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Abstract: Boron neutron capture therapy (BNCT) is a radiation therapy that selectively kills cancer
cells and is being actively researched and developed around the world. In Korea, development of
the proton linear accelerator-based BNCT system has completed development, and its anti-cancer
effect in the U-87 MG subcutaneous xenograft model has been evaluated. To evaluate the efficacy
of BNCT, we measured 10B-enriched boronophenylalanine (BPA) uptake in U-87 MG, FaDu, and
SAS cells and evaluated cell viability by clonogenic assays. In addition, the boron concentration in
the tumor, blood, and skin on the U-87 MG xenograft model was measured, and the tumor volume
was measured for 4 weeks after BNCT. In vitro, the intracellular boron concentration was highest in
the order of SAS, FaDu, and U-87 MG, and cell survival fractions decreased depending on the BPA
treatment concentration and neutron irradiation dose. In vivo, the tumor volume was significantly
decreased in the BNCT group compared to the control group. This study confirmed the anti-cancer
effect of BNCT in the U-87 MG subcutaneous xenograft model. It is expected that the proton linear
accelerator-based BNCT system developed in Korea will be a new option for radiation therapy for
cancer treatment.

Keywords: BNCT; BPA; linear accelerator; radiation therapy; Korea

1. Introduction

Boron neutron capture therapy (BNCT) is a radiation therapy that selectively kills
cancer cells [1]. The principle of BNCT is that a nuclear reaction occurs when boron-10 (10B)
accumulates in cancer cells and captures thermal neutrons, and the DNA double-strand of
the cancer cell is destroyed by the generated alpha particles and lithium ions [2,3]. These
particles are known to have an energy length range of 5–9 µm in the tissue [4]. BNCT
was first proposed by Locher in 1936 for use in the treatment of cancer tumors [5] and
Sweet in 1951 for use in the treatment of most malignant brain tumors [6]. Soon, clinical
trials were conducted at the Massachusetts Institute of Technology (MIT) using neutrons
from a research reactor and non-selective boron drug, but BNCT was stopped in 1961 due
to potential side effects and toxicity [2,7]. Since tumor selective boron compounds were
developed, clinical results have shown therapeutic efficacy, associated with an improvement
in patient quality of life and prolonged survival. BNCT was studied for the treatment of
several pathologies and has been performed or is underway in the United States, Japan,
European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan (among others),
employing mostly nuclear reactors as the neutron source [8–13]. Recently, accelerator-based
neutron generators are undergoing development worldwide because accelerator-based
generators have fewer radiation hazards and are suitable for installation in hospitals
compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, accelerator-based
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neutron generator has been developed and approved to treat patients with head and neck
cancer [16,17]. In Korea, a linear accelerator-based neutron generator has been developed
(DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) is a linear accelerator
that generates neutrons using a beryllium target after accelerating protons using radio-
frequency-quadruple (RFQ) and drift tube LINAC (DTL).

As part of the first generation of boron drugs, boric acid was used in clinical trials in
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and BPA
are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a compound
containing 12 boron atoms and has high potential as a boron drug, but its targeting of
cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the
essential amino acids, which accumulates into cells through L-type amino acid transporter
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used in
BNCT clinical trials to treat cancer patients [3].

In this study, BNCT was performed using BPA as a boron drug and a linear accelerator-
based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-cancer
effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft model.

2. Materials and Methods
2.1. Cell Culture

The human glioblastoma cell line U-87 MG and human pharynx squamous carcinoma
cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). The
human tongue squamous carcinoma cell line SAS was obtained from the Japanese collection
of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu cells were
cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) with 2 mM
L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% (v/v) fetal
bovine serum (Gibco) at 37 ◦C under a 5% CO2 atmosphere. SAS cells were cultured in
Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 units/mL
penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 ◦C under a
5% CO2 atmosphere.

2.2. Boron Compounds
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul,
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 µm filter.

2.3. In Vitro Uptake of Boron

U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture
plate (SPL, Pocheon, Korea) with culture medium at 37 ◦C with 5% CO2 for 24 h. Cells
were treated with 500, 1000, and 2000 µg/mL (
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24, 48, and 96 µg [10B]/mL) of BPA for 3
h. The medium was removed, and cells were harvested into 1.5 mL tube using Trypsin-
EDTA (Gibco). Cells were centrifuged and the supernatant discarded. Intracellular boron
concentration was measured by inductively coupled plasma mass spectrometry (ICP-MS).

