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Introduction

Skin cancer is the third most common human malignancy, 
with more than 2 million estimated new cases around the 
world each year. Although melanoma only accounts for less 
than 5% of all cases, it is the most dangerous form and causes 
the vast majority of skin cancer deceases (Gray-Schopfer 
et  al. 2007, Rigel 2010). In Argentina alone, more than 400 
people die of melanoma each year (Loria et al. 2008).

If detected early, melanoma can be treated with surgical 
resection. However, in its most advanced stages, its frequent 
resistance to conventional radiotherapy and chemotherapy 
has led to active research for more effective modalities  
and to the application of alternative solutions (Dean and 
Lorigan 2012, Mackiewicz-Wysocka et al. 2013). Since phase 
I/II melanoma Boron Neutron Capture Therapy (BNCT) 
clinical trial was approved in Argentina in 2003, seven 
patients presenting multiple subcutaneous skin metas-
tases of melanoma in their extremities have been treated  
(Menéndez et al. 2009).

BNCT is a binary radiation treatment modality with 
the potential to selectively target cancer cells. A non-toxic  
compound containing atoms of the stable isotope of boron 
(10B) is selectively and actively incorporated into tumor cells. 
These 10B atoms irradiated with thermal neutrons produce 
11B in an unstable form, which then undergo instantaneous 
nuclear fission to produce high-energy a particles and  
recoiling lithium (7Li) nuclei (Coderre and Morris 1999, 
Barth et  al. 2012). These heavy charged particles have very 
short path lengths comparable to cancer cell dimensions, 
and deposit most of their energy within the 10B-containing 
cells. As a result, individual cancer cells are selectively killed 
without serious injury to the surrounding normal tissue 
(Coderre and Morris 1999, Coderre et al. 2003).

Unlike conventional radiotherapy modalities, the radia-
tion field during BNCT consists of a mixture of components 
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Purpose: In order to optimize the effectiveness of Boron Neutron 
Capture Therapy (BNCT), Relative Biological Effectiveness (RBE) 
and Compound Biological Effectiveness (CBE) were determined 
in two human melanoma cell lines, M8 and Mel-J cells, using the 
amino acid p-boronophenylalanine (BPA) as boron carrier.
Materials and methods: The effects of BNCT on the primary amel-
anotic cell line M8 and on the metastatic pigmented melanoma 
cell line Mel-J were studied using colony formation assay. The 
RBE values were determined using both a gamma ray source, 
and the neutron beam from the Nuclear Reactor of the National 
Atomic Energy Commission (RA-3). For the determination of the 
RBE, cells were irradiated with increasing doses of both sources, 
between 1 and 8 Gy; and for the determination of CBE factors, 
the cells were pre-incubated with BPA before irradiation. After-
wards, the cell surviving fraction (SF) was determined for each 
treatment.
Results: Marked differences were observed between both cell  
lines. Mel-J cells were more radioresistant than the M8 cell line.  
The clonogenic assays showed that for a SF of 1%, the RBE values  
were 1.3 for M8 cells and 1.5 for Mel-J cells. Similarly, the CBE  
values for a 1% SF were 2.1 for M8 and 3 for Mel-J cell lines. For 
the endpoint of 0.1% of SF the RBE values obtained were 1.2 for 
M8 and 1.4 for Mel-J cells. Finally, CBE values calculated for a 0.1% 
were 2 and 2.6 for M8 and Mel-J cell lines respectively. In order to 
estimate the uptake of the non-radioactive isotope Boron 10 (10B), 
a neutron induced autoradiographic technique was performed 
showing discrepancies in 10B uptake between both cell lines.
Conclusions: These obtained in vitro results are the first effective-
ness factors determined for human melanoma at the RA-3 nuclear 
reactor and show that BNCT dosimetry planning for patients 
could be successfully performed using these new factors.
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with different Linear Energy Transfer (LET) characteris-
tics. Therefore, the total absorbed dose will be the sum of 
the physical doses from the different types of radiation. To 
express the total BNCT dose in terms that allow a compari-
son with conventional photon treatments, each radiation 
component must be multiplied by an appropriate Relative 
Biological Effectiveness factor (RBE) (Coderre et  al. 1993, 
Wambersie and Menzel 1993). In the case of the BNCT, it 
is necessary to take into consideration the ‘classical’ RBE  
for the neutron source and an effectiveness factor for the  
10B capture reaction products, that result from the 10B (n,a) 
7Li reaction, termed Compound Biological Effectiveness 
(CBE) (Coderre and Morris 1999, Barth et al. 2005).

