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A B S T R A C T   

In Boron Neutron Capture Therapy, the boronated drug plays a leading role in delivering a lethal dose to the 
tumour. The effectiveness depends on the boron macroscopic concentration and on its distribution at sub-cellular 
level. This work shows a way to colocalize alpha particles and lithium ions tracks with cells. A neutron auto
radiography technique is used, which combines images of cells with images of tracks produced in a solid-state 
nuclear track detector.   

1. Introduction 

Neutron Capture Therapy (NCT) is an oncological treatment, that 
uses thermal neutrons along with atoms having high neutron capture 
cross section. The most used isotope in NCT is boron-10, i.e. Boron 
Neutron Capture Therapy (BNCT). The reaction between low energy 
neutrons and 10B produces an alpha particle and a lithium ion. The 
energy released by this reaction is approximately 2.8 MeV and it is 
deposited in a range similar to the cell diameter (Barth, 2003). There
fore, the dose will be localized in and around those cells which uptake 
boron. For this reason, the selectivity of BNCT is due to the biological 
targeting of the chemical compounds carrying the boron atoms. To date, 
only three boron compounds have been clinically used: sodium bor
ocaptate (BSH), boronophenylalanine (BPA) and Sodium Decaborate 
(GB-10) (Barth et al., 2018; Trivillin et al., 2019). The BNCT community 
is actively investigating for new compounds able to increase the efficacy 
of the therapy, by searching for new formulations which increase the 
boron concentration ratio between malignant and healthy tissue. 
Moreover, BNCT effect on tumour improves if boron atoms are located 
inside the cell nucleus, so that the probability of damaging the DNA by 
charged particle crossing is higher. Thus, different sub-cellular 10B 

distributions in the same cell type/morphology and at the same 
macroscopic 10B concentration cause different BNCT effectiveness. The 
Compound Biological Effectiveness (CBE) was introduced to measures 
this characteristic, and it is defined as: the ratio of the dose of a gamma 
reference radiation and the BNCT dose to obtain the same biological 
outcome (Ono, 2016; Sato et al., 2018). Usually, the observed outcome 
is cell survival, consequently higher CBE corresponds to a higher cell 
killing efficacy. In synthesis, the value of CBE depends on the ability of 
the compound to reach sensitive targets in the tumour cells. One possible 
method to infer the compound effectiveness is to identify how boron 
atoms distribute at sub-cellular level. There are many experimental 
methods capable of measuring the average boron concentration in tis
sues or liquid samples (Pollmann et al., 1993; Riley and Harling, 1996; 
Alfassi and Probst, 1999; Bortolussi et al., 2010; Probst, 1999; Portu 
et al., 2015). This average 10B concentration does not describe the way 
boron distributes at sub-cellular level. Therefore, other methodologies 
were developed to characterize boron distribution within the cell 
membrane (Chandra et al., 2014; Wittig et al., 2008; Fartmann et al., 
2004; Chandra, 2003; Portu et al., 2016; Tanaka et al., 2014). In this 
work, we show a technique consisting in overlapping an optical image of 
cells and the optical image of tracks (of alpha particles and lithium ions 
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coming from the boron neutron capture reaction), obtained by a 
semi-standard neutron autoradiography technique. 

2. Material and methods 

The autoradiography technique described in this work is based on a 
CR-39 detector, which is a passive Solid-State Nuclear Track Detector 
(SSNTD). Cells are grown directly on a CR-39 to 50% confluency, i.e. 
avoiding vertical overlapping cells. Then cells are treated with boron 
and, at the end of the contact time, the detector is washed from the 
culture medium, and the cells are fixed. At this point, optical images of 
cells are taken, using a microscope with a motorized stage which has the 
capability to record the coordinates of a region of interest (ROI), i.e. the 
image. Afterwards, the detector is irradiated in the thermal column of 
the nuclear research reactor TRIGA Mark II of the University of Pavia 
(LENA laboratory). During the irradiation, alpha particles and lithium 
ions from the neutron capture reaction on 10B may reach and damage the 
surface of the CR-39. To optically visualize these latent tracks, the 
SSNTD is chemically etched and, by using again the motorized stage, the 
detector is repositioned to the same ROIs where the optical image of the 
cell was taken (although no cells are now visible). The recorded track 
image is finally overlaid over the cells image to visualize track distri
bution inside the cell structures. 

