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The subcellular distribution of boron drugs is crucial for studying radiobiological effects and microdosimetry in
boron neutron capture therapy (BNCT). Accurately measuring this distribution remains a key objective. Building
on the neutron autoradiography method combined with UV-C sensitization, this study aims to further optimize
the approach and implement it at the BNCT center of Xiamen Humanity Hospital, with the expectation of
applying it to future boron drug development. A dedicated irradiation device for neutron autoradiography was
developed based on a clinical epithermal neutron beam. Optimal conditions for etching and UV-C cell imprints
were investigated. After U251 cells were incubated with L-4-boronophenylalanin (BPA), cell imprints and track
images were obtained under optimal conditions, and track distributions within cell structure were evaluated. The
optimal etching condition involved using Potassium-Ethanol-Water (PEW) solution for 10 min, yielding track
diameters of approximately 1 pm. After the poly allyl diglycol carbonate (PADC) with cultured cells was exposed
to UV-C for 12 h, a clear cellular structure was imprinted on the PADC. The coupled track and cell structure
images suggest that BPA may concentrate more around the U251 cell nucleus. The results demonstrate that the
improved method can clearly distinguish tracks within the nucleus and cytoplasm in two-dimensional pro-

jections, enabling a more accurate evaluation of boron distribution at the subcellular scale.

1. Introduction

Boron neutron capture therapy (BNCT) is a cancer treatment mo-
dality that operates as a binary targeted therapy, relying on a combi-
nation of a boron drug and a neutron beam (Barth et al., 2018). The
underlying mechanism involves the capture of thermal neutrons by the
10g isotope, which produces Li-7 and an alpha particle. These ionizing
particles possess high linear energy transfer (LET) with a tissue pene-
tration range comparable to the size of a single cell, enabling the se-
lective destruction of cancer cells while sparing surrounding normal
tissue (Moss, 2014). Because of this biological targeting, the subcellular
distribution of boron drugs can significantly influence the radiobiolog-
ical effects. Therefore, assessing the subcellular distribution of boron
drugs is crucial for understanding these effects and for the development
of new boron drugs in BNCT (Sato et al., 2018; Sauerwein et al., 2021).

Over an extended period, neutron autoradiography has been
employed extensively to measure boron concentration in BNCT, owing
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to its sensitivity to the secondary particles produced by the boron
neutron capture reaction. Numerous researchers have utilized this
method to quantify boron concentration in innovative boron drugs
within tissue and cell samples (Bortolussi et al., 2014). It has also been
applied to evaluate boron distribution in tissue samples, facilitating the
determination of the non-uniform distribution of boron drugs (Wittig
et al., 2008). This technique utilizes solid-state nuclear track detectors
(SSNTD) to capture the tracks of heavy charged particles. When high
LET «a or Li-7 particles penetrate the SSNTD, they cause microscopic
damage known as latent tracks. After these tracks are etched in a specific
chemical solution, they become visible under an optical microscope,
with each track corresponding to a single boron neutron capture reac-
tion (Schollmeier et al., 2023). The underlying principle of this method
suggests its potential application in measuring boron distribution at the
subcellular scale.

Many attempts have been made to utilize neutron autoradiography
to obtain the subcellular boron distribution. Ian Postuma et al., 2021
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created reference points on PADC to relocate cell positions precisely,
enabling the coupling of track images with cell structure images at the
same locations. Satoshi Takeno et al. (2021) conducted a study with the
same purpose, but they used ink marks as reference points. In addition to
this method, Agustina Portu et al. (2015, 2016) have proposed the use of
ultraviolet imprints to achieve simultaneous imaging of tracks and cell
structures, avoiding positional deviations during the coupling process of
the two images. To achieve optimal results, they studied the impact of
different conditions on the quality of the cell imprints. The essence of
these methods is to display tracks within the cell structure image clearly
and accurately. However, this goal has not yet been fully realized, and
further improvements are needed in terms of accuracy, resolution, and
the ability to obtain three-dimensional distribution.

Building on the method of simultaneous imaging of cell structures
and tracks through UV-C imprints, this work aims is to optimize and
implement this technique further at the Xiamen Humanity Hospital
BNCT Center, with the goal of obtaining boron distribution more accu-
rately at the subcellular scale. The previous method involved the im-
prints of cell structures on the PADC. In contrast, the optimized method
uses imprints of cell structure as a reference to align the track image with
a stained cell structure image, making it easier to distinguish the tracks
within the cell nucleus and cytoplasm clearly.