The currently available software (NCTPlan treatment 
planning system and the DVH Tool system) (González et al. 
2004) for the treatment planning and clinical implementa-
tion of BNCT, enables the calculation of the total biologically 
equivalent BNCT absorbed doses (Gy-Eq) in normal skin 
and in the tumor. However, until now, there is no available 
data on RBE or CBE for BNCT of the neutron source in our 
reactor using the amino acid p-boronophenylalanine (BPA) 
as boron carrier. Therefore, and as a preliminary assessment 
in vitro, the RBE of the RA-3 neutron source and the CBE for 
the boron carrier BPA were determined using two selected 
cell lines with completely opposite characteristics, espe-
cially regarding their radiosensitivity and melanin content: 
M8, which is an amelanotic primary human melanoma cell 
line, and Mel-J, which is derived from metastatic pigmented 
melanoma cells.

The responses obtained in the study from a clinical  
theoretical simulation; using these new RBE and CBE  
effectiveness factors as inputs, indicate a therapeutic ratio 
in support of BNCT compared to the therapeutic benefit 
obtained with a conventional photon-radiation modality.

In order to assess the performance of this new set of in 
vitro effectiveness factors, Gy-Eq photon doses were cal-
culated within a theoretical clinical simulation using the  
currently available software for the treatment planning  
and the clinical implementation used during BNCT clinical 
trial of melanoma conducted in Argentina (González et  al. 
2004).

However, even when these new factors succeed in  
amplifying the skin tolerance dose for achieving far exceed 
the tumor dose control, a major problem in BPA-based BNCT  
is the lack of precise and detailed knowledge regarding  
realistic intracellular 10B levels. Since energetic a/lithium 
particles through 10B (n,a)7Li reactions are responsible for 
most part of the lethal damage to tumor cells during BNCT, 
the information on boron compound concentration and 
distribution patterns within cells would be very significant in 
relation to the studies of the CBE factor and hence, to the effi-
cacy of BNCT treatments. It is largely believed that one of the 
major limitations for BNCT effectiveness is the insufficient 
incorporation of 10B into tumor cells (Coderre and Morris 
1999). Therefore, a deeper understanding of the BPA uptake 
and efflux mechanisms into and from the tumor cells might 
allow a specific modification on those processes in order to 
obtain a higher concentration of 10B in the tumor cells and a 
greater effectiveness of BNCT.

Several groups of investigators have suggested the group 
of the neutral amino acid transporters (system L) as the  
main responsible implicated in the BPA transport process 
across cell membranes (Papaspyrou et  al. 1994, Imahori 
et  al. 1998, Wittig et  al. 2000). At present, four transporter 
subtypes that generate Na- independent amino acid 
transport (system L-type) have been cloned: LAT1-4F2hc,  
LAT2-4F2hc, LAT3 and LAT4. At the molecular level, the 
LAT1 and LAT2 transporters are heterodimers composed of a 
heavy-chain glycoprotein (4F2hc) and a catalytic light chain 
(LAT1/LAT2) that are covalently linked by a disulphide bond 
(Kanai et  al. 1998, Pineda et  al. 1999). These transporters 
function as obligatory exchangers with a 1:1 stoichiometry, 
and the activity of transport depends on the availability of a 
pool of intracellular substrate amino acids. This means that 
net transport of a given amino acid can be obtained only in 
exchange for other amino acids that might have been taken 
up by another (unidirectional) transport system. On the 
other hand, LAT3 and LAT4 do not require co-expression 
with 4F2hc. Unlike LAT1 and LAT2, these two proteins are 
monomeric subunits with intrinsic catalytic activity and 
exhibit narrow substrate selectivity (Babu et al. 2003, Bodoy 
et al. 2005).

The issue of the efficiency of the BPA uptake is particu-
larly important, consequently, and in order to determine the 
uptake and distribution of 10B within cells, a neutron-induced 
autoradiography with solid State Nuclear Track Detectors 
(SSNTD) technique was performed for both cell lines. The 
application of the autoradiographic technique showed  
considerable differences in the intracellular 10B concentra-
tion between cell lines.

