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ABSTRACT

We succeeded in the synthesis of the double-tailed boron cluster lipids 4a −c and 5a −c, which have a B 12H11S moiety as a hydrophilic function,
by S-alkylation of B 12H11SH (BSH) with bromoacetyl and chloroacetocarbamate derivatives of diacylglycerols for a liposomal boron delivery
system on neutron capture therapy. Calcein encapsulation experiments revealed that the liposomes, prepared from the boron cluster lipid 4b,
DMPC, PEG-DSPE, and cholesterol, are stable at 37 °C in FBS solution for 24 h.

Boron neutron capture therapy (BNCT) is a binary cancer
treatment based on the nuclear reaction of two essentially
nontoxic species,10B and thermal neutrons.1 The neutron
capture reaction by10B produces anR-particle and a lithium-7
ion bearing approximately 2.4 MeV, and these high linear
energy transfer particles afford precise cell killing.2-4

Therefore, high accumulation and selective delivery of boron
into the tumor tissue are the most important requirements to
achieve efficient neutron capture therapy of cancers. There
are three most important parameters for development of
boron compounds: (1) achieving tumor concentrations in
the range of 20-35µg 10B/g; (2) a tumor/normal tissue
differential greater than 3-5; (3) sufficiently low toxicity.2,5

Recent promising approaches that meet these requirements
entail the use of small boron molecules2,6 and boron-
conjugated biological complexes, such as monoclonal anti-
bodies,7 the epidermal growth factor,8 and carborane oligo-
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mers.9 We have focused on boronated liposomes for the
boron delivery system. A system involving the 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 BNCT and chemotherapy of cancers. Hawthorne and co-
workers first introducednido-carborane as a hydrophilic
moiety into the amphiphile1 (Figure 1) and examined

liposomal boron delivery in mice using1 and distearoylphos-
phatidylcholine (DSPC).10 We recently developed thenido-
carborane lipid2, which has a double-tailed moiety conju-
gated withnido-carborane as a hydrophilic function.11 We
investigated active targeting of the boronated liposomes to
solid tumors by functionalization of transferrin on the surface
of their liposomes and achieved a boron concentration of
22 µg of 10B/g of tumor by the injection of the liposomes at
7.2 mg of10B/kg of body weight with longer survival rates
of tumor-bearing mice after BNCT.12 However, injection at
higher boron concentrations resulted in mortality. Hawthorne
and co-workers also recently reported synthesis of thenido-
carborane lipid3 and its unilamellar liposomes. They pointed
out the high toxicity of the lipid3 liposomes.13

To overcome this problem, we focused on mercapto-
undecahydrododecaborate (B12H11SH2-, BSH) as an alterna-
tive hydrophilic function of boron lipids. BSH is a water-
soluble divalent anion cluster with significantly lowered

toxicity and thus has been utilized for clinical treatment of
BNCT. However, few synthetic examples of BSH derivatives
as boron carriers have been reported so far due to the
difficulty of their functionalizations.14,15 Gabel and co-
workers reported a novel “BSH activation” method, which
enabled us to conduct S-alkylation of BSH under mild
conditions.16 In this paper, we report synthesis ofcloso-
dodecaborate containing boron lipids4a-c and 5a-c and
their liposomal property (Scheme 1). Our design of the boron

lipids is based on biomimetic composition of phosphatidyl-
cholines to meet a sufficiently low toxic requirement.

Synthesis of the hydrophobic tail functions of4 is shown
in Scheme 2. Reaction of the chiral alcohol6 with 1.2 equiv

of bromoacetyl bromide gave the ester7, quantitatively, and
the deprotection of7 was carried out using catalytic amounts
of p-TsOH in MeOH to give the corresponding diol8 in
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Figure 1. Structures ofnido-carborane lipids.
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Scheme 2

324 Org. Lett., Vol. 9, No. 2, 2007



38% yield. The ester formation of the diol8 with various
carboxylic acids was promoted by dicyclohexylcarbodiimide
in the presence of catalytic amounts ofN,N-dimethylamino-
pyridine in CH2Cl2 to afford the precursors9a-c in 61-
75% yields.

Synthesis of the hydrophobic tail functions of5 is shown
in Scheme 3. We first examined the reaction of6 with

chloroacetyl isocyanate followed by deprotection of the acetal
group; however, the chloroacetylcarbamate moiety decom-
posed under the acidic condition ofp-TsOH in MeOH.
Therefore,6 was protected with benzylbromide using NaH
and the resulting dioxolane10 was converted into the diol
11 using aqueous AcOH in 83% yield. The ester formation
of 11 with various carboxylic acids was carried out in a
similar manner to give12a-c, quantitatively. Deprotection
of the benzyl group of12a-c by hydrogenation gave the
corresponding alcohols13a-c (89->99% yields), which
reacted with chloroacetyl isocyanate in CH2Cl2 to give14a-c
in 74-98% yields.

