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Abstract

Pancreatic ductal adenocarcinoma (PDAC) is among the most lethal and radioresistant solid tumors,
due to its hypoxic, dense microenvironment and its proximity to radiosensitive organs at risk.
Carbon ion radiotherapy (CIRT) and Boron Neutron Capture Therapy (BNCT) are two innovative,
particle radiotherapy modalities with therapeutic potential against such tumors. CIRT is effective
in targeting hypoxic tumors and delivering homogeneous dose distributions, while BNCT is based
on biochemical specificity through selective accumulation of B-10 carriers in tumor cells, offering
cellular level high-LET radiation confined to the tumor cells. Combining the two modalities, could
overcome their individual limitations and synergistically enhance treatment efficacy. However,
their biological effectiveness in PDAC, alone or combined, remains largely unexplored. Additionally,
conventionally used as in-vitro preclinical models 2D cell cultures, poorly represent the tissue
architecture of real tumors, highlighting the need for more accurate preclinical models. This thesis
presents an integrated experimental and computational framework for evaluating BNCT and CIRT,
individually and combined, using 3D PANC-1 spheroids as a pancreatic cancer model.

Initially, the 3D PANC-1 spheroids were characterized by size and shape assessment. In addition,
the spatial distribution of the viability of the spheroid cells was mapped by confocal fluorescent
microscopy, showing a necrotic core surrounded by a viable proliferating shell, accounting for
46% of the spheroid volume. The boron uptake of the spheroids, following incubation with
the boron carrier boronophenylalanine (BPA), was quantified by Inductively Coupled Plasma
Mass Spectrometry (ICP-MS). Preliminary qualitative attempts of performing boron localization
in the biological samples have been done by neutron autoradiography. Spheroids were then
irradiated with thermal neutrons at the TRIGA Mark II reactor in LENA, with and without prior
BPA incubation, with C-ions at CNAO, and with a combination of the two. Their response was
followed through radius regression over 10 days post-irradiation. 2D monolayers were studied in
parallel by clonogenic assays. Moreover, Monte Carlo simulations (MCNP6) of the spheroids in a
96-well plate inside the reactor’s thermal column provided the dosimetry.

Boron uptake in 3D spheroids was about an order of magnitude lower than in 2D monolayers
(1.1-1.5 vs 15-17 ppm), and simulated BNCT doses to spheroids were correspondingly lower,
supporting the hypothesis that 2D cultures overestimate BNCT efficacy. BNCT treatment at physical
doses of 0.7Gy induced spheroid shrinkage comparable in effect to 4Gy of C-ions, corresponding
to a size reduction of ∼38% and ∼24%, respectively. Neutron irradiations without BPA did not
generate a significant effect. The preliminary combined CIRT-BNCT experiments produced a size
regression of about ∼34%, comparable to the single modalities. Due to the variability between
spheroids and the limited statistics, no definitive additive or synergistic effect can be clearly
established by the present study.

The findings of the present thesis support 3D spheroids as a more realistic model for BNCT
dosimetry and provide the first experimental data on combined CIRT-BNCT in a 3D pancreatic
model.
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Abstract (Italian)

Il carcinoma duttale pancreatico (PDAC) è tra i tumori solidi più letali e radioresistenti, a causa
del suo microambiente ipossico e denso e della prossimità a organi a rischio radiosensibili. La
radioterapia con ioni carbonio (CIRT) e la terapia per cattura neutronica con boro (BNCT) sono
due modalità innovative di radioterapia con particelle che presentano un potenziale terapeutico
contro tali tumori. La CIRT è efficace nel colpire i tumori ipossici e nel fornire distribuzioni di
dose omogenee, mentre la BNCT si basa sulla specificità biochimica ottenuta mediante l’accumulo
selettivo di vettori del 10B nelle cellule tumorali, producendo radiazione ad alto LET a livello
cellulare, confinata alla cellula tumorale. La combinazione delle due modalità potrebbe superare i
rispettivi limiti individuali e potenziare in modo sinergico l’efficacia del trattamento. Tuttavia, la
loro efficacia biologica nel PDAC, da sole o in combinazione, rimane in larga parte inesplorata.
Inoltre, le colture cellulari 2D, convenzionalmente impiegate come modelli preclinici in vitro, rap-
presentano in modo inadeguato l’architettura tissutale dei tumori reali, evidenziando la necessità di
modelli preclinici più accurati. Questa tesi presenta un framework sperimentale e computazionale
integrato per la valutazione della BNCT e della CIRT, singolarmente e in combinazione, utilizzando
sferoidi 3D di cellule PANC-1 come modello di tumore pancreatico.

Inizialmente, gli sferoidi 3D di PANC-1 sono stati caratterizzati mediante la valutazione di dimen-
sioni e forma. Inoltre, la distribuzione spaziale della vitalità cellulare all’interno degli sferoidi è
stata mappata mediante microscopia confocale a fluorescenza, evidenziando un nucleo necrotico
circondato da un guscio proliferante e vitale, pari al 46% del volume dello sferoide. L’assorbimento
di boro da parte degli sferoidi, in seguito a incubazione con il vettore del boro boronofenilalanina
(BPA), è stato quantificato mediante spettrometria di massa ICP (Inductively Coupled Plasma Mass
Spectrometry, ICP-MS). Tentativi preliminari per la valutazione qualitativa della distribuzione
spaziale del boro entro gli sferoidi sono stati fatti sfruttando la tecnica della autoradiografia
neutronica. Gli sferoidi sono stati quindi irradiati con neutroni termici presso il reattore TRIGA
Mark II del LENA di Pavia, con e senza previa incubazione con BPA, con ioni carbonio presso il
CNAO, e con una combinazione delle due modalità. La loro risposta è stata monitorata attraverso
la regressione del raggio nei 10 giorni successivi all’irradiazione. In parallelo, colture cellulari 2D
sono state studiate mediante saggi clonogenici. Inoltre, simulazioni Monte Carlo (MCNP6) degli
sferoidi in una piastra a 96 pozzetti all’interno della colonna termica del reattore hanno fornito la
dosimetria computazionale di supporto all’interpretazione dei dati radiobiologici.

L’assorbimento di boro negli sferoidi 3D è risultato inferiore di circa un ordine di grandezza rispetto
ai monostrati 2D (1.1-1.5 contro 15-17 ppm), e le dosi BNCT simulate negli sferoidi sono risultate
di conseguenza più basse, supportando l’ipotesi che le colture 2D sovrastimano l’efficacia della
BNCT. Il trattamento BNCT a dosi fisiche di 0,7 Gy ha indotto una riduzione degli sferoidi di
entità paragonabile a quella ottenuta con 4 Gy di ioni carbonio, corrispondente a una riduzione di
dimensioni di circa il 38% e il 24%, rispettivamente. Gli irraggiamenti con neutroni in assenza
di BPA non hanno generato un effetto significativo. Gli esperimenti preliminari di combinazione
CIRT-BNCT hanno prodotto una regressione dimensionale di circa il 34%, paragonabile a quella
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delle singole modalità. A causa della variabilità tra gli sferoidi e della statistica limitata, il presente
studio non consente ancora di stabilire in modo definitivo un effetto additivo o sinergico.

Questi risultati supportano l’impiego degli sferoidi 3D come modello più realistico per la dosime-
tria BNCT e forniscono i primi dati sperimentali sulla combinazione CIRT-BNCT in un modello
pancreatico 3D.
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Chapter 1

Introduction

1.1 Significance of the thesis

Cancer currently ranks as the second leading cause of mortality worldwide, claiming over
10 million deaths annually [1], and constitutes the leading cause of death among people
under 65 years of age in the EU [2]. Estimating more than 20 million annual global
incidences and projected to nearly double by 2050, reversing this trend is crucial and it
requires a fundamental shift towards a people-centered approach that responds to the
needs of the most affected people and communities [1], showcasing the increased need
for more precise and personalized therapeutic modalities.

Pancreatic cancer remains one of the deadliest malignancies in the world, responsible for
more than 490,000 deaths and roughly 530,000 new incidences in 2024 [3].

Figure 1.1: Estimated numbers of incidence and mortality of pancreatic cancer worldwide from 2024
to 2050, Males and Females aged 0-85+ [3].

The 5-year relative survival rate is 13% overall, but just 8% for people diagnosed with
pancreatic ductal adenocarcinomas (PDAC), which constitute around 95% of the total
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cases [4]. Due to the inability to detect the clinical symptoms until late in progression
[5], approximately 85% of patients present with unresectable or metastatic disease at the
time of diagnosis [6], therefore less than 20% of patients survive past the first year [7],
making it one of the cancers with the poorest prognosis, and without much difference
between high- and low-income countries [8].

Surgery remains the only treatment that offers curative potential, yet it yields a 5-year
survival rate of only 10-25% [6], while conventional treatments such as chemotherapy and
radiotherapy do not result in significant improvements in clinical outcomes [7]. This in-
trinsic resistance is driven by PDAC’s dense, immunosuppressive tumor microenvironment
(TME) and high hypoxia levels [9], combined by limitations on radiotherapy treatment’s
dose escalation due to the surrounding radiosensitive organs at risk (OAR) [10], [11],
[12]. Consequently, with its increasing incidence and lack of effective therapeutic options,
PDAC’s cure remains an unmet oncological need [13].

Carbon-ion radiation therapy (CIRT), is one of the most promising treatments for radiore-
sistant tumors characterized by hypoxia and located near sensitive OAR, such as PDACs,
because of the decreased oxygen enhancement ratio (OER), the increased linear energy
transfer (LET), its superior dose conformity, and its pro-immunogenic role within the TME
[12], [14], [9]. However, its therapeutic precision relies solely on spatial targeting of the
dose deposition, posing a challenge in minimizing normal tissue toxicity [14].

Boron Neutron Capture Therapy (BNCT) integrates biochemical specificity, through tumor-
selective boron-10 (10B) agents, with cellular-level physical precision, releasing short-
range, high-LET particles confined to the tumor cell. This dual mechanism holds immense
potential for treating recurrent and intractable malignancies [14], with its promising
efficacy for recurrent malignant gliomas, head and neck cancers and melanomas already
reported in clinical studies [15]. Thus, it is considered as a promising approach for
pancreatic tumor treatment [9], although its biological effectiveness against pancreatic
tumors remains underexplored [15]. Combining BNCT with another therapeutic modality
represents a novel dual-modality strategy that can be capable of overcoming the individual
limitations of each approach and synergistically enhance treatment efficacy. While such
approaches have gained increasing attention recently, they have yet to be adopted in
clinical practices [16].

Even though BNCT is effective against hypoxic tumor cells, studies have confirmed that
the uptake of boron compounds is limited in hypoxic and quiescent cell populations,
diminishing the treatment’s efficacy [17]. Since the intracellular distribution of 10B within
tumors influences the relative biological effectiveness (RBE) of the treatment, and the
spatial organization of cells can affect the cellular microenvironment and various aspects
of cellular physiology, which are known to be highly associated with the RBE of radiation
therapies [15], accurate preclinical models are required to evaluate these treatments.

Two-dimensional (2D) monolayer cell cultures are traditionally used to study cellular
radiation response and drug accumulation. However, they oversimplify in-vivo conditions,
which are crucial for proliferation, metabolism, differentiation and function [18]. Par-
ticularly for the immense complexity of PDAC’s TME, new models imitating the tissue
organization and cell heterogeneity are highly desirable [11]. Conversely, while animal
models are widely used in preclinical settings in cancer research for drug screening and
RBE evaluations [19], the average translation rate from animal model to clinical cancer pa-
tients is less than 8% [15]. Three-dimensional (3D) models, particularly tumor spheroids,
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are bridging this gap, as studies have confirmed that they are a feasible environment for
testing different radiation types [9]. They can more accurately replicate the cell-cell inter-
actions, tissue architecture and TME features, providing a more ethical, cost-effective and
biologically relevant platform for radiobiological and dosimetric assessments, ultimately
leading to more reliable estimations [20], [15], [18], [19]. However the interactions
between the microenvironment and cancer cells remain to be further elucidated [7],
and a substantial amount of work is needed to clarify all parameters that determine
radiotherapeutic resistance to use this information to improve the therapy [21].

The presented study emphasizes the need for further research in treatment modalities
for radioresistant tumors with high mortality rates, such as PDACs, using more accurate
preclinical models, to ultimately contribute to more effective treatment strategies.

1.2 Objectives

The primary aim of this thesis is to establish an integrated experimental and computational
framework for the evaluation of BNCT both as a single modality and in combination
with CIRT, for the treatment of PDAC. By exploiting 3D in vitro tumor spheroid models,
alongside conventional 2D monolayer systems, this work addresses critical preclinical
gaps in the evaluation of innovative particle therapy treatments against radioresistant
solid tumors.

More specifically, the research is organized into five objectives:

1. Establish and characterize 3D PANC-1 spheroids as a biologically relevant in-vitro
model of pancreatic cancer for BNCT dosimetry.

2. Evaluate the cellular uptake and cytotoxicity of the clinically approved boron carrier
Boronophenylalanine (BPA) in 3D PANC-1 spheroids, comparing with 2D PANC-1
monolayer cell culture model results.

3. Perform neutron irradiation trials at the TRIGA (Training, Research and Isotopes-
production General Atomics) Mark II research reactor mantained at Laboratorio
Energia Nucleare Applicata (L.E.N.A.), in the presence and absence of BPA, followed
by post-irradiation assessment analysis and comparison with 2D models.

4. Conduct a preliminary irradiation study combining carbon-ion irradiation at the
Centro Nazionale di Adroterapia Oncologica (CNAO) with thermal neutron irradia-
tion at LENA after BPA incubation, assessing the potential synergistic or additive
effects of CIRT and BNCT, comparing between 2D and 3D models.

5. Develop a computational dosimetry model of the 3D spheroids using MCNP Monte
Carlo simulation code for the assessment of BNCT dosimetry exploiting as an irradi-
ation position the modified thermal column of UNIPV LENA reactor.

This thesis provides a preliminary but integrative evaluation of the suitability of PANC-
1 spheroids for BNCT research and contributes to the development of more realistic
preclinical models for the assessment of emerging radiation therapies.

The work is framed within a broader collaborative project between the Physics Department
of Pavia University and CNAO center, which is dedicated to evaluating experimentally the
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combined efficacy of CIRT and BNCT in pancreatic cancer. Notably, the outcomes of this
thesis provide the first preliminary experimental data of the combination of CIRT and
BNCT in a more representative, biologically accurate model, the 3D spheroids.