2. Materials and methods
2.1. Procedure of subcellular boron distribution measurement

In this study, the poly allyl diglycol carbonate (PADC), also known as
CR-39, was utilized as the SSNTD for neutron autoradiography. PADC is
a highly efficient particle detector with a linear energy transfer (LET)
threshold of 3.5 keV pm_l (in water), allowing it to detect heavy ions
and recoil protons while remaining insensitive to gamma rays and
electrons (Ogawara et al., 2020). This characteristic is crucial for
accurately measuring the distribution of boron drugs, as it effectively
minimizes interference from other factors. Nonetheless, it is also
necessary to consider the impact of proton tracks on these measure-
ments. The exclusion of proton tracks can be achieved by optimizing the
etching conditions, a topic that will be elaborated upon later.

The modified steps of the optimized method will be detailed in
Section 2.6. Briefly, imaging the imprints of cell structures and tracks at
the same location is achieved by adjusting the focal plane. Then the
imprints of the cell structure images serve as a reference for accurately
coupling the track image with the stained cell structure image. Each step
of the flowchart will be described in more detail in the following
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sections.

2.2. Preparation of cell samples

In this study, glioblastoma U251 MG cells, purchased from Pricella
Biotechnology, were used. The cells were seeded in 10-cm culture dishes
containing high-glucose Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Sci-
entific, Austin, TX) and 1% penicillin-streptomycin (Invitrogen; Thermo
Fisher Scientific, Austin, TX). A sterile PADC (7.5 x 2.5 cm) was also
placed in each culture dish. In Step 1 of Fig. 1, the cells were cultured at
37 °C with 5% CO3 for 12 h. As shown in Step 2, the medium was
replaced with DMEM containing 50 ppm BPA (NBB-001, Neuboron Bio-
SciTech, Xiamen, Fujian, China) and the cells were incubated under the
same conditions for an additional 3 h. After boron drug incubation, the
PADC was removed and washed five times with phosphate buffered
solution (PBS). The cells were then fixed with 4% paraformaldehyde to
prevent boron migration and to secure them onto the PADC, as outlined
in Step 3 in Fig. 1. For samples requiring cell staining, hematoxylin and
eosin staining was performed after cell fixation. Partial efflux of boron
may occur during staining and fixation; nevertheless, subcellular motion
is not a major concern for the actual application of the proposed tech-
nique (Portu et al., 2015).

2.3. Irradiation device development

Neutron autoradiography relies on boron neutron capture reactions,
where a high thermal neutron flux is advantageous for enhancing
measurement efficiency. The NeuPex accelerator-based boron neutron
capture therapy (AB-BNCT) system, installed at the BNCT center of
Xiamen Humanity Hospital provides a clinical-grade epithermal neutron
beam (Wang et al., 2024). This epithermal neutron beam is not suitable
for neutron autoradiography, so it is necessary to design an irradiation
device to moderate the neutrons and accommodate the samples. This
device is installed in the moderator cavity of the beam shaping assembly
during irradiation. The structure of the device is shown in Fig. 2. It is
divided into two layers: the neutron moderation layer and the neutron
reflection layer. Sample cavities are set on the inner side of the neutron
moderation layer, allowing the placement of liquid, tissue, and cell
samples. PE (polyethylene) and PMMA (polymethyl methacrylate) were
selected as materials for the device. The thermal neutron flux at the
sample location under different material and thickness conditions was
studied using the PHITS Monte Carlo code (Version 3.28) to determine
the optimal design. The neutron irradiation time for cell experiments in
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Fig. 1. Flow chart of subcellular boron distribution measurement method. (1) Incubate cells on PADC; (2) co-incubate with the boron drug; (3) fix and stain cells; (4)
acquire image of cells; (5) perform neutron irradiation with the device; (6) exposure sample to UV-C light; (7) remove cells from PADC and etch; (8) acquire cell

imprints and tracks images; (9) couple images for analysis.
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Fig. 2. Structure design of the irradiation device. (a) Overall design of the irradiation device; (b) design of moderation layer with sample cavities.

this study will be determined based on the design results.

To ensure the comparability of boron concentration measurements in
samples using different cavities, it is crucial to verify the consistency of
neutron irradiation conditions. Three experimental rounds were con-
ducted using boric acid solutions at different concentrations. In each
round, solutions with identical concentrations were placed in four
sample cavities and then irradiated for 1 min. Subsequently, the track
density on PADC was examined under identical etching conditions
across various sample cavities within the same experiment.

