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A B S T R A C T

Boron neutron capture therapy is a promising tumor treatment method, though its wide application has been
limited due to the poor tumor selectivity and intracellular delivery of 10B-compounds. Here, block copolymer-
boron cluster conjugate based on the clinically used sodium borocaptate (BSH) and poly(ethylene glycol)-b-poly
(glutamic acid) copolymer have been developed for effectively penetrating tumor tissues and homogeneously
delivering the boron clusters into cancer cells towards safe and efficient boron neutron capture therapy. The
PEGylated block copolymer-boron cluster (BSH) conjugate has demonstrated significant higher cellular uptake
and tumor accumulation when compared to the non-PEGylated formulations and BSH. Moreover, the enhanced
delivery to tumors of the conjugates, as well as their superior intratumoral penetration, which facilitated
reaching the intracellular space of most cells in tumors, allowed the effective ablation of tumors after neutron
irradiation.

1. Introduction

Boron neutron capture therapy (BNCT) is a selective cancer radio-
therapeutic modality, which exploits 10B-compounds to selectively
target cancer cells to kill them by the secondary irradiations (e.g., α-
particles) emitted from the nuclear reaction of 10B(n,α)7Li after giving
thermal neutron irradiation to tumor tissues [1–3]. The selective
distribution of the 10B-compounds to tumors allows pinpoint treat-
ments, while avoiding damage to healthy tissues without distribution of
10B-compounds, since the effective range of the secondary radiations
(e.g., α-particles and 7Li ions) from nuclear reaction is shorter than
10 μm, which is almost equal to the diameter of cancer cells (Fig. 1a).

Unlike some other radiotherapeutic methods using radioactive isotopes,
the 10B-compounds used for cancer BNCT are non-radioactive and safe.
The 10B has a large thermal neutron cross section of 3838 barns, which
could efficiently capture thermal neutrons to generate the secondary
radiations. Until now, 10B-compounds of sodium borocaptate (BSH) and
boronophenylalanine (BPA) have been widely applied for clinical
cancer treatment by BNCT, presenting potential for cancer treatment
[4–6], especially against tumors that are difficult to be treated by the
conventional methods, such as surgical resection, chemotherapy and
radiotherapy [7–11]. However, these 10B-compounds present limited
tumor targeting ability and retention to achieve sufficient 10B-level
inside cancer cells and high tumor-to-healthy tissue selectivity for
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effective therapy [12–14]. In this regard, the 10B-compounds were
modified with some targeting moieties, such as L-dopamine (L-DOPA)
[15] and cell membrane penetration peptide (CPP) [16], to increase the
intracellular delivery of 10B-compounds to cancer cells. Alternatively,
various drug delivery systems [17,18], such as liposomes [19–23],
dendrimers [24] and polymeric micelles [25] have been developed for
delivering bioactive compounds for neutron capture therapy to improve
the therapeutic outcome by increasing the levels of drugs in tumor
tissues.

Effective tumor BNCT through nanocarriers requires efficient and
homogeneous delivery of 10B-compounds across tumor tissues to access
all cancer cells. However, relatively large nanocarriers (e.g. Doxil, a
clinical used liposome formulation) have been reported to show limited
penetration in tumor tissues [26,27]. Recently, some drug delivery
systems, such as polymeric micelles, can effectively penetrate tumor
tissues [27,28], however, their prolonged persistence in blood circula-
tion may not be suitable for BNCT due to the possibility of side effects to
normal tissues and vascularization. Thus, there is a demand of drug
delivery systems that could target tumors with deep penetration ability
for homogeneous delivery of 10B-compounds for effective BNCT. Here,
the 10B-compound-polymer conjugates have been developed to fulfill
both requirements of high tumor accumulation with homogeneous
distribution and relatively fast clearance from blood circulation for
successful BNCT. The PEGylated 10B-compound-polymer conjugates
[PEG-b-P(Glu-SS-BSH)] are based on the conjugation of BSH, which
contains high amount of 10B, to thiolated poly(ethylene glycol)-b-poly
(glutamic acid) [PEG-b-P(Glu)], which is aimed to deliver 10B-com-
pounds into cancer cells, even in deep tumor regions (Fig. 1b). The
PEGylated BSH-polymer conjugates were challenged against BSH and
BSH-poly(glutamic acid) [P(Glu-SS-BSH)] conjugates on their ability for
cell uptake, blood circulation, tumor accumulation and penetration,
and antitumor efficacy. The results suggest the superiority of our
PEGylated BSH-polymer conjugate design for achieving safe and

effective BNCT.

2. Materials and methods

2.1. Materials, cell line and animals

Bis(trichloromethyl) carbonate (triphosgene) was obtained from
Tokyo Kasei Kogyo (Tokyo, Japan). The γ-benzyl L-glutamate, RPMI-
1640 and Dulbecco's modified eagle's medium (DMEM) were purchased
from Sigma-Aldrich Co., Inc. (St. Louis, MO, USA). The γ-benzyl L-
glutamate was converted to N-carboxy anhydride of γ-benzyl L-gluta-
mate (NCA-BLG) through the Fuchs-Farthing route with triphosgene
[29]. The α-methoxy-ω-amino-poly(ethylene glycol) (MeO-PEG-NH2;
Mw = 12,000) was bought from Nippon Oil and Fats Co. (Tokyo,
Japan). Cell Counting Kit-8 (CCK-8) was bought from Dojindo Mole-
cular Technologies, Inc. (Kumamoto, Japan). Hoechst 33342,
Alexa647- and Alexa488-succinimidyl esters were bought from Life
Technologies Japan Co., Ltd. (Tokyo, Japan). Dimethyl 3,3′-dithiobis-
propionimidate-2HCl (DTBP-2HCl) was purchased from Thermo Fischer
Scientific Inc. (Rockford, USA). Dithiothreitol (DTT), dimethyl sulf-
oxide (DMSO) and glutathione (GSH) were purchased from Wako Pure
Chemical Industries (Osaka, Japan). 10B-enriched sodium borocaptate
(BSH) was bought from Katchem Ltd. (Prague, Czech). Endothelial cell
growth medium kit was purchased from Takara Bio Inc. (Shiga, Japan).

The murine colon carcinoma cells (C26) were kindly supplied by the
National Cancer Center (Tokyo, Japan) and maintained with DMEM
containing 10% FBS. The human pancreatic cancer BxPC3 cells were
purchased from the American Type Culture Collection (Manassas, VA)
and maintained in RPMI 1640 containing 10% FBS. Human umbilical
vein endothelial cells (HUVEC) were purchased from Lonza Ltd. (Basel,
Switzerland) and maintained in endothelial cell growth medium kit. All
of the cells were incubated in humidified atmosphere containing 5%
CO2 at 37 °C. BALB/c mice and BALB/c nude mice (female, 6 week,

Fig. 1. a. Illustration of boron neutron capture therapy (BNCT), by which the 10B-compound could capture and react with thermal neutron to release short killing radiations within the
cellular diameter to selectively kill cancer cells but without damage to normal cells. b. PEGylated BSH-polymer conjugate of PEG-b-P(Glu-SS-BSH) could selectively accumulate in tumor
tissues and be taken by cancer cells for BNCT. c. Synthetic scheme of BSH-polymer conjugates [PEG-b-P(Glu-SS-BSH) and P(Glu-SS-BSH)]. d. Characterization of PEGylated BSH-polymer
conjugate [PEG-b-P(Glu-SS-BSH)] and non-PEGylated BSH-polymer conjugate [P(Glu-SS-BSH)] used in this study.
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