose size typically ranges in mean diameters from 50 to 200 nm, display some
unique pharmacokinetic characteristics. Liposomes exhibit preferential extravasation and accumu-
lation at the site of solid tumors due to increased endothelial permeability and reduced lymphatic
drainage in these tissues. which has been defined as enhanced permeability and retention effect

Q2 (Matsumura et al., 1986; Maeda et al.. 2000). Therefore, liposomes are efficient drug-delivery vehi-
cles, because encapsulated drugs can be delivered to tumor selectively. Liposomal boron delivery
system (BDS), in this context, is also considered to be promising for BNCT due to the possibility of
carrying a large amount of "B compound. Two approaches have been investigated for the use of
liposomes as boron-delivery vehicles: (1) encapsulation of boron compounds into liposomes, and (2)
incorporation of boron-conjugated lipids into the liposomal bilayer. In this chapter, new technolo-
gies for liposomal BDS using both boron-encapsulation and boron-lipid liposome approaches are
described.

8.2 BORON COMPOUND-ENCAPSULATED LIPOSOME APPROACH

8.2.1 CARCINOEMBRYONIC ANTIGEN-TARGETED LIPOSOMES

Yanagie and coworkers first investigated a BSH-encapsulated liposome which was conjugated with
a monoclonal antibody specitic for carcinoembryonic antigen (CEA) (Yanagie et al,, 1989, 1991).
They prepared a new murine monoclonal antibody (2C-8) by injecting mice i.p. with CEA produc-
ing human pancreatic cancer cell line, AsPC-1. This anti-CEA monoclonal antibody was conju-
gated with large multilamellar liposomes incorporated Cs,'"BSH. The liposome was prepared from
egg yolk phosphatidylcholine, cholesterol, and dipalmitoylphosphatidylethanolamine (1/1/0.05),
and Cs,'"BSH was encapsulated. The liposomes were treated with dithiothreitol and suspended in
the N-hydroxysuccinimidyl-3-(2-pyridyldithio)propionate-treated antibody solution for conjugation.
This immunoliposome was shown to bind selectively to human pancreatic carcinoma cells (AsPC-1)
bearing CEA on their surface. The therapeutic effects of locally injected BSH-encapsulated
immunoliposome on AsPC-1 xenografts in nude mice were evaluated. After intratumoral injection
of the immunoliposomes, boron concentrations in tumor tissue and blood were 49.6 6.6 and
0.30 + 0.08 ppm, respectively. Thermal neutron irradiation (2% 10'?n/cm?) suppressed tumor
growth in mice with intratumoral injection of BSH-encapsulated immunoliposomes and hyaliniza-
tion and necrosis were found in the immunoliposome-treated tumors (Yanagie et al., 1997).

8.2.2 Various Boron Comrounps-Encapsutatep PEG Liposomes

Hawthorne and coworkers reported the preparation of boron-encapsulated liposomes from dis-
tearoylphosphatidylcholine (DSPC) and cholesterol. They encapsulated the hydrolytically stable
borane anions B, H;, B,H,,SH>, B,H;OH"", By, Hj;, and the normal form and photoisomer of
B,oH,s2 in liposomes as their water-soluble sodium salts. Selective boron accumulation in tumor
was observed in the use of these liposomes, although the boron compounds used do not normally
exhibit affinity for tumors and are normally rapidly cleared from the body. The highest tumor con-
centrations achieved the therapeutic range (>15 pg of boron per gram of tumor), but more favorable
results were obtained with the two isomers of By, H¥%. These boron compounds have the capability
to react with intracellular components after they have been deposited within tumor cells by the lipo-
some, thereby preventing the borane ion from being released into blood (Shelly et al., 1992). The
PEG-conjugated liposome was prepared with 5% PEG-200-distearoyl phosphatidylethanolamine
and an apical-equatorial (ae) isomer of the B,yH,,NH3™ ion, [1-(2"-B,,H,)-2-NH;B, Hg]*~, was encap-
sulated into the liposome. This liposome exhibited a long circulation lifetime due to escape from the
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FIGURE 8.1 Hydrolysis and amination of n-B,H ¢~

reticuloendothelial system (RES), resulting in the continued accumulation of boron in the tumor
over the entire 48 h experiment and reaching a maximum of 47 pg of boron per gram of tumor
(Feakes et al., 1994). Preparation of By, H;OH* and [1-(2"-B,Hy)-2-NH,B, H¢*- from n-BH?; is
shown in Figure 8.1.