2.4. Cell imprints with UV-C exposure

As depicted in Step 6 of Fig. 1, the formation of cell imprints on PADC
requires exposure to ultraviolet C (UV-C) light. UV irradiation transfers
energy to PADC, causing excitation and ionization of molecular chains,
which result in radical formation, scission of the main chain bonds, and
crosslinking of polymer chains. These chemical alterations degrade the
physical, mechanical, and optical properties of the polymers, conse-
quently influencing both the bulk and track etching responses (de Vas-
concelos et al., 2019; Kusumoto et al., 2019). When PADC with cultured
cells is exposed to UV-C light, the regions beneath the cells exhibit
varying degrees of damage compared with the surrounding areas due to
the cells’ absorption of UV-C light. Additionally, there are differences in
UV-C absorption between the cell nucleus and the cytoplasm. By uti-
lizing these variations in UV-C induced damage on PADC, it becomes
possible to imprint the cell structure onto the PADC after etching. In this
study, UV-C light with a wavelength of 254 nm was used for cell im-
prints, and the optimal conditions were investigated. Ten stained sam-
ples were exposed to UV-C light for durations ranging from 3 to 30 h,
with 3-h intervals. Similarly, 10 unstained samples were exposed to
UV-C light under the same conditions to assess the effects of staining on
cell imprints. All samples were irradiated at a distance of 3 cm from the
UV-C lamp.

2.5. Chemical etching of PADC

As shown in Step 7 of Fig. 1, the formation of visible tracks and cell
imprints requires chemical etching of PADC. During neutron irradiation
of the sample, in addition to the desired o and Li-7 particles, protons are
generated, which can create tracks on the PADC. It is preferable that the
tracks generated by protons be eliminated during the etching process.
Furthermore, to achieve high-resolution measurement of subcellular
boron distribution, it is essential that the tracks remain sufficiently
small. Therefore, the chemical etching conditions need to be optimized.

Based on the above considerations, the PEW solution, composed of
ethanol, potassium hydroxide, and pure water, was selected as the
chemical etching solution. To investigate the impact of alcohol mass

fraction on the removal of proton tracks, deionized water was utilized as
the sample. Deionized water was selected due to its composition of only
hydrogen and oxygen, which under neutron irradiation would produce
only proton tracks. After neutron irradiation for 1 min, PEW solutions
with varying alcohol mass fractions were employed for etching to
determine the presence of proton tracks. The alcohol mass fraction in the
PEW solutions was set to 5, 15, 25, 30%, 35, and 40%. During the
etching process, the bath temperature was maintained at 50 °C, as
higher temperatures have been shown to potentially damage PADC
(Ogawara et al., 2020). To control track size and ensure alignment with
subcellular scale distribution measurements, a boric acid solution con-
taining 25 ppm 108 was used. Following neutron irradiation for 3 min,
the optimal etching solution was applied for durations of 10, 20, 30, and
40 min to analyze track sizes.

2.6. Image acquisition and coupling

In this study, images of cell structures, cell imprints, and tracks were
obtained using a Keyence BZ-800X all-in-one fluorescence microscope in
bright-field imaging mode at 40 x or 60 x magnifications. In Step 4 of
Fig. 1, cell structure images were captured using a 40 x objective, and
the coordinates of each image were recorded for relocation in Step 8. In
Step 8, the focal plane was first adjusted to capture the cell imprints
image and then moved downward to capture the track image. Both
images were taken at the same location.

The cell imprints image provides a clear outline of the cell, which
allows precise alignment of the cell structure image with the cell im-
prints. Based on this alignment, the necessary rotation and offset for the
cell structure image can be determined. Since the cell imprints and track
images are captured from the same position, the same rotation and offset
can then be applied to align the cell structure image with the track
image. This results in an accurate track distribution based on the cell
structure image. All image alignment processes were carried out using
Python (Version 3.12.5).

3. Results and discussion
3.1. Irradiation device and its validation

As shown in the left panel of Fig. 3, PE demonstrates superior
moderating effectiveness compared with PMMA, likely due to its higher
hydrogen content. Consequently, PE was chosen as the material for the
irradiation device, and further investigations were conducted at various
thicknesses. As the thickness of PE increases, the peak thermal neutron
flux initially increases gradually, but the rate of increase subsequently
slows down (as shown in the right panel of Fig. 3). When the thickness
increases from 7 cm to 8 cm, the epithermal neutron flux at the peak
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Fig. 3. Thermal neutron flux distribution at different depths with 5-cm-thick PE and PMMA (left panel) and with varying PE thicknesses (right panel).

shows only a slight increase. To achieve the maximum thermal neutron
flux, a PE thickness of 8 cm was selected, with the sample cavities
positioned at 2 cm. The irradiation device was thus designed to include a
2-cm PE layer as the moderator and a 6-cm PE layer as the reflector. In
this configuration, the theoretical thermal neutron flux at the sample
position reaches 3.25 x 10° n em ™2 s™!. Under these conditions, the
irradiation time is set to 25 min for neutron autoradiography of cell
samples.