An introduction to the purpose of this work and its importance is provided in Chapter 1.
Then, a theoretical framework follows in Chapter 2, including information about radiore-
sistant solid tumors, advance radiotherapy treatment modalities, in particular BNCT and
CIRT, and the preclinical models currently used in cancer research.
Chapter 3 presents the methodology followed for conducting the radiobiological experi-
ments and the computational dosimetry.
The results of the analysis and a brief discussion are given in Chapter 4, followed by the
conclusions and future directions in Chapter 5.
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Chapter 2

Theoretical Framework

2.1 Radioresistant Solid Tumors

Cancer encompasses a large array of diseases originating in organs or tissues of the body
and characterized by the uncontrolled growth of abnormal cells [22]. The development of
cancer at a cellular level is termed carcinogenesis. During carcinogenesis, abnormal cells
develop certain phenotypic traits that lead to their rapid, uncontrolled proliferation, and
their ability to survive independently in specific microenvironments, resulting in tissue
masses called neoplasms or tumors, and spreading them to other parts of the body, in a
process called metastasis [23]. Such processes can be attributed to a combination of a
person’s genetic predisposition and environmental influences [24]. Radioresistant tumors
are defined as malignancies that have either a poor or a negligible respond to conventional
radiotherapy, due to a combination of their TME features and genetic radiosensitivity.
They are characterized by intrinsic characteristics such as hypoxia, low cell proliferating
fractions, and classical tumor escape hallmarks [13].

Hypoxia is a prevalent feature of solid tumors, defined as the TME’s oxygen pressure levels
below 10mm Hg, and it is significantly contributing to increased tumor aggressiveness,
greater metastatic potential, and resistance to conventional therapies. This condition
results from the increased demand for oxygen driven by the accelerated proliferation of
tumor cells, coupled with an inadequate oxygen supply to cells and tissues due to the
formation of a disorganized tumor microvascular network which is unable to compensate
for the lack of oxygen [25].

Following the interaction of radiation with matter, water radiolysis generates reactive
oxygen species (ROS), which are highly reactive and cause DNA damage. In a hypoxic
environment, the lack of oxygen not only limits ROS formation but also prevents the
fixation of damaged DNA into stable peroxides, allowing tumor cells to successfully
repair the DNA lesions [26]. The magnitude of hypoxia-related radioresistance can be
quantified by the oxygen enhancement ratio (OER), defined as the ratio of radiation doses
needed under hypoxic versus normoxic conditions to achieve the same biological effect.
In hypoxic regions, tumor cell survival rate against ionizing radiations (IR) is 2-3 times
higher compared to normoxic areas [27].
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Figure 2.1: The oxygen fixation hypothesis. About two-thirds of the biologic damage produced by
x-rays is by indirect action mediated by free radicals. The damage produced by free radicals in DNA
can be repaired under hypoxia but may be “fixed” (made permanent and irreparable) if molecular

oxygen is available [28].

2.1.1 Pancreatic Ductal Adenocarcinoma (PDAC)

Pancreatic ductal adenocarcinomas (PDAC), developed in the exocrine tissues of the
pancreas, consists around 95% of pancreatic cancer cases, even though ductal epithelial
cells constitute only 5% of the pancreatic tissue. Endocrine tumors, referred to as pan-
creatic neuroendocrine tumors (NETs), are much less frequent, and primary pancreatic
nonepithelial tumors are extremely rare. [23], [29]

Figure 2.2: Anatomy of the pancreas including a ductal adenocarcinoma and a neuroendocrine tumor
[30].

PDAC are classified as rare, radioresistant tumors [13], characterized by an immunosup-
pressive TME and significantly higher hypoxia levels compared to most solid tumors [12].

6



2.2 Advanced Particle Therapy Approaches

The pancreatic TME is composed of a dense extracellular matrix, a poorly formed vascular
system, diverse populations of suppressive immune cells and a large number of fibroblasts
[5]. This dense fibrotic tissue surrounding the tumor, known as desmoplasia, results in
increased interstitial pressure and blood vessel compression [13], [12]. Combined with
hypoxia, it amplifies its aggressively invasive behavior and metastatic phenotype, thus
tumor cells often directly extend into the spleen, adrenals, stomach, and transverse colon
[31]. In addition, it promotes tumor growth and hinders drug activity and penetration.
From a genetic point of view, PDAC are characterized by substantial genetic heterogeneity,
even within a single primary tumor, and combined with the existence of cancer stem cells
(∼1%), it contributes to an even more resistant tumor state [7]. Therefore, there is a clear
requirement for aggressive multimodality therapy to tackle the unmet clinical demands of
pancreatic cancer [32].

2.2 Advanced Particle Therapy Approaches

Conventional photon radiotherapy remains a default therapeutic modality, utilized in over
50% of all cancer treatments and for most solid tumors. However, its therapeutic efficacy
is limited by unfavorable dose-depth distributions and oxygen-dependent cytotoxicity,
which cause unwanted damage to healthy tissues. Particle radiotherapy overcomes these
limitations through its superior physical and biological properties, enabling more precise,
tumor-targeted energy depositions [14].

2.2.1 Carbon Ion Radiation Therapy (CIRT)

Carbon Ion Radiation Therapy (CIRT) is a form of Hadron Therapy that utilizes carbon
ion beams instead of photons. The physical advantage of CIRT, lies in the energy loss
rate of the ions, resulting in a depth-dose profile exhibiting a plateau region of minimal
energy loss and a distinct peak near the end of the ions range, depicting a sharp increase
in ionization due to a large energy deposition. This phenomenon is known as the Bragg
peak. The narrow Bragg peak can be precisely positioned to the desired depth within the
tumor volume, to maximize the dose at the target while sparing healthy tissues [33].

The parameter that describes the gradual energy loss of a charged particle propagating
through an absorber is called stopping power. It depends on the properties of the absorbing
medium (density, atomic number) as well as the particle’s properties (mass, charge,
energy). The overall stopping power (S) consists of the sum of two components. The
collision stopping power (Scol l) that results from charged particle interaction with orbital
electrons of the absorber and the radiation stopping power (Srad) resulting from charged
particle interaction with nuclei of the absorber [34], [35].

Therefore, the stopping power is defined by:

S(E) =
dE
d x
=⇒ Scol l(E) + Srad(E) =

�

dE
d x

�

col l
+
�

dE
d x

�

rad
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with dE the amount of energy loss and d x the thickness of the material.

Regarding heavy charged particles, the energy loss is depicted in the following equation:
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where:

• dE/d x is the particle stopping power in units of MeV/cm,

• z is the charge number of the incoming particle,

• e is the elementary charge,

• m is the electron rest mass,

• V is the velocity of the incoming particle,

• β is the relative velocity of the particle (β = V/c),

• Z is the atomic number of the absorbing medium,

• I is the mean excitation potential of the absorber in units of eV ,

• η is the correction parameter for quantum electrodynamics,

• N is the number of target atoms per unit volume in cm−3 (N = ρNA/A, where ρ is
the absorber density, NA is Avogadro’s number, and A is the atomic weight of the
absorber).

• C is the shell correction parameter (0≤ C ≤ 1),

• δ is the density effect correction parameter

Notably, the shell parameter C and the density effect parameter δ are particularly relevant
at low or high energies, respectively.

Carbon ions demonstrate significantly steeper dose gradients than protons, combined with
reduced lateral scattering due to their larger mass, resulting in an exceptionally sharp
dose distribution border and superior dose conformity [14]. However, C-ions dose-depth
profile exhibit a fragmentation tail at the end of their energy deposition, due to nuclear
interactions along the beam path. The produced fragmentation ions and recoiled particles
with a variety of LET are therefore producing different biological effects in the post-Bragg
peak tail region [36].

Figure 2.3: Comparative depth–dose profiles of photons, protons, and carbon ions [14]
.
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In addition, CIRT offer distinct radiobiological advantages over both photons and lower-
mass hadron therapies, like proton therapy (PT). These advantages are driven by their
LET, defined as the amount of energy transferred to the tissues per unit of irradiation track
length, that describes the ionization density, which is especially high for heavy, slow ions
[12]. Firstly, while low-LET particles primarily induce repairable single-strand DNA breaks
(SSBs) via oxygen-depended ROS, thus limiting their therapeutic efficacy in hypoxic and
radioresistant tumors, high-LET carbon ions directly ionize DNA. This generates complex,
clustered DNA double-strand breaks (DSBs), that are hard to repair and independent
of tumor oxygenation. Secondly, the high LET results in a significantly higher RBE,
maximizing treatment efficacy at lower fractional doses, hence offering the dosimetric
advantages of greater dose to the target while sparing the surrounding OAR. Therefore,
this combination of precise physical confinement and enhanced oxygen-independent
biological damage sets CIRT as a promising modality for anatomically complex and
hypoxic, radioresistant malignancies. [28], [14], [9]

Figure 2.4: Distribution of DNA damage inducing ionization events along the particle tracks, after
exposure to IR of low (0.5keV electrons) and high (4MeV alpha particles) LET. Large dots represent

ionizations and small dots represent excitations. The tracks are simulated by Monte Carlo on the
same scale as the DNA [37]

.

2.2.2 Neutron Capture Therapy (NCT)

Neutron capture reactions are nuclear reactions in which an atomic nucleus absorbs one
or more neutrons, thus becoming a heavier and often unstable nucleus. The probability
of interaction of the incoming neutrons with the target nuclei is quantified by the cross-
section (σ), measured in barns. Based on that principle, Neutron Capture Therapy (NCT)
is an experimental, non-invasive therapeutic technique designed to selectively target high-
LET heavy charged particle radiation to tumors at the cellular level [38], directly inside the
tumor. Being a binary, activation hadrontherapy modality, it relies on two components to
achieve its therapeutic effect: a low-energy neutron beam and an isotope that selectively
accumulates inside tumor cells in much higher concentrations than normal cells, has low
toxicity, and exhibits a high cross-section for neutron capture. Each component is stable
and non-harmful by itself, but when combined the effect is highly lethal [39], effectively
achieving a biochemically targeted treatment, sparing healthy tissues, and transitioning the
targeting precision standard from simple geometric localization to molecular recognition
at the cellular level [14].

Presently, the two clinically approved agents that are available are sodium borocaptate
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(BSH;Na2B12H11SH) and boronophenylalanine (BPA;C9H12BNO4) [40], both designed for
Boron Neutron Capture Therapy (BNCT). BNCT is based on the nuclear capture decay that
occurs when non-radioactive 10B is irradiated with thermal neutrons of the appropriate
energy to yield excited 11B*, which undergoes an instantaneous nuclear reaction producing
an alpha particle (4He) and a 7Li nucleus [39].

The nuclear reaction is given by:

10B+ n −−→ 11B∗ −−→











4He+ 7Li∗ −−→ 7Li+ γ (0.478 MeV) (94%),

4He+ 7Li (6%)

(2.3)

Both 4He and 7Li deposit their energy within the order of a few micrometers (5–9µm),
which is comparable to a mammalian cell diameter [41]. Therefore, the detrimental effect
is strictly confined inside the target cells where 10B has accumulated. Simultaneously, the
mixed radiation field, characterized by different LET, amplifies the therapeutic effect. In
addition, the high-LET products of the reaction are independent of oxygenation status,
allowing the same effectiveness against tumor cells in normoxic and hypoxic environments,
unlike conventional radiotherapy [42].

Figure 2.5: Schematic diagram of the dual targeting mechanism of BNCT. (A) Biochemical targeting:
Selective accumulation of boron agents in cancer cells. (B) Physical targeting: Cellular-scale precision

from neutron capture reactions [14].

Research into Gd- and Li-based NCT agents is also being actively conducted. For GdNCT,
157Gd and 155Gd isotopes are used due to their high thermal neutron cross-sections, both
higher than 10B, with 155Gd possessing the highest value among stable isotopes in the
periodic table [40]:

157Gd+ n −−→ 158Gd∗ −→

(

158Gd+ γ (31%)

158Gd+ ICE+Augere− + X-rays (69%)
(2.4)
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In addition, Gd-based agents are already clinically approved as magnetic resonance
imaging (MRI) contrast agents, implying that GdNCT agents could potentially serve as
theragnostic platforms (ex. MRI-guided GdNCT) [43], [44], [45]

Furthermore, another element that holds significant interest for NCT is 6Li:

6Li+ n −−→ 7Li∗ −−→ 4He+ 3H (2.5)

The products of this nuclear reaction are more energetic than those resulting from 10B [46],
yielding a reaction that is twice as exothermic, despite having a lower thermal neutron
cross-section. The reaction does not emit gamma rays, resulting in a cleaner cellular-level
dose; however, the ionizing range of the emitted tritium ions (3H) exceeds that of BNCT by
several cell diameters, requiring precise geometric and biological modeling in treatment
planning [47].

Table 2.1: Q-values for thermal neutron capture in 10B, 157Gd, and 6Li.

Isotope Q-Value
10B 2.31 MeV (94%)

2.79 MeV (6%)
157Gd 7.94 MeV

6Li 4.78 MeV

Generally, two different neutron energy regimes are used in BNCT: thermal beams (E =
0.005-0.5 eV), where therapeutic benefit is limited to shallow depths for superficial tumors
such as melanoma, and epithermal beams (E = 0.5-30 keV), where the penetration extends
up to approximately 10cm for deep-seated tumors [38]. Historically, nuclear research
reactors were the primary source capable of delivering sufficient neutron flux (of the
order of 109cm−2s−1) for reactor-based BNCT (RB-BNCT). However, the past two decades
have seen substantial advancements in hospital-based, accelerator-based neutron sources
(AB-BNCT) [38].

2.2.3 Combination Therapy

Despite the favorable selectivity of BNCT and the physical dose conformality of particle
therapies, single-modality treatments often fail to achieve durable local control in big,
infiltrative, or radioresistant tumors. Specifically in the case of BNCT, recurrence after
treatment has been linked to intrinsic limitations of boron delivery agents, including
heterogeneous intratumoral boron distribution, incomplete coverage of the clinical target
volume (CTV), and the dosimetric constraints of neutron beams [17]. In parallel, CIRT is
dependent on macroscopic tumor targeting and constrained by the fragmentation tail,
which deposits doses beyond the Bragg peak, to OARs or surrounding healthy tissues.

This has motivated a growing interest in multimodal combination strategies, with several
being already under investigation. Combined PT-CIRT modalities have shown favorable
toxicity profiles in inoperable osteosarcoma [48] and promising local control in stage I
NSCLC [49], PT/CIRT-photon combinations have yielded encouraging results in gliomas
and meningiomas [50], and Neutron Capture Enhanced Particle Therapy (NCEPT) has
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been proposed as a way to exploit the thermal neutron field generated during proton or
carbon ion treatment to further boost tumor dose via neutron capture agents [51].