8.2.3 FouLATE ReCEPTOR-TARGETED LIPOSOMES

Expression of folate receptor (FR) frequently is amplified among human tumors. Lee and coworkers
developed boron-containing folate receptor-targeted liposomes (Pan. X. Q. et al., 2002). Two nega-
tively charged boron compounds, Na,[B,,H, SH] and Naj, (B,,H;NH,), as well as five weakly basic
boronated polyamines, SPD-5, SPM-5, ASPD-5, ASPM-5, and SPM-5,10, as shown in Figure 8.2,
were incorporated into liposomes by a pH-gradient-driven remote-loading method with varying
loading efficiencies. Greater loading efficiencics were obtained with lower molecular weight boron
derivatives, using ammonium sulfate as the trapping agent, compared to those obtained with sodium
citrate. The in vitro boron uptake of folate-conjugated liposomes was investigated using human KB
squamous epithelial cancer cells. Higher cellular boron uptake (up to 1584 pg/10° cells) was observed
with FR-targeted liposomes than with nontargeted control liposomes (up to 154 pg/10° cells).
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FIGURE 8.2  Structures of boronated polyamine derivatives.
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8.2.4 EpipermAL GROWTH FACTOR RECEPTOR-TARGETED LIPOSOMES

Epidermal growth factor receptor (EGFR) tyrosine kinase plays a fundamental role in signal trans-
duction pathways and the uncontrolled activation of this EGFR-mediated signaling may be due to
overexpression of the receptors in numerous tumors. Kullberg and coworkers investigated EGF-
conjugated PEGylated liposome delivery vehicle, containing water soluble boronated phenanthri-
dine, WSPI, or water soluble boronated acridine, WSAT1, for EGFR targeting. In the case of WSAI
a ligand dependent uptake was obtained and the boron uptake was as good as if free WSAT was
given. No ligand-dependent boron uptake was seen for WSP1-containing liposomes. I vitro boron
uptake by glioma cells (6.29 + 1.07 ug/g cells) was observed with WSAl-encapsulated EGF-
Q3 conjugated PEGylated liposomes (Kullberg et al., 2003)(Figure 8.3).

Cetuximab, a recombinant chimeric monoclonal antibody. binds to the extracellular domain of
the EGFR, thereby preventing the activation and subsequent dimerization of the receptor. Lee and
coworkers developed cetuximab-immunoliposomes as an alternative immunoliposome for targeting
of EGFR(+) glioma cells through a cholesterol-based membrane anchor, maleimido-PEG-cholesterol
(Mal-PEG-Chol), to conjugated cetuximab to liposomes. BSH-encapsulated cetuximab-immunoli-
posomes were evaluated for targeted delivery to human EGFR gene transfected F98gqpy glioma
cells. Much greater (~8-fold) cellular uptake of boron was obtained using cetuximab-immunolipo-
somes in EGFR(+) F98;x compared with nontargeted human IgG-immunoliposomes (Pan, et al.,
2007).

8.2.5 TRANSFERRIN RECEPTOR-TARGETED LIPOSOMES

Transferrin (TF) receptor-mediated endocytosis is a normal physiological process by which TF
delivers iron to the cells and higher concentration of TF receptor has been observed on most tumor
cells in comparison with normal cells. Maruyama and coworkers developed TF-conjugated PEG
liposome. This liposome showed a prolonged residence time in the circulation and low RES uptake
in tumor-bearing mice, resulting in enhanced extravasation of the liposomes into the solid tumor
tissue, where the liposomes were internalized into tumor cells by receptor-mediated endocytosis
(Ishida et al., 2001). The TF-conjugated PEG liposomes and PEG liposomes encapsulating ""BSH
were prepared and their tissue distributions in Colon 26 tumor-bearing mice after i.v. injection were
compared with those of bare liposomes and free ’'BSH. When TF-PEG liposomes were injected at
a dose of 35 mg "®B/kg, a prolonged residence time in the circulation and low uptake by the reticu-
loendothelial system (RES) were observed in Colon 26 tumor-bearing mice, resulting in enhanced
accumulation of B into the solid tumor tissue. TF-PEG liposomes maintained a high "B level in
the tumor, with concentrations over 30 pg of boron per gram of tumor for at least 72 h after injec-
tion. On the other hand, the plasma level of "B decreased, resulting in a tumor/plasma ratio of 6.0
at 72 h after injection. Administration of '’BSH encapsulated in TF-PEG liposomes at a dose of 5 or
20 mg “B/kg and irradiation with 2 X 10" neutrons/cm? for 37 min produced tumor growth sup-
pression and improved long-term survival compared with boron-loaded PEG liposomes and bare
liposomes, and free “BSH. Masunaga and coworkers evaluated biodistribution of "YBSH and
Na, "B, H ,-encapsulated TF-PEG liposomes in SCC VII tumor-bearing mice (Masunaga et al.,
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FIGURE 8.3 Structures of WSP1 and WSAL.
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2006). The kinetics in the '“B concentration in tumors loaded with both liposomes were similar Q4
except that "B concentrations were greater 24 h after the administration of Na,'*B,H,, than ""BSH

in TF-PEG liposomes and '°B concentration in tumors was 35.6 g of boron per gram of tumor
with injection of Na,'’B H,-encapsulated TF-PEG liposomes via the tail vein at a dose of 35 mg
“B/kg.