2.4. BNCT In Vitro Efficacy Experiment: Clonogenic Assay

U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into 6-well cell culture
plate with culture medium at 37 ◦C with 5% CO2 for 24 h. Cells were treated with 500
or 1000 µg/mL of BPA for 3 h. The medium was removed, and cells were harvested into
1.5 mL tubes using Trypsin-EDTA. Cells were centrifuged, and the supernatant discarded.
The BPA containing medium was placed in a 1.5 mL tube, and the cells were resuspended.
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For neutron irradiation, tubes containing U-87 MG, FaDu, or SAS cells were attached to
a plate of an acrylic phantom (Figure 1) and irradiated with a thermal neutron fluence
of 2, 3, and 4 × 1011 n/cm2, respectively. Neutron irradiation was conducted by DM-
BNCT. Details about the accelerator and beam parameters can be found in Lee et al. as
well as an overview of the A-BNCT system in Korea [24,25]. To accurately measure the
thermal neutron fluence, we used two methods: one was the foil activation method, and
the other was the Eu:LiCAF scintillation detector. The foil activation method is well-known
for neutron flux measurements; we used Au foil and Cd-covered Au foil to measure the
thermal neutron fluence [26], and the Eu:LiCAF scintillator is mainly sensitive to thermal
neutrons and has low sensitivity to the epithermal and fast neutron energy ranges [27,28].
After neutron irradiation, the control group and neutron irradiation control group were
seeded with 200 cells, the U-87 MG BNCT group was seeded with 400 cells, and for the
FaDu and SAS BNCT groups, 1600 cells were seeded in the 60 mm cell culture dish (SPL)
and incubated at 37 ◦C with 5% CO2 for up to 8 days for SAS, 10 days for FaDu, and 11
days for U-87 MG cells. The appropriate number of seeds and incubation time of U-87 MG,
FaDu, and SAS were set through preliminary tests. The appropriate number of colonies
for clonogenic assay is 20–150 [29]. The cells were washed twice with DPBS, fixed in 10%
neutral-buffered formalin solution (Sigma-Aldrich, St. Louis, MO, USA) for 30 min, and
stained with 0.01% crystal violet (Sigma-Aldrich) for 60 min. Colonies of more than 50 cells
were counted [29,30].
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Figure 1. Preparation of in vitro neutron irradiation. (a) The 1.5 mL tubes containing the cells were
attached to a plate of an acrylic phantom; (b) acrylic phantom for neutron irradiation; the cells were
located about 5 cm in front of the acrylic phantom.

2.5. Biodistribution In Vivo Experiment

All procedures were performed in accordance with protocols approved by the Institu-
tional animal care and use committee of Korea Institute of Radiological Medical Sciences
(KIRAMS; No. kirams2020-0007). Certified rodent diet (Envigo, Indianapolis, IN, USA)
and water were supplied ad libitum. The room temperature was about 22 ± 3 ◦C with a
12/12 h light/dark cycle. Cage changing was performed once a week. After all mice were
acclimatized for 1 week, 5 × 106 U-87 MG human glioblastoma cells were subcutaneously
injected in the left thigh of 7-week-old BALB/c-nu/nu mice. When tumors reached a target
volume of approximately 100 mm3, all mice were intravenously administered with BPA 500
and 1000 mg/kg. Mice were anesthetized using 2~3% isoflurane induction and 1.5~2.5%
for maintenance with 99.5% oxygen. Blood, skin, and tumors were collected at 0.17, 0.5, 1,
2, 3, and 5 h after injection. Blood samples were taken by cardiac puncture prior to mouse
sacrifice and collected in blood collection tubes. After all mice were sacrificed, tumor and
skin samples were obtained and stored in 15 mL conical tubes. All samples were stored in
a −80 ◦C deep freezer until boron (10B) concentration measurements.
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2.6. ICP-MS Analysis

The cells were digested with 2% nitric acid solution (Sigma-Aldrich) for 20 min and
centrifuged. The cell debris was discarded, and internal standard (yttrium) was added. The
boron (10B) concentration in the supernatant was measured using ICP-MS (PerkinElmer
NexION 2000B, PerkinElmer Inc., Waltham, MA, USA) with high-purity argon. The blood,
skin, and tumor were digested with 70% nitric acid solution at 100 ◦C for 1 h in Thermomixer
(Eppendorf, Hamburg, Germany) and dilution with water and internal standard (yttrium).
The boron (10B) concentration was measured using ICP-MS; (PerkinElmer NexION 300D,
PerkinElmer Inc., USA) with high-purity argon. Confirmation of the reliability of the
measurement method was confirmed using six concentrations prepared using the standard
solution.