Combining the cellular-level selectivity of BNCT with the precision of CIRT is particularly
attractive because the two modalities are theoretically mechanistically complementary
[16], since CIRT could target the tumor’s hypoxic core and BNCT the metabolically active
cells at the tumor margins [52]. This rationale was supported by an in-silico, effect-based
treatment study in glioblastoma patients, through Monte Carlo simulations and treatment
planning at software level, achieving a more homogeneous effect distribution within the
CTV and the reduction of healthy tissue toxicity, suggesting its potential applicability for
tumors characterized by pleomorphic, infiltrative, radioresistant, and voluminous features
[53]. Collectively, these efforts support the feasibility and rationale of pairing particle
therapy with neutron capture-based approaches.

2.3 3D Tumor Spheroids as a Radiobiological Model

Two-dimensional (2D) cell culture has been used as a prescreening tool for anticancer drug
testing for over a century and remains the predominant preclinical method today [19], [54].
Despite being easy to use, has high throughput, and is cost-effective, they oversimplify
in-vivo conditions, as they fail to replicate the cell-cell and cell-extracellular matrix (ECM)
interactions of tumors, which are crucial for proliferation, metabolism, differentiation
and function [18]. Moreover, processes such as morphogenesis, tissue remodeling, and
cancer cell migration actively reshape the three-dimensional (3D) organization of the
tumor microenvironment, a dynamic that 2D culture systems cannot replicate [55].
These limitations have driven a paradigm shift in cancer pre-clinical modeling towards
3D systems, which more faithfully reproduce in vivo tumor pathophysiology, therefore
allowing a more accurate assessment of drug efficacy and toxicity [56], [19].

Figure 2.6: Diagram illustrating the characteristics of monolayer cell culture models and 3D
spheroids, highlighting the unique features of each system. [57]

3D tumor spheroids are cancer cell aggregates formed by in-vitro 3D cell cultures. If grown
beyond 400 µm, they develop gradients of oxygen, nutrients, pH, and growth factors that
give rise to a characteristic multilayered architecture: an outer shell of proliferating cells,
an intermediate layer of quiescent cells, and an inner core of hypoxic and necrotic cells
resulting from limited molecular transport. This structure mimics the poorly vascularized
regions and spatial heterogeneity typical of solid tumors, while also preserving cell-cell
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and cell-ECM interactions and physiologically relevant growth kinetics [19], [54], [58],
[59], [18]. As in human cancers, these features contribute to increased resistance to both
chemotherapeutic agents and radiation, making spheroids a valuable model for studying
how hypoxia, necrosis, invasion, and cell adhesion influence radiosensitivity and drug
response [19], [54], [59]. Notably, 3D spheroids display greater apparent radioresistance
than 2D cultures and support more physiologically relevant invasion assays [18]. Because
3D culture better captures the complex cellular organization and microenvironment found
in in vivo tumors, it is now widely recognized as providing more reliable estimates of
therapeutic response than conventional 2D culture [59]. Specifically for 3D PANC-1
spheroids, it was proven that they release significantly more exosomes with disease-
relevant miRNA and protein profiles than 2D cultures, therefore showing more features
relevant to the progression of pancreatic cancer and highlighting the potential importance
of using spheroids as in vitro model to study cancer development and progression [60].

Nonetheless, spheroids derived from established cancer cell lines have important limita-
tions as they do not capture the genetic and molecular heterogeneity of an individual
patient’s tumor, lacking key components of the native TME, including immune cells, stro-
mal cells, and extracellular matrix elements [20]. This is a significant gap, as TME plays
a critical role not only in carcinogenesis, tumor progression, and metastasis but also in
affecting therapeutic efficacy [19]. A novel, promising alternative of single-cell spheroids
tested for pancreatic cancer to mimic its complexity, is hetero-type multicellular tumor
spheroids (MCTS), a 3D tumor model consisting of a triple co-culture of PANC-1 cells,
fibroblasts and endothelial cells [61].

A promising alternative to spheroids is the use of patient-derived organoids (PDOs), 3D
cultures generated directly from primary tumor biopsies. PDOs are increasingly applied
in cancer research for understanding the pathophysiology of cancer progression and
resistance, screening anticancer treatments in vitro, and modeling the specificity of an
individual patient’s tumor to enable personalized treatment selection [20].

Figure 2.7: Scheme of similarities between in vitro spheroids and in vivo tumors, featuring the
layered structure, the decreased availability of oxygen and nutrients for cells of deeper layers and

cell-cell signaling and contact.[62]
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Chapter 3

Materials and Methods

3.1 Computational Dosimetry

3.1.1 MCNP6 Simulations of the radiation dose delivered to the 3D
tumor spheroids

The computational dosimetry part of the thesis was carried out using the Monte Carlo code
MCNP6 (Monte Carlo N-Particle Transport Code) version 6.1. MCNP6 is a general-purpose,
continuous-energy, generalized-geometry, time-dependent, Monte Carlo radiation-transport
code designed to track many particle types over broad ranges of energies [63]. It has
many applications, among others the design of nuclear reactors, radiation protection, high
energy dosimetry and medical physics. MCNP6 is currently utilized for BNCT treatment
planning, and it is considered as one of the most suitable codes for calculating accurately
the BNCT dose distributions [38].

MCNP is a condensed-history code of radiation transfer in matter, grouping several inter-
actions into a single step, based on stopping power data, where the deposited energy is
scored. Compared to event-by-event codes, this method significantly reduces computa-
tional time, making it suitable for radiation transport simulations in complex geometries
like reactors or radiation treatment rooms. Ultimately, the goal of the simulations is to
obtain radiometric (e.g., fluence, current) and dosimetric (e.g., absorbed dose, KERMA)
quantities in simulation volumes (cells) and surfaces, using standard computational tools,
called by the MCNP software "tallies" [64].

3.1.1.1 Geometry of the 96-well U-bottom plate containing spheroids

For the composition of the PANC-1 spheroids, the material used was the average adult
male healthy soft tissue according to ICRU-44 [65], a tissue-equivalent mixture with 13
elements of the human body. The density of pancreatic tissue was set as ρ=1.05 g/cm3

[66]. However, for the necrotic core present in spheroids exceeding 200µm in diameter,
the composition was adjusted to reflect the lack of oxygen and nutrients, as well as the
accumulation of metabolic waste [67]. More specifically, by lowering the hydrogen and
oxygen and increasing the carbon percentages. The density of the medium is equal to the
density of water.
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3.1 Computational Dosimetry

The complete list of elements that make up the spheroids, the plastic 96-well plate
and the medium is shown in the following table:

Table 3.1: Elemental composition, nuclide identification number, and densities of the
materials used in the simulation.

Material
Density
[g/cm3] Element

Nuclide
Identification

Number∗∗

Mass fraction
[%]

ICRU-44
soft tissue
(necrotic tissue)

1.05

H 1001 10 (9)∗

C 6000 23 (25)∗

N 7014 2.30

O 8016 63 (61)∗

Na 11023 0.13

Mg 12000 0.015

P 15031 0.24

S 16032 0.22

Cl 17000 0.14

K 19000 0.21

Fe 26056 6.3× 10−3

Zr 40000 8.0× 10−4

Pb 82207 1.6× 10−5

DMEM High Glucose
non-complete

1.00

H 1001 10.97

C 6000 0.24

O 8016 87.94

Na 11023 0.36

P 15031 2.8× 10−3

Cl 17000 0.43

K 19000 0.02

Ca 20000 7.21× 10−3

Polystyrene
(C8H8)n

1.06
H 1001 7.69

C 6000 92.31

∗Values marked with parentheses indicate the adjusted necrotic tissue composition.
∗∗In MCNP coding, nuclides are identified by sequences of maximum 6 digits, the first referring to the
atomic number (Z), the last three referring to the mass number (A), where the 000 set represent the
natural isotopic abundance of a certain element.

The 96-well U-bottom plate was reproduced according to the company’s product data
sheet [68].

The simulated geometry is based on the detailed definition of a single well that includes
the medium and the spheroid inside. Each well is defined as a cylinder merging with a
hemisphere, to create the U-bottom. Wall thickness of the cylinder was set to 0.05cm.
The material used is polystyrene C8H8 with ρ=1.06 g/cm3. The spheroid is composed of
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a necrotic core (sphere of radius=281 µm) and a proliferating shell (concentric sphere of
radius=335 µm). The two radii were acquired from the live/dead confocal microscopy
imaging described in Section 3.2.2.2, with its results presented in Section 4.2.1.2. The
well contains the spheroid, and the DMEM non-complete medium solution (200µl), so
the level of the liquid inside the well was calculated by subtracting the volume of the
spheroid from the volume of the DMEM.

Figure 3.1: Multiscale view of the MCNP6 geometry model showing the 96-well plate setup (left), a
single U-bottom well including the spheroid and DMEM (center), and a magnified view of the 3D
concentric tumor spheroid structure featuring the necrotic core and the proliferating shell (right).
[Magenta=air, green=DMEM medium, polystyrene=blue, yellow=proliferating tissue, light

blue=necrotic tissue]

To get from a single well to the 96-well plate, a 2D lattice repeating the individual well
unit in an 8-row by 12-column array and surrounded by an air gap around the structural
matrix units was constructed. The matrix plate is enclosed within an external frame and
a 0.1 cm polystyrene top cover.

Figure 3.2: Top-down view of the MCNP6 model illustrating the complete thermal column irradiation
cavity containing the translated source and the 96-well plate positioned at the beam entrance side
(left) and a magnified view of the full 96 well-plate array containing the spheroids (right). The

physical quantities were scored in the two cells marked with yellow. [Magenta=air, green=DMEM
medium, polystyrene=blue]
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3.1 Computational Dosimetry

3.1.1.2 Translated source and Target placement

For the simulations, the geometry of the UNIPV Triga Mark II reactor was used, which
was previously built in MCNP and validated. The geometry is shown in Fig.3.3.

Figure 3.3: 2D representations of the Triga Mark II geometry simulated with MCNP. (a) top view (b)
lateral view. [Grey: concrete, dark grey: graphite, magenta: bismuth, blue: cooling pool, white: air]

[64].

In a whole-reactor simulation, the radiation field is made up of both neutrons and photons.
The primary neutrons can be generated by a KCODE criticality source, or by exploiting
statistical distributions of the initial position, energy, and flight direction. In both cases the
transport must cover a significant fraction of the whole reactor geometry, even though only
a very small fraction of the histories ever reaches the region of interest, the target spheroids
inside the thermal column, especially considering their microscopic sizes compared to the
reactor. Hence, reaching adequate statistics would be very time consuming.

To overcome this limitation and optimize computational efficiency, a translated source
was created. In a prior, validated simulation of the entire TRIGA Mark II reactor, a KCODE
criticality source located in the reactor’s core generated the neutron and photon fields, and
the Surface Source Write (SSW) card available in MCNP code was used to score the phase
space of the particles crossing a defined set of surfaces, storing them in an external file
(WSSA) [64]. These surfaces form a virtual, rectangular volume (here and later named
the "gamma box") placed at the irradiation position inside the thermal column and large
enough to contain the target. When running the current simulation, the Surface Source
Read (SSR) command allows to read the WSSA file and launches the same particles across
the boundary surfaces of the gamma box directly towards the target, thus minimizing
significantly the computational time.

The 96-well plates containing the spheroids were placed at position 1 (Fig.3.4), inside
the thermal column of the TRIGA Mark II reactor, corresponding to a distance of 130.95
cm from the center of the reactor’s core.
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Figure 3.4: The thermal column of TRIGA II Mark reactor (longitudinal view). The samples were
irradiated at position 1. [Grey: graphite, magenta: bismuth, green: boral (borated aluminium),

white: air] [69].

3.1.2 BNCT Dose Components

The radiation field produced in BNCT consists of a mix of four distinct radiation compo-
nents with different LET, hence different biological effectiveness [38]:

1. Boron Dose (DB): high-LET, short-range charged particles (α particles and 7Li ions)
generated from the capture reaction 10B(n,α)7Li (Qvalue = 2.79MeV ). A long-range
0.478MeV γ is also emitted with a 94% probability.

2. Nitrogen Dose (DN ): intermediate-LET charged particles (584keV protons and 14C
recoil nuclei) emitted by the capture reaction 14N(n, p)14C (Qvalue = 0.626MeV ).

3. Hydrogen Dose (DH): intermediate-LET proton coming from the elastic scattering
of fast and epithermal neutrons on the hydrogen of the body 1H(n, n’)p.

4. Photon Dose (Dγ): prompt γ (2.2MeV) from radiative neutron capture reactions
1H(n,γ)2H in the irradiation set-up and γ background contamination of the incident
radiation field due to the activation of graphite [64].

Table 3.2: Comparison of thermal neutron (25meV) cross sections and Q-values of the
main reactions of interest in BNCT dosimetry [70].

Reaction σ Q-value

[barns] [MeV]
10B(n,α)7Li 3837 2.79
14N(n, p)14C 1.84 0.626
1H(n,γ)2H 0.322 2.2

3.1.3 Scored Physical Quantities

The irradiations in the thermal column were modeled assuming an operating power of
the reactor of 60kW, corresponding to a source intensity of I = (4.56× 1015) neutron/s
in the core position [64]. Consequently, all dose rates results were normalized by this
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factor. As MCNP normalizes the tally output per simulated particle history by default, the
source factor is mandatory to have consistent predictions in the real world. Transport was
simulated in "mode n p e" to simultaneously account for neutrons, photons, and electrons.

The tallies used in this simulation were F4 and *F8:

• F4 Tally: Evaluates the track-length estimate of the cell flux [particles/cm−2], so the
neutron fluence normalized by the number of primary particles (nps). It is defined
as [71]:

F4=
1
V

∫

V

∫

t

∫

E

Φ(r⃗, E, t) dE d t dV =
W · Tl

V
(3.1)

where: Φ(r⃗, E, t) = vN(r⃗, E, t) is the particle flux, v is the particle velocity, N is the
particle density, V is the cell volume [cm3], W is the particle weight, and Tl is the
total track length [cm].

• *F8 Tally: F8 gives a Pulse Height, the energy distribution of the pulses created
inside a cell that models a detector. Specifically, the *F8 variant was used, which
records the energy deposited by charged particles inside the designated cell [MeV].
The absorbed dose is subsequently derived by dividing this energy by the cell mass
[70].

For the dose components DB, DN and DH , the reaction rates were calculated using the F4
tally coupled with the FM multiplier card, for neutrons or protons respectively.