Materials and methods

Human cell lines
The M8, an amelanotic cell line derived from a primary  
cutaneous melanoma and Mel-J, a pigmented cell line 
established from a metastatic melanoma lesion of the 
lung (Guerra et  al. 1989) were routinely grown in plas-
tic culture flasks (80 cm2; Greiner Bio-One, Monroe, NC, 
USA) using RPMI-1640 medium (Gibco, Grand Island, 
NY, USA) supplemented with 10% fetal bovine serum  
(Natocor, Carlos Paz, Córdoba, Argentina) and incubated 
at 37°C in 5% CO2 atmosphere. Cell lines were kindly pro-
vided by Dr A. Baldi (Institute of Biology and Experimental 
Medicine IByME, Buenos Aires, Argentina). For irradiation 
experiments, cells were seeded in T-25 bottles (25 cm2; 
Greiner Bio-One, Monroe, NC, USA) under routine growth 
conditions, and transported to the RA-3 reactor for neutron 
irradiation and to the Angel Roffo Oncology Institute for 
gamma irradiation.

Preparation of boron solutions
The boronated amino acid BPA was purchased from Boron 
Biologicals Inc. (BBI, Raleigh, NC, USA). The stock solution 
of BPA-fructose was prepared at a concentration of 30 mg 
BPA per ml (0.14M). The BPA (95% 10B enriched, L-isomer) 
was combined in water with 10% molar excess of fructose 
(Sigma-Aldrich, St Louis, MO, USA) to increase its solubility. 
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The pH was adjusted to 9.5–10 with NaOH, and the mixture 
stirred until all solids were dissolved. The pH was readjusted 
to 7.4 with HCl.

Gamma irradiations and clonogenic assays
Exponentially growing cells, seeded 24 h before irradiation, 
were distributed into the following groups: (1) Gamma rays, 
(2) neutrons only, (3) neutrons  BPA (10B  10 ppm or  
10 mg 10B/ml medium) and controls: (4) BPA and no  
irradiation, (5) no BPA and no irradiation. After irradiation, 
each group of cells was assayed for clonogenic survival 
(Franken et al. 2006) and the cell surviving fraction (SF) was 
considered as the endpoint (0.1% and 1% of SF).

For the first group, gamma irradiation was performed 
using a 60Co source from the Angel H. Roffo Institute of 
Oncology at a dose-rate of 1.25 Gy/min. For groups 2 and 
3, the nuclear reactor RA-3 with 8 MW power was used as a 
thermal neutron source. This facility provides quite a uni-
form thermal neutron flux with negligible contribution from 
fast neutrons. A more detailed description of the thermal 
neutron field characterization and dosimetry procedures 
can be found in Miller et al. (2009).

The intrinsic radiation sensitivity was expressed by the 
surviving fraction at 2 Gy (SF2). For the studies with 10B, 
cells were incubated with a volume of BPA stock solution 
in order to obtain 10 mg/g 10B (0.925 mM BPA) in medium 
culture. After 2 h incubation, cells were irradiated. Incuba-
tion times were selected taking into account previous studies 
performed on these cell lines (Carpano et al. 2010). Control 
groups were performed by incubating the cells with BPA for 
the same period of time but without irradiation. Irradiation 
times were calculated in order to deliver doses of 1, 3, 5 and  
8 Gy with an uncertainty of 10%.

The number of cells to seed in each group and for each 
radiation dose was adjusted in order to obtain 50–200 colo-
nies. Dishes were incubated at 37°C for 11 days for Mel-J cells 
and 12/13 days for M8 cell line in an atmosphere of 5% CO2 
and 95% air. At the end of this period of time, bottles were 
rinsed with Phosphate Buffered Saline (PBS) and stained 
with a solution of 5% crystal violet in methanol (25%).  
Colonies containing at least 50 cells were counted.

As there is no reliable method to measure the boron  
intracellular concentration in vitro at the time of irradiation, 
we assumed that BPA was uniformly distributed inside and 
outside the cells for the dosimetric calculations (Fukuda 
et al. 1994, Coderre and Morris 1999).

The dose-surviving fraction data was fitted using a linear-
quadratic (L-Q) model using Origin 7.0 data analysis and 
graphics software (OriginLab Corporation, Northampton, 
MA, USA).

Neutron irradiation and determination of RBE  
and CBE values
Surviving fraction data were plotted against total absorbed 
dose (Gy). Dose-response curves were fitted to the cell sur-
vival data by the method of least squares using the L-Q model 
with Origin 7.0 data analysis and graphics software. The RBE 
of the beam and the CBE for BPA were determined for two 
different levels of surviving fraction, SF  0.01 and SF  0.001 
(1% and 0.1% of cell survival, respectively).

The neutron beam RBE value was obtained by irradiating 
in the absence of boron and comparing the neutron beam 
dose with the g-ray dose sufficient to produce a SF of 1% and 
0.1% as described in Equation 1.

