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Establichment of a novel mutation breeding using Boron Neutron Capture Reaction
(BNCR)

ed seeds were sown in cell trays on May 31, 2020, ger-
minated in a germination machine, grown outdoors, and 
the germination rate was examined 20 days after sowing.

RESULTS: The germination rate not decreased with 
BPA-Fc concentrations. But the germination rate de-
creased with immersion time (Table 1). Although there 
was a significant decrease in germination rate in the 
strongest treatment, the 100 mM BPA-Fc for 48h condi-
tion, the germination rate was similar to the control 48 h
condition. Therefore, the decrease in germination rate in 
48h immersing was not due to BNCR, but simply due to 
the effect of longer immersion time. In this experiment, 
we used BPA-Fc to increase the 10B concentration, but 
again, we could not confirm any decrease in germination 
rate due to the BNCR under the examined conditions. It 
is unclear at this time whether the accumulation of 10B in 
the meristematic cell of the seeds is not going well or 
whether this method is less likely to cause a decrease in 
germination rate. However, considering the solubility of 
BPA, the concentration of 10B in BPA is considered to be 
at the upper limit of the current conditions, and there may 
be differences in the uptake by plant seeds depending on 
the compound. Therefore, we are planning to study the 
treatment with boron compounds other than BPA.

Table 1. The relationship each treatment conditions and germination rate.

Concentrations of BPA-Fc (mM) Immersion time
(hour)

No. of
seeds

No of seeds
germinated

germination
rate (%)

0 40 28 70.0
10 (100 ppm) 80 72 90.0

100 (1000 ppm) 80 66 82.5
0 40 23 57.5

10 (100 ppm) 80 55 68.8
100 (1000 ppm) 80 45 56.3

* Numbers in ( ) indicate 10B concentrations.
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INTRODUCTION: Boron Neutron Capture Reaction
(BNCR) is based on the nuclear reaction of 10B atom with 
thermal/epithermal neutron already applied to cancer 
treatment (BNCT) [1, 2]. As a new utilization method of 
BNCR, the purpose of this study is to establish a novel
mutation breeding using BNCR. 

This method uses the principle of inducing mutation by 
an alpha particle and 7Li recoil nuclei high linear energy 
transfer and short range when irradiated with neutrons 
(low energy thermal neutrons (< 0.5 eV) can be absorbed 
the 10B atoms, leading to generating high linier energy 
transfer alpha particles (~ 150 keV/μm) and 7Li nuclei (~ 
175 keV/μm)) that are produced by BNCR of 10B selec-
tively taken into the meristematic cell with thermal neu-
tron. This principle is different from both chemical mu-
tagens, such as EMS and MNU, and physical mutagens, 
such as gamma rays and ion beams, used for mutation 
breeding so far. In other words, the mutagenic effect de-
pends on chemical and physical factors, such as 10B con-
centration, thermal neutron intensity, and irradiation time. 

The germination rate is used as one of the traits to verify 
the effect of mutagenesis[3]. In previous report, the seeds 
were immersed into different concentrations (0, 10, 100, 
200 ppm) of 10B-enriched p-boronophenylalanine (BPA) 
[4] for 16 h, re-dried seeds were irradiated with thermal
neutron for 90 minutes. The germination rate of these
irradiated seeds was investigated, and no BPA concentra-
tion-dependent effect on germination rate was observed.
In other words, in order to study the optimal treatment
conditions for mutagenesis, need to try a stronger process.
This time, new treatment conditions were investigated by
increasing the 10B concentration of the treatment solution
by using BPA as a fructose complex and by extending the
immersion time.

EXPERIMENTS: The experimental material used Ory-
za sativa L. cv. Nipponbare. The dry seeds were im-
mersed into different concentrations (0, 10, 100 mM) of
10B-enriched p-boronophenylalanine-fructose complex 
(BPA-Fc) for 24 h or 48 h. The samples were washed 
with water and re-dried. The seeds in 2-mL tubes were 
irradiated with thermal neutron for 90 minutes in the 
Kyoto University Research Reactor (KUR). The irradiat-
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INTRODUCTION: Boron Neutron Capture Therapy 
(BNCT) is a radiation therapeutic method for cancer 
therapy. Cancer cellular uptake of boron-10 (10B) atoms 
induces the cell death by the generation of alpha particles 
and recoiling lithium-7 (7Li) nuclei when irradiated with 
low-energy thermal neutrons. Current BNCT technology 
shows effective therapeutic benefits in refractory cancers 
such as brain tumor and head and neck cancer. However, 
improvement of insufficient cancer targeting and cellular 
uptake efficacy of boron compounds, and expansion of 
disease coverage in BNCT are strongly desired. In this 
research, we aimed to develop antibody-based drug de-
livery technology for BNCT using Z33 peptide [1],
which shows specific interaction recognition with the Fc 
of human IgG antibody, for on-demand receptor target. In 
addition, we found that macropinocytosis induction dur-
ing the antibody-based drug delivery is important for the
biological activity in BNCT in vitro assay.