2.7. BNCT In Vivo Efficacy Experiment

All procedures were performed in accordance with protocols approved by the Institu-
tional animal care and use committee of Croen Inc. (Suwon, Korea; No. 21M024). Certified
rodent diet (Envigo) and water were supplied ad libitum. The room temperature was
about 22 ± 3 ◦C with a 12/12 h light/dark cycle. Cage changing was performed once
a week. To observe the decrease in tumor volume in the U-87 MG animal model, after
all mice were acclimatized for 1 week, 1 × 106 U-87 MG human glioblastoma cells were
subcutaneously injected in the left thigh of 7-week-old female BALB/c-nu/nu mice. The
day of injection of U-87 MG cells was defined as day 1 and day 7 from the date of injection,
which was counted as 1 week. When the tumor volume grew to 100 ± 20 mm3, mice were
divided into 5 groups: Group 1 was an untreated control group that was not exposed to
radiation or BPA. Group 2 was the neutron irradiation group without BPA administration
(irradiation only). Groups 3, 4, and 5 were BNCT groups that were irradiated with skin
doses of 4, 5, and 6 Gy-Eq, after BPA injection, (groups 3, 4 are 500 mg/kg injection, and
group 5 is 1000 mg/kg injection), respectively. Mice were transferred to the A-BNCT center
(Dawonmedax, Korea), and BPA 500 and 1000 mg/kg were administered intravenously 1 h
before neutron irradiation. Each mouse was fixed in a specially designed acrylic cylinder
for neutron irradiation and then placed on acrylic (30 mm thick) and 6LiF (10 mm thick)
plates to shield the body from thermal neutrons while the tumor-inoculated left thigh
was exposed. (Figure 2). Mice were irradiated with neutron at doses corresponding to
skin doses 4, 5, and 6 Gy-Eq by DM-BNCT. Tumor and skin doses by BNCT were calcu-
lated by the treatment-planning system (DM-BTPS; Dawonmedax). Dose calculation was
performed using the average boron concentration from 1 h to 2 h, analyzed by ICP-MS
in biodistribution during an in vivo experiment. The absorbed dose of BNCT (Gy-Eq)
is calculated by four physical doses, which are boron dose (DB,ppm), nitrogen dose (DN),
hydrogen dose (DH), and gamma dose (Dγ) [23]. Compound biological effectiveness
(CBE) and relative biological effectiveness (RBE) were considered [31]. The formula is:
Gy-Eq = CBEB × DB,ppm + RBEN × DN + RBEH × DH + RBEγ × Dγ [23]. The calculated
absorbed doses to tumor and skin by BNCT are listed in Table 1. Tumor volume measurements
were performed three times a week for 4 weeks using a Vernier caliper, and tumor volume was
calculated using the following formula: tumor volume (mm3) = (long axis × short axis2)/2.

Table 1. Absorbed dose of skin and tumor by BNCT.

Group
Absorbed Dose (Gy-Eq)

Skin Tumor

G3 4.0 9.8
G4 5.0 12.2
G5 6.0 17.9

Dose calculations for skin and tumor were performed with DM-BTPS. When the skin dose by BNCT was 4.0, 5.0,
and 6.0, the tumor dose was calculated as 9.8, 12.2, and 17. 9 Gy-Eq, respectively.
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3. Results
3.1. In Vitro Uptake of Boron (10B)

To measure the intracellular boron concentration, U-87 MG, FaDu, and SAS cells were
treated with BPA at 500, 1000, and 2000 µg/mL for 3 h, respectively. Intracellular boron
(10B) concentrations were measured by ICP-MS. The intracellular boron concentrations in
U-87 MG were 3.9 ± 0.1, 7.0 ± 0.4, and 11.1 ± 0.8 ng/105 cells; those in FaDu were 5.9 ± 0.4,
12.8 ± 1.1, and 23.6 ± 1.7 ng/105 cells; and those in SAS were 10.8 ± 1.8, 19.1 ± 0.5, and
36.6 ± 1.2 ng/105 cells (Table 2). It was confirmed that the intracellular boron concentration
increased in U-87 MG, FaDu, and SAS depending on the BPA treatment concentration.
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Table 2. Intracellular boron (10B) concentration in U-87 MG, FaDu, and SAS cells.