Introduction of BSH into the hydrophobic tail functions9
and12was examined using the “activated BSH (15)”, which
was prepared according to Gabel's protocol, as shown in
Scheme 4. S-Alkylation of15 with 9a-c proceeded in
acetonitrile at 70°C for 12-24 h, giving the corresponding
S-dialkylated products16a-c, which were immediately
treated with tetramethylammonium hydroxide (1 equiv) in
acetone to give4a-c in 76-91% yields, as tetramethyl-
ammonium salts. In a similar manner,5a-c were obtained
from 12a-c in 54-83% yields.

We examined formation and membrane stability of the
liposomes using the boron cluster lipid4b. Liposomes were
prepared from cholesterol, dimyristoylphosphatidylcholine
(DMPC), polyethyleneglycol-conjugated distearoylphospha-
tidylethanolamine (PEG-DSPE), and the boron cluster lipid

4b (1:1- X:0.1:X ) 0-1, molar ratio), by the reverse-phase
evaporation (REV) method.17 The liposomes obtained were
subjected to extrusion 10 times through a polycarbonate
membrane of 100 nm pore size, using an extruder device
thermostated at 60°C. Purification was accomplished by
ultracentrifuging at 200 000gfor 60 min at 4°C, and the
pellets obtained were resuspended in PBS buffer. Liposome
size was measured with an electrophoretic light scattering
spectrophotometer. The size distribution of the liposomes
composed of4b is shown in Figure 2. The sizes of maximum

distribution of the liposomes against4b contents were 103
(X ) 0.25), 105 (X) 0.5), 102 (X) 0.75), and 108 nm (X
) 1) with 0.121, 0.092, 0.106, and 0.089 as polydispersity
index (PDI) values, respectively. The liposomes composed
of 4a,4c, and5a-calso gave similar size distributions (the
data are not shown).

We next investigated the time-dependent stability of the
boronated lipsomes of4b in fetal bovine serum (FBS).
Fluorescent probes, such as calcein, are self-quenching at
high concentrations, and the leakage of these fluorophores
into the external medium results in the relief of self-
quenching and an increase in the fluorescence. Therefore,
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Figure 2. Size distributions of the boronated liposomes after
extrusion.4b ratio: X ) 0.25 (red), 0.5 (green), 0.75 (blue), and 1
(black).
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the release of aqueous contents of liposomes can be
monitored by an increase of fluorescent intensity.18 We
prepared the boronated liposomes at various concentrations
of the boron cluster lipid4b using calcein (100 mM), and a
liposome solution (the volume ratio of FBS/liposome solution
) 9:1) was added to FBS and incubated at 37°C with

stirring. The fluorescence of the FBS solutions was measured
at 0-24 h. The results of the liposomes of4b with various
ratios (X) 0.25, 0.5, and 0.75) are shown in Figure 3. No
increase in the fluorescence intensity of the FBS solutions
was observed within 24 h; therefore, the boronated liposomes
were stable in the FBS solution at 37°C at least for 24 h.
However, the increase of the fluorescence intensity was
observed in the case of the liposome prepared from choles-
terol, PEG-DSPE, and4b (X ) 1).

Furthermore, to investigate the accumulation ratios of the
boron cluster lipid4b and phospholipids including DMPC
and PEG-DSPE on liposome formation, we determined boron
and phosphorus concentrations of the liposome solutions by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The concentration ratios of4b to the phospho-
lipids on the liposomes prepared from cholesterol, DMPC,
PEG-DSPE, and4b (1:1 - X:0.1:X, molar ratio) were 0.84
(X ) 0.25) and 2.6 (X ) 0.50). Therefore, it was observed
that the boron lipid4b was incorporated into the liposome
membranes at a higher concentration than phospholipids.

In conclusion, we succeeded in the synthesis of the double-
tailed boron cluster lipids4 and 5, which have a B12H11S
moiety as a hydrophilic function, by S-alkylation of BSH
with bromoacetyl and chloroacetocarbamate derivatives of
diacylglycerols. The liposomes prepared from the boron
cluster lipid4b, DMPC, PEG-DSPE, and cholesterol were
stable in FBS. We also investigated toxicity of the boron
liposomes and found that no mouse died after injection with
the boron liposomes at a dose of 15 mg of boron per kilogram
of weight for up to three weeks, although 50% of the mice
injected with the boron liposomes prepared from the lipid2
died at a dose of 14 mg of boron per kilogram of weight
within 48 h (n ) 4). In vivo biodistribution and BNCT
studies of the boronated liposomes of4 and5 are in progress
in our laboratory.
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Figure 3. Time-dependent fluorescence intensities of calcein-
encapsulated liposomes composed of4b with various ratios (X: (a)
) 0.25, (b)) 0.5, (c) ) 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 fluorescence intensity of
the FBS solution containing liposomes, and the white plots show
that of the solution after destruction of liposomes by the addition
of Triton X-100.
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