EXPERIMENTS: Z33 peptides were synthesized via
Fmoc solid-phase synthesis methods. For preparation of 
dodecaborate-Z33 peptide conjugate, Z33 peptides was 
subjected to react with bismaleimide ethane and then to 
react with mercaptoundecahydrododecaborate (BSH).

RESULTS: We designed Z33 peptide-conjugated boron 
compounds (Z33-BSH), and we examined the cell mem-
brane accumulation and cellular uptake of Z33-BSH with 
or without complex of cetuximab antibody, which spe-
cifically target epidermal growth factor receptor (EGFR).
As a result, in A431 cells (highly expressing EGFR),
complex of cetuximab antibody (100 nM) with Z33-BSH
(200 nM) highly enhanced their accumulation on the 
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Development of antibody-tagged boron compounds using Fc-binding peptide 
for on-demand receptor target in boron neutron capture therapy

Figure 1. Schematic representation of the receptor tar-
geted delivery of boron compounds. Z33-BSH-antibody 
recognizes the targeted receptors on cancer cells. EGFR 
activation induces macropinocytotic cellular uptake of 
the BSH, leading to increased efficacy of the cancer 
cell-killing activity after thermal neutron irradiation. 

cancer cell plasma membranes. However, only their at-
tachment on plasma membranes with very low cellular 
uptake were observed. Macropinocytosis (accompanied 
by actin reorganization, ruffling of plasma membrane, 
and engulfment of large volumes of extracellular fluid) 
[2] is considered to be important cellular uptake pathway,
and activation of EGFR leads to macropinocytosis induc-
tion. Therefore, we next checked effects of treatment of
EGF on their cellular uptake. As our results, co-treatment
of EGF with cetuximab antibody/Z33-BSH complex sig-
nificantly increased their cellular uptake, and in the
thermal neutron irradiation experiment under the same
conditions, the cell killing effect of cetuximab anti-
body/Z33-BSH complex was enhanced through
macropinocytosis induction by EGFR activation [3].

CONCLUSION: In this research, we developed anti-
body-based receptor target system and found importance 
of macropinocytosis induction in BNCT. These results 
provide fundamental knowledge for the further develop-
ment of receptor target system in BNCT. 
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Group A Group B Group C
cold control BSH (40 mg/kg) OKD-001 (40 mg/kg)

Median 36 41 51.5

stdev 5.8 5.7 3.9

Group A Group B Group C
cold control BSH (40 mg/kg) OKD-001 (40 mg/kg)

Median 36 41 51.5

stdev 5.8 5.7 3.9

- 179 -



Enhancement of the cancer cell-killing effects of boron neutron capture therapy by 
overexpression of LAT1 in human cancer cells 

RESULTS:

 

  

CONCLUSION: 
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INTRODUCTION:  

pCMV/LAT1-GFP

EXPERIMENTS: 

pCMV/LAT1-GFP

 



BPA+ 
No. 1 
Stem 

No. 1 
DC 

No. 2 
Stem 

No. 2 
DC 

Total 56.0 25.7 35.8 21.5 
Differentiation+ 

GFAP 20.5 18.4 10.5  8.6 
Tuj1 21.2 24.9 11.1  9.4 

Stem + 
Oct3/4 29.4 9.3 11.4 4.9 
CD15 19.2 10.6 11.0 6.1 

CD171 21.3 13.9 8.0 4.2 
IL6Ra 15.1 6.4 8.1 4.1 
SOX2 51.9 15.2 15.5 2.9 
Nestin 35.0 8.3 12.8 3.6 
CD144 11.6 5.3 6.8 3.9 