Cell BPA Treatment
Concentration (µg/mL)

Intracellular Boron
Concentration (ng/105 Cells)

U-87 MG
500 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

48 µg [10B]/mL) 7.0 ± 0.4
2000 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

96 µg [10B]/mL) 11.1 ± 0.8

FaDu
500 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

24 µg [10B]/mL) 5.9 ± 0.4
1000 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

48 µg [10B]/mL) 12.8 ± 1.1
2000 (

Life 2022, 12, x FOR PEER REVIEW 2 of 14 
 

 

States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

96 µg [10B]/mL) 23.6 ± 1.7

SAS
500 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

24 µg [10B]/mL) 10.8 ± 1.8
1000 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

48 µg [10B]/mL) 19.1 ± 0.5
2000 (
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States, Japan, European Consortium, Sweden, Italy, Finland, Argentina, and Taiwan 
(among others), employing mostly nuclear reactors as the neutron source [8–13]. Recently, 
accelerator-based neutron generators are undergoing development worldwide because 
accelerator-based generators have fewer radiation hazards and are suitable for installation 
in hospitals compared to reactor-based generators [14,15]. In Japan, a cyclotron-type, ac-
celerator-based neutron generator has been developed and approved to treat patients 
with head and neck cancer [16,17]. In Korea, a linear accelerator-based neutron generator 
has been developed (DM-BNCT; Dawonmedax, Seoul, Korea). DM-BNCT (10 MeV, 4 mA) 
is a linear accelerator that generates neutrons using a beryllium target after accelerating 
protons using radio-frequency-quadruple (RFQ) and drift tube LINAC (DTL). 

As part of the first generation of boron drugs, boric acid was used in clinical trials in 
the 1950s and 1960s but had low tumor selectivity [17]. Sodium borocaptate (BSH) and 
boronophenylalanine (BPA) were developed as the second generation [17,18]. BSH and 
BPA are still used as boron drugs for accumulating 10B in cancer cells [18]. BSH is a com-
pound containing 12 boron atoms and has high potential as a boron drug, but its targeting 
of cancer cells is limited [19]. Therefore, new drugs targeting cancer cells, including BSH 
compounds, are being studied [20,21]. BPA is an amino-acid derivative and one of the 
essential amino acids, which accumulates into cells through L-type amino acid transporter 
(LAT1), and LAT1 is overexpressed in cancer cells [22,23]. Therefore, BPA is widely used 
in BNCT clinical trials to treat cancer patients [3]. 

In this study, BNCT was performed using BPA as a boron drug and a linear acceler-
ator-based neutron generator (DM-BNCT). To evaluate the efficacy of BNCT, the anti-can-
cer effect was investigated on a glioblastoma (GBM) cell line subcutaneous xenograft 
model. 

2. Materials and Methods 
2.1. Cell Culture 

The human glioblastoma cell line U-87 MG and human pharynx squamous carci-
noma cell line FaDu were obtained from the Korean cell line bank (KCLB; Seoul, Korea). 
The human tongue squamous carcinoma cell line SAS was obtained from the Japanese 
collection of research bioresources cell bank (JCRB; Tokyo, Japan). U-87 MG and FaDu 
cells were cultured in minimum essential medium (MEM) (Gibco, New York, NY, USA) 
with 2 mM L-glutamine (Gibco), 100 units/mL penicillin-streptomycin (Gibco), and 10% 
(v/v) fetal bovine serum (Gibco) at 37 °C under a 5% CO2 atmosphere. SAS cells were cul-
tured in Dulbecco’s modified eagle medium/Ham’s F-12 (DMEM/F12) (Gibco) with 100 
units/mL penicillin-streptomycin (Gibco) and 10% (v/v) fetal bovine serum (Gibco) at 37 
°C under a 5% CO2 atmosphere. 

