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Abstract Various drug delivery systems for boron neu-
tron capture therapy (BNCT) have been developed. To
selectively destroy cancer cells, the high accumulation
and selective delivery of '°B into tumor tissue are re-
quired. In this study, a polyborane for BNCT with en-
hanced hydrophobicity was synthesized from decaborane
as a boron carrier, and embedded into bare and
PEGylated liposomes. These liposomes having diameters
of 40—43 nm were injected into tail vein of tumor-
bearing mice to evaluate their biodistribution. Boron con-
centrations in tumor and tumor/blood ratios of the lipo-
somes were reached over 30 pg/g of tissue and over 5 at
8-24 h, respectively. At 12 h after injection, PEGylated
liposomes were found in tumor with high boron level
(130.0 pg/g of tissue). This result showed that the
PEGylated liposomes with a diameter of 40 nm were
able to achieve efficient intratumoral '°B amount without
replacing the ''B with '°B.
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Introduction

Boron neutron capture therapy (BNCT) is a cancer therapy using
nuclear reaction between boron and thermal neutron. It is based
on the nuclear capture and fission reactions. When boron-10
('°B) is irradiated with low-energy thermal neutrons, it yields
high linear energy transfer (LET), o particles (*He), and recoiling
lithium-7 ("Li) nuclei. The destructive effects of these high-
energy particles are limited to boron containing cells, since the
high LET particles have limited path lengths in tissue (5-9 pm).
Therefore, BNCT is theoretically possible to kill tumor cells,
without affecting adjacent healthy cells, if '°B atoms can be
selectively delivered and accumulated in the interstitial space of
tumor tissue and/or intracellular space of tumor cell. To improve
the efficacy of BNCT, high accumulation and selective delivery
of '°B into tumor tissue are the most important requirements. To
carry out BNCT efficiently, over 20-30 pg of non-radioactive
1B per gram of tumor tissue and tumor/blood boron concentra-
tion ratio of over 5 are required [1-3].

A liposome is a closing vesicle formed with phospholipids
which are basic components of the biomembrane and can incor-
porate hydrophilic and/or lipophilic boron compounds [4].
PEGylated liposomes have been prepared to prolong the reten-
tion time of liposomes in circulation by avoiding the uptake into
the cells of the mononuclear phagocyte system (reticuloendothe-
lial system), and it promotes the enhanced permeability and re-
tention (EPR) effect in solid tumors [5-7]. Also, detailed
biodistribution studies of liposomes for BNCT were reported.
Biodistribution of liposomes encapsulating water-soluble ionic
boron compounds having average diameters of 43—115 nm
was observed in the blood, tumor, liver, and spleen of tumor-
bearing mice [4, 8, 9] and that of 61 and 83 nm were observed in
the blood, tumor, liver spleen, kidney, precancerous tissue, and
normal pouch tissue in recent years [10]. The biodistribution of

@ Springer


mailto:makino@rs.noda.tus.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1007/s00396-017-4113-x&domain=pdf

1456

Colloid Polym Sci (2017) 295:1455-1461

liposomes incorporated lipophilic boron compounds having av-
erage diameters of 42—114 nm that were observed in the blood,
tumor, liver, and spleen of tumor-bearing mice [11]. In the pre-
vious study, liposomal drug delivery system for BNCT was re-
ported. Biodistribution of PEGylated liposomes was evaluated
by measuring boron concentration at 24 h after injections. Bare
liposome with a diameter of 50 nm and PEGylated liposome
with a diameter of 100 nm were found in tumor with high boron
levels. Moreover, the 50 nm bare liposomes showed high tumor/
blood ratios of boron concentration, and their usability for BNCT
was suggested [12]. In this study, detailed biodistribution studies
of lipophilic boron compound-embedded liposomes were carried
out; however, they were insufficient due to that the boron con-
centration of tissue was measured at only 24 h after sample
administration. PEGylation increased the intratumoral boron
amount at 24 h after administration in the liposomes with diam-
eters of 100 and 200 nm. In contrast, unexpectedly, the liposomes
with a particle size of 50 nm decreased the intratumoral boron
amount by PEGylation. Therefore, it was necessary to investigate
more detailed biodistribution of PEGylated liposomes with a
small particle size. Moreover, the maximum intratumoral boron
accumulation amount was 80 pg/g of tumor tissue, and it was
necessary to replace a part of ''B in the compound with B to
satisfy the target value (20 pg of '°B per gram of tumor tissue) of
the intratumoral boron amount.