Musashi-1 28.1 14.5 19.0 8.2 
CD133 18.8 9.0 11.6 5.8 

 44.9 15.6 12.0 4.6 
Notch2 18.9 12.1 11.8 4.6 
CD44 19.1 9.9 11.6 5.9 

Nanog 20.6 6.9 11.5 5.0 
STAT3 44.9 17.2 16.2 1.1 
CXCR4 18.7 12.2 13.5 5.7 
c-Myc 27.1 11.6 13.2 5.7 
CD49f 29.8 18.7 15.0 2.0 
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INTRODUCTION:  Colorectal cancer is the most 
common cancer worldwide. Surgical resection is the 
mainstay treatment of colorectal cancer. However, local 
recurrence still occurs in 5% to 13% of patients after 
curative resection. When the tumor is unresectable, it 
needs alternative therapeutic strategy. 
In this study, we investigated the effectiveness of boron 
neutron capture therapy to pelvic colorectal cancer using 
the mouse model of pelvic recurrence of colorectal can-
cer.
********************
***********

EXPERIMENTS: We used Boronophenylalanine 
(BPA) as a boron compound. Colon26-Luc cells were 
concentrated to 1.0×106/150μL in 0.15ml of PBS and 
injected into the pelvic cavity of each mouse. Animals 
were divided into three groups (8 animals per group); 
BNCT with BPA (i.p.) without tumor, only neutron irra-
diation, BNCT with BPA (i.p.).
**********************************************
********

RESULTS: We performed the histopathological as-
sessments of tumor, rectum and vagina of three groups. 
In the both groups of only neutron irradiation and BNCT 
with BPA, tumors infiltrated to rectum and vagina. In the 
control group of BNCT with BPA (i.p.) without tumor, all 
mice did not have symptoms such as diarrhea and sur-
vived until the endpoint. It suggested that BNCT induced 
no side effect. (Fig.1)
**********************************************
********

Figure.1

vagina

rectum

In the histopathological assessments of the control 
group, there was not structural change.

Ongoing study: We changed BALB/c mice to nude 
mice at the present because we would like to use a hu-
man colorectal cancer. We implanted DLD-1
clone#1-LUC to the pelvis of nude mice and observed 
the growth of tumors. The average overall survival was 
about a month. We are planning to investigate the use-
fulness of BNCT comparing with control. Moreover, we 
developed BSH-transferrin-PEG-liposome as a novel 
boron drug. We are planning to use this boron drug in our 
mouse model.
We will continue this study and the results will be pub-
lished in the future.
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INTRODUCTION: Boron neutron capture therapy 
(BNCT) was proposed as novel type of radiation therapy 
in 1936 and has been investigated in a variety clinical 
studies against brain cancer, head and neck tumor or oth-
er type of cancer. Boron phenylalanine (BPA) is a useful 
boron compound which advanced BNCT therapy yielding 
promising results. However, new types of boron reagents 
with increased tumor accumulation and less toxicity are 
being sought by a number of groups. We have developed 
biodegradable periodic mesoporous organosilica (BPMO) 
based reagents which have a large surface area where 
BPA can be attached for BNCT application.  

To investigate the potential of BPA-loaded BPMO 
(BPA-BPMO) for BNCT, we used chicken chorioallanto-
ic membrane model (CAM model) which is generated by 
transplanting human cancers onto the CAM membrane. 
This assay is versatile and convenient. After intravenous 
injection of BPA-BPMO to the blood stream, chicken 
eggs were irradiated with neutron beams to evaluate the 
tumor growth inhibition effect. Dramatic inhibition of 
tumor growth was observed. 

EXPERIMENTS: BPMO was synthesized by sol-gel 
synthesis of two precursors, bis[3-(triethoxysilyl) propyl] 
tetrasulfide and 1, 2-bis(triethoxysilyl) ethane. This re-
sulted in the incorporation of tetrasulfide bonds into the 
framework of the nanoparticles. BPMO was then pro-
cessed to modify with GOPTS (3-glycidyloxypropyl tri-
methoxysilane) that contain epoxy groups. After con-
verting epoxy groups to diols, BPA was mixed with di-
ol-BPMO to graft BPA using a method to chelate boron 
with diol groups.  
 To investigate how BPA-BPMO behaves in biological 
systems, we evaluated cellular uptake of BPA-BPMO to 
cancer cells. Various types of cancer cells such as FaDu 
human head and neck cancer, OVCAR8 human ovarian 
cancer and A549 human lung cancer, were used. They 
were incubated with BPA-BPMO for 24 h at 37  hu-
midified CO2. Cellular uptake of BPA-BPMO was ob-
served by confocal microscopy. We then used the CAM 
model to gain insight into tumor accumulation of 
BPA-BPMO. 2.0 106 of OVCAR8 cells were trans-
planted onto CAM of fertilized chicken egg to form tu-
mor. 0.2 mg of BPA-BPMO was intravenously injected 
into the chicken egg, and tumor accumulation of 
BPA-BPMO was examined by red fluorescence of Rho-
damine B-labeled BPMO by stereomicroscopy and con-
focal microscopy. 
 We finally tested whether the growth of the CAM tumor 
can be inhibited the neutron exposure. After injection of 

BPA-BPMO to chicken eggs that have OVCAR8 tumor 
on CAM, the eggs were placed at the center of the 
emerging neutron beam. Eggs were irradiated with ther-
mal neutron for 1 h at an operating power of 1MW. After 
the irradiation, eggs were incubated for 3 days at 37  
with 65% humidity. Tumors were then cut out to evaluate 
the tumor size and weight.  