8.3 BORON LIPID-LIPOSOME APPROACH

Since a demonstration of liposomes as models for the biomembrane mimics were reported by
Bangham (Bangham et al., 1965) and a first totally synthetic bilayer vesicle of didodecacyldimeth-
ylammonium bromide by Kunitake (Kunitake 1992; Kunitake et al., 1977), various self-organization QS
bilayer membranes have been synthesized (Menger et al., 1995). Generally, amphiphiles of lipo- Q6
somal membranes consist of a long hydrocarbon chain, which is called a tail. and a hydrophilic part
(Allen, 1998; Maruyama, 2000); (Torchilin et al., 2002); (Betageri et al., 1993). In the meanwhile, Q7
development of lipophilic boron compounds embedded within the liposome bilayer, provides an
attractive method to increase the overall efficiency of incorporation of boron-containing species, as

well as raise the gross boron content of the liposomes in the formulation. Various boron lipids have
been developed recently and those are classified into two groups: nido-carborane conjugates (1--3)

and closo-dodecaborane conjugates (4-11) as shown in Figures 8.4 and 8.5, respectively. Less toxicity

has been observed in the boron lipids belonging to the latter group.

8.3.1  NiDO-CARBORANE AMPHIPHILE

Hawthorne and coworkers first introduced nido-carborane as a hydrophilic moiety into the
amphiphile and this single-tailed nido-carborane amphiphile was utilized for liposomal boron
delivery using tumor-bearing mice (Feakes et al., 1995, Watson-Clark et al., 1998). They synthesized
the nido-carborane amphiphile 1 (Figure 8.4) from the reaction of decaborane and 1-octadecyne
followed by degradation of the resulting carborane cage under basic conditions. Boronated lipo-
somes were prepared from DSPC, cholesterol, and 1. After the injection of liposomal suspensions
in BALB/c mice bearing EMT6 mammary adenocarcinomas, the time-course biodistribution of
boron was examined. At the low injected doses normally used (5—-10 mg '“B/kg), peak tumor boron
concentrations of 35 pg of boron per gram of tumor and tumor/blood boron ratios of approximately

© 3

FIGURE 8.4 Structures of nido-carborane amphiphile and lipids.
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FIGURE 8.5 Structures of phosphatidylcholine and close-dodecaborane lipids.

8 were achieved. These values are sufficiently high for the successful application of BNCT. The
incorporation of both 1 and the hydrophilic species. Nay[1-(2"-B,Hy)-2-NH;B,(H], within the
same liposome demonstrated significantly enhanced biodistribution characteristics, exemplificd
by maximum tumor boron concentration of 50 pg of boron per gram of tumor and tumor/blood
boron ratio of 6.

8.3.2 NipO-CARBORANE LIPIDS

Nakamura and coworkers developed nido-carborane lipid 2, which consists of the nido-carborane
moiety as the hydrophilic functionality conjugated with two long alky! chains as the lipophilic func-
tionality. Chemical synthesis of nido-carborane lipid 2 is shown in Scheme 8.1. Reaction of two
equivalents of heptadecanol with 3-chloro-2-chloromethyl-1-propene using NaH as base gave the
diether 12 in 93% yield and the hydroboration of 12 gave the corresponding alcohol 13 in 71% yield.
The alcohol 13 was converted into the propargyl ether 14 in 48% yield by the treatment with prop-
argyl bromide and the decaborane coupling of 6 was carried out in the presence of acetonitrile in
toluene under reflux condition to give the corresponding ortho-carborane 15 in 80% yield. The
degradation of the carborane cage by the treatment with sodium methoxide in methanol afforded the
nido-carborane lipid 2 in 57% yield.

Analysis under a transmission electron microscope by negative staining with uranyl acetate
showed stable vesicle formation of nido-carborane lipid 2. The nido-carborane lipid 2 (CL) was
incorporated into DSPC liposomes in a concentration-dependent manner (Nakamura et al., 2004).
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SCHEME 8.1  Synthesis of nido-carborane lipid 2 (CL).

Furthermore, TF could be introduced to the surface of nido-carborane lipid liposomes (Tf(+)-
PEG-CL liposomes) by coupling TF to the PEG-CO,H moieties of Tf(-)-PEG-CL liposomes. The
biodistribution of Tf(+)-PEG-CL liposomes injected intravenously into colon 26 tumor bearing
BALB/c mice revealed that Tf(+)-PEG-CL liposomes accumulated in tumor tissues and stayed there
for a sufficiently long time to increase tumor/blood boron rario, although Tf(-)-PEG-CL liposomes
were gradually released from tumor tissues with time. A boron concentration of 22 g of boron per
gram of tumor was achieved by injecting Tf(+)-PEG-CL liposomes (7.2 mg "B/kg) into tumor-
bearing mice. As noted earlier, BSH-encapsulated Tf(+)-PEG liposomes accumulated in tumors at
35.5 ug of boron per gram of tissue 72 h after administration of 35 mg "*B/kg. Therefore, '°B deliv-
ery to tumor tissues by Tf(+)-PEG-CL liposomes would be more efficient than that by BSH-
encapsulated Tf(+)-PEG liposomes based on dose-dependent drug delivery efficacy. However,
significant acute toxicity was observed in 50% of the mice when Tf(+)-PEG-CL liposomes were
injected at a dose of 14 mg "*B/kg. Injection of Tf(+)-PEG-CL liposomes at a dose of 7.2 mg '*B/kg
and irradiation with 2 x 10" neutrons/cm? for 37 min at the KUR atomic reactor suppressed tumor
growth and the average survival rate of mice not treated with Tf(+)-PEG-CL liposomes was 21 days,
whereas that of treated mice was 31 days (Mivajima et al., 2006).