As shown in Fig. 2, multiple sample cavities were arranged within
the inner moderator layer. The track densities on PADC at the four
sample cavities under boric acid solution with the identical concentra-
tion are presented in Table 1. The track densities on PADC at different
sample positions in each experiment were almost identical, with Rela-
tive Standard Deviation (RSD) all below 2%, indicating that the four
sample positions can be considered to have received nearly identical
neutron beam irradiation.

3.2. Determination of the etching conditions

The result of PADC etched by PEW solutions with various ethanol
mass fractions are shown in Fig. 4. Proton tracks are still observable
when the alcohol concentration in the PEW solution is below 35%.
However, with alcohol concentrations of 35% and 40% in the PEW so-
lution, no proton tracks were observed within the field of view. PEW
with 35% alcohol concentration (PEW35) was ultimately chosen as the
etching solution.

Fig. 5 shows track images obtained from PADC etched with PEW35
for various durations. When the etching time is 10 min, the average track
diameter is approximately 1 pm. As the etching time increases to 40 min,
the average track diameter grows to over 2 pm. Considering that a 1-pm
track diameter is more suitable for subcellular track distribution mea-
surements relative to a cell diameter of 10 pm, an etching time of 10 min
is selected.

3.3. Determination of the UV-C exposure conditions

For cells cultured on PADC, the quality of cell imprints was investi-
gated under both stained and unstained conditions Fig. 6 shows the cell
imprint images of unstained cell samples after different durations of UV-
C exposure. When the UV-C exposure time was increased to 21 h, the cell
imprint images could distinguish between the cell nucleus and

Table 1
The track densities on PADC at different sample positions under the same boron
concentration.

Position 1 Position 2 Position 3 Position 4 RSD
(/mm™) (/mm~2) (/mm™?) (/mm™3)
Trial 1 1957 1894 1921 1936 1%
Trial 2 5913 5954 6073 5865 2%
Trial 3 5842 5948 6057 6022 2%

cytoplasm. For stained cell samples, after just 3 h of UV-C exposure, the
cell imprint images could already distinguish between the cell nucleus
and cytoplasm (as shown in Fig. 7). This may be because the stain en-
hances the absorption of UV-C light within the cell region. Specifically,
the cell nucleus and cytoplasm absorb the stain to different extents,
resulting in higher contrast in their imprints, making them more
distinguishable. To further improve the distinction between the cell
nucleus and cytoplasm in subcellular boron distribution measurements,
we chose to stain the cell samples and then expose them to UV-C light for
12 h.

3.4. Distribution of BPA in U251 cells

Based on the optimized cell imprints and etching conditions, the
subcellular distribution of BPA within U251 cells was measured using
the improved method. Fig. 8a shows the stained cell structure image in a
specific field of view, while Fig. 8b and c represent the cell imprint
image and the track image, respectively. Using the method introduced in
Section 2.6, the above three images can be coupled to obtain a precise
track distribution map based on the cellular structure image (Fig. 8d).

From the results shown in the figure, a small number of tracks can
still be observed outside the cells. These tracks are likely due to residual
boron drugs that were not completely removed and remained adhering
to the surface of the PADC. Because these residues are closely attached to
the PADC surface, the secondary particles generated from reactions with
thermal neutrons penetrate the PADC directly without significant en-
ergy loss. As a result, these secondary particles have higher energy and
greater penetration depth, leading to a significantly larger size of the
tracks than of those within the cell projection areas. On one hand, these
tracks are located outside the cell boundaries; on the other, their larger
size allows them to be distinguished easily. Therefore, the presence of
these tracks does not impact the analysis of the measurement results.

In Fig. 8, the tracks appear almost circular, indicating that the par-
ticles are nearly vertically incident on the PADC. This pattern reflects the
distribution of reaction sites within cells, particularly the distribution of
boron drugs. In reality, the particles produced by the neutron capture
reaction are isotropic in direction. Some particles stop directly within
the cells, while others, due to their angle of incidence, have a shorter
traversal distance in the vertical direction and do not reach the etching
depth (Yasuda et al., 2008). Consequently, most tracks observed at the
etching depth of the PADC are from nearly vertically incident charged
particles.