RBE
Dose

Dosebeam
= γ

	 (1)

To express the total BNCT dose in a common photon  
equivalent unit, each of the BNCT dose components is mul-
tiplied by an effectiveness factor as described in Equation 2 
(Coderre and Morris 1999).

Dose Dose RBE B Dose CBEbeamγ    10 	 (2)

Solving Equation 2 for the CBE factor produces Equation 3

CBE
Dose Dosebeam RBE

BDose


 γ ( )
10

	 (3)

With the purpose of evaluating the performance of this 
new set of effectiveness factors, Gy-Eq photon doses were 
calculated within a theoretical clinical simulation using the 
NCTPlan treatment planning system and the DVH Tool sys-
tem (González et al. 2004), the software currently available 
for the treatment planning and the clinical implementation 
used during BNCT clinical trial of melanoma conducted in 
Argentina (Menéndez et al. 2009). The theoretical simulation 
was performed using RBE and CBE factors determined in 
vitro for both cell lines corresponding to a SF of 0.1%.

During the theoretical dosimetry planning, the maximum 
tolerated dose for normal skin (MTDskin) was set at 24 Gy-eq 
according to the tolerance dose estimated as the upper limit 
for BNCT procedures (Fukuda et  al. 1994, González et  al. 
2004). According to the BNCT protocol-based procedure 
for the treatment of cutaneous melanomas designed by the 
National Atomic Energy Commission of Argentina and the 
Ángel H. Roffo Oncology Institute, the relative contribution  
of 10B dose component in relation to the total absorbed 
dose in normal skin is taken into account as well as the  
contaminant gamma component (see Table I) and all the 
other sub-components originated from thermal neutrons 
capture reactions. The combination of all these compo-
nents will represent the MTDskin. Thus, based on the results 
reported by Fukuda et al. (1994), a MTDskin of approximately 

Table I. Radiation survival curves parameters and the plate efficiency (PE).

Cell line Treatment SF2 (Gy) D37 (Gy) a (Gy21) b (Gy22) PE (%)

M8 g 0.3 1.6 0.46  0.04 0.096  0.008 62
M8 n 0.1 0.9 0.96  0.05 0.05  0.01 42
M8 n  BPA 0.04 0.8 1.10  0.10 0.17  0.05 34
Mel-J g 0.8 4.6 0.06  0.05 0.032  0.008 57
Mel-J n 0.5 2.4 0.33  0.07 0.04  0.01 32
Mel-J n  BPA 0.2 1.3 0.62  0.03 0.08  0.02 37

SF2, surviving fraction at 2 Gy; D37, The dose at which 37% of the cells survive; PE, Plate efficiency.
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effect was markedly greater in cells incubated with BPA  
(Figure 1 and Figure 2).

Table II shows the corresponding dose components 
(contaminant g dose component of the neutron beam  
(f g), 14N neutron beam component (f n) and 10B component  
(f 10B) of the total physical absorbed dose for each irradia-
tion treatment in presence of BPA. These dose components  
can be expressed as partial contributions (f) of the total 
physical absorbed dose (f total) being f total  f g  f n  f 10B. 
Assuming f total as a unity, the proportional partial contribu-
tions of each component to the total physical absorbed dose 
would be 0.17, 0.2 and 0.63 for f g, f n and f 10B respectively 
(see Table II).

For the neutron beam, RBE values of 1.2 and 1.3 were 
obtained from M8 cells and values of 1.4 and 1.5 from Mel-J 
for endpoints of 0.1% and 1% of SF respectively (Table III). It 
is worth noting that these RBE factors have been calculated 
for the neutron beam including the gamma-contaminant 
component; hence, the RBE values for pure neutrons are 

18 RBE-Gy and minimum dose for tumor control of 24 
RBE-Gy are assumed (Blaumann et al. 2004).

Neutron autoradiography
In essence, the autoradiographic technique employed in 
this work was in accordance with the method developed by 
Amemiya et al. (2005) and Konishi et al. (2007). Such method 
enables the simultaneous visualization of mammalian cells 
as a relief on a plastic track detector, CR-39 (Armorlite,  
San Marcos, CA, USA) and the etch pits which indicate the 
positions of alpha particles produced by (n, alpha) reaction 
after neutron irradiation.