Hawthorne and coworkers also synthesized nido-carborane lipid 3 as shown in Scheme 8.2. The
reaction of two equivalents of 1-hexadecanol with epichlorohydrin using sodium hydride gave the
corresponding alcohol 16. Propargylation of 16 followed by the decaborane coupling afforded the
carborane 18. Finally, degradation of the carborane cage of 18 proceeded in the presence of KOH
in ethanol to give the nido-carborane lipid 3.
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SCHEME 8.2 Synthesis of nido-carborane lipid 3.
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DSPC-free liposomes prepared from 3 and cholesterol exhibited a size distribution pattern of
40-60 nm, which was in the range normally associated with selective tumor uptake. Animal studies
of the liposomes, containing 3, DSPC, and cholesterol in varied proportions, were performed using
male BALB/c mice (about 10 g body weight) bearing small EMT-6 tumors. Typically 200 pL. of
each liposome suspension was injected into the tail vein, and the behavior of the mice was followed
for up to 48 h. Unfortunately, in each case, the liposomes were found to be very toxic: no mouse
survived longer than 48 h following injection of doses ranging from 6 to 30 mg of boron per kg of
body weight (Li et al.. 2006).Due to the significant toxicity in both cases, nido-carborane frame-
work is not suitable for use in BNCT.

8.3.3 coso-DobecaBorate LiviDs

In order to solve the problem of the significant toxicity of liposomes prepared from nido-carborane
lipids 2 and 3, closo-dodecaborate has been focused on as an alternative hydrophilic function of
boron lipids. BSH is known as a water-soluble divalent “closo-type” anion cluster and significantly
lowered toxicity (Haritz et al., 1994), and thus has been utilized for clinical treatment of BNCT.
Nakamura and coworkers succeeded in the synthesis of double-tailed closo-dodecaborate lipids
4a-c¢ and Sa—c. which have a B,H,,S-moiety as a hydrophilic function with chirality similar to
natural phospholipids, such as distearoylphosphatidylcholine (DSPC), in their lipophilic tails (Lee
et al., 2007; Nakamura et al., 2007a).

Synthesis of the hydrophobic tail functions of 22 is shown in Scheme 8.3. Reaction of the chiral
alcohol 19 with 1.2 equivalents of bromoacetyl bromide gave the ester 20, quantitatively, and the
deprotection of 20 was carried out using catalytic amounts of p-TsOH in MeOH to give the corre-
sponding diol 21. Ester formation from diol 21 using various carboxylic acids was promoted by
dicyclohexylcarbodiimide in the presence of catalytic amounts of N, N-dimethylaminopyridine in
CH,Cl, to afford the precursors 22a—c in 61-75% yields. Synthesis of the hydrophobic tail functions
of 27 is shown in Scheme 8.4. The chiral alcohol 19 was first protected with benzyl bromide using
NaH and the resulting dioxolane 23 was converted into the diol 24 using aqueous AcOH in 83%
yield. Ester formation of 24 using various carboxylic acids was carried out in a similar manner to
give 25a—c, quantitatively. Deprotection of the benzyl group of 25a—c by hydrogenation gave the
corresponding alcohols 26a—c (89— > 99% yields), which then reacted with chloroacetyl isocyanate
in CH,Cl, to give 27a—c in 74-98% yields.

Introduction of BSH into the hydrophobic tail functions 22 and 27 was examined using the
“protected BSH (28).” which was prepared according to the Gabel’s protocol {Gabel et al., 1993),
as shown in Scheme 8.5. S-Alkylation of 28 with 22a—c proceeded in acetonitrile at 70°C for
12-24 h, giving the corresponding S-dialkylated products 29, which were immediately treated
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SCHEME 8.3  Synthesis of hydrophobic tail functions 22a-c.

K11300_C008.indd 170 - 124- 4/25/2011 1:12.17 PM



Liposomal Boron Delivery System for Neutron Capture Therapy of Cancer 171

BnO/\f\o 8n0” " OH
1) NaH, THF 07« AcOH OH
2) BnBr 23 2
RCOMH B0 Y Nocor  MaPIC o ™"ocor
DMAP, DCC OCOR OCOR
CHCly 25a: R=C,;H,; 26a-c
b: R=C5Hy,
€: R=Cy;H;5
2 o
a A A o 0
............................. - cl N J’LG /\S//\OCOR
CH,Cl, H 5cor
27a-c

SCHEME 8.4 Synthesis of hydrophobic tail functions 27a—c.

with tetramethylammonium hydroxide (1 equiv.) in acetone to give 4a—c in 76-91% yields, as tetram-
ethylammonium salts. In a similar manner. the Sa—c were obtained from 27a—c¢ in 54-83% yields.