The main aim of the present study was to observe
biodistribution of polyborane embedded bare and PEGylated
liposomes in tumor-bearing mice at 424 h and evaluate their
tumor accumulation property by measuring boron amount. Also,
smaller liposomes were prepared to achieve intratumoral boron
amount of 100 pg/g of tumor tissue. Decaborane, hydrophobic
boron compound, was used as a boron carrier because it has ten
boron atoms in its structure, and is stable in room temperature. To
trap the boron in lipid bilayers of liposomes, we have synthesized
a polyborane from decaborane.

Materials and methods
Materials

Decaborane(14) (B|ogH;4, purity >98%) was purchased from
Santa Cruz Biotechnology Inc. (Dallas, USA). 1,2,-
Diiodoethane (C,H4l,, purity >98.0%), hexane
(CH3(CH,)4CHs, purity >95.0%), diethyl ether (C4H O, purity
>09.5%), ethyl acetate (CH;COOC,Hs, purity >99.5%), tetrahy-
drofuran (THF, C4HgO, purity >99.5%, water <0.001%), tolu-
ene, dichloromethane (CH,Cl,, purity >99.5%), chloroform-d
(CDCI3, purity >99.8%, containing 0.05 vol% TMS), chloro-
form (CHCls, purity >99.0%), ammonium chloride (NH4CI, pu-
rity >99.0%), sodium sulfate (Na,SOy,, purity >99.0%), sodium
thiosulfate (Na,S,0s3, purity >99.0%), sodium hydrogen carbon-
ate (NaHCO;, purity >99.0%), sodium chloride (NaCl, purity
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>09.5%), sodium hydroxide (NaOH, purity >97.0%), disodium
hydrogenphosphate (Na,HPO,, purity >99.0%), potassium hy-
droxide (KOH, purity >85.0%), potassium dihydrogenphosphate
(KH,PO4, purity >99.0%), and boron standard solution (boron
concentration 1000 mg/L) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Silica gel 60 (spherical,
particle size 63—210 pm) was purchased from Kanto Chemical
Co., Inc. (Tokyo, Japan). n-Butyllithium (in hexane, ca. 1.5—
1.7 mol/L), 1,2-diphenylacetylene (C4H;q, purity >98%),
tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs),, purity
>97.0%), and 1-butyl-3-methylimidazolium chloride (bmimCl,
CgH;5CIN,, purity >98.0%) were purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan).
Ethynylmagnesium bromide solution (0.5 M, in tetrahydrofuran)
was purchased from Sigma-Aldrich Co. LLC (St. Louis, USA).
Egg phosphatidylcholine (egg PC) was purchased from Asahi
Kasei Kogyo Co., Ltd. (Tokyo, Japan). Sunbright DSPE-020CN
(DSPE-PEG, N-(carbonyl-methoxypolyethyleneglycol 2000)-
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, sodium salt,
Mw 2000) was purchased from NOF Corporation (Tokyo,
Japan). 2-[4-(2-Hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES) was purchased from Dojindo Molecular Technologies
Inc. (Mashiki, Japan). Isoflurane for the animal was purchased
from Mylan Inc. (Pittsburgh, Pennsylvania). Fetal bovine serum
(FBS) was purchased from Thermo Fisher Scientific, Inc.
(Waltham, USA). All other chemicals were of the highest grade
commercially available.