RESULTS: BPMO synthesized had approximately 200 
nm of diameter and homogenous shapes examined by 
SEM and TEM microscopy. BPMO had 985.96 m2/g of 
surface area, 0.557 cm3/g of pore volume and 2.34 nm of 
pore diameter as determined by nitrogen adsorp-
tion-desorption analysis. FT-IR analysis showed diagnos-
tic peaks of typical Si-O-Si, -C-S-, -(CH2)2- and -CH2- 
vibrations. After loading of BPA to BPMO, we analyzed 
surface charge of BPA-BPMO which was negative due to 
modification with phosphonate. The zeta potential of 
BPA-BPMO was -42.48 mV. 
 Cellular uptake of BPA-BPMO to various types of can-
cer cells was observed. From confocal microscopy and 
flow cytometry analysis, the red fluorescence of 
BPA-BPMO could be observed inside these cells and was 
localized at the perinuclear region. These results are con-
sistent with our previous observation that mesoporous 
silica-based nanoparticles are efficiently taken up by en-
docytosis system [1]. We also observed tumor accumula-
tion of BPA-BPMO on CAM model. Significant red flu-
orescence of BPA-BPMO was detected in the tumor that 
was formed using GFP-expressed OVCAR8; overlapping 
of red and green fluorescence was detected. The red flu-
orescence of BPA-BPMO was also detected in liver and 
kidney, but the level of fluorescence was less than that 
seen in the tumor. 
 We finally investigated tumor growth inhibition effect 
on BPA-BPMO. After injecting BPA-BPMO, the eggs 
were subjected to neutron irradiation. As seen in Figure 1, 
the weight of tumor after neutron irradiation exposure 
with the 
BPA-BPMO-ad
ministered sam-
ples were 
around 12 mg, 
while the tumor 
weight of con-
trol (no injection 
or empty BPMO 
injection) was around 60 mg. 80% inhibition was ob-
served by BPA-BPMO injection. Thus BPA-BPMO ex-
hibits efficacy in BNCT. These results are published. 
Mouse experiments to follow up this study are ongoing. 
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INTRODUCTION: 
Only p-boronophenylalanine ( BPA ), sodium 

borocaptate ( BSH ) already have been used in Boron 
Neutron Capture Therapy ( BNCT ) trials as boron com-
pounds. However, to keep enough tumor to normal con-
centration ratio of boron for effective BNCT, BPA and 
BSH usually need to be continuously administrated to the 
patient just before neutron irradiation. Less toxicity, more 
accumulation and retention in tumor cells but not in the 
normal cells, and clear washout from the normal tissue 
are the important points for newly boron comounds for 
BNCT. 

We developed the BN-CNH was coated with phospho-
lipid polyethylene glycol having folate, 
BN-CNH/PLPEG-FA ( Iizumi 2015 ) called carbon na-
nohorns. 

The previous experiment data ( Tsurubuchi 2019 ) 
showed carbon nanohorns effectively suppressed the 
colony forming units of GL261 mice glioma cells. We 
considered whether carbon nanohorns accumulated in 
other types of tumor cells. To assess the therapeutic ef-
fects of carbon nanohorns in BNCT, we tried another 
irradiation study in vitro in the Kyoto University Re-
search Reactor ( KUR ). 

EXPERIMENTS:  This time, CT26, mice colon tumor 
cells were used for colony formation test. The 1*106 cells 
were plated on wells of 6 well plate 24 hours before ex-
periment. The drug, carbon nanohorns were added to 
each well 24 hours before irradiation. The BPA were 
added 2 hours before irradiation. The control group was 
radiation only group without drug. For counting plating 
efficiencies ( PE ), each group had only CT26 tumor cells 
without treatment. The cells were trypsinized and counted. 
The irradiation was performed with thermal neutrons 
with a flux of 1.6 x 1012 neutrons/cm2 over 15min at the 
KUR. The 200 cells per dish were plated respectively. PE 
were checked after counting colonies on day 14. The 
colony forming units were calculated as mean colony 
counts devided by PE. This time carbon nanohorns only 
contains natural boron.  