Calcein-encapsulation experiments revealed that the liposomes, prepared from boron cluster lip-
ids 4, DMPC, PEG-DSPE, and cholesterol. are stable at 37°C in FBS solution for 24 h.

The time-dependent biodistribution experiment of boronated liposomes prepared from closo-
dodecaborate lipid 4¢ and injected intravenously into colon 26 tumor bearing BALB/c mice (20 mg
1B/kg) showed high '®B accumulation in the tumor tissue (23 pg of boron per gram of tumor) 24 h
after injection (Nakamura et al., 2009). In addition to determining B concentration in various
organs, neutron irradiation of the mice was carried out 24 h after administration of the boron lipo-
somes in the JAEA atomic reactor (JRR-4). Tumor growth rate in mice administered with boron
liposomes was significantly suppressed, although the administration of saline did not reduce tumor
growth after neutron irradiation (Ueno et al., 2010).

Gabel and coworkers synthesized closo-dodecaborate lipids 6a and 6b as shown in Scheme 8.6.
The introduction of the boron cluster was achieved by alkylation with “protected BSH (28)” and
subsequent alkaline removal of the cyanoethyl protecting group (Gabel et al., 1993). In method A, 2
equivalents of the chloroanhydride of the fatty acids was allowed to react with diethanolamine. The
resulting products N, N-(2-dimyristoyloxyethyD)- and N, N-(2-dipalmitoyloxyethyl)-amine (30a and
30b, respectively) were reacted with chloroacetylchloride in the presence of triethylamine to obtain
the chloroacetamides 31a and 31b. The reaction of 31a.b and the tetramethylammonium salt of 28
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SCHEME 8.5 Synthesis of closo-dodecaborate lipids 4 and 5.
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SCHEME 8.6 Synthesis of closo-dodecaborate lipids 6.

produced sulfonium salts 32a.b. The products 6a and 6b were obtained from the reaction of sulfo-
nium salts 32a,b with tetramethylammonium hydroxide in acetone. The yields of lipids 6a and 6b
are 48-55% (overall yield from diethanolamine 25-28%).

The lipids were also able to be obtained through method B (Scheme 8.6). Two equivalents of
chlorotrimethylsilane were reacted with diethanolamine in the presence of triethylamine. The
resulting trimethylsilyloxy derivative 33 was reacted with chloroacetylchloride in the presence of
triethylamine to give 34 in 84% yield. The alkylation of 34 with 28, followed by deprotection with
tetramethylammonium hydroxide in acetone, and subsequent esterification with the alkanoylchlo-
ride gave the products 6a and 6b. The overall yield of 6a from diethanolamine was 46%.

Differential scanning calorimetry showed that 6a and 6b alone exhibit a main phase transition at
18.8 and 37.9°C, respectively. These temperatures were quite comparable to the transition tempera-
tures of DMPC and DPPC. (24.3 and 41°C. respectively). Liposomes prepared from boron lipids,
DSPC, and cholesterol (1:1:1 mole ratio) were successfully prepared by thin film hydration and
extrusion. The mean diameters of the liposomes containing 6a and 6b in combination with DSPC
and cholesterol were found to be 135 and 123 nm, respectively. The liposomes had &-potentials of
—67 and —63 mV, respectively, reflecting the double negative charge of the head group. Liposomes
prepared from 6a were slightly less toxic to V79 Chinese hamster cells (IC5, =5.6 mM) than
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SCHEME 8.7  Synthesis of closo-dodecaborate lipids 7.

unformulated BSH (ICy, = 3.9 mM), while liposomes prepared from 6b were not toxic even at
30 mM (Justus et al., 2007).

Schaffran and coworkers synthesized new boron-containing lipids, which consist of a dietha-
nolamine frame with two myristoyl chains bonded as esters (Schaffran et al., 2009b). Butylene or
ethyleneoxyethylene units provide a link between the doubly negatively charged dodecaborate clus-
ter and the amino function of the frame, obtained by nucleophilic attack of diethanolamine on the
tetrahydrofuran and dioxane derivatives, respectively, of closo-dodecaborate (Scheme 8.7). The
thermotropic behavior was found to be different for the two lipids, with the butylene lipid 7a showing
sharp melting transitions at surprisingly high temperatures. Toxicity in vitro and in vive varied greatly.
with the butylene derivative 7a being more toxic than the ethyleneoxyethylene derivative 7h.