Synthesis of polyborane for BNCT

1,2-Diphenylacetylene (6.0 g, 34 mmol) in THF (14.0 mL) was
dropwise added into a n-butyllithium in hexane (1.53 M,
11.0 mL,16.8 mmol) at —10 °C. After stirring for 2 h, the sample
solution was cooling down to =78 °C. 1,2,-Diiodoethane (12.3 g,
43.7 mmol) was dropwise added, and then continuously stirred
for 1 h. Na,S,05-saturated aqueous solution and diethyl ether
were also added into the reaction vessel, and the reaction mixture
was stirred for 10 min at 0 °C. The product was extracted with
diethyl ether, and washed with a NaHCO; saturated aqueous
solution, distilled water, and brine. Then, the organic layer was
dried with Na,SO,, and concentrated under reduced pressure.
The crude solid residue was purified by silica gel column chro-
matography (hexane/dichloromethane = 300:1), and as shown in
Scheme 1, (E)-1,2-diphenyl-1-iodohex-1-ene was obtained as a
faint yellow solid (2.5 g, 41.6%) [13]. "H-NMR (5, 300 MHz,
CDCly): 0.71 ppm (3H, triplet, J= 7.1 Hz), 1.06—1.26 ppm (4H,
multiplet), 2.32 ppm (2H, triplet, J = 15.0 Hz), 7.22-7.40 ppm
(10H, multiplet).

(E)-1,2-Diphenyl-1-iodohex-1-ene (2.5 g, 6.9 mmol) and
Pd(PPh3), (798 mg, 0.69 mmol) were dissolved in THF.
Ethynylmagnesium bromide (27.6 mL, 13.8 mmol) was
dropwise added into the THF solution, and reacted at 50 °C for
overnight. After the reaction mixture was cooling down to 0 °C,
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Scheme 1 Synthesis of (E)-1,2-
diphenyl-1-iodohex-1-ene

NH,4CI saturated aqueous solution was added. The product was
extracted with ethyl acetate, and washed with distilled water and
brine. Then, the organic layer was dried over Na,SOy, and con-
centrated under reduced pressure. The crude solid residue was
purified by silica gel column chromatography (hexane/ethyl ac-
etate = 150:1), and as shown in Scheme 2, (E)-3,4-diphenyloct-3-
ene-1-yne was obtained as a white solid (1.1 g, 60.0%) [14]. 'H-
NMR (6, 300 MHz, CDCl3): 0.73 ppm (3H, triplet, / = 7.0 Hz),
1.10-1.27 ppm (4H, multiplet), 2.44 ppm (2H, triplet,
J = 7.5 Hz), 2.86 ppm (1H, singlet), 7.26-7.48 ppm (10H,
multiplet).

BmimCl (1.34 g, 7.68 mmol) and decaborane (1.13 g,
9.22 mmol) were dissolved in toluene (30.7 mL) at room tem-
perature. (E)-3,4-Diphenyloct-3-ene-1-yne (2.0 g, 7.7 mmol) in
toluene (7.7 mL) was dropwise added into the solution, and
heated to reflux for 12 h. After cooling down to room tempera-
ture, the desired compound was extracted with ethyl acetate, and
washed with distilled water and brine. Then, the organic layer
was dried over Na,SOy,, and concentrated under reduced pres-
sure. The crude solid residue was purified by silica gel column
chromatography (hexane only), and as shown in Scheme 3, (E)-
1-(1,2-dicarba-closo-dodecaborane-1-yl)-1,2-diphenylhex-1-ene
was obtained as a greenish white solid (0.93 g, 31.8%) [15]. This
boron compound included dicarba-closo-dodecaborane
(carborane) skeleton, and molecular weight (378.56) was similar
to that of cholesterol (386.65). "H-NMR (8, 300 MHz, CDCls):
0.60 ppm (3H, triplet, J = 7.2 Hz), 0.90-1.13 ppm (4H, multi-
plet), 1.81 ppm (2H, triplet, J = 7.8 Hz), 3.11 ppm (1H, sin-
glet),7.18-7.42 ppm (10H, multiplet).