If charged particles are generated near the cell boundaries in prox-
imity to the PADC detector, they may penetrate to the etching depth
despite striking the PADC at an inclination. Consequently, tracks
generated by charged particles incident at an angle may also appear on
the PADC. To further analyze the track formation, a 60 x magnification
was used for detailed observation and analysis. As shown in Fig. 9, the
morphology of the tracks becomes clearer under 60 x magnification,
with tracks incident from different directions displaying distinct shapes.
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Fig. 4. The track images of the PADC etched with PEW solutions with different alcohol mass fractions after deionized water sample irradiation.

Fig. 5. Track images obtained from PADC etched with PEW35 for various durations after 25 ppm '°B of boric acid solution irradiation: (a) 10 min; (b) 20 min; (c) 30
min; (d) 40 min.
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Fig. 7. Cell imprint images of stained cell samples after different durations of UV-C exposure.

For instance, comet-like tracks suggest an oblique incidence into the
PADC, with the tail of the comet indicating the direction of particle entry
(Al-Khalil et al., 2022; Sato et al., 2008). By analyzing these track
characteristics, a more accurate distribution of tracks within the cell can
be inferred. For example, the track indicated by the arrow in Fig. 9, if
judged solely by its position relative to the cell imprint, might incor-
rectly be assumed to originate from °B within the cell. In reality,
however, this track is caused by °B located outside the cell.

To enhance the reliability of subcellular track distribution mea-
surements, the aforementioned methods were employed to exclude
invalid tracks, and the distribution of tracks in 200 cells was analyzed
and statistically evaluated, as shown in Table 2. The results indicated
that the tracks were predominantly concentrated in the projected area of
the cell nucleus. However, it is widely recognized that BPA does not
easily penetrate the cell nucleus (Chandra and Lorey, 2007; Braun et al.,
2003). Therefore, it can be inferred that BPA is most likely concentrated
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Fig. 8. (a) Cell imprints image; (b) track image; (c) stained cell images; (d) accurate coupled image of tracks and cells.

Fig. 9. The cell imprints images under 60 x magnification, simultaneously showing the morphology of the tracks.

Table 2
The average number of tracks at the subcellular scale and their corresponding
proportions based on the statistical results of 200 cells.

Nucleus/Membrane Cytoplasm Cytomembrane

Average number of tracks 8 3 1
Average proportion 67% 25% 8%

on the nuclear membrane or near to the nucleus in U251 cells, which
would explain the observed concentration of tracks in the nuclear pro-
jection area in the two-dimensional view. Nevertheless, it is important to
note that the nucleus is not a simple spherical structure, so this
conclusion cannot be made with absolute certainty.

Meanwhile, it is important to emphasize that BPA uptake by cells
varies across different phases of the cell cycle (Matsuya et al., 2024). In
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this study, identifying cells accurately at specific stages of the cell cycle
based on the available images was challenging; therefore, the effect of
the cell cycle on boron uptake was not included in the analysis. How-
ever, cells at various stages can be effectively distinguished using spe-
cific histological staining methods or, alternatively, cell synchronization
techniques can be employed to arrest cells at a uniform phase. These
strategies would facilitate a systematic investigation into the differential
boron uptake across cell cycle phases, which will be prioritized in future
research.

4. Conclusions

This work details the successful implementation of an enhanced
neutron autoradiography method at the BNCT Center of Xiamen Hu-
manity Hospital. The design of the irradiation device was tailored to
improve measurement efficiency by increasing the thermal neutron flux.
Optimization of etching conditions enabled the acquisition of
appropriate-sized tracks for subcellular measurements while excluding
proton tracks. Additionally, optimization of UV-C exposure conditions
allowed clear imprints of cellular contours and structures on PADC.
Moreover, the clear cellular structures reflected by high-quality cell
imprints not only allow us to couple track images with cell images but
also enable further assessment of track origins by analyzing their
morphology. This facilitates high-quality subcellular-scale measure-
ments of boron drugs.

This work will provide effective support for evaluating the efficacy of
boron drugs by offering more accurate measurements of their subcel-
lular distribution. However, the method still has limitations, as the ac-
curate three-dimensional distribution of boron drugs within cells
remains unattainable. In future work, we can consider using machine
learning to further process the two-dimensional morphology of tracks
and accurately infer the spatial positions of the particles that produced
the tracks (Amit et al., 2022; Kaur and Dhir, 2024; Yoshida et al., 2021;
Akselrod et al., 2020).
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