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The amount of 10B in tissue samples may be determined by measuring the track density in the

autoradiography image produced on a nuclear track detector. Different systems were evaluated as

reference standards to be used for a quantitative evaluation of boron concentration. The obtained

calibration curves were applied to evaluate the concentration of 10B in melanoma tumour of NIH nude

mice after a biodistribution study. The histological features observed in the tissue sections were

accurately reproduced by the autoradiography images.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The knowledge of 10B concentration in tumour and normal
tissue becomes mandatory when a boron neutron capture therapy
(BNCT) treatment is considered. Furthermore, if the local distri-
bution of boron in tissue can be quantitatively determined, an
important step is given in the understanding of the mechanisms
involved in tumour uptake of boron compounds. Autoradiography
techniques with nuclear track detectors have demonstrated their
usefulness for the determination of boron distribution in biologi-
cal materials for BNCT (Wittig et al., 2008).

When heavily ionizing particles penetrate into a solid state
nuclear track detector (SSNTD), narrow paths are formed along
the ions trajectories. These paths can be amplified by an appro-
priate chemical attack in order to visualize them with an optical
microscope (Fleischer et al., 1975). Different plastic films can be
employed as tracking media to determine the distribution of
boron in compounds. For this purpose, radiography is produced
by the ionizing particles generated in the sample (containing 10B
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atoms), which is put in contact with the detector (Armijo and
Rosenbaum, 1967). By irradiation with thermal neutrons, the
10B(n, a)7Li reaction takes place and the resulting a and Li
particles which arrive at the detector surface may originate
tracks. After etching the detector, an autoradiography image of
the object is formed by the etch pits.

The image produced in the detector by a tissue section
containing a certain 10B amount can provide a map of the
distribution of this element. An autoradiography image with high
density of tracks can be obtained by irradiating the foil with high
neutron fluence. Thus, a qualitative evaluation of boron spatial
distribution can be inferred from the analysis of the differences in
shades of grey (Altieri et al., 2008).

Moreover, the concentration of 10B in tissue samples may be
inferred by measuring the track density in the detector. For this
purpose, some standard material with a known 10B concentration
must be used as a reference. The alpha and Li particles ranges (in
g cm�2) in the reference material used to calibrate the technique
must be virtually the same as the one in the samples to be
measured (Durrani and Bull, 1987). In this way, it is possible to
assume that equal track density in the sample and the material
implies equal boron concentration. Thus, calibration with stan-
dards of the same nature as the samples to be measured is
recommended for a quantitative analysis.

Melanoma is an aggressive tumour which is poorly controlled
when treated in advanced stages by the usual therapies. Tumours
from different patients with the same histological diagnosis can
show different responses to ionizing radiation. BNCT has also been
used for the treatment of melanoma in many countries, including
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Argentina (Menéndez et al., 2009). The analysis of the individual
characteristics of this kind of tumours could help in understanding
the variability of boron uptake observed in different cases of
melanoma. An in vivo model was developed in our laboratory, by
transplanting the human melanoma cell line MELJ into nude mice,
measuring tumour growth and following them with infrared ima-
ging and histological studies (Carpano et al., 2010).

In this work a calibration system for the determination of 10B
concentration using the autoradiography technique in polycarbo-
nate nuclear track detector was set up and applied to analyse
tissue samples from melanoma in nude mice.
Fig. 1. Number of tracks per unit area (N A�1) versus 10B concentration for the

developed references systems: Small Lexan Cases (SLCs) and low melting point

agarose films (LMP agarose).

Table 1
Parameters of calibration curves obtained for reference systems. NA�1

¼AþB[10B].

System A (10�5) B (10�5) R

SLCs �4.22 35.6 0.998

Agarose �3.58 37.8 0.997
2. Materials and methods

2.1. Reference systems

Lexan foils of 250 mm were chosen as SSNTDs. Different reference
systems were evaluated in a preliminary study (Saint Martin et al.,
2008) and those which were selected will be described in detail.

Small Lexan Cases (SLCs) of about 95 mm3 were designed and
assembled. They were filled with solutions of boric acid 99.99%
enriched in 10B in concentrations ranging from 0 to 100 mg g�1

(ppm). The solution standards were analytically prepared and
verified with Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) measurements. The SLCs were irradiated with
thermal neutrons at the RA-3 reactor BNCT facility at fluences of
1012 n cm�2. The foils constituting the SLCs were separated and
etched for 2 min in PEW solution (30 g KOHþ80 g ethyl
alcoholþ90 g distilled water) at 70 1C. Latent tracks were thus
amplified up to microscopic level (Øtracks�1 mm). The etching
bulk velocity in Lexan had been previously measured and a value
of 19.270.6 mm h�1 had been obtained.

Autoradiography images were acquired with a digital imaging
system (Lanais MEF, CNEA-CONICET, Carl Zeiss MPM 800, 40� ).
A calibration curve of the track density (mm�2) as a function of
10B concentration was obtained.

On the other hand, low melting point (LMP) agarose 2% gels
were prepared with enriched boric acid solutions of different
concentrations. Homogeneous films of this material were placed
on the surface of Lexan foils and then exposed to thermal
neutrons at the previously mentioned conditions. The agarose
films were carefully removed from the detector, then chemically
processed and analysed in the same way as the SLCs. Agarose
(C24H38O19) films are easily produced and they have high water
content, as well as tissue samples.

Both materials (aqueous solutions and agarose gels) are
expected to show similar characteristics, due to the fact that they
both have equivalent particle ranges, which are also similar to the
ranges values in tissue (Ziegler et al., 2008). Agarose films could
be eventually placed alongside the tissue samples, allowing the
coexistence of a reference point and the unknown sample during
the whole autoradiography process.