Preparation of (E)
-1-(1,2-dicarba-closo-dodecaborane-1-yl)
-1,2-diphenylhex-1-ene embedded liposomes

(E)-1-(1,2-Dicarba-closo-dodecaborane-1-yl)-1,2-
diphenylhex-1-ene embedded liposomes were prepared using
Bangham method. Compositions of them are shown in

Scheme 2 Synthesis of (E)-3,4-
diphenyloct-3-ene-1-yne

HiC
nBuLi, 1,2-Diiodoethane

THF, -78 °C to r.t.

Table 1. Lipid mixtures of (£)-1-(1,2-dicarba-closo-
dodecaborane-1-yl)-1,2-diphenylhex-1-ene, egg PC and
DSPE-PEG were dissolved in chloroform (10 mL) in eggplant
flask, and chloroform was evaporated under reduced pressure.
After forming a thin film in eggplant flask, it was resuspended
with HEPES buffered saline (HBS, pH 7.4, 10 mM).
Liposomes were prepared using Nanomizer Mark II
(Yoshida Kikai Co., Ltd., Nagoya, Japan) which is one of
the mechanochemical systems to prepare particles (flow vol-
ume 2.0 mL, pressure 50 MPa, number of passes: ten times).
Mean volume diameter, size distribution, and zeta-potential of
the prepared liposomes were determined using a dynamic
light scattering system, ELSZ-1000ZS (Otsuka Electronics
Co., Ltd., Hirakata, Japan). Liposomal suspensions were di-
luted with HBS. Then, measurement of the liposome size was
carried out at 25 °C and electrophoretic mobility was mea-
sured at 37 °C. Boron amounts of the liposomes were deter-
mined using the inductively coupled plasma atomic emission
spectroscopy, ICPE-9000 (Shimadzu Co., Kyoto, Japan).
Liposomal suspensions (0.1 mL) were diluted with 6.9 mL
of distilled water and 3.0 mL of nitric acid and observed at
249.773 nm. A calibration curve was prepared using boron
standard solution. To investigate the stability of bare lipo-
somes, 0.1 mL of liposome suspension was added to 1 mL
of FBS and incubated at 37 °C. Then, particle size was mea-
sured after 12, 24, and 48 h.

Biodistribution study of liposomes

Mice (ddY, 7-8 weeks old, male) were housed in stainless steel
cages and housed under standard environmental conditions
(23 £ 1 °C, 55 + 5% humidity, and a 12/12 h light/dark cycle)
and maintained with free access to water and a standard labo-
ratory diet (carbohydrates 30%; proteins 22%; lipids 12%;
vitamins 3%) ad libitum (Nihon Nosan Kogyo Co.,
Yokohama, Japan). They were used in accordance with the
Guidelines for Animal Experimentation of Tokyo University

CHCMgBr, Pd(PPH,),

THF, 50°C
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Scheme 3 Synthesis of (£)-1-
(1,2-dicarba-closo-dodecaborane- H;C
1-yl)-1,2-diphenylhex-1-ene

of Science, which are based on the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory
Animal Science.

B16 melanoma cells (7.0 x 10° cells in 50 pL PBS)
were subcutaneously injected into a footpad of the right
hind limb of mice, and tumor-bearing mice were given
after 3 weeks. Liposomes (4.4 mg boron/kg, in PBS) were
injected via the tail vein into tumor-bearing mice (ddY,
7 weeks old, male) with anesthesia, and animals were
maintained in metabolic cages. The injections were well
tolerated and no adverse effects were observed. After 4, §,
12, 16, 20, and 24 h of sample administration, mice were
euthanized with isoflurane, and bled at inferior vena cava.
The brain, heart, lungs, liver, stomach, pancreas, spleen,
and kidneys were immediately taken from the same indi-
vidual. The blood, urine, feces, and all tissues were
weighed and melted using wet ashing method with nitric
acid [16]. All boron amounts of samples were determined
using ICPE-9000.