The FM card modifies the flux tally, allowing you to determine the number of reactions
per unit of nps and mass occurring in the cell of interest, assuming it is entirely made of a
fictitious material:

FM C m R

where m is the fictitious material number representing the target isotope where the process
takes place, R is the interaction rate (the total number of processes x in a certain volume
V), and C is the scaling factor converting reaction rates into absorbed dose [Gy/nps]:

C = N · 10−24 ·Q · 1.602× 10−10 (3.2)

Here:

• N = m·NA
A represents the number N of atoms in mass m of a certain element with

atomic mass A, with NA the Avogadro constant

• Q is the reaction Q-value in MeV as shown in table 3.2

• 10−24 is the numerical constant necessary to change barn in cm2

• 1.602× 10−10 is the constant to change MeV/g in J/kg=Gy.

In the case of charged particles production processes, under the assumption of charged
particle equilibrium (CPE), the physical quantity calculated is a KERMA and it can be
equated to absorbed dose (DB, DN ). This condition is satisfied considering the short range
of the secondary particles produced in these reactions, meaning all the energy produced
in the reaction is deposited locally. Considering also that the 10B concentration is assumed
to be strictly confined within the proliferating shell (with a radius of 64 µm), there was no
need for a secondary step transporting directly the α particles, 7Li ions and protons. The
calculated quantity is the energy transferred to charged particles due to the considered
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reaction per gram of cells per source neutron [70]. Regarding DH , the estimated quantity
is the heating, the energy transferred by neutrons to hydrogen nuclei per cells gram per
source neutron, due to elastic scattering processes. This quantity can be considered as a
dose.

The physical quantities were scored separately in the two spheroid regions: the proliferat-
ing shell, where boron accumulation is assumed, and the necrotic core. To assess spatial
variations across the 96-well plate, the same quantities were scored in a central well and
in a peripheral well, as can be seen in Fig.3.2.

3.1.3.1 Total Absorbed Dose

The total absorbed physical dose Dtot delivered to the cells over an irradiation time tirr at
a reactor power P [kW] was calculated using the following equation: [70], [72]

Dtot =
�

Rbg + CB · RB

�

· tirr ·
P

Pref
(3.3)

where:

• RB is the dose rate from the 10B(n,α)7Li reaction per 1 ppm of 10B [Gy/s].

• Pre f is the reference reactor power (250kW)

• CB is the 10B concentration in the target volume [ppm], determined experimentally
via ICP-MS (Section 3.2.3.3).

• P = 60 kW is the irradiation reactor power

• Rbg is the background dose rate [Gy/s] resulting from the sum of the non-boron
components:

Rbg = RN + RH + Rγ (3.4)

with RN the dose rate due to 14N(n,p)14C reaction, RH the dose rate due to neutron
elastic scattering on hydrogen, and Rγ = Rγ,bg + Rγ,2.2 encompassing both core
background photons and capture gammas from 1H(n,γ)2H.

3.1.3.2 Survival Fraction (SF) as a function of the dose

The cells’ post-irradiation survival was described using the Linear-Quadratic (LQ) model:

SF(D) = exp
�

−αD− βD2
�

(3.5)

where:

• SF is the surviving fraction at an absorbed dose D

• α [Gy−1] represents the linear component corresponding to lethal, non-repairable
lesions (predominant in high-LET radiation like α particles and 7Li ions)

• β [Gy−2] represents the quadratic component associated with sublethal damage
(characteristic of sparsely ionizing low-LET radiation like photons and electrons).
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The α/β ratio determines the dose at which the linear and quadratic cell-killing contribu-
tions are equal [64].

For in vitro studies, the survival curves are plotted on a semilogarithmic scale, with
absorbed dose on the linear and surviving fraction on the logarithmic axis. For a fixed
cancer cell line, the shape of the curves reflects the LET of the radiation: low-LET radiations,
produces a curve that starts straight at low doses, bends at intermediate doses, and
straightens again at high doses whereas high-LET radiations produce a linear curve with
a constant slope.

3.2 Experimental Methodology

3.2.1 Cell Culture Models: 2D Monolayer and 3D Spheroids

For the in-vitro radiobiological experiments conducted, the human pancreatic ductal
adenocarcinoma cell line PANC-1 was utilized, obtained from the Istituto Zooprofilattico
Sperimentale della Lombardia e dell’Emilia Romagna (IZSLER, Cat. No. BS TCL 49).
Originally isolated from the pancreatic duct of a 56-year-old white male with epithelioid
carcinoma, it exhibits epithelial morphology and it is suitable for use in cancer research
[73]. The PANC-1 cell line was chosen based on prior research conducted in Pavia,
specifically combination treatments of BNCT and carbon ions in 2D monolayers [64], and
comparative photon, proton, and carbon-ion studies in 2D and 3D spheroids models [9],
which validated experimental feasibility and baseline radiobiological responses. Advancing
this line of research, the present work transitions to a 3D spheroid model to investigate
the therapeutic efficacy of combined BNCT and carbon-ion irradiation.

Cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) high glucose with
L-Glutamine (Dutscher, Ref. 509050) supplemented with 10% Fetal Bovine Serum (FBS),
to add the necessary growth factors, and 1% penicillin-streptomycin (100 U/mL penicillin,
100 mg/mL streptomycin), antibiotics to reduce the contamination risk. Cultures were
seeded in T-25 or T-75 flasks, depending on the experiment, and incubated under standard
conditions: 37◦C in a humidified atmosphere of 5% CO2. The culture medium was
replaced every second day. Once cultures reached a confluence between 70-90%, cells
were passaged to prevent contact inhibition and maintain exponential growth.

The standard cell passage process was performed as follows:

1. The old medium was aspirated and discarded.

2. The cell layer was gently washed twice with sterile phosphate-buffered saline (PBS).

3. Cells were detached by adding 0.1% trypsin (Trypsin-EDTA) solution and incubating
for approximately 2 minutes.

4. When detached, complete culture medium was added at twice the volume of trypsin
used. The cell suspension was collected into a falcon and centrifuged at 150g for 9
minutes.

5. The liquid was discarded and the resulting pellet was resuspended in 1 mL of fresh
complete medium.
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6. Cell density was determined by using a Bürker chamber, after a 1:1 dilution with
Trypan Blue to count the viable cells.

7. The calculated volume of cell suspension was reseeded into new flasks containing
fresh complete medium at the target seeding density.

For the 3D spheroid formation, cells were maintained for at least 2 passages before
seeding. Then, they were harvested via trypsinization, centrifuged, and resuspended
in complete medium. Cells were seeded into 96-well U-bottom polysterene microplates
(Greiner Bio-One, Cat. No. 650970) at a density of 2000 cells per well [72] [74], in an
initial volume of 150µL of medium. The plates were incubated under standard conditions
(37◦C, 5% CO2). After 24 hours, an additional 100µL of complete medium was carefully
added to each well to achieve a final volume of 250µL. This prevented the disruption of
the fragile cell aggregates, when the spheroids were still forming. After that, half of the
medium was refreshed every second day.

Figure 3.5: PANC-1 cell cultures: 3D spheroid in 96-well plate and 2D monolayer in T-75 flask.
Created in BioRender.com.

3.2.2 Spheroid Characterization

This initial phase of the project was carried out during an Erasmus+ traineeship at the
Department of Molecular and Interfacial Biophysics of the M.Smoluchowski Institute
of Physics, at the Faculty of Physics, Astronomy and Applied Computer Science of the
Jagiellonian University in Krakow, Poland. There, 2D PANC-1 cell cultures were initially
developed, and subsequently the 3D PANC-1 spheroid models.

3.2.2.1 Size and Shape Assessment

3D PANC-1 spheroids were monitored daily using optical microscopy (Fig.3.6). The
acquired images were processed and analyzed on Fiji (ImageJ) [75]. Spheroid growth
and morphological integrity were quantified using the area and the derived radius as the
size parameters, and circularity and solidity as the shape parameters. The results are
presented in plots.
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Circularity measures how close a shape is to a perfect circle, with maximum value of 1:

C =
4π · A

P2
(3.6)

where A is the area and P the perimeter.

Solidity measures how compact a region is, with maximum value 1 for a completely
convex shape:

S =
A

Aconv
(3.7)

where A is the area and Aconv the area of its convex hull.

Figure 3.6: The same PANC-1 tumor spheroid on day 5 after seeding, with different magnifications:
(a) x4, (b) x10, (c) x20.

3.2.2.2 Spheroid Imaging

Confocal images were acquired using a Zeiss LSM 710 confocal module set on Zeiss
AxioObserver.Z1 inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).
Combined with live/dead fluorescent staining, the confocal microscopy images were used
to examine the internal morphology of the 3D PANC-1 spheroids by visualizing alive and
dead cells.

Cell viability was evaluated using the Cellstain Double Staining Kit (Sigma-Aldrich, Cat.
No. 04511). The assay relies on the simultaneous fluorescence staining of viable and
dead cells, due to the Calcein-AM and propidium iodide (PI) solutions which stain viable
cells green and dead cells red, respectively. More specifically:

• Calcein-AM is a highly lipophilic and cell membrane permeable compound. Although
it is non-fluorescent, the calcein generated from Calcein-AM by esterase in a viable
cell emits a strong green fluorescence (λex 490 nm, λem 515 nm).

• PI is a fluorescent agent able to stain cells and nucleic acids, but unable to pass
through a viable cell membrane. Upon compromise of the cell membrane, typically
due to cell death, apoptosis, or damage, it can penetrate the cell an then intercalate
with the DNA double helix to emit red fluorescence (λex 535 nm, λem 617 nm).

• Since both calcein and PI-DNA can be excited with 490 nm light, simultaneous
monitoring of viable and dead cells is possible with a fluorescence microscope.

The culture medium was aspirated from the wells of spheroids on day 8 post-seeding,
which were then washed with PBS. After that, 100µL of the dye solution, prepared
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according to the manufacturer’s protocol, was added to each well. Following a 15-minute
incubation, individual spheroids were carefully transferred into glass-bottom dishes for
fluorescence confocal acquisition.

Using these imaging results, the relative proportion of the proliferating outer shell com-
pared to the necrotic core was calculated. The outer and inner radii of the spheroid were
derived from the areas, measured using Fiji. The percentage of the shell volume was then
calculated using the following formula:

%shell =
�

1−
Vc

Vw

�

× 100 (3.8)

where Vc is the volume of the spheroid’s core and Vw the volume of the whole spheroid.

3.2.3 Boron Uptake Studies

3.2.3.1 BPA solutions preparation

For the BNCT experiments, 10B-enriched boronophenylalanine (10B-BPA or BPA) was
employed as the 10B delivery agent. Due to variations in laboratory protocols, two
different preparation routes were adopted: a BPA-Fructose solution for the pre-irradiation
investigations in Krakow, and a direct BPA dissolution in complete culture medium for the
irradiations in Pavia. It was experimentally observed in previous studies conducted in
Pavia [52], that the two methods did not show a difference in boron internalization in
the samples or BPA solubility. Potentially, glucose in the DMEM medium acts similarly to
fructose to enhance BPA solubility.

BPA-Fructose solution (protocol used for the experiments performed in Krakow):
The fructose solution (0.154M, 10% molar excess) was prepared by adding the weighted
amount of fructose powder to H2O. The required amount of BPA was then added, to
reach a final concentration of 0.14M, and the solution was then mixed. To facilitate
the dissolution of the BPA crystalline powder, NaOH (1M) was added to elevate the
pH of the solution to approximately 10, vortexing in between. Once no particles were
visible by naked eye, the pH was neutralized back to pH≈ 7, by adding HCl (1M). The
resulting solution was then sterilized by passage through a 0.22µm syringe filter and
stored protected from light in the fridge. On the day of the experiment, this solution was
diluted into DMEM to achieve the concentration of 8mM. [62]

BPA solution (protocol used for the experiments performed in Pavia):
For the in-vitro irradiation experiments conducted in Pavia, BPA was directly dissolved
in DMEM without other agents. The mass of BPA powder (mBPA) required to achieve the
target concentration was calculated according to the following formula:

C =
mBPA

MBPA
·

1
VDMEM

(3.9)

where:

• C is the target molar concentration (M),

• mBPA is the weighed mass of 10B-BPA powder (mg),

• MBPA is the molar mass of 10B-BPA (= 208.21g ·mol−1),
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• VDMEM is the volume of DMEM used as the solvent (mL).

The weighted BPA powder was transferred into a 15 mL Falcon tube, where also the
predetermined volume of DMEM was added. To facilitate the mixing of the solution, for
practical convenience, the volume of the solvent was set to 15mL during the calculation
of the mBPA, as filling the tube near maximum capacity significantly reduced the formation
of bubbles due to trapped air or foaming during the mixing process. The solution was
mixed by a combination of mechanical agitation, alternating between vigorously manual
shaking and vortex mixing, and thermal incubation, in a 37 ◦C water bath, until particles
were no longer visible to the naked eye. The solution was then centrifuged to verify that
the powder is indeed dissolved, if no residual undissolved solute was shown as a pellet.
Finally, the solution was filtered through a 0.22µm filter, to ensure biological sterility, and
was stored protected from light in the fridge [64].

3.2.3.2 Cytotocixcity of BPA

The cytotoxicity of the BPA solution in PANC-1 spheroids was quantified using the
CyQUANT TM LDH Cytotoxicity Assay (Invitrogen, Cat.No. C20301) according to the
manufacturer’s protocol. This assay evaluates cytotoxicity by measuring lactate dehydro-
genase (LDH), a cytosolic enzyme released into the extracellular medium, when the cell
membrane is damaged, using colorimetric detection on microplate readers [76].

Samples were prepared as follows:

• BPA-treated LDH activity: spheroids after 2 and 4 hours of incubation with BPA-
Fructose solution;

• Spontaneous LDH activity: spheroids in filtered, normal complete medium, acting
as control;

• Maximum LDH activity: spheroids with 20µL of 10X of lysis buffer added, acting
as killed control.

After following the procedure of the manual, the absorbance was measured on a SPEC-
TROstar Nano microplate reader, at λ=490nm substracting the background of λ=680nm.

To calculate the cytotoxicity the following formula was used:

% Cytotoxicity=
�

BPA-treated LDH activity− Spontaneous LDH activity
Maximum LDH activity− Spontaneous LDH activity

�

× 100 (3.10)

3.2.3.3 Boron Uptake Studies in in-vitro 2D and 3D models

The intracellular distribution of 10B within tumors is affected by the spatial organization of
the cells, ultimately impacting the efficacy of the BNCT treatment [15]. Thus, examining
the uptake difference between 3D spheroids and 2D monolayers is crucial.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS):
To evaluate the 10B uptake, 3D spheroids and 2D monolayers were analyzed on day 5 and
day 6 post-seeding, respectively.