2.0.1. CR-39 preparation 

The SSNTD is cut into squares of 22 mm per side. Three reference 
marks with a diameter of 60 μm are drilled into the detector 6.00 mm 
from the CR-39 border, as shown in Fig. 1. CR-39 is sterilized in ethanol 
for 4 h and then preconditioned in cell culture medium for the cell 
growth. 

2.0.2. Cells treatment 

HeLa cells, epithelial cells derived from human cervical cancer cells, 
are maintained in Dulbecco’s modified Eagle’s medium with 10% fetal 
bovine serum and 2 mM L-glutamine (Lonza, Basel, Switzerland) at 37oC 

in a humidified atmosphere of 5% CO2 in air. Cells are seeded directly on 
CR-39. At about 50% confluence, cells are exposed to BPA at a con
centration of 80 ppm of 10B for 4 h. This treatment time and concen
tration gives a good boron uptake while keeping a low cytotoxicity 
(Ferrari et al., 2011). At the end of treatment, cells are washed at least 
three times with phosphate buffer saline (PBS) and fixed with 4% 
paraformaldehyde for 15 min at room temperature. The PBS washing 
solution is routinely used for in-vitro boron uptake experiments, to 
remove the unbound BPA without altering intracellular concentration 
levels (Ferrari et al., 2011). Finally, the substrate with the cells is 
mounted with a coverslip. 

2.0.3. Optical images of cells 

The CR-39 with treated cells is positioned under an inverted micro
scope (Olympus IX83 equipped with 10X, 20X and 60X objectives and 
motorized Märzhäuser stage). The microscope is connected and oper
ated from a PC through the Olympus CellSens Software. This enables the 
readout of the stage position through the X–Y coordinate,s which refers 
to the top left corner of the microscopic image. These coordinates define 
the ROI. 

At the start, the coordinates of 3 points marked on the CR-39 are 
stored in an ASCII file, as a reference for later re-positioning. Subse
quently, cell images are acquired, and the coordinates of the relative ROI 
recorded in the same ASCII file. 

2.1. Irradiation 

The irradiation set-up is the same as the one described in (Gadan 
et al., 1016; Postuma et al., 1016), where the samples are positioned 
inside a plexiglass case and then introduced into the Thermal Column 
reactor, in a position where the thermal neutron flux at maximum power 
(250 kW) is about 1.37⋅109 cm− 2 s− 1. Once inserted, the samples are 
irradiated with a neutron fluence of 9.8 ± 0.5 ⋅ 1012 cm− 2 (Gadan et al., 
1016). 

2.2. Etching 

After the irradiation, the coverslip is removed and the SSNTD is 
etched in a 6.25 N NaOH solution at 70 ◦C for 20 min (i.e. a bulk etching 
of approximately 500 nm), that enlarges the latent tracks produced in 
the detector by high LET charged particles from neutron capture in 
boron. The track distribution is then acquired using the image acquisi
tion system described in Section 2.0.3. The obtained track pictures are 
subsequently matched with the images containing cells, using an algo
rithm written specifically for this purpose (see below). 

2.3. Alpha and lithium tracks from neutron capture reaction on boron 

During neutron irradiation, the CR-39 is exposed to a mixed field of 
charge particles. The most abundant high LET particles are alpha and 
lithium ions from the neutron capture reaction on boron. Other particles 
that may produce tracks are protons from the neutron capture reaction 
on nitrogen and from neutron scattering on hydrogen. Previous work has 
shown that, with this neutron fluence and these etching conditions, 
proton tracks are smaller than alpha and lithium tracks (Altieri et al., 
2008; Gadan et al., 1016). In fact, alpha and lithium particles have LET 
values which are at least 4 times higher than LET of protons (Ziegler 
et al., 2010), thus causing greater damage to the detector structure 
resulting in a larger track after the etching (Spurny’ et al., 1996). This 
difference allows the selection of tracks generated by boron reactions 
based on their diameter. A Scanning Electron Microscope (SEM) was 
used to better evaluate the size of the tracks originated by alpha and 
lithium ions from the neutron capture reaction on boron. For this pur
pose a TESCAN Mira 3 XMU SEM was used, where the surface of the 
CR-39 was coated with a thin layer of graphite (few nm) by vacuum 

Fig. 1. CR-39 dimensions and 60 μm reference marks positions inside the 
CR-39. 
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evaporation. The CR-39 sample used for this analysis was irradiated 
with thermal neutrons coupled to a boron standard implanted in a sili
con support (NIST-Standard Reference Material 2137) and then etched 
following the condition described in the previous section. 