2.2. Boron Compounds 
10B-enriched (>99%) boronophenylalanine (BPA) was obtained from Interpharma 

Praha (Praha, Czech) and dissolved with D-sorbitol (Roqeutte, Lestrem, France). BPA and 
D-sorbitol were mixed at a ratio of 1:1.05 and then dissolved with NaOH (Samchun, Seoul, 
Korea). The pH was adjusted with HCl (Duksan, Ansan, Korea). The concentration of BPA 
was adjusted to 10% (w/v) with sterilized distilled water (DW). The final concentration of 
BPA was 100 mg/mL. Finally, it was filtered using a 0.22 μm filter. 

2.3. In Vitro Uptake of Boron 
U-87 MG, FaDu, and SAS cells were seeded 5 × 105 cells/well into a 6-well cell culture 

plate (SPL, Pocheon, Korea) with culture medium at 37 °C with 5% CO2 for 24 hours. Cells 
were treated with 500, 1000, and 2000 μg/mL (≒24, 48, and 96 μg [10B]/mL) of BPA for 3 
hours. The medium was removed, and cells were harvested into 1.5 mL tube using Tryp-

96 µg [10B]/mL) 36.6 ± 1.2
U-87 MG, FaDu, and SAS cells were treated with BPA at 500, 1000, and 2000 µg/mL for 3 h, respectively. Data are
represented as the mean ± SD (n = 3). n, number of samples.

3.2. BNCT In Vitro Efficacy Experiment

To evaluate the in vitro efficacy of BNCT mediated by BPA, U-87 MG, FaDu, and SAS
cells were treated with BPA 500 and 1000 µg/mL for 3 h and exposed to thermal neutron
irradiation (2, 3, and 4 × 1011 n/cm2). Cell viability was evaluated using clonogenic assay.
The survival fractions of U-87 MG cells were 0.358, 0.274, and 0.196 in the 500 µg/mL treat-
ment group and 0.182, 0.132, and 0.084 in the 1000 µg/mL treatment group (Figure 3a,b).
The survival fractions of FaDu cells were 0.087, 0.022, and 0.008 in the 500 µg/mL treatment
group and 0.025, 0.008, and 0.002 in the 1000 µg/mL treatment group (Figure 3c,d). The
survival fractions of SAS cells were 0.056, 0.020, and 0.004 in the 500 µg/mL treatment
group and 0.012, 0.003, and 0.001 in the 1000 µg/mL treatment group (Figure 3e,f). In
the U-87 MG, FaDu, and SAS BNCT groups, it was confirmed that the survival fraction
decreased depending on the BPA treatment concentration and neutron irradiation dose,
respectively.

3.3. Biodistribution In Vivo Experiment

To measure the boron concentration in the U-87 MG subcutaneous xenograft model,
tumor, blood, and skin were collected at 0.17, 0.5, 1, 2, 3, and 5 h after being administered
intravenously with BPA 500 and 1000 mg/kg. Boron (10B) concentrations in tumor, blood,
and skin were measured by ICP-MS. In the 500 mg/kg injection group, the tumor boron
concentrations were 21.1, 25.2, 23.7, 16.4, 12.8, and 10.7 ppm, and the blood boron concen-
trations were 33.3, 14.4, 8.3, 7.4, 5.5, and 3.9 ppm. In the 1000 mg/kg injection group, the
tumor boron concentrations were 48.6, 40.6, 40.8, 28.5, 23.2, and 8.3, and the blood boron
concentrations were 82.1, 25.2, 19.9, 13.5, 10.9, and 3.7 ppm (Figure 4). The boron (10B)
biodistribution data, including tumor–blood boron concentration ratio (T/B ratio) in the
U-87 MG subcutaneous xenograft model, are listed in Table 3.