Following different incubation times with the 10B-BPA solution, samples were collected,
processed and prepared for ICP-MS, a gold standard method for 10B quantification in
BNCT.
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In this method, the liquid sample is vaporized by a nebulizer and introduced into an argon
plasma operating at temperatures up to 10,000 K. The plasma atomizes and ionizes the
sample, to positively charged ions. These ions are sampled through a vacuum chamber
consisting of a sampling cone and skimmer, to an ion optics system that focuses them
into a quadrupole mass analyzer that separates the ions according to their specific mass-
to-charge ratio (m/z). Finally, the separated ions are measure at an ion detector, which
converts each physical ion impact into an electric signal. The resulting electrical pulse
rate is directly proportional to the isotopic concentration of the target element in the
original sample [77].

Figure 3.7: Schematic diagram of an inductively coupled plasma mass spectometer [78].

The sample preparation procedure is the following:

1. 2D monolayers and 3D spheroids were incubated under standard conditions (37◦C,
5% CO2) with 4mM 10B-BPA for either 2h or 4h. Controls were maintained in
standard complete culture medium.

2. After incubation: 2D cell culture medium was aspirated and the cell monolayer was
washed with PBS, detached using 0.25% trypsin, neutralized with fresh medium
and centrifuged at 260 g for 10 minutes. The 3D spheroids with the incubation
medium were transferred to falcons and centrifuged at 260 g for 10 min. Each falcon
contained the spheroids collected from two 96-well plates, which is approximately
192 spheroids per falcon. After removing the liquid, the pellet was washed with
PBS and transferred to a new 15mL falcon.

3. The cells and spheroids were then washed three times, by adding 1mL of PBS in
each falcon followed by centrifugation at 300g for 5 minutes, to eliminate any
extracellular BPA.

4. All the falcons used were weighted prior to sample addition. After the final PBS
wash, the PBS was aspirated and the pellet’s weight was calculated (by removing
the initial weight of each empty falcon from the total final weight).

5. 1mL of concentrated HNO3 was added in the pellet of each falcon under the fume
hood and was left there for 1.5h, to stabilize elements in solution.
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6. All falcons were then stored in refrigerated conditions (4 ◦C) until the ICP-MS
analysis.

The measurements were conducted by the inductively coupled plasma mass spectrom-
eter (Perkin Elmer Elan DRC-e) of the Laboratory of Analytical Atomic Spectrometry,
Department of Analytical Chemistry, Faculty of Chemistry of the Jagiellonian University.

Qualitative Neutron Autoradiography:
A preliminary attempt to evaluate qualitative the spatial distribution of 10B was performed
on spheroids using neutron autoradiography, a well known technique for 10B quantification
in BNCT, particularly developed in the Physics Department of the University of Pavia.
The spheroids were embedded in Optimal Cutting Temperature (OCT) compound, a
water-soluble gel used to embed and freeze 3D biological samples for cryostat sectioning,
to then use for the autoradiography.

Neutron autoradiography is a technique used to detect the presence of nuclei that absorb
neutrons and release charged particles, employing a CR-39 Solid State Track Detector
(SSTD). In this case, the alpha particles and Li-ions emitted from the capture reaction of
the thermal neutrons with the 10B, create latent tracks in the detector. Through optical
microscopy, these tracks can be visualized and offer an indirect information on the amount
and spatial distribution of the 10B present in the sample.

To prepare the OCT-embedded spheroids the following protocol was followed:

1. The medium was removed from the wells of spheroids on day 5 post-seeding, and
100µL of BPA 4mM solution was added to each well. The 96-well plates were then
incubated for 2 hours under standard conditions (37◦C, 5% CO2). For the control
spheroids, the medium was replaced with fresh complete medium.

2. After the incubation, the spheroids were washed twice with PBS, fresh medium
was added, were transferred in a 15mL falcon and centrifuged at 100 rpm for 10
minutes to avoid spheroids disgregation. Then, the supernatant was removed, and
50µL of fresh medium was added to resuspend the spheroids gently.

3. For the mixing of spheroids and the OCT two methods were developed:

(a) 200µL of OCT gel was aspirated in a P1000 pipette cut tip. The spheroids
were then aspirated with another pipette and dispensed directly in the tip
containing the OCT, while mixing slightly.

(b) 250µL of OCT gel was dispensed in the falcon containing the spheroids, while
gently mixing. The mixture was then aspirated using a P1000 pipette cut tip.

4. The tips containing the OCT and spheroids (shown in Fig.3.8) were placed horizon-
tally in contact with ice packs for fast freezing. After the OCT was frozen, the tips
were stored at −20◦C.

5. The samples were then cryosectioned (thickness: 60µm) at the Mario Negri Institute
for Pharmacological Research (IRCCS) in Milan, Italy, using a Leica CM 1850 UV
cryostat.
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Figure 3.8: Spheroids embedded in an OCT matrix at room temperature.

The cell samples were deposited on CR-39 and dried either through air-drying at room
temperature or by lyophilization. They were then irradiated in the thermal column of
the TRIGA Mark II reactor of the University of Pavia for 2h with an estimated mean
neutron flux of (2×109)n/cm2s, at reactor power 250kW. After irradiation, the CR-39 was
chemically etched using a NaOH 6.25N at 70°C for 15min, and subsequently washed with
cold water. The chemical reactions induced by the solution are faster in correspondence
of the damages, allowing a visualization of the tracks that become larger.

3.2.4 Irradiation Experiments

3.2.4.1 Radiation Facilities

Figure 3.9: (a) The TRIGA Mark II reactor at L.E.N.A., Pavia. (b) Cherenkov light torch illuminating
the reactor core when operating above 100 kW.

The TRIGA Mark II nuclear research reactor of LENA at the University of Pavia was
installed in 1965. It is a pool-type reactor, cooled and partly moderated by light water. Its
fuel consists of a homogeneous mixture of uranium and zirconium hydride, providing a
prompt negative temperature coefficient. It operates at a maximum steady-state power of
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250kW [79], [80]. The neutron irradiation experiments of this thesis were conducted
inside the thermal column of the reactor.

Figure 3.10: The thermal column (blue) of the TRIGA Mark II reator at LENA.

The carbon-ion irradiation experiments were carried out at the National Center for On-
cological Hadrontherapy (CNAO) in Pavia. The CNAO synchrotron is designed as a ring
with a 25-meter diameter and 80-meter circumference. It is the only center in Italy, and
one of six worldwise, delivering both proton and carbon-ion hadrontherapy. Furthermore,
through the ongoing collaboration between CNAO and TAE Life Sciences (TLS), and the
PROGRESS BNCT@CNAO project, a neutron beam accelerator will be installed at CNAO
in the near future, designed for clinical and research activities, making it potentially the
first center in the world offering all three. [81]

Figure 3.11: The CNAO hadrontherapy synchrotron facility in Pavia.
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3.2.4.2 Sample Seeding and Pre-Irradiation Conditioning

Cells were seeded five days prior to exposure. For the 2D monolayer experiments, cells
were seeded in T-25 culture flasks at a density of 70000 cells per flask, to achieve approxi-
mately 60% confluence on the day of irradiation. For the 3D tumor spheroid experiments,
cells were seeded into 96-well U-bottom plates at a density of 2000 cells per well.

For the BNCT experiments, on day 5 post-seeding, the cell cultures were incubated with
complete culture medium containing 4mM 10B-BPA for the planned amount of time.
Control cultures were maintained in standard boron-free complete medium for matching
incubation intervals. Following the BPA incubation, the medium was aspirated, and all
flasks and wells were washed 3 times with PBS, to remove any extracellular boron.

Then, flasks and wells were completely filled with non-complete DMEM (20mL per T-25
flask, and 200µL per well). This is done in order to simulate better the dose-composition
received by a tumor in a real patient, which has a lot of water equivalent material
surrounding the tumor. Another reason, is to maintain as equal as possible the irradiation
conditions of C-ions, in which the flasks are filled completely with ∼60ml, to satisfy CPE
conditions during exposure:

(Ein)c = (Eout)c (3.11)

where (Ein)c and (Eout)c are defined as the total kinetic energy of secondary charged
particles entering and exiting the volume of interest, respectively. Since by increasing
the volume of medium, the gamma dose is also increasing, the 20mL is adopted as an
intermediate solution.

3.2.4.3 Irradiation Protocols

The non-irradiated control samples were prepared in the same manner and underwent
identical conditions outside of the incubator as the irradiated ones.

Neutron Irradiations at LENA: Neutron exposure was conducted at a reactor power of
60kW. Two different irradiation experiments took place, as shown in Table 3.3. During
the first one (BNCT1), samples were incubated for 2 hours with or without 4mM BPA and
exposed to the thermal neutron field for 5min or 10min, including also a non-irradiated
control. BNCT1 was a preliminary test of the biological effectiveness, thus only one
biological replicate was used. On the other hand, for the second experiment (BNCT2),
samples were evaluated across three biological replicates, meaning 3 groups of cells
cultured independently for at least two passages prior to seeding, to accumulate more
solid statistics. Exposure time of 5min following either 2h or 4h of BPA incubation were
compared, alongside boron-free neutron controls (5min with no BPA) and non-irradiated
controls (0min).

Carbon-Ion Hadrontherapy at CNAO: 2D monolayers and 3D spheroids were exposed
to C-ion beams at doses of 0 (non-irradiated control), 1, 2, and 4 Gy, for three biolog-
ical replicates each (a, b, c). The clinical beam was utilized with a spread-out Bragg
peak (SOBP) by modulating energies between 246-312 MeV/u. The flasks and plates
were placed in the middle of the SOBP, corresponding to a dose-averaged LET of about
45keV/µm.
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Combined BNCT and C-ion Exposure: To evaluate the potential synergistic or additive
effects between BNCT and C-ion radiotherapy, the dual-modality irradiation was executed
as follows. On day 3 post-seeding, the cells received a 2Gy C-ion irradiation at CNAO. After
a 50-hour window, on day 5 post-seeding, they were exposed at the LENA reactor under
5min neutron exposure following either 2h or 4h incubation with 4mM BPA, including
also a control condition with 0min irradiation.

Table 3.3: Summary of the experimental irradiation conditions.

Experiment BPA Incubation Neutron Field C-ion Dose
(4mM) (60 kW)

BNCT 1
— 0 min —
2h 5 min —
2h 10 min —

BNCT 2
— 0 min —
2h 5 min —
4h 5 min —

C-ion

— — 0Gy
— — 1Gy
— — 2Gy
— — 4Gy

Combination
— 0 min 2Gy
2h 5 min 2Gy
4h 5 min 2Gy

3.2.4.4 Post-Irradiation Analysis

2D cultures

After the radiation delivery, the irradiated medium was removed, cells were washed with
PBS, harvested via trypsinization, and counted to seed the clonogenic survival assays.

Clonogenic Assays and Surviving Fraction: Clonogenic assay is an in vitro cell survival
assay that quantifies the ability of a single cell to proliferate, growing into a colony, over
a predetermined post-irradiation interval. A colony is defined as a group of at least 50
cells. Clonogenical death is defined as the permanent loss of a cell’s capacity to divide
indefinitely and produce a colony [82].

The assay involves plating cell suspensions at very low cellular densities into culture
flasks, therefore after the viable cells were counted using the Bürker chamber with Trypan
Blue 1:1 dilution, the required seeding volume was calculated and seeded in T-25 flasks
with complete medium. Depending on the radiation dose received, cell numbers ranged
between 250-1500cells/flask, with cell numbers adjusted upward as a function of the
delivered radiation dose to ensure statistically meaningful colony generation. Maintaining
low initial density is critical to avoid colony overlap and ensure colony formation arises
from isolated, single cells. When the required seeding volume was < 100µL, up to
three consecutive 1:5 dilutions were performed (1 mL cell suspension into 4 mL medium)
to keep the final pipetting volume within a reliable range between 100 and 1000µL.
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The flasks were gently agitated and then placed in the incubator, where they remained
undisturbed for 10 days. At the endpoint, flasks were fixed using 2mL of ethanol 70% on
each flask for 10 min. The ethanol fixes the cells and permeabilizes the cell membranes,
allowing the dye solutions to penetrate into them. After removing the ethanol, 2mL of
Giemsa dye was added in each flasks for 10 min. The dye was subsequently removed,
and the plates were washed gently with distilled water 3 times and air-dried at room
temperature. The colonies were then counted.

The plating efficiency (PE) is a standard method used to evaluate the clonogenic capability.
After an incubation period T, the PE is determined according to:

PE=
Ncolonies

Nseeded
(3.12)

where Ncolonies is the number of scored colonies formed at time T , and Nseeded the initial
number of seeded cells.

It is important to note that even for the control group this value is less than 100%, as
cells undergo different types of stress, also during the plating efficiency protocol itself, in
processes such as centrifugation or also cell seeding in such low density in a flask.

The surviving fraction (SF) at a given physical dose D is normalized to the non-irradiated
control:

SF(D) =
PE(D)
PE(0)

(3.13)

where PE(0) represents the plating efficiency of the unexposed control (0Gy or 0 min).

The SF curve with respect to the dose was then plotted for every irradiation type and
fitted to the linear-quadratic model as described in Eq.3.5.

3D Spheroids

Immediately following radiation delivery, the irradiated medium was completely removed
and replaced with 200µL of fresh complete culture medium per well. Plates were then
returned to the incubator (37 ◦C, 5%CO2), and they were being followed for 10 days after
irradiation, by pictures taken using optical microscopy. The acquired images were then
processed and analyzed using macros on Fiji. To visualize the effect that each irradiation
condition had on the size of the spheroids over time, the graph of the radius with respect
to the days after irradiation was plotted for each condition. All values were normalized by
the measurements of the day before irradiation, to ensure the results were not absolute
but relative to the initial size of the samples, accounting for the natural variability in
dimensions observed in biological specimens [83].

The percentage of the size regression of the spheroids, based on measurements of the
radius (R), and the percentage of boron enhancement between the same conditions with
and without BPA, were calculated using the following formulas:

%regression =

�

1−
Rfinal day

Rday−1

�

× 100 (3.14)

%B-enhancement =

�

1−
Rnorm (BPA)

Rnorm (n)

�

× 100 (3.15)
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where Rfinal day is the radius on the final day of following the spheroid post irradiation,
Rday−1 is the radius on the day before irradiation, Rnorm (BPA) the normalized radius for
spheroids treated with BPA and Rnorm (n) the normalized radisu for spheroids exposed to
neutron irradiation without prior BPA incubation.