Cells were seeded on CR-39 foils placed at the bottom 
of p60 plates (Greiner Bio-One, Monroe, NC, USA), under  
the same conditions as those for routine growth. Grow-
ing cells at 50/60% of confluence were exposed to thermal  
neutrons at a fluency of 1013 n cm-2. The irradiated samples 
were exposed to 254 nm ultraviolet radiation (UV) for  
4 h. Afterwards, they were haematoxylin stained and pho-
tographed with a charged coupled device (CCD) camera  
(Olympus DP70, Shinjuku, Tokyo, Japan), and etched in  
alkaline solution of 7N NaOH at 60°C for 20 seconds. Both 
etch pits of the nuclear tracks, coming from alpha par-
ticles and Li ions originated by the capture reaction and the 
relief of culture images produced by transmitted UV were 
observed on the detector foil surface with a conventional 
light microscope.

Statistical analysis
Statistical analysis was performed using Student’s t-test for 
number of tracks per cell comparisons. Differences were 
considered significant at p  0.05.

Results

Resistance to radiation
The cell survival curves are shown in Figures 1 and 2 for M8 
and Mel-J, respectively. The cell survival curve parameters 
and the Plate Efficiency (PE) are presented in Table I together 
with the SF2 and the radiation dose required for 37% survival 
(D37). The results showed that cells were markedly different 
with regard to cellular radiosensitivity. Survival at 2 Gy for 
g-rays was 80% for Mel-J and 30% for M8 cells. In the case of 
the neutron beam, it was 50% for Mel-J and 10% for M8 cells; 
and for neutrons in the presence of BPA, the survival was  
20% and 4% for Mel-J and for M8 respectively (Table I,  
Figures 1 and 2).

The D37 values for metastatic Mel-J cells were 4.6 Gy for 
g-rays, 2.4 Gy for neutron beam only and 1.3 Gy for neutrons 
plus BPA. In contrast, the D37 values for non-metastatic M8 
cells were 1.6 Gy for g-rays, 0.9 Gy for neutron beam only and 
0.8 Gy for neutrons plus BPA. These parameters represent 
fundamental differences in radiosensitivity, indicating that 
metastatic Mel-J cells are clearly more resistant to radiation 
than M8 cells.

Effectiveness factors
Neutron irradiation, either in the presence or absence of 
boron, was more effective than 60Co g-rays irradiation. This 

Figures 1 and 2. M8 and Mel-J survival curves: Dose-related changes 
in the surviving cell fraction of primary amelanotic M8 cell line and 
pigmented metastatic melanoma cell line Mel_J. (●) gamma rays, 
(●) neutron beam (including gamma-contaminant component) and 
(○) neutron beam in presence of 10 mg/g of 10B. Each data point with 
vertical line represents the mean value and standard deviation. Each 
point is the average of 8 plates  SD of two different experiments. Data 
are fitted to a linear quadratic model, SF  e2(aDbD2). As goodness of 
fit the R2 was considered. For M8 R2 of the survival curves obtained 
were: 0.990 for gamma rays, 0.996 for neutron beam only and 0.995 
for neutron beam plus BPA. For Mel-J, the R2 obtained were 0.983 for 
gamma rays, 0.974 for neutron beam only and 0.999 for neutron beam 
plus BPA (10 mg/g 10B).
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higher. For CBE factors the values obtained were 2 and  
2.1 for M8 cells and 2.6 and 3 for Mel-J cell line for 0.1%  
and 1% of SF, respectively, as shown in Table III.

The partial contributions (f) of the dose components 
to the total BNCT doses at the RA-3 reactor for a thermal  
neutron flux of 7.5 109 n/cm2 sec are detailed in Table IV.  
The RBE and the CBE factors included are those corre-
sponding for 0.1% of cell survival and used for the calcula-
tions of the equivalent doses.

Theoretical simulation using the in vitro  
effectiveness factors
We found that when these new RBE and CBE values deter-
mined in vitro were used as the biological inputs required for 
simulating a theoretical dosimetry planning, the tolerance 
limit of the surrounding normal skin resulted in amplified 
photon equivalent doses in tumor cells that far exceed the 
minimum doses required for tumor control.

In the case of amelanotic M8 cells, the MTD became into 
a total physical absorbed dose of 36.7 Gy-eq and for the pig-
mented cell line Mel-J, the MTD would come to a total physi-
cal absorbed dose of 47.4 Gy-eq.

Neutron autoradiography
The method adapted from the technique published by 
Amemiya et  al. (2005) is based on the fact that the etch-
ing speed of CR-39 is enhanced by UV exposure. After UV  
irradiation, relief images of the cell cultures’ growth on 
the CR-39 surface and of etch pits by neutron-induced  
a-particles were simultaneously recorded on the track  
detector surface. The a/lithium-tracks autoradiography 
observed on the CR-39 surface reproduced the BNCT  
events, allowing the confirmation of 10B presence within 
cells, as shown in Figures 3 and 4.