3.4. BNCT In Vivo Efficacy Experiment

Tumor growth was measured by tumor volume in the untreated control group (G1)
and all the irradiated groups (G2~G5) for 4 weeks from the irradiation day. The untreated
control group (G1) and neutron irradiation group without BPA administration (G2) showed
rapid tumor growth, and the average tumor volumes at 4 weeks after neutron irradiation
were 1633.2 mm3 and 1150.3 mm3. However, the BNCT group with a skin dose of 4 Gy-Eq
(G3) showed a significant decrease in tumor volume from the 13th day after irradiation, and
the tumor volume was 307.9 mm3 at 4 weeks after irradiation (* p < 0.05). The BNCT group
with skin doses of 5 and 6 Gy-Eq (G4, G5) showed a significant decrease in tumor volume
from the 6th and 8th days, respectively, compared to the untreated control group (G1), and
the tumor volume was 264.8 and 292.7 mm3 at 4 weeks after irradiation (** p < 0.01). All
the p-values were calculated by ANOVA (Figure 5a). Under visual observation, almost no
tumor was detected in G3, G4, and G5 compared to G1 and G2 (Figure 5b).
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Figure 3. Cell viability estimation after BNCT. U-87 MG, FaDu, and SAS cells were irradiated with
thermal neutrons at 2, 3, and 4 × 1011 n/cm2 after treatment with BPA at 500 and 1000 µg/mL for 3 h.
(a) U-87 MG cell survival fraction after BNCT; (b) U-87 MG cell colonies according to BPA treatment
concentration and thermal neutron dose; (c) FaDu cell survival fraction after BNCT; (d) FaDu cell
colonies according to BPA treatment concentration and thermal neutron dose; (e) SAS cell survival
fraction after BNCT; (f) SAS cell colonies according to BPA treatment concentration and thermal
neutron dose. Data are represented as the mean ± SD (n = 3). Radiobiological parameters (α = alpha,
β = beta), n, number of plates.
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group, n = 4; BPA 1000 mg/kg administration group, n = 4 (5 hours group, n = 3). Data are repre-
sented as the mean ± SD. n, number of animals. 

Table 3. Boron (10B) concentration studies in the U-87 MG subcutaneous xenograft model. 
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0.17 21.1 ± 4.3 33.3 ± 3.5 26.4 ± 5.9 0.6 
0.5 25.2 ± 12.4 14.4 ± 2.4 20.0 ± 3.1 1.7 
1 23.7 ± 5.1 8.3 ± 0.3 13.9 ± 5.9 2.8 
2 16.4 ± 2.2 7.4 ± 1.3 10.9 ± 6.0 2.2 
3 12.8 ± 3.0 5.5 ± 1.0 7.4 ± 1.0 2.3 
5 10.7 ± 1.5 3.9 ± 0.4 6.6 ± 1.6 2.7 

1000 

0.17 48.6 ± 11.4 82.1 ± 10.2 52.6 ± 9.5 0.6 
0.5 40.6 ± 9.9 25.2 ± 3.2 29.0 ± 7.0 1.6 
1 40.8 ± 7.8 19.9 ± 4.5 27.5 ± 5.4 2.1 
2 28.5 ± 4.6 13.5 ± 2.8 22.8 ± 3.0 2.1 
3 23.2 ± 3.0 10.9 ± 2.7 17.9 ± 2.3 2.1 
5 8.3 ± 1.9 3.7 ± 1.6 6.2 ± 2.5 2.3 
Boron concentration in tumor, blood, and skin after i.v. injection of BPA 500 and 1000 mg/kg and 
T/B ratio. BPA 500 mg/kg administration group, n = 4; BPA 1000 mg/kg administration group, n = 
3–4. Data are represented as the mean ± SD. n, number of animals. 

Figure 4. Biodistribution of BPA in the U-87 MG subcutaneous xenograft model. Measurement
of boron concentration in tumor, blood, and skin at 0.17, 0.5, 1, 2, 3, and 5 h after administration
of BPA 500 and 1000 mg/kg i.v. injection in U-87 MG subcutaneous xenograft model. (a) Boron
concentration in tumor, blood, and skin after BPA 500 mg/kg administration; (b) boron concentration
in tumor, blood, and skin after BPA 1000 mg/kg administration. BPA 500 mg/kg administration
group, n = 4; BPA 1000 mg/kg administration group, n = 4 (5 h group, n = 3). Data are represented as
the mean ± SD. n, number of animals.
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1000 mg/kg by i.v. injection to the U-87 MG subcutaneous xenograft model, neutron irradiation with 
skin doses of 4, 5, and 6 Gy-Eq was performed. (a) Tumor growth as determined by measurement 
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Figure 5. Efficacy of BNCT to inhibit tumor growth. After 1 h of administration of BPA 500 and
1000 mg/kg by i.v. injection to the U-87 MG subcutaneous xenograft model, neutron irradiation with
skin doses of 4, 5, and 6 Gy-Eq was performed. (a) Tumor growth as determined by measurement of
tumor volume for 4 weeks. (b) After 4 weeks of neutron irradiation, G1~G5 visual tumor size. G1,
n = 8; G2~G5, n = 10. Data are represented as the mean ± SED. * p < 0.05, ** p < 0.01, *** p < 0.001.
n, number of animals.
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Table 3. Boron (10B) concentration studies in the U-87 MG subcutaneous xenograft model.