2.2. Biological samples

Female NIH nude mice, body weight 25 g, were implanted in
the right back flank with 4�106 of a human cell line of melanoma
(MELJ). At 35 days post-transplantation, the animals with
tumours of 300–900 mm3 were injected with BPA (0.14 M) at a
dose of 350 mg kg�1 b.w. (i.p.) and sacrificed at 2 h post-
administration.

Following excision, nonfixed tumours were divided in to two
parts: the first one was measured by ICP-OES using the sample
preparation protocol and measurement method as described in a
previous work (Liberman et al., 2004). The second one was
sectioned at 50 mm in a Lipshaw USA cryostat. The sections were
mounted on Lexan foils to perform autoradiography. The samples
to be used for qualitative analysis were irradiated at 1013 n cm�2,
and those undergoing quantification with 1012 n cm�2. A lower
fluence is chosen for the quantitative analysis in order to avoid
track overlapping which could lead to miscounting errors.

Between the irradiation and the etching attack, the tumour
sections were haematoxylin-stained and photographed using a
CCD camera (Olympus DP70). Then, the tissue sections were
removed using trypsine and the detector foils were etched under
the same conditions as those used for standard samples. The
number of tracks per surface unit was measured, and boron
concentration was determined from calibration curves.
3. Results and discussion

Both the SLCs assembly and the agarose films showed homo-
geneous distribution of tracks, gave reproducible results and
showed minimal background. Good linear relationship was found
between track density and 10B concentration for both systems, as
observed in Fig. 1. The fitting parameters of the calibration curves
are given in Table 1.

The autoradiography images of most melanoma tumour sec-
tions showed a uniform track density, revealing a homogeneous
distribution of boron in the sample. This fact is in accordance with
the histological observations, which presented no significant
structural variation along the tissue section. Fig. 2 shows the
tissue section stained with haematoxylin and its corresponding
autoradiography image. The latter reflects the scratches and
irregularities present in the tissue section, but it does not reveal
significant differences in shades of grey.

10B concentration measurements in tumour samples per-
formed by ICP-OES and by autoradiography are presented in
Fig. 3. Concentration values for these melanoma samples are



Fig. 2. Haematoxylin-stained tumour section (a) and its corresponding autoradio-

graphy image (b) (1.25� ).

Fig. 3. 10B average concentration values for different tumour samples measured

by autoradiography with SLCs and agarose calibration curves and by ICP-OES.

Fig. 4. Haematoxylin-stained tumour section (a) and its corresponding autoradio-

graphy image (b) (1.25� ).

Fig. 5. (a) Tumour section border (detail from Fig. 4a) and its corresponding

autoradiography image (b) (20� ).
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within 25 and 35 ppm and this fact reflects the biological
variability between animals subjected to equal experimental
conditions. Differences between values measured by both meth-
ods are around 10%. The uncertainty in the boron concentration
determination using our calibration curves is mainly of 3 ppm,
though there is one point of about 5 ppm.

It can be seen that SLCs results systematically exceed agarose
estimations. However, these differences are always under the
experimental deviation and are of about 2 ppm. The results of
all measurements were corrected considering the background
evaluated in control samples. In agarose and tissue samples
the evaporation mechanism was considered as reported for a-
spectrometry measurements (Bortolussi, 2007).

There were also some samples that, although coming from the
same protocol, showed nonuniform distribution of tracks. This
fact indicates differences at the histological level, as can be
observed in Fig. 4. There are zones of the section which present
holes. These regions could be ascribed to necrotic areas that were
torn when cutting the sample under the used cryostat conditions.
These sectors can also be localized in the autoradiography image,
where it is possible to observe areas of the same shape with no
tracks. In this sense, the qualitative autoradiographies allow a
clear overview of the relative 10B distribution, by compar-
ing differences in shades of grey. Another fixation and cutting
procedure should be assayed to preserve the necrotic areas for
quantification.

When observing pictures of the section presented in Fig. 4(a)
at higher magnification, we can see tumoral tissue surrounded by
skin (Fig. 5a). The corresponding autoradiography image (Fig. 5b)
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shows a lower track density in this region, in comparison with
the one observed on viable tumour. A quantitative analysis was
performed with the mentioned technique for this case, in order to
evaluate these two types of tissue. The obtained tumour-to-
surrounding skin ratio was 3.0. Though this result is somewhat
lower than the ratio calculated with average ICP measurements
performed in tumour and skin samples by Carpano et al. (2010),
which is around 3.6, the comparison is acceptable taking into
account differences between animals and even between sections
of the same tumour. More samples should be measured in order
to perform a statistical analysis.

The main advantage of autoradiography is the capability of
analysing different structures in the same section. Thus, features
that may stay undetected at macroscopical level, thus impairing
their isolation for ICP determinations, could be quantified using
this imaging technique.
4. Conclusions

As shown by the preceding data, both the SLCs and agarose
films showed suitable conditions to be used as reference systems
and could be successfully applied for the determination of 10B
concentration in tissue samples. Although the autoradiography
cannot be considered as an analytical technique, very satisfactory
results were obtained with the developed method.

The first studied tumour sections exhibited a homogeneous
structure and the autoradiography images confirmed histological
observations. Besides, there was good agreement between
ICP-OES and autoradiography measurements.

Samples with histologically different regions were also ana-
lysed and this heterogeneity was evidenced in the autoradiogra-
phy image. This fact demonstrates the capability of the technique
in revealing the histological variations, reflected as differences in
shades of grey. The quantification of different regions of tissue
was also performed, but further work will be done in order to
analyse more samples coming from this model.

Although there are some difficulties that need to be solved, e.g.
the correct visualization of necrotic areas to enable the quantita-
tive analysis, the technique has been successfully set up. In future
studies, new applications to other biological models will also be
performed.
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