2.3.1. Repositioning algorithm 
A Python script was written to match the cell position with the track 

position. The algorithm requires as input the coordinates of 3 reference 
points, as shown in Fig. 2A: A,B,C. These points refer to the microscope 
stage coordinate system and are defined by positioning the reference 
marks at the center of the Field of View (FoV). The centering can be 
performed since the marks have a circular shape, thus it is possible to 
calculate and record their centre coordinates. The error related to the 
determination of the centre coordinates is negligible compared to the 
precision of the microscope motorized stage that is 1 μm. Once a single 
spot is centered in the FoV, its coordinates refers to the top left corner of 
the picture. For convention, all the coordinates given by the microscope 
stage, refer to the top left corner of the acquired ROI. 

The next input of the script is the cells image coordinate D, which is 
related to the reference points by equation (1). This point is stored when 
the optical image of the cell is acquired. 

AD = λAB + γAC (1) 

It is now possible to solve equation (1) and to compute λ and γ; this 
calculation is performed by using the fsolve function defined in Scipy 
(Oliphant, 2007), a Python module used for scientific computation. 
When the CR-39 is repositioned, as represented in Fig. 2B, on the stage 
after the etching, the coordinates of the reference points are 
re-evaluated A′

,B′
,C′ . The advantage of using circular marks is that the 

center of the circle is not affected by the etching of the SSNTD. There
fore, the re-evaluated reference points together with the computed λ and 
γ values, are used inside the script to relocate the cell image position 
through Equation (2). Equation (3) was used to calculate the rotation 
angle θ when repositioning the CR-39 (i.e. the dot product), while the 

cross product A′C′
× AC was used to determine the sense of rotation, as 

shown in Fig. 2C. Since we can consider AC and A′C′ to lie in the XY 
plane, the resulting cross product vector is parallel to the z-axis. 
Consequently, a positive z value coincides to an anticlockwise rotation 
while a negative value defines a clockwise rotation. 

D′
= λB′

+ γC′
+ (1 − λ − γ)A′ (2)  

cos θ=
AC⋅A′C′

⃒
⃒
⃒AC

⃒
⃒
⃒

2 ;

⃒
⃒
⃒AC

⃒
⃒
⃒ =

⃒
⃒
⃒A′ C′

⃒
⃒
⃒ (3) 

At this point, the microscope stage can be repostioned in the FoV 
containing the same ROI of the cells optical image, now defined by D′ , 
which is the first output of the Python script. The second output is the 
rotation angle which can be used to precisely overlay the optical images. 
The accuracy of the overlay depends on the precision of the microscope 
stage movement. 

As a validation of the algorithm and to assess the accuracy of the re- 
position method, a CR-39 with a mark was positioned under the mi
croscope. The reference points were acquired and the mark ROI was 
recorded. Then the CR-39 was removed and re-positioned. The ROI 
position was then calculated using the method described in this 
paragraph. 

2.3.2. Track imaging and overlay 
Once the CR-39 is etched and repositioned on the microscope stage, 

the reference marks coordinates are gathered. Then, by means of the 
repositioning algorithm, the cells’ ROI coordinates are computed. 

These resulting new coordinates are then inserted into the stage/ 
microscope controlling software, and the images of these regions are 
taken. Once the optical images of cells and tracks are gathered, the 
corresponding ROIs are overlaid with Fiji (Schindelin et al., 2012), a 
scientific image processing package of ImageJ. 

Fig. 2. A schematic example of the reference system reconfiguration. The Reference mark points are defined as A, B and C. The cell ROI point is D. Scheme A) is the 
initial configuration (used for cell images). Scheme B) is the hypothetical reference system position after the etching, when re-positioned under the microscope (used 
for track images). Scheme C) shows θ, which is the angle between AC and A′ C′ . 
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3. Results and discussion 

Fig. 3 shows an optical image of HeLa cells grown on a CR-39. As a 
result, cell growth on CR-39 can be considered similar to the growth on 
polystyrene Petri dishes commonly used for cell culture. No changes in 
cell morphology or growth rate were noticed as cells attached and 
spread normally on the CR-39 surface. Moreover, cells did not show any 
sign of suffering (blebbing, rounding, etc.) and detachment, which are 
typical in the case of poor compatibility with surface material. Overall 
the cell appearance was normal. The image was taken with DIC (Dif
ferential Interference Contrast) which gives the cells a pseudo-3D aspect; 
because of the different refractive index, internal structures appear as 
bumps or irregularities. This is the reason why the cells have those 
“black dots”, that are most likely cytoplasmic vesicles. 