BPA Injection (mg/kg) Time (h)
Boron Concentration (ppm)

T/B Ratio
Tumor Blood Skin

500

0.17 21.1 ± 4.3 33.3 ± 3.5 26.4 ± 5.9 0.6
0.5 25.2 ± 12.4 14.4 ± 2.4 20.0 ± 3.1 1.7
1 23.7 ± 5.1 8.3 ± 0.3 13.9 ± 5.9 2.8
2 16.4 ± 2.2 7.4 ± 1.3 10.9 ± 6.0 2.2
3 12.8 ± 3.0 5.5 ± 1.0 7.4 ± 1.0 2.3
5 10.7 ± 1.5 3.9 ± 0.4 6.6 ± 1.6 2.7

1000

0.17 48.6 ± 11.4 82.1 ± 10.2 52.6 ± 9.5 0.6
0.5 40.6 ± 9.9 25.2 ± 3.2 29.0 ± 7.0 1.6
1 40.8 ± 7.8 19.9 ± 4.5 27.5 ± 5.4 2.1
2 28.5 ± 4.6 13.5 ± 2.8 22.8 ± 3.0 2.1
3 23.2 ± 3.0 10.9 ± 2.7 17.9 ± 2.3 2.1
5 8.3 ± 1.9 3.7 ± 1.6 6.2 ± 2.5 2.3

Boron concentration in tumor, blood, and skin after i.v. injection of BPA 500 and 1000 mg/kg and T/B ratio. BPA
500 mg/kg administration group, n = 4; BPA 1000 mg/kg administration group, n = 3–4. Data are represented as
the mean ± SD. n, number of animals.

4. Discussion

To evaluate BNCT therapeutic efficacy in vitro and in vivo at the proton linear
accelerator-based neutron generator (DM-BNCT), we needed to establish factors such
as BPA treatment concentration and time, boron concentration in cells and tumor, and
neutron irradiation time point. To establish BNCT in vitro efficacy experiment conditions,
we measured the intracellular boron concentration by treating 500, 1000, and 2000 µg/mL
of BPA in cells for 3 h. BPA is effluxed in cells within a short time in a medium without
BPA [32]. For this reason, neutron irradiation is carried out in the presence of BPA in the
medium [33–35]. Therefore, in order to maintain the intracellular BPA concentration, we
used a medium containing BPA. The intracellular boron concentration with BNCT efficacy
was about 41.4 ± 2.5 ng/106 cells, which was confirmed by Kanemitsu et al. [36]. There-
fore, we established BPA treatment concentration and time conditions in U-87 MG cells at
1000 µg/mL for 3 h. To establish BNCT in vivo efficacy experiment conditions, we consid-
ered the boron concentration and tumor–blood boron concentration ratio (T/B ratio) [37,38].
The boron concentration at 0.17, 0.5, 1, 2, 3, and 5 h after BPA 500 and 1000 mg/kg adminis-
tration was measured in the U-87 MG subcutaneous xenograft model, and it was confirmed
that the boron concentration was high within the tumor, and the duration for which the
high T/B ratio was maintained was between 1 and 2 h after BPA administration. Therefore,
we established a condition in which neutron irradiation proceeds from 1 to 2 h after BPA
administration. Based on these established conditions, we conducted BNCT in vitro and
in vivo efficacy experiments. As a result, it was suggested that GBM cell line U-87 MG and
HNC cell line FaDu and SAS have BNCT-induced cell death and that there is anti-cancer
effect of BNCT in the U-87 MG subcutaneous xenograft model.