RESULTS:  The carbon nanohorns group showed better 
tumor suppression compared to irradiation only 
group ( Figure 1 ). Wash treatment did not reduce colony 
form-ing units. The BPA group showed better tumor 
suppres-sion effect compared to the carbon 
nanohorns group. Considering our carbon nanohorn 
consisting of natural boron, the carbon nanohorns 
group showed the same tu-mor suppression effect 
compared to the BPA group. The irradiation experiment 
using carbon nanohorns showed enough tumor 
suppression effect independent on the dif-ferent kinds of 
tumor cells. 

Figure 1
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INTRODUCTION: Boron phenylalanine (BPA) has 
been developed as useful boron compound which is 
available for Boron neutron capture therapy (BNCT) 
therapy. We have recently developed two types of meso-
porous silica-based nanoparticles that are loaded with 
BPA. One is mesoporous silica nanoparticles loaded with 
BPA. Another is biodegradable periodic mesoporous or-
ganosilica (BPMO) loaded with BPA. These nanoparti-
cles have a large surface area where BPA can be attached 
for BNCT application. We have found and reported that 
BPA-BPMO exhibits efficacy in BNCT experiments 
which used chicken.  chorioallantoic membrane model 
(CAM model) [1]. In this study, we carried out experi-
ments to prepare for mouse experiments to evaluate their 
BNCT efficacy.  

EXPERIMENTS: MSN was synthesized by sol-gel 
synthesis employing TEOS as a precursor. BPMO was 
synthesized by sol-gel synthesis of two precursors, 
bis[3-(triethoxysilyl) propyl] tetrasulfide and 1, 
2-bis(triethoxysilyl) ethane. This resulted in the incorpo-
ration of tetrasulfide bonds into the framework of the 
nanoparticles. MSN and BPMO were then processed to 
modify with GOPTS (3-glycidyloxypropyl trimethox-
ysilane) that contain epoxy groups. After converting 
epoxy groups to diols, BPA was mixed with diol-BPMO 
to graft BPA using a method to chelate boron with diol 
groups. The synthesized nanoparticles were characterized 
by using SEM, TEM, FT-IR, nitrogen adsorp-
tion-desorption analysis and zeta potential. The amount 
of boron attached on the nanoparticles was examined by 
ICP, and boron content was determined. 

Mouse model was established by transplanting mouse 
colon cancer cells CT26 to BALB/c mouse. After injec-
tion of BPA-loaded nanoparticles, amount of boron in the 
tumor was examined by ICP. 

Irradiation of mice with neutron beams was carried out 
by placing mice in specially prepared holders. Irradiation 
was carried out with thermal neutron for 12 min at an 
operating power of 5MW. After the irradiation, mice were 
returned to cage, and tumor size was longitudinally and 
transversely measured every 2 days for up to 25 days.  

RESULTS: Nanoparticles synthesized had approximate-
ly 80-100 nm of diameter and homogenous shapes ex-
amined by SEM and TEM microscopy. FT-IR analysis of 

BPMO showed diagnostic peaks of typical Si-O-Si, 
-(CH2)2- and -CH2- vibrations. After loading of BPA to 
BPMO, we analyzed surface charge of BPA-BPMO 
which was negative due to modification with phospho-
nate. The zeta potential of BPA-BPMO was -41.38 mV. 

Boron accumulation in the CT26 tumor was investigated 
with ICP. We were able to achieve delivery of boron in 
the tumor but the route of delivery needs to be further 
investigated. We also observed accumulation of 
BPA-BPMO in the tumor by confocal microscopy. When 
BPA-BPMO was injected to tumor, the red fluorescence 
of BPA-BPMO could be observed in the tumor. However, 
the distribution was not even. We are further investigat-
ing the optimum condition for BPA-BPMO accumulation 
in the tumor.  

Investigation of tumor growth inhibition effect of 
BPA-loaded nanoparticles is currently ongoing. After 
injecting the nanoparticles, all mice are subjected to neu-
tron irradiation and tumor growth is followed for 25days. 
BNCT efficacy of BPA-loaded nanoparticles is compared 
with that of free BPA.  
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Effects of overexpression of LAT1 on suppression of tumor growth 
by boron neutron capture therapy 

INTRODUCTION:  

EXPERIMENTS: 

RESULTS:

CONCLUSION: 
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