Results and discussion

Preparation of (E)
-1-(1,2-dicarba-closo-dodecaborane-1-yl)
-1,2-diphenylhex-1-ene embedded liposomes

Particle size distributions of prepared liposomes are shown
in Fig. 1a. Mean volume diameters of bare and PEGylated
liposomes were 40.6 + 18.2 and 42.4 + 20.4 nm, respec-
tively (means + S.D.). The mechanochemical system was
useful to prepare liposomes having an average diameter of
less than 50 nm, since it could treat the relatively high

Table 1  Composition of prepared bare and 2 mol% PEGylated
liposomes
Egg PC (E)-1-(1,2-Dicarba-closo- DSPE-
(mol%) dodecaborane-1-yl)-1,2- PEG
diphenylhex-1-ene (mol%) (mol%)
Bare liposome 85 15 0
2 mol% 83 15 2
PEGylated
liposome
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)

bmimCl, B.oH,,

toluene, reflux

volume of samples easily and rapidly [4]. Zeta-potential
of bare and PEGylated liposomes in PBS (pH 7.4,
I =0.154 M) were —10.1 £ 0.72 and —5.29 £ 0.72 mV,
respectively. The absolute value of the zeta-potential of
PEGylate liposome decreased as compared to that of bare
liposome due to the effect of PEG chain length to the ab-
solute value of the zeta-potential of liposomes [17]. Also,
boron amounts of bare and PEGylated liposomes suspen-
sion were 1157 and 1328 mg/L, respectively. Figure 1b
shows stabilities of bare and PEGylated liposomes in
FBS. PEGylated liposomes were stable even after 24 h;
however, the particle size of bare liposomes tended to in-
crease. Since the surface of the liposome was negatively
charged, we considered that blood components such as
proteins and lipids were adsorbed on the surface of the
unmodified liposome by electrostatic interaction.
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Fig. 1 a Average diameters of prepared liposomes (n = 3). b Changes in
average diameters of prepared liposomes in fatal bovine serum (n = 3,
mean = S.D.)
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Biodistribution of liposomes tumor of bare and PEGylated liposome reached over 30 pg/

g of tissue at 8-24 h after injections. This result indicated that
Figure 2 shows boron amounts of the blood, tumor, urine, liposomes had leaked out from blood vessels and accumulated
feces, and all organs (brain, heart, lung, liver, stomach, pan- in tumor tissues. In particular, intratumoral boron amount of
creas, spleen, and kidney). Average boron amount in the  the PEGylated liposomes exceeded 100 pg/g of tissue at 12 h

Brain Kidney Liver
20 ¢ 20 ¢ ook 20 ¢
cl i C
A 15 @15 215+
o o W
£ 10 g0} f10} . "
= = =
g s z 5t 5 S & e
2] m [o3) @__— \\\@,f \@
0 1 1 1 1 ) 0 I 1 1 ' 1 J 0 1 1 1 1 1 ]
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h) Time (h)
Heart Lung Spleen
90 %0 9 r
80} 80t 80t o
270t 270 270
60 | * %60 f %60 f
E 50 g0 ;Bx\é § 50 g S0
240 * / S S 40t g 40 -
2 5 / N < 30 2 30
a I = i a I
£20 | il W B2 20 |
-2 - ~% M M
0} ¢ 10 10
0 : : : ; : ; 0 : : ; 0 : o : ;
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time (h) Time (h) Time (h)
o Pancreas “ Stomach 0. Blood

* %K

v
(=4
T

30 +

Boron amount (ug B/g)
(=]
o

Boron amount (pg B/g)
S

Boron amount (g B/g)
w
(=]

* %
*
10 - 10 + 10 + ka
@S- "®
o 1 1 I 1 1 ) 0 1 1 1 1 1 ) 0 A A A A A J
0 4 8 12 16 20 24 0 4 8 12 16 20 24 0 4 8§ 12 16 20 24
Time (h) Time (h) Time (h)
Urine Feces Tumor
100 100 180 r
= = % 160 +
& ® o0
80 + 80 | 20 L
2 £ & 10
m - 120
o o S
Sor S Z 100
E £ g 80t
S 40 S 40t =
g ok * g 60t
= % =] 2
§ 20 | ke = E 20 t 2 ;*g I
_“6, 20 |
0 n n 1 1 ) 0 0 1 1 1 1 1 J
0 4 8 12 16 20 24 0 0 4 8§ 12 16 20 24
Tome (h) Time (h)