It was found that after counting 20 random fields for  
each cell line, the average tracks per cell were 15 tracks for 
Mel-J cells and 8 tracks for M8 cells (p  0.05). Considering 
these results and the average cell areas for each cell line, the 
estimation of 10B uptake were of 2.6 for Mel-J and 0.7 for M8 
cells. These results are expressed as the relationship between 
the intracellular and extracellular track densities. The extra-
cellular value of track density was obtained by counting the 
number of track per unit area of a 10 ppm 10B solution in 
contact with the SSNTD.

Discussion

Cellular radiosensitivity
In the present study the radiobiological characteristics of  
two human melanoma cell lines, M8 originated from a pri-
mary cutaneous melanoma and Mel-J derived from a human 
lung metastasis, were analysed. It could be concluded that 
Mel-J cells were more resistant to both g rays and neutrons 
than M8 cells, and that neutron beam was more efficient 
than g rays in their killing potential.

Several reports in literature have shown that there is a 
great variation in the radiosensitivity between cell lines.  
Correlation between radioresponsiveness and growth rate, 
distribution of cells in the different phases of cell cycle,  
repair of potentially lethal damage and response to radiation 
was described in several studies (Selzer and Hebar 2012).

The distribution of cells in the different phases of the 
cycle is influenced by the rate of proliferation, and the 
radiosensitivity variation during the cell cycle affects the 
radioresponsiveness of cells. Mel-J is a highly heteroge-
neous cell line characterized by the presence of small round 
cells, multicellular aggregates, polydendritic cells and giant 
mega-cells resembling the different stages of melanocytic 

Table II. Dosimetry of cells growing in presence of BPA in culture. Total physical absorbed doses (1, 3, 5 and  
8 Gy) were delivered for both cell lines and used for the plot of survival curves.

Cell line Boron (ppm) g component (Gy) 14N component (Gy) 10B component (Gy)
Total physical 

absorbed dose (Gy)

M8 10 1.34 1.62 5.04 8.00
10 0.84 1.02 3.16 5.02
10 0.5 0.61 1.88 2.99
10 0.17 0.20 0.63 1.00

Mel-J 10 1.36 1.61 5.02 7.99
10 0.85 1.00 3.14 4.99
10 0.51 0.60 1.88 2.99
10 0.17 0.20 0.62 1.00

BPA, p-boronophenylalanine; 10B, boron 10; ppm, parts per million; Boron concentration  10 ppm10B  10 mg 10B/ml; 
culture medium  0.925 mM BPA in medium. Gamma (g), 14N and 10B sub-doses represent the partial contribution (f) of each 
component to the total physical absorbed dose being 16%, 21% and 63% the contributions of g component, 14N component 
and 10B component, respectively.

Table III. RBE and CBE factors for M8 and Mel-J cell lines following thermal neutron irradiation in 
combination with BPA and thermal neutron beam alone.

Irradiation Cell line RBE SF0.001 RBE SF0.01 CBE factor SF0.001 CBE factor SF0.01

N beam only M8 1.2 1.3 – –
N beam  BPA M8 – – 2 2.1
N beam only Mel-J 1.4 1.5 – –
N beam  BPA Mel-J – – 2.6 3

N beam, thermal neutrons beam; BPA, p-boronophenylalanine; SF, survival fraction.
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and chromosomal rearrangements, gains, losses and iso-
chromosomes. This highly heterogeneous cell line should be  
considered an excellent model to study cellular differen-
tiation and interaction between different subpopulations  
in human melanoma. This heterogeneity of different  
genotype-phenotype subpopulations causes cell cycle  
desynchronization in this cell line, resulting in a doubling 
time of total cell population of 70–80 h (Guerra et al. 1989) 
which is relatively high for a cancer cell line and almost  
twice as long as the doubling time of M8 cells. Repair of 
potentially lethal damage is more important in cells with a 
large number of quiescent cells than in those where a large 
proportion of the cells are proliferating rapidly. Quiescent 
cells are more radioresistance than cells in cycle.

Another singular characteristic of Mel-J cells is their 
marked aneuploidy showing diploid, triploid and tetraploid  
cell subpopulations (Guerra et  al. 1989). Furthermore, 

differentiation (Guerra et  al. 1989). Cytogenetic analysis  
of Mel-J revealed extensive chromosomal alterations, 
including a highly heterogeneous chromosome number 

Table IV. Effectiveness factors corresponding for 0.1% of cell survival 
and partial contributions (f) of each dose component to the total  
doses for BNCT treatments used for the theoretical simulation.