Furthermore, Schaffran and coworkers developed pyridinium lipids with the dodecaborate clus-
ter. The lipids consist of a pyridinium core with C12, Cl4, and C16 chains as lipid backbone, con-
nected through the nitrogen atom through a butylene, pentylene, or ethyleneoxyethylene linker to
the oxygen atom on the dodecaborate cluster as headgroup (Schaffran et al., 2009a). Synthesis of
pyridinium lipids with the dodecaborate cluster is shown in Scheme 8.8. The lipids were obtained
by nucleophilic attack of 4-(bisalkylmethyl)pyridine on the tetrahydrofurane 36, the dioxane 37,
and a newly prepared tetrahydropyrane derivative 38. respectively, of closo-dodecaborate. All of
these boron lipids form closed vesicles in addition to some bilayers in the pure state and in the pres-
ence of helper lipids. The thermotropic behavior was found to be increasingly complex and poly-
morphic with increasing alkyl chain length. Except for two lipids (9a and 9b), all lipids showed low
in vitro toxicity, and longer alkyl chains led to a significant decrease in toxicity. The choice of the
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O:) R 1) CHyCN

/’\

/NP a

b ‘ + N e et e

NG = R 2)CH,0H, CsF

'\."7/ ___J 2 3

NMe,*
36: Y =noatom 8a: Y = no atom, R = (CHy);,CH; 10a: Y = CH,, R = (CH,), ,CH,
37:Y=0 b: Y=noatom, R=(CH,);3CH; b Y =CH, R =(CH,);3CH;
38: Y=CH, © Y=noatom, R=(CH,);sCHy € Y = CHy, R ={CH,);sCH;

9a: Y =0,R = (CH,);,CH,
b: ¥ =0, R=(CH,);3CH,
€ Y=0,R=(CH,),sCH;

SCHEME 8.8 Synthesis of tetrahydropyran derivatives 8—10 of the closo-dodecaborate cluster.
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linker played no major role with respect to their ability to form liposomes and their thermotropic
properties. but the toxicity was influenced by the linkers in the case of short alkyl chains.
El-Zaria and Nakamura developed a new method that utilizes the click cycloaddition reaction
Q8 to functionalize BSH with organic molecules (El-Zaria et al., 2009; El-Zaria et al., 2010). §,S-
bis(propynyl)sul fonioundecahydro-closo-dodecaborate  (1-)  tetramethylammonium salt  (S5.5-
dipropargyl-SB,.H, " 41) was prepared from BSH with propargyl bromide. Compound 41 acts as a
powerful building block for the synthesis of a broad spectrum of 1.4-disubstituted 1,2,3-triazole
products in high yields based on the click cycloaddition reaction mediated by Cu(II) ascorbate. The
reactions require only benign reaction conditions and simple workup and purification procedures;
an unsymmetric bis-triazole BSH derivative could also be synthesized by the stepwise click reac-
tion. Synthesis of the closo-dodecaborate lipid with four-tailed moieties was achieved by the click
cycloaddition reaction of 41 with 3-O-azidoacetyl-1.2-O-distearoyi-sn-3-giycerol 40, which was
readily prepared from the corresponding alcohol 26¢ in two steps as shown in Scheme 8.9,

8.4 BORON CHOLESTEROL-LIPOSOME APPROACH

Cholesterol is indispensable for the formation of stable liposomes, especially in blood circulation.
Therefore, the development of boronated cholesterol derivatives is considered to be an alternative
approach to boron embedment in the liposome bilayer. The first boronated cholesterol derivatives
were reported by Feakes et al. (1999) They introduced a nido-carborane into the cholesterol frame-
work through ether or ester bonds. Although they synthesized nido-carborane conjugated choles-
terols 42a-b (Figure 8.6), the evaluation of their liposomes has not been reported yet.

Tjarks and coworkers developed ortho-carboranyl phenol 43 as a cholesterol mimic, which was
utilized as a lipid bilayer component for the construction of nontargeted and receptor-targeted bor-
onated liposomes. The major structural feature of the boronated cholesterol mimic is the physico-
chemical similarity between cholesterol and carborane frameworks (Endo et al., 1999). Cholesterol
analog 43 was stably incorporated into non-, FR-, and vascular endothelial growth factor receptor-2
(VEGFR-2)-targeted liposomes. No major differences in appearance, size distribution, and lamel-
larity were found among conventional DPPC/cholesterol liposomes, nontargeted, and FR-targeted
liposomal formulations of this carboranyl cholesterol derivative. FR-targeted boronated liposomes
were taken up extensively by FR-overexpressing KB cells in vitro, and the uptake was effectively
blocked in the presence of free folate. There was no apparent in vitro cytotoxicity in F R-overexpressing
KB cells and VEGFR-2-overexpressing 293/KDR cells when these were incubated with boronated
FR- and (VEGFR-2)-targeted liposomes, respectively, although the former accumulated extensively in
KB cells and the latter effectively interacted with VEGFR-2 by causing autophosphorylation and pro-
tecting 293/KDR cells from SLT (Shiga-like toxin)-VEGF cytotoxicity (Thirumamagal et al,, 2006).