3.2.4.5 Statistical Analysis

Statistical analysis was performed using a one-way ANOVA, followed by Tukey’s HSD
post-hoc test for multiple pairwise comparisons. Adjusted p-values are reported as: *
p < 0.05, ** p < 0.01, and *** p < 0.001. All the statistical tests were performed using
the open source software R, version 4.6.1.
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Results and Discussion

4.1 Computational Results

The dose rates results explained in Section 3.1.3, for all dose components, are presented
in the following table:

Table 4.1: MCNP6 simulation dose rates results and associated relative errors scored in
3D tumor spheroids irradiated in the thermal column of the Pavia TRIGA Mark II reactor.

Dose Component Spheroid Region
Center Well Edge Well

Dose [Gy/s] Rel. Err. Dose [Gy/s] Rel. Err.

DB

(per 1 ppm of 10B)
Core 3.38× 10−4 3.83% 3.87× 10−4 3.70%
Shell 3.44× 10−4 3.50% 3.19× 10−4 3.19%

DN
Core 6.98× 10−4 3.83% 8.01× 10−4 3.70%
Shell 7.12× 10−4 3.50% 7.87× 10−4 3.19%

DH
Core 0.45× 10−4 11.09% 0.53× 10−4 9.96%
Shell 5.10× 10−4 92.07% 0.50× 10−4 11.30%

Dγ
* Core 3.31× 10−4 17.89% 2.36× 10−4 26.53%

Shell 3.19× 10−4 25.61% 2.21× 10−4 26.41%
* Converted from total deposited energy scored via tally *F8 (MeV/particle) using the respective mass
(mcore = 9.759× 10−5 g, mshell = 8.459× 10−5 g).

It is observed that there is a difference in the dose rates received across the plate geometry,
as the dose rates of the edge well, that is closer to the lateral walls of the thermal column
cavity, tend to be higher for DB and DN , compared to the central well. The increased
doses could be attributed to the higher flux, as the in-air neutron flux is less attenuated
on the edges of the plate compared to the central region. This was shown in [79], by the
parabolic profile exhibited of the thermal neutron flux in tissue equivalent material, after
measurements conducted in the thermal column of the Triga Mark II reactor, validated by
MCNP simulations.

From the dose rates of table 4.1, the total doses were calculated using Eq.3.3. The boron
concentration values from the ICP-MS results (table 4.3) were used for the calculations.
For the proliferating shell the boron concentration used was normalized using Eq.4.1,
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assuming that the boron concentration is strictly accumulated within it. For the necrotic
core, the boron concentration of the control sample with no BPA was used, following the
same assumption.

Table 4.2: Total absorbed dose calculation results (Dtot ± SD in Gy).

Spheroid Well Neutron Neutron + BPA

Region Position 0m_n 5m_n 10m_n 0m_2hBPA 5m_2hBPA 5m_4hBPA 10m_2hBPA
[Gy] [Gy] [Gy] [Gy] [Gy] [Gy] [Gy]

Shell
Center 0 ±0 0.5 ±0.1 0.9 ±0.3 0 ±0 0.7 ±0.1 0.8 ±0.1 1.4 ±0.3
Edge 0 ±0 0.32 ±0.02 0.63 ±0.04 0 ±0 0.59 ±0.02 0.69 ±0.02 1.19 ±0.04

Core
Center 0 ±0 0.32 ±0.02 0.64 ±0.04 0 ±0 0.32 ±0.02 0.32 ±0.02 0.65 ±0.04
Edge 0 ±0 0.33 ±0.02 0.65 ±0.04 0 ±0 0.33 ±0.02 0.33 ±0.02 0.66 ±0.04

The doses of the samples without BPA, are slightly increasing with irradiation time,
establishing the background radiation baseline of the experiments. Compared with the
spheroids irradiated with the neutron beam for the same amount of time but following
BPA incubation, the doses of the latter are higher. There is also a slight increase observed
with the BPA incubation time.

It should be noted that, while computational dosimetry was performed at representative
edge and central wells, the spheroids analyzed were distributed across the entire 96-well
plate. Consequently, this spatial dose inhomogeneity is averaged out across all wells, and
it contributes to the overall experimental uncertainty of the results.
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4.2 Experimental Results

4.2.1 Spheroid Characterization

4.2.1.1 Size and shape assessment

Figure 4.1: PANC-1 tumor spheroid on days 1-5 after seeding, with different magnifications (x4, x10,
x20).

Shown in Figure 4.1, is the same PANC-1 spheroid monitored over five consecutive
days after seeding, with three different magnifications. The apparent differences in
orientation between the acquisition days are due to possible rotational variations during
the repositioning of the camera.

Over the five-day observation period, the cell cluster exhibits progressive compaction,
developing a rounder, more regular geometry with increasingly defined outer margins.
Concurrently, the core becomes visibly darker due to the heightened cellular density, and
there is a gradual loss of distinguishable single-cell boundaries. After its compaction into
a solid shape, in day 3 post-seeding, we observe a gradual increase of the spheroid’s size.

Quantifying the observations of the followed spheroids, Figures 4.2 and 4.3 were plotted.
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Unless otherwise specified, lines connecting discrete data points in all plots in this section
are intended as visual guides to the eye and do not represent theoretical fits.

Figure 4.2: Spheroid radius sizes over 5 consecutive days from the day of seeding.

Figure 4.3: Spheroids shape parameters (circularity and solidity) over 5 consecutive days from day of
seeding.

Over the first three days, the radius sizes of the spheroids, derived from the surface
area measurements, are shrinking steadily, showcasing the compaction. After day 3
post-seeding, the spheroid radii start increasing. Simultaneously, both circularity and
solidity (Eq. 3.6, 3.7) are progressively increasing. This pattern indicates that the loose,
irregular clusters of cells exhibited in the initial days of seeding, gradually reorganized
into a denser, smoother, and more spherical mass.

The suggested range of diameters for conducting experiments with spheroids is (300–500)µm
[74]. Based on the data acquired at this stage, we conducted the following irradiation
experiments with spheroids at day 5 post-seeding.
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4.2.1.2 Spheroid Imaging

Figure 4.4: Confocal laser scanning microscopy of a PANC-1 spheroid, combined with live/dead
fluorescent staining. Captured at 10x magnification.

The resulting imaging confirmed a viable outer shell of proliferating cells surrounding
a necrotic core, a characteristic feature of spheroid models and an indication of their
increased physiological relevance compared to conventional monolayer cultures.

It should be noted that the Fig.4.4 does not show the entire spheroid structure, but only a
layer of cells. To show this, a 3D representation of the spheroid is depicted below:

Figure 4.5: 3D representation of a PANC-1 spheroids after confocal laser scanning microscopy,
combined with live/dead fluorescent staining. Captured at 10x magnification.
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The percentage of the proliferating outer shell compared to the necrotic core was calculated
as (46±14)%, using Eq.3.8, with the radius of the whole spheroid measured as (346±1)µm
and the radius of the necrotic core as (282± 1)µm.

A direct measurement of the core and total radii in Fiji provided a baseline fraction
of (46±1)%. However, comparative analysis revealed that the segmented volume is
substantially dependent on the binarization cutoff and the selected z-stack slice. To avoid
underestimating systematic errors from methodological variances, the uncertainty was
set to ±14%, corresponding to the maximum deviation observed across independent
segmentation approaches, reflecting the calculated volume’s sensitivity of the proliferating
shell boundary definition.

These results were used during the MCNP6 simulation, to construct the geometry of the
simulated spheroids.

4.2.2 Boron Uptake Studies

4.2.2.1 Cytotoxicity of BPA

Mean absorbance values for spheroids incubated with BPA for 2h and 4h were identical
(0.125± 0.003 and 0.125± 0.002 respectively) and matched the value of the untreated
control (0.125±0.002). These results confirm that BPA alone does not induce any cytotoxic
damage or compromise cell membrane integrity during the typical pre-irradiation uptake
period. However, relative percentage cytotoxicity could not be calculated using Eq. 3.10
because the maximum-LDH activity killed control, treated with the lysis buffer, failed to
achieve complete cell death (0.15± 0.01), even though it is stated in the manual that
the test can be used in 3D cell models. This limitation stems from the tight intercellular
junctions and dense extracellular matrix characteristics of 3D spheroids, which restrict
compound penetration and hinder the diffusion of intracellular LDH into the culture
medium. Nonetheless, the results definitely demonstrate the non-toxic profile of BPA prior
to neutron irradiation. Further replicas and tests are currently undergoing, in particular
to evaluate possible mechanical dismantling processes on the spheroid structure before
the reagent treatment to better allow its penetration in the whole cell population.

4.2.2.2 Boron Uptake Studies in in-vitro 2D and 3D models

Inductively Coupled Plasma Mass Spectrometry (ICP-MS):
The quantification of 10B uptake by ICP-MS revealed significant differences between 2D
and 3D models, as shown on Table 4.3. In 2D monolayers, boron concentrations reached
(15.09± 0.05)µg/g at 2h, and were increased by ∼ 10% up to (16.56± 0.06)µg/g at 4h.
Generally, the concentrations were a bit lower than the sufficient quantity for effective
therapeutic treatment (≈ 109 10B atoms/cell or 20 µg/g of tissue [84]). On the other
hand, 3D spheroids exhibited boron levels of (1.12± 0.02)µg/g and (1.51± 0.02)µg/g
measured at 2h and 4h, respectively. While 3D uptake was time-dependent, showing a
∼ 36% increase from 2h to 4h, the overall accumulation was approximately an order of
magnitude lower than in monolayers.
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Table 4.3: ICP-MS results of 10B uptake in 2D cell monolayers and 3D tumor spheroids
following BPA incubation.

Culture Condition Sample Mass 10B Conc. SD SEM
Model [g] [µg/g] [µg/g] [µg/g]

2D Monolayer
Untreated Control 0.0845 0.000 — —
2 h BPA 0.0805 15.09 0.07 0.05
4 h BPA 0.0980 16.56 0.09 0.06

3D Spheroid
Untreated Control 0.0580 0.006 — —
2 h BPA 0.0335 1.12 0.03 0.02
4 h BPA 0.0340 1.51 0.03 0.02

The apparent discrepancy between the 10B concentration observed in 2D monolayers and
3D spheroids reflects the critical role of the 3D architectural barriers, including restricted
diffusion and poor transport within an organized tumor architecture, and highlights how
2D assays overestimate boron carrier delivery relative to solid tumor tissue.

Cellular uptake of BPA is mainly dependent on the L-type amino acid transporter 1 (LAT1,
SLC7A5) [85]. LAT1, is a cell membrane transporter of essential amino acids [86],
demonstrating an overexpression in multiple tumors due to the increased need for amino
acids from proliferating tumor cells, including pancreatic cancer [87]. Regarding 3D
PANC-1 spheroids, live/dead fluorescence imaging (Section 3.2.2.2), demonstrated PI
accumulation restricted to the central core, confirming loss of membrane integrity and
necrosis. Therefore, it is reasonable to assume that LAT1 function is compromised in
the core, due to the non-intact cell membranes. Hence, the direct accumulation of 10B is
assumed to be effectively confined to the viable, proliferating outer shell, where it can be
transported via the LAT1. Consequently, the ICP-MS measurements underestimate the
real values within viable cells, as in the spheroids case the sample is not homogeneous,
and the analysis averages the boron mass over the entire spheroid volume, diluting the
apparent concentration across the non-accumulating necrotic core.

To account for this assumption, that active BPA internalization is strictly localized to the
viable outer shell and negligible in the necrotic core, the effective 10B concentration in
the shell (Cshell) was estimated by normalizing the ICP-MS concentration by the measured
shell volume fraction:

Cshell =
C

fshell
(4.1)

where fshell = 0.461±0.14 (46±14%) represents the viable volume fraction derived from
the confocal microscopy measurements (Section 4.2.1.2).
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The results are presented in the following table 4.4, compared to the results of the initial
bulk concentrations measured by ICP-MS (shown in table 4.3):

Table 4.4: Comparison between the initial bulk 3D ICP-MS 10B concentrations (measured
across the whole spheroid volume) and the concentrations normalized to the viable
proliferating shell in 3D PANC-1 tumor spheroids [mean ± SD].

Incubation Condition C Cshell
[µg/g] [µg/g]

Untreated Control 0.006 0.006
2 h BPA 1.12± 0.03 2.4± 0.2
4 h BPA 1.51± 0.03 3.3± 0.2

Accounting for the non-accumulating necrotic core increases the effective 10B concen-
tration in the viable proliferating shell. These corrected values reflect the biologically
relevant 10B concentration and were implemented in the dose calculation in Section 4.2.3.

Qualitative Neutron Autoradiography:

Approximated co-localization of the autoradiography samples was performed with histo-
logical sections stained with hematoxylin and eosin (Fig. 4.6).

Figure 4.6: 3D PANC-1 spheroids embedded in OCT (a) Histological staining with hematoxylin and
eosin (b) Autoradiography after BPA incubation using an air-dried sample.

Perfect correspondence between the histological sections and the neutron autoradiography
is constrained by the physical slicing of the OCT-embedded spheroid sample. In particular,
cellular histology required 20µm slice thickness, while the autoradiography 60µm. As
a result, since the two sections are consecutively obtained, they are capturing different
depths of the spheroids, and this depth difference justifies the observed deviations between
them.
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The qualitative neutron autoradiography confirmed a substantial difference in 10B uptake
in BPA-incubated spheroids compared to untreated controls (Fig. 4.7).

Figure 4.7: Neutron autoradiographies of an air-dried sample of 3D PANC-1 spheroids embedded in
OCT (a) after 2h incubation with BPA 4mM, (b) control with no BPA.

Control samples appeared dark, exchibiting only bright background protons tracks from the
14N(n,p)14C reaction of nitrogen in the air. In contrast, BPA-treated spheroids displayed a
high, bright track density due to the high-LET 10B(n,α)7Li reaction products, confirming
the boron delivery step.

However, the boron signal was not confined within the anatomical borders of the spheroid,
extending beyond them into the surrounding OCT medium. This spatial broadening is
indicative of BPA leaching from the tissue into the embedding matrix. This phenomenon
aligns with the observations of a recent quantitative LA-ICP-MS imaging study on tumor
spheroids incubated with BPA [88], which reported peripheral boron signal at the spheroid
boundary reaching an average of 85% of the maximum intraspheroid signal in OCT em-
bedded spheroids, with a secondary signal peak of 37% detected approximately 1000µm
from the spheroid center, consistent with diffusion to neighboring spheroids. This is due
to boron’s solubility and limited intracellular binding, making it highly susceptible to
redistribution via diffusion and leaching into the matrix during sample preparation.