 Skin M8 Mel-J

RBE beam – 1.2 1.4
CBE 2.5* 2 2.6
RBE n 3* 1.38 1.75
f n 0.124* 0.063 0.063
f g 0.109* 0.055 0.055
f10B 0.788* 0.881 0.881

*Clinical values from literature (Fukuda et  al. 1994, Menéndez et  al. 2009). 
f contributions of each dose component to the total dose; f n dose fraction 
corresponding to neutrons only; f g dose fraction corresponding to gamma 
rays; f 10B dose fraction corresponding to 10B; RBE beam Relative Biological 
Effectiveness calculated for the neutron beam including the gamma-contaminant 
component; RBE n, Relative Biological Effectiveness calculated for neutrons only.

Figures 3 and 4. Neutron-induced a-autoradiographies in M8 and Mel-J melanoma cell lines after 2 hours of incubation with BPA. Figure 3 upper left 
panel: M8 cells cultured on polymeric nuclear track detector (SSNTD) before the etching process in alkaline solution (stained with hematoxylin). 
Figure 3 upper right panel: Same image after the etching process with alkaline solution. Selected areas (a, b and c) highlight portions of the cell 
culture with high density of tracks. Figure 4 upper left panel: Mel-J cells cultured on polymeric nuclear track detector (SSNTD) before the etching in 
alkaline solution (stained with hematoxylin). Figure 4 upper right panel: Same image after the etching process with alkaline solution. Black arrows 
indicate examples of etch pits in relief corresponding to the a/lithium particles generated from neutron capture reactions 10B (n,a) 7Li of 10B within 
cells (not all tracks are indicated). This Figure is reproduced in color in the online version of International Journal of Radiation Biology.
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carcinoma mouse model and concluded that the distribution 
of BPA was heterogeneous and that quiescent cells may not 
accumulate BPA. Another study by Yoshida et al. (2002) was 
focused on the differences in BPA uptake by tumor cells in 
different phases of the cell cycle, showing higher BPA uptake 
by proliferating cells than by quiescent cells. The boron 
concentration determined in the same number of cells was 
higher in the G2/M cells than in the G0/G1 cells concluding 
that BPA uptake was dependent on the cell cycle. Another 
in vitro study, on the localization of 10B (BPA) in metaphase  
and interphase T98G human glioblastoma cells, using sec-
ondary ion mass spectrometry (SIMS), reported reduced 
levels of 10B in the cytoplasm of mitotic cells compared with 
interphase cells (Chandra et  al. 2008). Nevertheless, Detta 
and Cruickshank (2009) reasoned that if the BPA uptake by 
tumor cells was coupled to their proliferation status, then 
BPA-based BNCT would have a very low efficacy because 
the only cells targetable would be the ones temporally in 
cycle in the tumor. In the study both authors reported, based 
on the analysis of the amino acid transporter LAT1, that a 
large proportion of the tumor cells were available for BNCT 
regardless of the cell cycle status. Furthermore, the study also 
reported that BPA-based BNCT might affect an average 70% 
of detected tumor cells, which is three times the proportion 
suggested by their cell cycle status.

Considering the diversity of results obtained in the  
studies on the BPA uptake and its relation to the cell cycle 
more studies are needed in order to clarify this issue.

There are also reports in the literature where intracellular 
melanin levels were measured and correlated to effects of 
BNCT. Melanomas and metastatic melanoma in particular 
are known to vary considerably in the degree of pigmenta-
tion. In the cutaneous melanoma treatments with BNCT 
the boron carrier must be administered systemically and be 
capable of delivering boron to both melanotic and amelan-
otic melanoma in an adequate concentration for effective 
therapy. The differences in the melanin content between 
both cell lines chosen for these studies could partly explain 
the great difference in CBE values obtained for Mel-J and 
M8 cells. M8 is derived from an amelanotic melanoma, in 
contrast to Mel-J, which was established from a pigmented 
metastatic lesion. Previous studies have reported that  
amelanotic melanomas exhibit relatively lower BPA 
accumulation than melanin producing melanomas and 
presented a more active efflux of BPA than pigmented mela-
nomas (Mishima et  al. 1989, Fukuda et  al. 1994). Coderre 
and co-workers studied the tumor uptake of BPA in both 
pigmented and non-pigmented melanomas and found that 
the tumor uptake of boron in amelanotic melanomas was 
about 50% of that observed in well pigmented counterparts. 
Nonetheless, the BPA was still selectively concentrated in  
the amelanotic tumor cells in comparison to normal cells 
and in sufficient concentrations for effective BNCT (Coderre 
et al. 1990). Hence, our results obtained for the effectiveness 
factors and previous uptake assays (Carpano et  al. 2010) 
might suggest that the differences between the CBE values 
for both cell lines are related to the activity of BPA transport 
and/or the degree of loss caused by the efflux of BPA before 
and during irradiation.