One of the most important factors of BNCT is boron drugs. The boron drugs should
deliver intracellular boron specifically to cancer cells. A representative boron drug is
BPA, which passes through the LAT1 transporter that is overexpressed in cancer cells and
accumulates intracellular boron specifically in cancer cells [39]. In addition, BPA has been
reported to penetrate the blood–brain barrier (BBB) [40,41]. We treated BPA to U-87 MG
and FaDu and SAS to measure intracellular boron concentration to evaluate BPA uptake
in cancer cells, and the results were the highest in the order of SAS, FaDu, and U-87 MG.
According to Yoshimoto (2018), the expression of LAT1 was higher in FaDu than in U-87
MG [42], and it was confirmed that the higher the LAT1 expression, the higher the uptake of
BPA. This means that the higher the BPA uptake, the higher the anti-cancer effect of BNCT.
In addition, if there is an anti-cancer effect of BNCT in the U-87 MG subcutaneous xenograft
model, which is the lowest BPA uptake, we could suggest that a better anti-cancer effect
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of BNCT could be reported in other cells with higher BPA uptake (FaDu, SAS). However,
radiobiological studies are needed to confirm this statement. Therefore, U-87 MG, which
had a low intracellular boron concentration, was subcutaneously injected in nude mice
(glioblastoma xenograft model), and after being intravenously administered with BPA, the
boron concentration in the tumor was measured to confirm that BPA was uptaken into the
tumor. It was confirmed that BPA was suitable for our BNCT system as a boron drug.

Another important BNCT factor is neutrons. Accelerator-based neutron generator
types include electrostatic, cyclotron, and linear [43]. In Korea, a linear accelerator-based
neutron generator has been developed. Although the linear accelerator (RFQ + DTL)-
based neutron generator is difficult to manufacture, the residual radiation is low [44]. The
therapeutic principle of BNCT is that alpha particles and lithium ions generate DNA double-
strand breaks in cancer cells that induce cell death. These particles are generated when the
boron accumulated in cancer cells captures a thermal neutron [3,45]. In the case of deep-
seated tumors, to deliver thermal neutrons into cancer cells at a certain depth, the neutron
accelerator generates epithermal neutrons. Epithermal neutrons pass through tissues and
are decelerated to thermal neutrons at the depths of cancer cells [4]. In the case of cells or
mice, acrylic (polymethyl methacrylate; PMMA) material, which has similar properties
to human tissue, is mainly used for the thermalization of epithermal neutrons [46,47]. In
this study, the acrylic cylinder, acrylic plate (in vivo), and acrylic phantom (in vitro) were
designed and manufactured so that sufficient thermal neutrons could reach cancer cells and
mouse tumors and were applied to the in vitro and in vivo efficacy experiments of BNCT.

There are several limitations although we conducted in vitro and in vivo experiments
using the proton linear accelerator-based BNCT system in this study. First, we performed
in vitro uptake of boron and BNCT in vitro efficacy experiments in glioblastoma and head
and neck cancer cells, but experiments should be performed on more types of cancer cells
to further expand cancer treatment. Second, only the glioblastoma subcutaneous xenograft
model was used in the in vivo BNCT efficacy experiment, but if BNCT research is conducted
in various animal models, including orthotopic models, in the future, more efficient clinical
trials and therapeutic effects are expected. In addition, the neutron control survival fraction
in the BNCT in vitro efficacy experiment is higher than the neutron control survival fraction
in other BNCT experiments performed by other groups. We consider this to be due to the
beam character of the reactor or accelerator of each BNCT experiment [33,48–50]. However,
comparison of experimental results between BNCT groups is limited due to cells, tumor
size at the time of irradiation, BPA concentration, neutron irradiation, and conditions.
Lastly, we focused on BNCT in vitro and in vivo experiments in this manuscript and so
only briefly mentioned the BNCT dosimetry and treatment-planning system. The BNCT
dosimetry is complicated because different beam components are mixed, and each has
different RBE [51]. Therefore, research on BNCT dosimetry is important and essential and
will be addressed in the future.

We are preparing a clinical trial for the treatment of cancer patients using the proton
linear accelerator-based BNCT system. The established conditions used to evaluate the
BNCT efficacy in vitro and in vivo could provide important data for BNCT clinical trials
and approval.

5. Conclusions

In this study, neutron irradiation was performed with a developed proton linear
accelerator-based neutron generator (DM-BNCT). It was confirmed that the survival frac-
tion decreased depending on the BPA treatment concentration and neutron irradiation
dose in U-87 MG, FaDu, and SAS cells. In addition, we confirmed the anti-cancer effect by
observing the decrease in tumor volume in the U-87 MG subcutaneous xenograft model
using BNCT. The proton linear-accelerator-based BNCT system developed in Korea is a
very promising cancer treatment for glioblastoma patients for whom tumor treatment has
traditionally been difficult. In the future, it is expected that boron neutron capture therapy
will be a milestone in the field of radiation therapy for cancer treatment.
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