As additionally demonstrated by [88], freeze-drying the samples after cryosectioning
preserves signal intensity and spatial fidelity, with an increase in mean signal (∼30% )
and improved contrast relative to frozen, non–freeze-dried samples. Based on this, we
hypothesize that BPA leaching occurred during the drying process at room temperature,
during which BPA dissolved in the aqueous part of the spheroid diffused inside but also
outside the spheroid into the surrounding OCT.

Further studies are currently being conducted, evaluating lyophilization as an approach of
the sample’s drying process, as opposed to air-drying at room temperature, in order to test
if it can mitigate the BPA spreading beyond the spheroid structure. Preliminary results of
this approach are shown in Fig.4.8. Images were acquired using a phase contrast optical
microscope and a Leica MZ16A stereomicroscope.
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Figure 4.8: Neutron autoradiographies of a freeze-dried sample of 3D PANC-1 spheroids embedded in
OCT after 2h incubation with BPA 4mM captured by (a) an optical microscope and (b) a

stereomicroscope

Although minor leaching beyond the spheroid perimeter is still observed with freeze-
drying, the boron signal is no longer uniformly smeared across the entire spheroid volume,
in contrast to Fig. 4.7. The presence of a darker central core surrounded by a brighter
peripheral halo suggests a marked improvement in preserving localized boron distribution,
marking the lyophilization approach as particularly promising.
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4.2.3 Radiobiological Response of PANC-1 2D Monolayers and 3D
Spheroids to Neutron, BNCT, C-ion, and Combined Irradiation

4.2.3.1 2D Cultures

Following the clonogenic assay procedure explained in Section 3.2.4.4, the SF were
calculated for each irradiation modality using Eq.3.13. The results are displayed in the
table below:

Table 4.5: Clonogenic surviving fraction and delivered physical absorbed doses in 2D
PANC-1 cell monolayers.

Radiation Modality Dose (D) [Gy] Surviving Fraction (SF ± SD)

C-ions

0 1.0± 0.3
1 0.6± 0.1
2 0.5± 0.2
4 0±−

Neutrons

0m_n: 0±− 1.0± 0.2
5m_2h_n: 0.5 ±0.05 0.7± 0.1
5m_4h_n: 0.5 ±0.05 0.3± 0.2
10m_n: 1.1 ±0.05 0.43± 0.04

Neutrons + BPA
(BNCT)

0m_2hBPA: 0±− 1.0± 0.2
5m_2hBPA: 1.9 ±0.2 0.02±−
5m_4hBPA: 1.9 ±0.2 0±−

10m_2hBPA: 2.1 ±0.2 0.019± 0.004

Combination
(C-ions + BNCT)

2 Gy + 0m_2hBPA: 2±− 3.7± 0.4
2 Gy + 5m_2hBPA: 3.9 ±0.2 0±−
2 Gy + 5m_4hBPA: 3.9 ±0.2 0±−

The absorbed doses for the 2D cell monolayer neutron and BNCT irradiations were
obtained from prior computational simulations at the thermal column of the TRIGA Mark
II reactor [64], upon whose model the present 3D spheroid simulation geometry was
developed.

Values of SF=3.7 and SF=0 in the case of the combined modality and BNCT, could be
attributed to seeding errors or cell counting inaccuracies. This reflects a crucial limitation
of clonogenic assays, which require a balance between underseeding, not seeding sufficient
cells for colony formation, and overseeding, causing colony overlap.

4.2.3.2 3D Spheroids

Utilizing Eq.3.14, the normalized radius (Rnorm) and the shrinkage of the spheroids were
quantified for all the different irradiation conditions, with their corresponding errors. In
addition, the growth curves of the spheroids are presented as the normalized radius in
relation to the days post-irradiation. The mean value of that day with the corresponding
standard error is shown in all graphs.
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BNCT experiment 1: The spheroids were incubated for 2 hours with or without 4mM
BPA and then exposed to the thermal neutron field for 5min or 10min. The results of their
radius regression post-irradiation are shown below. Measurements of 12 spheroids, on
average, were used for each irradiation condition.

Table 4.6: BNCT 1: Normalized radius (Rday10/Rday−1) and spheroid regression across
different irradiation times with and without BPA.

Condition Irradiation Time Total Spheroid Dose (Gy) Rnorm Regression (%)

n 0 min 0 0.79± 0.05 21± 5
5 min 0.71± 0.08 0.96± 0.08 4± 8
10 min 1.4± 0.2 1.13± 0.08 −13± 8

BPA + n 5 min 0.98± 0.09 0.6± 0.1 38± 10
10 min 2± 0.2 0.90± 0.10 10± 10

Figure 4.9: Normalized radius of spheroids irradiated with neutrons with and without BPA, with
respect to the irradiation time.

From Fig.4.9 it can be shown that the level of shrinkage of the size of the spheroid
after neutron irradiation at a corresponding time with BPA is higher compared to just
neutron irradiation without BPA. This showcases the increased biological effectiveness of
combining the two. The higher normalized radius observed at 10 minutes irradiation is
likely an artifact of the limited sample statistics, combined with the radiation-induced
damage to the cell, reducing the spheroid’s compactness and producing peripheral debris
that may have been misinterpreted during the analysis as an increase of the radius.

BNCT experiment 2: Spheroids were exposed to the thermal neutron beam for 5
minutes, after incubation of either 2 or 4 hours of BPA, for three biological replicates (a,
b, c). The results of the radius regression of the spheroids are shown below. On average,
measurements of 6 spheroids per biological replicate, were used for each irradiation
condition.
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Table 4.7: BNCT 2: Normalized radius (Rday9/Rday−1) and regression across biological
replicates (a, b, c) under various incubation and exposure conditions.

Condition
Irradiation/

Incubation Times
Total Spheroid

Dose (Gy)
Bio

Replicate
Rnorm Regression (%)

a 1.00± 0.07 0± 7
n 0 min 0 b 0.77± 0.03 23± 3

c 0.84± 0.05 16± 5

a 0.88± 0.03 12± 3
BPA + n 0 min 0 b 0.88± 0.02 12± 2

c 0.94± 0.03 6± 3

a 0.80± 0.07 20± 7
n 5 min (2 h) 0.71± 0.08 b 0.84± 0.04 16± 4

c 0.97± 0.05 3± 5

a 0.58± 0.03 42± 3
BPA + n 5 min (2 h) 0.98± 0.09 b 0.65± 0.06 35± 6

c 0.65± 0.07 35± 7

a 0.94± 0.07 6± 7
n 5 min (4 h) 0.71± 0.08 b 0.87± 0.03 13± 3

c 0.89± 0.03 11± 3

a 0.58± 0.01 42± 1
BPA + n 5 min (4 h) 1.07± 0.09 b 0.60± 0.03 40± 3

c 0.66± 0.04 34± 4

Graphs showing the evolution of normalized radius over time post-irradiation, for neutron
irradiation with or without BPA, across the different irradiation conditions, are shown
below.

Figure 4.10: Normalized Radius of spheroids irradiated with neutrons, with respect to the days
post-irradiation. [mean ± SEM]
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Figure 4.11: Normalized Radius of spheroids irradiated with neutrons after incubation with BPA,
with respect to the days post-irradiation. [mean ± SEM]

In the neutron irradiation radius evolution curve (Fig.4.10), we observe a minimum of
the normalized radius between days 5-7, followed by a recovery or stabilization by day 9.
On the contrary, in case of BPA incubation prior to the neutron irradiation (Fig.4.11), the
size regression of the spheroids is not fully stabilized by day 9 post-irradiation.

Figure 4.12: Comparison of the normalized radius of spheroids irradiated with 5 min neutron
irradiation with and without a 2h incubation with BPA, as a function of the days post-irradiation.

A direct comparison of the 5min neutron irradiation modalities are shown in Fig.4.12,
with and without a 2h BPA incubation. This results showcase the increased effect in the
spheroid viability of neutron irradiation when combined with BPA, verifying the higher
therapeutic efficacy of BNCT, compared to just neutrons.
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C-ions: For the C-ions analysis, measurements of 11 spheroids on average were used
per biological replicate per irradiation condition (0, 1, 2, 4 Gy).

Table 4.8: C-ions: Dose-response and spheroid regression (Rday10/Rday−1) across biological
replicates exposed to carbon ion beams.

Dose (Gy) Bio Replicate Rnorm Regression (%)

a 0.9± 0.1 12± 12
0 b 0.9± 0.1 12± 11

c 1.20± 0.04 −20± 4

a 0.95± 0.10 5± 10
1 b 0.76± 0.05 24± 5

c 1.21± 0.05 −21± 5

a 0.63± 0.02 37± 2
2 b 1.00± 0.04 0± 4

c 1.00± 0.02 0± 2

a 0.66± 0.03 34± 3
4 b 0.85± 0.02 15± 2

c 0.78± 0.04 22± 4

In the following graph, the mean value of the different biological replicates is depicted.

Figure 4.13: Normalized Radius of spheroids irradiated with different doses of C-ions, with respect to
the days post-irradiation. [mean ± SEM]

As shown in the graph, only the 4Gy dose of CIRT induced a significant effect on the
spheroids at day 10, whereas lower doses are exhibiting slighter size variations during
the 10 days after irradiation, concluding approximately at a normalized radius value of 1
at day 10. Notably, the final endpoint is comparable to that achieved with BNCT, despite
BNCT delivering a substantially lower physical doses to the spheroids (0.65 and 0.75 Gy
for 2h and 4h BPA incubation accordingly), compared to the 4Gy CIRT exposure.
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C-ions and BNCT combination: For the combination treatment modality, data from 3
spheroids on average were used for each protocol.

Table 4.9: C-ions and BNCT Combination: Combined effect of carbon ion irradiation
(2 Gy) and neutron exposure with or without BPA on spheroid regression.

Condition Combined Protocol
Total Spheroid

Dose (Gy)
Rnorm Regression (%)

n
2 Gy + 0 min 2 0.6± 0.1 45± 11
2 Gy + 5 min (2 h) 2.71± 0.08 0.7± 0.1 31± 14
2 Gy + 5 min (4 h) 2.71± 0.08 1.07± 0.08 −7± 8

BPA + n
2 Gy + 0 min 2 0.6± 0.1 37± 12
2 Gy + 5 min (2 h) 2.98± 0.09 0.7± 0.1 34± 14
2 Gy + 5 min (4 h) 3.07± 0.09 0.68± 0.05 32± 5

Figure 4.14: Normalized Radius of spheroids irradiated with a combination of C-ions (2Gy) and
neutrons, with respect to the days post-irradiation. [mean ± SEM]
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Figure 4.15: Normalized Radius of spheroids irradiated with a combination of C-ions (2Gy) and
neutrons after incubation with BPA, with respect to the days post-irradiation. [mean ± SEM]

The combined CIRT-BNCT experiments are showing spheroid regression of a magnitude
comparable to the single modalities, but with high variability between spheroids and a
small sample size, so no conclusive additive or synergistic effect could be established at
the current level.

It is important to note that during the post-irradiation, data acquisition period, the
catastrophic irradiation effects on the spheroids were shown by the shedding of necrotic
outer cells. This created a halo of cellular debris surrounding the spheroids (as shown
in Fig.4.16), posing a challenge during the image analysis, by complicating the precise
detection of the boundaries of the spheroid by the implemented macro of ImageJ.

Figure 4.16: Picture taken at x10 magnification of the same spheroid, day 10 post-irradiation (2h
BPA incubation and 10min thermal neutron beam exposure) , before (left) and after (right) the

change of medium.
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The observed increase of the apparent spheroid radius towards the last days of the data
acquisition was possibly due to that. On the last day of data collection, complete medium
replacement was performed across all conditions, to eliminate the debris. The reduction
in the radius value observed on the last day reflects the accurate, debris-free measurement
of the intact spheroid core, based on which the total radius regression was calculated.

Boron Enhancement:
The percentage of boron enhancement between the same conditions with and without
BPA, was calculated using Eq.3.15, with the corresponding errors, across all experimental
modalities.

Table 4.10: Percentage of boron enhancement across experimental setups.

Experiment Condition
Total Spheroid

Dose (Gy)
Biological Replicate

Boron Enhancement
(%)

BNCT exp 1
5 min (2h) 0.98± 0.09 — 35± 12

10 min 2.0± 0.2 — 20± 10

BNCT exp 2

5 min (2 h) 0.98± 0.09
a 27± 7
b 23± 8
c 34± 8

5 min (4 h) 1.07± 0.09
a 38± 5
b 31± 4
c 26± 5

Combination
2 Gy + 5 min (2 h) 2.98± 0.09 — 5± 28
2 Gy + 5 min (4 h) 3.07± 0.09 — 36± 7

This comparison of the normalized radius with and without BPA showcases the enhance-
ment in effect that boron adds compared to neutron irradiation alone. Across all experi-
ments and biological replicates, the enhancement percentage is positive. However, for the
combination treatment at 2 h incubation, the value exhibits a large uncertainty possibly
due to the variability between the limited statistics of this condition. While consistent
with an overall positive trend, this specific result is poorly predictive.

4.2.4 Comparative analysis

Based on the results from table 4.5, the surviving fraction (SF) as a function of the dose
curves were plotted for the neutron, BNCT and C-ions irradiation modalities, as shown
below in Fig.4.17. The data were fitted to the Liner-Quadratic (LQ) model according to
Eq.3.5. The fit is shown in the following graphs.
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Figure 4.17: LQ fit of the survival curve of the clonogenic survival assays for 2D PANC-1 cell cultures
after exposure to C-ions (pink), neutrons (blue) and BNCT (green).

For the the CIRT-BNCT combination irradiation modality, plotting and fitting the LQ of
the survival curves was not possible, as the SF values were zero (Table 4.5), indicating
clonogenic death.

Due to the limited number of dose points, the linear responses fitted for the BNCT and
the neutron modalities, do not represent a reliable result. However, they are presented
alognside the C-ions for comparison purposes.

The LQ fit parameters across all modalities are shown in the following table:

Table 4.11: Linear-quadratic model parameters (α, β) and calculated α/β ratios with
standard propagated uncertainties.

Radiation Quality α (Gy−1) β (Gy−2) α/β (Gy)

C-ions 0.3± 0.2 0.11± 0.05 3± 2
Neutrons 0.7± 0.8 0.0± 0.8 —∗

BNCT 1.9± 10.0 0.0± 4.8 —∗

∗For Neutrons and BNCT, β = 0, representing purely linear cell survival curves where α/β →∞
(undefined).