Fig. 4 shows the SEM image of the CR-39 irradiated with the NIST 
standard. The black dots are alpha particle and lithium ion tracks. The 
mean diameter of the rounder pits is approximately 1 μm. 

Fig. 5A shows a flaw on the CR-39 surface, the ROI of this flaw was 
used to test the re-positioning method. Fig. 5B shows the result of the 
repositioning of the CR-39. The red contour shows the flaw borders of 
the initial ROI reference points, while the overlayed blue line is the same 
flaw taken with the ROI computed through the re-positioning algorithm. 
It is evident that the method is accurate enough to be used for tracks and 
cell colocalization. 

Fig. 1 shows the CR-39 layout with the drilled holes position. As 
described in the previous paragraph, this SSNTD was directly used as a 
substrate for the cell growth. Once the cells had reached the desired 
confluence level they were fixed, and images were taken. Before taking 

the cell images the reference mark points A,B,C were recorded as shown 
in Fig. 2. 

For the cell shown in Fig. 3, the coordinate point D was recorded. The 
set-up was irradiated and subsequently etched. 

The CR-39 was then re-positioned on the optical microscope and the 
new positions of the same reference marks were recorded as A′

, B′
,C′ . 

These points were then fed into the Python script which returns the new 
ROI coordinate D′ , the rotation angle θ and the rotation direction. Fig. 6 
shows the tracks of alpha particles and lithium ions produced by the 
neutron capture reaction in 10B at point D′ . Track density is good enough 
to avoid too many overlapping tracks. 

Fig. 3. Optical image (60x) of HeLa cells on CR-39.  

Fig. 4. SEM image of the etched CR-39 which was irradiated coupled to a NIST 
standard containing 10B. The Black spots are tracks from helium and lithium 
ions with a diameter of approximately 1 μm. 

Fig. 5. Optical images (60x) of a flaw on the CR-39 surface, used as ROI to 
show the accuracy of the re-positioning method. Scheme A is the flaw image. 
Scheme B is the overlap of the edges of two images taken after re-positioning 
the CR-39. 

Fig. 6. Optical image (60x) of tracks left on the CR-39 by alpha and lithium 
ions coming from the neutron capture reaction on 10B. 
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Now Figs. 3 and 6 can be merged, and the result is shown in Fig. 7. 
The final overlaid image shows the superimposition of tracks and cells. 
Most of the tracks are within or around the cells, revealing that BPA was 
internalized. Anyhow, to determine the initial position of the boron 
compound, further work should be performed. One possibility is to 
measure the circularity of the tracks like in the work of Tanaka et al. 
(2014). In this way, it is possible to select perpendicularly penetrating 
tracks. These pits, once overlaid over the cell image, can be used to 
define the (x,y) coordinates of the boron atom on which the neutron 
capture reaction occurred, leaving the depth (i.e. the z coordinate) 
within the cell as an unknown quantity. 

4. Conclusion 

Even if further developments should be performed, the technique 
described in this work can be used to picture if 10B is internalized into 
the cell and if it may reach recognizable cell structures. Consequently, 
giving a qualitative information on the boron carrier’s ability to 
approach sensitive parts of the cell. Moreover, when a thermal neutron 
source is available, this technique is simple and affordable since mi
croscopes with motorized stages are commonly available in a biology 
laboratory. An important feature of the method is that other types of 
images can be coupled to gather more information about the drug dis
tribution. For example, if the carrier is labeled with a fluorescent probe, 
a third image can be recorded and overlaid with the same algorithm, to 
investigate also the properties of the carrier itself, not only of boron 
localization. Moreover, once the cells and the CR-39 are irradiated the 
cells can be coloured to highlight the internal structures, adding further 
details to the image stack. Future work is planned to further optimize the 
technique and to apply it to different cell cultures and different boron 
formulations, to point out differences in boron distribution and draw 
conclusions on the effectiveness of newly proposed drugs for BNCT. 
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