HO™ " OCO(CH,)1CH; TsCl 507 OCOCH ) (CH;  NaNs
OCO(CH,)16CH; "DMAR. Py OCO(CHsCHy -
26¢ 39
o 1P =
L OCO(CH,),CH
A S N=N 2h6CH3
"‘2"2? \t: Rl N N\)\/OCO(CHz)mCHs
N_:,/\;/\OCOCans 41 .4%&, +
OCOC‘7H35 U —— }}A;./ \\(\N
i PR TN 0C0(CH,)6CH
40 =N BCO(CHy)6CHs
NMe,” 11

SCHEME 8.9 Synthesis of the closo-dodecaborate lipid 11 by the click cycloaddition reaction.
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NBu}
H © ¢
42a:Y =CO
b:Y=CH,
o =BH
(33
2 NMej e =C
o]
Svy ’Lo
44a:Y =CH,
" | 5 b:Y = CH,CH,

Y = NHCOCH,

FIGURE 8.6  Structures of cholesterol-boron cluster conjugates (42 and 44) and ortho-carboranyl phenol 43,

Nakamura, Gabel, and coworkers developed closo-dodecaborate conjugated cholesterols 44a—c.
The closo-dodecaborate conjugated cholesterol 44a liposome, which was prepared from dimyris-
toylphosphatidylcholine. cholesterol, 44a, and PEG-conjugated distearoylphosphatidylethanolamine
(1:0.5:0.5:0.1), exhibited higher cytotoxicity than BSH at the same boron concentration and the ICy,
values of 44a liposome and BSH toward colon 26 cells were estimated to be 25 and 78 ppm of boron
concentration, respectively (Nakamura et al., 2007b).

8.5 SUMMARY

Recent development of liposomal BDS are summarized in this chapter. Two approaches to encapsu-
lation of boron compounds into liposomes and incorporation of boron-conjugated lipids into the
liposomal bilayer have been investigated. Since the leakage upon storage has been observed in
boron-encapsulated liposomes, the combination of both approaches would be more potent to carry
a large amount of '°B compounds into tumor. In general drug delivery systems, liposomes are used
for selective delivery of drugs to tumors in an effort to avoid the drugs from undesirably accumulat-
ing in other organs. However, a large amount of liposomes that are administrated accumulate in the
liver and may cause severe side effects for patients. BDS, in this context, is a safer system because
boron compounds delivered with liposomes are nontoxic unless neutron capture reaction of boron
takes place. Therefore, the boron compounds accumulated in other organs will not cause side effects
for the patient under condition that the boron compounds are nontoxic. Liposomal drug delivery
system is variable depending on tumoral blood vessel formations and diffusion processes for the
liposomes to reach deeper portion in tumors, thus it is important to choose the target cancers that
are considered to be suitable for treatment with BDS. In this regards, liposomal BDS targeted to
brain tumor is not a suitable strategy although brain tumors still are the major target for BNCT.
Since successful BNCT is highly dependent on the selective and significant accumulation of boron-
10 in tumor cells, liposomal BDS would be one of the efficient approaches for the treatment of a
variety of cancers with BNCT.
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Table 1 Capture Cross Section Values of Various Nuclides

for Thermal Neutrons
nuclider ;r::ls:‘:;::. nuclide g:;sr:eﬁ::‘
SLi 942 H 0.332
B 3838 C 0.0037
BCd 20,000 N 175
¥Xe 2,720,000 o] <0.0002
“9Sm 41,500 P 0.19
BlEu 59,002 S 0.52
57Gd 240,000 Na 0.536
174Hf 400 K 2.07

“ Cross section capture values in barns.

IR DI ENBETH D, EBICHEK OB
S IEE AR OB WAEAT30 ng/g LLE, B WEDMEE
AL MRS & OSSR EREMO AT TRS 51

EnEELnEINTNS,
'H+1n—2H+ 72.23 MeV @
UN +1n—1C+1p0.63 MeV 3)
2. BNCT 0¥#

—REIDHHBIETH 2 XBOH eV
LTI, MESAICHEVZED TS, HEK mm <5
NOREZTDOFRIB BRI IND, LidioT, &Ko+
NORRTIMEREAVD L, T IEEMEEIE
HHRITER CHBRRY A—-C 225 Z 125,
RIS O 159 TR WA O BRI ST 28
BRI 2R REICHRET DLENS DA, RERS
FIZRDRAATRHLES ELTH, ZORALICHDIE
ERESORBEILET 5N, —%, BNCT Tidékn
THEMLBEDRAATBN: B Oh ik FHIERET
RETD oMELIRTIX, RELTHASILEEZETO
R (R 2%, 2EMER 1 EHOES SEWAD, B
BHIRE TRAE U o & "L KT H A O E R REERIC
BEAEXBELEZRN, 3512, BNCTTRET 2 @
RETLRTFIR X BRSO H > BRI R TSN R
A2~ EREEL, BEDRSBHNI EoMIEEN D,
UZedio TIEHRARIZHED ¥ XA~ D& 5 AN TH
RIS MRRRICHIE T B oM TE S, £/, @
#LE (RN OB THREAE TS50 BNCT
DHBTH 5.