Fig. 2 Biodistribution of bare and PEGylated liposomes (7 = 3, mean + S.D.). Empty circle: bare liposome; empty triangle: PEGylated liposome
(*P < 0.05, **P < 0.01; ¢ test)
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Ttumor/blood ratio

1 L )

0 4 8 12 16 20 24
Time (h)

Fig. 3 Time-dependent changes of tumor/blood boron concentration
ratio (n = 3, mean + S.D.). Empty circle: bare liposome; empty triangle:
PEGylated liposome

after administration (130.0 pg/g of tissue). Naturally occur-
ring boron contains 19.8% of '°B and 80.2% of ''B [18].
Therefore, this result showed that the PEGylated liposomes
with a diameter of 40 nm were able to achieve an intratumoral
'°B amount of 20 pg/g without replacing the ''B with '°B.
However, boron amount in the tumor of the PEGylated lipo-
some decreased after 12 h and further accumulation was not
observed. As shown in Fig. 1b, the stability of PEGylated
liposomes was high until 24 h after administration.
Therefore, it is assumed that this decrease was caused by li-
posome leakage from the tumor, not an aggregation of
PEGylated liposomes [19]. When this liposome is applied to
BNCT, it is recommended to irradiate thermal neutron radia-
tion at 12 h after administration. The bare liposomes reached
the maximum intratumoral boron amount at 16 h after admin-
istration (95.7 ug/g of tissue), and in other organs, rapid ac-
cumulation increases were also observed. We considered that
this result was affected by the decrease in stability of bare
liposomes after 12 h (Fig. 1b). Interestingly, boron amounts
0f 3.9-10.9 ug/g of tissue were detected in the brain after 4 h
with bare and PEGylated liposomes, and maintained for at
least 20 h, which indicated permeation of liposomes through
blood-brain barrier. A remarkable difference between two
types of liposomes was not observed. In the previous studies
using 50-nm PEGylated liposomes, the amount of boron in the
brain of 9.5 was observed at 24 h after administration [12];
therefore, PEGylated liposomes with small particle diameter
were useful for boron delivery to the brain. However, to de-
liver '° B intravenously using these liposomes, it is necessary
to replace '' B with ' B and further increase the dose. Further
detailed study on miniaturization and PEGylation of the lipo-
some is required. From the result of a boron amount of feces, it
is suggested that liposomes with an average diameter of less
than 50 nm metabolized in the liver due to its size and reten-
tion property [4, 19]. As shown in Fig. 3, tumor/blood ratio of
bare and PEGylated liposomes reached over 5 at 4-24 h.

@ Springer

Though the significant difference was not observed, tumor/
blood ratio of the PEGylated liposome had a decreasing trend
after 12 h. In this study, liposomes were delivered to the tumor
using passive targeting. Active targeting technique using
transferrin, antibodies, ligands, and folate will enhance the
tumor/blood ratio [19-23].

Conclusions

A polyborane for BNCT with enhanced hydrophobicity was
synthesized and successfully embedded into bare and
PEGylated liposomes. The detailed biodistribution of them
was confirmed by in vivo experiments. Their boron amounts
in tumor and tumor/blood ratio were reached over 30 pug/g of
tissue and over 5 at 824 h after injections, respectively.
Intratumoral boron amount of the PEGylated liposomes
reached over 100 pg/g of tissue after 12 h post-administration,
and leakage from subsequent tumor tissues was suggested.
Moreover, considerable boron amounts were detected in the
brain at 4-24 h. As a result, detailed biodistributions of bare
and PEGylated liposomes with a diameter of 40 nm were
revealed, and efficacy of polyborane embedded PEGylated
liposomes for BNCT was suggested.
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