the Mel-J cell line and most tumors are also characterized  
by the presence of subpopulations of cells of different meta-
static potential. Several studies have shown that genetic 
alterations during progression of melanoma to increased 
levels of malignancy are implicated in the development  
of drug and radiation resistance, and therefore, cellular  
radiosensitivity may differ significantly between primary 
tumors and metastatic tumors (Rofstad 1992, van den  
Aardweg et al, 2002).

Biological effectiveness factors
Up to now, in the absence of more realistic biological  
effectiveness factors of BPA-based BNCT of melanoma and 
particularly for the RA-3 reactor, the RBE and CBE factors 
adopted in Argentina were those determined by Fukuda 
et  al. (2003) for the Musashi Institute Technology Reactor 
(Kawasaki, Japan) and since 1996 for the Kyoto University 
Reactor (KUR, Kumatory Japan). However, the results of the 
theoretical dosimetry planning in this study showed that the 
effectiveness factors determined in vitro for the RA-3 reactor 
could be used during clinical practice. Moreover, the deter-
mined CBE factors demonstrated a marked therapeutic ben-
efit either for a primary cell line such as the M8 cells, as well 
as for an aggressive metastatic cell line like Mel-J, even when 
the CBE factors were quite different for this two cell lines.

Regarding the BPA-based CBE values for cells in culture, 
given the short range of alpha particles and the 7Li particles, 
variations of this parameter are directly related to the 10B 
concentration and microdistribution within cells (Santa 
Cruz and Zamenhof 2004). Furthermore, the parameters 
related with cellular morphology and cellular metabolism 
such as the number of nuclei per cell; size, shape and average 
diameter of the nuclei; nuclear/cytoplasmic ratio; stage of 
cell cycle; melanin content and in particular the gene expres-
sion level of the transporters responsible for BPA uptake are 
among the parameters that may influence the experimental 
determination of the CBE factors (Coderre and Morris 1999, 
Suzuki et al. 2000). The CBE is thus a complex multifactorial 
parameter and expresses the efficiency of dose delivery to a 
defined anatomical target.

The success of BNCT depends on the preferential uptake 
of boron by the malignant cells (Barth et  al. 2012). In the 
case of BPA selective uptake, it is thought to be enabled by 
the system L family of heterodimeric amino acid transport-
ers, in particular by LAT1, located at the plasma membrane 
(Wittig et  al. 2000). LAT1 has been associated with growth 
and proliferation, is highly expressed in malignant tumors 
and cancer cell lines, and it has been proposed as a novel 
independent biomarker of high-grade malignancy to  
assess prognosis in some types of cancer (Kaira et al. 2009, 
Yanagisawa et  al. 2012). However, it should be mentioned 
that to date, no study of the role of the alternative subunits 
of system L transporters, also responsible for BPA uptake 
described in the literature (LAT2, LAT3 and LAT4) has been 
performed in the field of BNCT (Rossini et al. 2010).

In the BNCT field several studies pointed to a direct  
relationship between the uptake of BPA and cell replica-
tion. Ono et  al. (1996) studied the distribution of boron  
compounds at the subcellular level using a squamous cell 
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and collaborators on B16 cells demonstrated that uptake 
of cis-ABCPC, a synthetic boronated aminoacid, is time-
dependent with a 7.5:1 partitioning ratio of boron between 
cell nuclei and the nutrient medium after 4 h incubation 
(Chandra et al. 2013).

All these findings revealed the importance of devel-
oping more detailed studies on the dependence of CBE  
on 10B microdistribution within cells, and confirmed the  
need for a deeper knowledge on the role for all the subunits 
of system L amino acid transporters responsible of BPA 
uptake.

Conclusions

The present studies provide the first RBE values with our 
nuclear reactor and are the first to provide data on CBE values 
for melanoma using BPA as the boron carrier. These data will 
hopefully help to optimize future treatments in Argentina. 
However, it must be emphasized that 10B distribution at the 
subcellular level requires further study and more accurate 
values of intracellular 10B concentrations to be determined 
in order to make the effectiveness factors more realistic in 
the clinical BNCT field.
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