3. BéiEH BNCT O R DREIHGI

BNCT O#:&13, 1936 451 Locher I2 &k > TRHICHE
BINED, 0%, 1951 ENSKET Ny AT EH

Bk M #49:5

- (HOB._- (HORB._~ 1F
AN, SH I
EASP N
&) Cl :i
N 5. HN7 T COH HyN” COH
)

BPA 1°F-BPA

Fig.2 Structures of BSH, BPA, and ®F-BPA.

SIRFZERAT (BNL) ICHBO TEEMEEEE R & Ui
HDORBRIBFFFFEN Farr B U Sweet 512 8-> THI
N, 10T 45 M@ BNCT Asfrbir-, £/, 1953
ENBRYFa—tyVIHKAE (MIT) THEMHE
I N, 186l BNCT frbhi=t, K& LAHO
RSN & R TR O+ S BUTBRRRARDTE S,
1961 FiTiRML R ET X N o,

—7%, HATIE 1959 £ 5 BNCT iCBI3 % ERBHIR
AiEH LN, 1968 FEITHHAFED @) EF5id, Fg.
2ILRTRICHHIEBETHIRIHRAA S5
% — (BSH: mercaptoundecahydrododecaborate) % fi
WTHRTHO THES O BNCT 125 L /=7, BSH i3
2FRC RZBEOFRTERTFEESD 20 MAORKRZLE
HWEEHLTEY, ZhEHEMNAMMIINT 5 8IRME
EWAS, BKEY - BEBEETHS (Fig.2). R
i3 M ABEPTBISR (blood-brain barrier) #5& 0, ik
OSBRI E R AR IR DA iz < v,
PRI = 0 i AR I 2SN T 5728 BSH O & >
RABHEOEEHIBEBNIIROATh B EEA SN
Twa, BHSOBMLK, BFRZONEFEY—KL
TETHY, BAEE TS OBRFRERS 250 ] 2k
AT0%, BEEOBRWEFMILE (glioblastoma) T
32 EEGRNBIE 0%, 5FEEFRTIIBLE 20%
THDA, HBAEEEOENERMIE (astrocytoma)
T3, SFEATFRRIPLZ 60% &, HEEHREBED~
15 %2t~ BNCT el RIZEBN TV S L RX 5,

4. BEREEAD BNCT

1987 77, MFR¥O=G5R7 I/ BHEMKTH2
BPA (p-boronophenylalanine) # i\ TEMEEHE (A
7 /—<) ®BNCTIZRINL /¥, BPARKLEAT I /&
THBTZNT T OFREE L THBOBA LM
ARIBICERAOICI AN EE X 5H T3, BPA
13, FHEEST TOBMRIENE N0, BRTIZD-7)1
7 h—=XLDEAKRELTRAVSRTNS, RELTE
HEAEOBRESI B LE 30 EH TS5 EEHFRIT
60% ZBATHY, FEITHMPDRENE . E-ARHY
FMERBOBERGTTZESZEAS QOLOFE S
BNCT DFIRTH %,

—295—

-133-



o e

- K m W

Before BNCT

9 months after BNCT
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—f, RUEREFTHD "B 4L 7= BSH & L {& BPA
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Fig. 4 Cases of BNCT at Kyoto University reactor institute
(authorized by Prof. K. Ono at KUR BNCT research

group).
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Fig. 5 Boron-encapsulated liposomes and boron-lipid lipo-
somes
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CEA (carcinoembryonic antigen) &/ # 04 —)L#ifk
ZHEEE, BSHAHI L/ UBRY —LEBRL .
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1R RIRICPIE T L2 v ATk, EERMA 50%
UFIMA sh=e,

1992 4, Hawthorne %t DSPC (distearoyl phos-
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URY —LADWEH & bREHIET L. —F4, BEA
R RREIL PEG U RY — 4 Tld 48 FE11£13 35 ppm
ICHEEL, ZORKEORBE EBICETLTNRE, 72
FERIE2ITIX 20 ppm &8> =DM L. TF—PEG U R
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& GBHAVRY — LD A MEBERESE L E0D
Mmof. LHKLAENS, T/BIIENTHhOBELBLZ
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Fig. 6 Structures of nido-carborane lipids 1-3 and closo-
dodecaborate lipids 4 and 5.
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mg/kg 5 U/ 4T3 22 ppm, 144 mg/kg 2505
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Fig. 7 (a) Boron concentration in various tissues at 72h after
administration. (b) Survival curve of tumor-bearing mice
after neutron irradiation. The mice were injected with 7.2
mg B/kg of the Tf(+)-PEG-CL-liposome and incubated
for 72 h before irradiation. Control indicates survival rates
of tumor-bearing mice after neutron irradiation without
administration of Tf(+)-PEG-CL liposomes.
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