In addition, the survival curve for the C-ion modality was plotted and fitted to the LQ, in
comparison with prior reference experimental results, obtained from previous irradiation
experiments of PANC-1 cells in Pavia [52]. The fits of both are shown in the graph below:
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Figure 4.18: LQ fit of the survival curve of the clonogenic survival assays for 2D PANC-1 cell cultures
after exposure to C-ions (blue) and comparison with the reference results [52] (grey).

The fitted survival curves demonstrate good agreement between the present and reference
datasets. The fitted parameters (α = 0.3± 0.2 G y−1, β = 0.11± 0.05 G y−2) and the
ratio (αβ = 3.07 ± 2.31 G y) remain within the uncertainty intervals of the reference
values (α = 0.3 ± 0.1 G y−1, β = 0.09 ± 0.05 G y−2, αβ = 3.05 ± 2.15 G y), indicating
reproducibility.

The lethal dose required to reduce the surviving fraction (SF) to 50% (LD50) was esti-
mated at (1.5±0.5)Gy for the C-ion irradiations performed in this work, compared with
(1.6±0.3)Gy for the reference dataset. For comparison, a previous study investigating
C-ion irradiation of PANC-1 cells reported an LD50 of 2.1Gy [9].
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Table 4.12: Comparison of absorbed doses between PANC-1 2D monolayer cultures and
3D spheroids (shell vs core) across irradiation modalities. (value ± SD)

Irradiation Modality 2D D (Gy) 3D Dshell (Gy)∗ 3D Dcore (Gy)∗

0min n 0± 0 0± 0 0± 0
5min n 0.5± 0.05 0.4± 0.1 0.32± 0.02
10min n 1.1± 0.05 0.8± 0.2 0.65± 0.04

0min n + 2hBPA 0± 0 0± 0 0± 0
5min n + 2hBPA 2.1± 0.2 0.65± 0.08 0.33± 0.02
5min n + 4hBPA 2.1± 0.2 0.75± 0.08 0.33± 0.02
10min n + 2hBPA 4.2± 0.2 1.3± 0.2 0.65± 0.04

2Gy C-ions + 0min n 2± 0 2± 0 2± 0
2Gy C-ions + 5min n 2.5± 0.05 2.4± 0.1 2.32± 0.02
2Gy C-ions + 0min n + 2hBPA 2± 0 2± 0 2± 0
2Gy C-ions + 5min n + 2hBPA 4.1± 0.2 2.65± 0.08 2.33± 0.02
2Gy C-ions + 5min n + 4hBPA 4.1± 0.2 2.75± 0.08 2.33± 0.02

0Gy C-ions 0 0 0
1Gy C-ions 1 1 1
2Gy C-ions 2 2 2
4Gy C-ions 4 4 4

∗Average of the simulated doses delivered to spheroids of the center and of the outer edge well of the plate.

As observed in the table 4.12, the 3D spheroid shell doses are identical within the error
margins with the 2D doses, for the neutron irradiation. On the other hand, for the
irradiation modalities including BPA, the doses delivered to the 3D spheroids, assuming
the boron distribution is limited to the proliferating shell, are significantly lower than
the 2D cultures. These results highlight the reasons why 3D tumor models are essential
for BNCT dosimetry research, as they expose the realistic limitations of BPA uptake in
solid, pancreatic tumors, demonstrating why 2D monolayers routinely overestimate BNCT
efficacy.

To facilitate direct comparison across modalities and to illustrate the data distributions,
box plots are utilized. A boxplot provides a visual summary of how the data are distributed.
The central box, containing the middle 50% of the data, represents the interquartile range
(IQR), bounded by the first (Q1, 25th percentile) and third (Q3, 75th percentile) quartiles.
The line inside indicates the median (50th percentile). The vertical whiskers show the data
spread beyond the box within 1.5xIQR, while any individual points beyond the whiskers
may indicate outliers. A longer box suggests greater variability within the dataset.
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Figure 4.19: Normalized 3D spheroid radii with respect to the irradiation conditions boxplots (A)
C-ions (B) neutrons/BPA+neutrons (C) Comparison among irradiation modalities. Asterisks indicate

statistically significant differences: *p < 0.05, ** p < 0.01, and *** p < 0.001.

Spheroid response to C-ion irradiation exhibited a dose-dependent reduction in size.
Although exposures of 1 and 2 Gy maintained median radii close to control levels, 4
Gy induced significant spheroid shrinkage, reducing the median normalized radius to
approximately 0.6.

The evaluation of the thermal neutron irradiation confirmed that significant morphological
damage is dependent on BPA pre-incubation. Neither the neutron beam exposure without
prior BPA incubation nor the BPA incubation without neutron irradiation induced a
significantly difference in spheroid shrinkage with the control modalities. Conversely,
the combination of BPA incubation and 5 minutes of neutron irradiation caused a major
difference in size, below 0.6. This contrast highlights that the impact of both the neutron
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beam and BPA alone is negligible compared to the combination of the two, effectively
validating that the high biological efficacy of BNCT stems from the localized 10B(n,α)7Li
capture reaction.

Fig.4.19(C) exhibits a cross-comparison among C-ions, neutron (n), BNCT, and combined
C-ions with n/ BNCT modalities. The combination of 2Gy C-ions and n irradiation (2Gy +
5m_n) surpassed the effects of either the C-ions or the 5 minutes n alone, as expected.
In parallel, combining 2Gy C-ions with BNCT (2Gy + 5m_BPA), corresponding to 2.7Gy,
resulted in high dispersion of results with an elongated interquartile range (IQR). Notably,
the BNCT modality (5min_BPA), corresponding to 0.7Gy, has achieved comparable results
in spheroid regression as 4Gy C-ions and the 2Gy C-ions and 5 minutes neutron irradiation
combination modality (2.4Gy). In previous studies on 2D PANC-1 cells conducted in
Pavia [52], the combined modality of CIRT-BNCT demonstrated superior efficacy relative
to CIRT alone, which is something that is verified also by these results, as for a dose of
∼3Gy the combination modality induced about 10% more regression than the single CIRT
modality for 4Gy. However, considering the high efficacy of BNCT alone for the spheroids,
a more pronounced additive effect was anticipated in the CIRT-BNCT combined modality.
This is likely attributable to the limited sample size, as well as logistical constraints of
the availability between the two irradiation facilities, which resulted in a time window of
about 50 hours from the CIRT to the BNCT dose deliveries.

Figure 4.20: Comparison of the effect on the 3D spheroids radii after irradiation with ∼1Gy across
different irradiation modalitites. Asterisks indicate statistically significant differences: *p < 0.05, **

p < 0.01, and *** p < 0.001.
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At comparable absorbed doses in the range (∼0.65–1.3 Gy), comparing the different
modalities revealed a more catastrophic effect for BNCT than for C-ions or neutrons alone.
While 1Gy of C-ions caused minimal radius shrinkage, and the (0.8±0.2)Gy of 10 minutes
n irradiations allowed continued spheroid growth, the BNCT treatment dramatically
decreased the spheroids size. This could be interpreted as a preliminary experimental
confirmation of the increased RBE level of BNCT compared to monoenergetic C-ions.

The reason behind the dimished effect of the 10 minutes irradiation BNCT compared
to the 5 minutes, could be due to the reduced statistics of the 10 minute modality, as it
was tested among just one biological replicate during the first preliminary experiment
(BNCT1), whereas the 5 minutes BNCT was tested across 3 different biological replicates
and also the preliminary experiment.

Indicative spheroid photos exposed to the irradiation conditions illustrated in Fig.4.20,
of the same biological replicate when applicable, are shown in Fig.4.21, to visualize the
effects.

Figure 4.21: PANC-1 spheroid photos comparison captured at x10 magnification: (i) 1Gy C-ion
irradiation, on day 10 post-irradiation (ii) 5 minutes n irradiation with 2h BPA incubation, on day 9
post-irradiation (iii) 10 minutes n irradiation without BPA incubation on day 10 post-irradiation (iv)

10 minutes n irradiation with 2h BPA incubation on day 10 post-irradiation.

The observation of the differences of such disruptions on the spheroids by the different
irradiation modalities led to qualitative results of the spatial impact of each radiation
type.

57



Chapter 4. Results and Discussion

Figure 4.22: PANC-1 spheroids captured at x10 magnification exposed to ∼1Gy BNCT (left) and 4Gy
C-ion irradiation (right), on day 8 post-irradiation, from the same biological replicate.

The morphological response revealed distinct spatial damage patterns between BNCT and
CIRT. Specifically in Fig.(4.22), an example is shown comparing spheroids exposed to
∼1Gy BNCT compared to 4Gy C-ion irradiation. This type of destruction was detected
for the combination modalities, the BNCT and the 4Gy C-ions, whereas for the lower-Gy
C-ion doses and for the neutron irradiations the spheroids did not exhibit such a distinct
effect (Fig.4.21).

BNCT induced a more pronounced effect on the outer part of the spheroid, expressed as a
substantial amount of debris in the periphery and a more distinct size reduction. This
reflects the BPA uptake by the proliferating cells that are located in the spheroid’s shell.
On the other hand, C-ions effectively target the radioresistant, hypoxic core, resulting in
comparatively less peripheral debris even at a higher dose. These qualitative observations
support the rationale for combining both modalities, highlighting their complementary
biological targeting profiles.

Additionally, since the active accumulation of BPA in the spheroids is assumed to be
restricted to the proliferating shell, the boron dose is therefore deposited within in. The
amount of spheroid size regression exhibited suggests that the high-LET damage of the
shell affects also any viable cells in the deeper core and the quiescent cell population. This
can be attributed to two mechanisms: microdosimetric cross-firing effect and radiation
induced bystander effect (RIBE). Firstly, for the capture reactions occurring at the inner
periphery of the shell, due to the ranges of the high-LET products (∼5-9µm), part of their
Bragg peak escapes the origin cell and produces a cross-fire effect, depositing physical
doses directly into the neighboring border cells of the core [89]. Secondly, RIBE amplifies
this damage beyond the range of the ions, proposing that signals generated from irradiated
cells induce a similar effect in nearby, non-irradiated cells, due to the existence of physical
contact between them, which generates intercellular communication and by the release
of signaling molecules by the irradiated cells [90].
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Chapter 5

Conclusions

5.1 Summary of key findings

This thesis focuses on building an integrated experimental and computational framework
for evaluating BNCT and CIRT, separately and combined, using 3D PANC-1 spheroids as an
in-vitro model of pancreatic cancer, in comparison with 2D monolayers. PDAC resistance
to conventional radiotherapy, driven by its dense TME, high hypoxia levels and close
proximity to surrounding OAR, leaves surgery as the only potentially curative treatment.
In this context, advanced particle therapies offer a promising alternative. CIRT effectively
delivers homogeneous doses to deep, hypoxic tissues, while BNCT selectively targets
metabolically active cells, via tumor-specific 10B uptake. A combined approach of the two
could exploit these features to synergistically target both the infiltrative margins and the
hypoxic cores of radioresistant solid tumors such as the PDAC, sparing the surrounding
healthy tissues. To evaluate these modalities, more realistic preclinical models, compared
to the 2D monolayers, are required, such as 3D spheroids, that can more accurately
resemble the tumor architecture, which directly affects drug penetration and hypoxia
profiles, thus treatment efficacy.

The key findings are summarized below, according to the thesis’ objectives stated in
Chapter 1.

The 3D spheroids were first characterized, by assessing their shape and size. Over a
5-day period post-seeding, they grew into increasingly compact and round structures.
The spatial distribution of the viability of the spheroid cells was mapped via confocal
fluorescent microscopy, showing a viable proliferating shell, accounting for ∼46% of the
spheroid volume, surrounding a necrotic core. This highlights the relevance of the 3D
spheroid model over the 2D, as it resembles the architecture of solid tumors, justifying
spheroids as a more representative model for BNCT dosimetry.

This structure was then used to build the geometry model for the MCNP6 simulation,
which addresses the problem of computational dosimetry considering the 96-well plate
irradiated in the modified thermal column of the Triga Mark II reactor of Pavia University.
The simulation provided the dose components of the proliferating shell and the necrotic
core separately, mainly driven by the assumption that 10B internalization was limited
to the viable external layer, showing a dose-rate difference between them and between
central and edge wells. In particular, for the outer shell of the spheroids, the doses
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showed a ∼ 33% increase in the edge well compared to the central one in the case of
neutron irradiation and ∼ 15% increased for BNCT. For the spheroid core, there was on
average a reduction of ∼ 2.5% from the dose of the central well to the outer well, among
neutron and BNCT modalities. This indicates that not only the geometry model, but also
the precise irradiation position affects the received dose. This is likely because of the
parabolic profile exhibited of the thermal neutron flux in tissue equivalent material, due to
the less attenuated neutron-flux on the plate edges. Ultimately, this variability holds great
importance in terms of real tumor settings, where heterogeneous fluence and cellular
uptake prevent a uniform dose delivery, highlighting the necessity for microdosimetric
modeling for BNCT.

The 10B vector used in this thesis is BPA, one of the two clinically approved agents for BNCT.
BPA incubation did not produce any detectable cytotoxicity in the spheroids. Preliminary
qualitative neutron autoradiography, using OCT-embedded spheroids, demonstrated a
significantly higher track density in BPA-incubated spheroids compared to the controls,
although the boron signal was not confined within the spheroid borders, indicating
leaching into the OCT matrix during sample preparation. Regarding the ICP-MS analysis,
the principal approach used to derive quantitative information on 10B accumulation by
spheroids, the boron uptake strongly differed between the two models, with the 3D
spheroids reaching 1.1-1.5 ppm (for 2h and 4h of incubation respectively), about an order
of magnitude below the 15-16.7 ppm measured in the 2D model. Upon normalizing the
concentration to the spheroid’s viable shell, where the BPA accumulation is assumed to
be confined, the boron concentration, 2.4-3.3 ppm, remained substantially lower than
the 2D values. These results are in line with what is expected under the biological point
of view, that the more compact and internally structured 3D models offer naturally less
surface and thus receptors for the active uptake of BPA. Thus, these preliminary results
seems to confirm that 2D cultures overestimate boron uptake and delivery, and therefore
BNCT efficacy.

Consequently, the calculated doses for the neutron irradiation conditions including BPA
pre-incubation were significantly lower in the 3D model than in the 2D, while the neutron
doses without BPA were identical within uncertainty concerning the 2D model and the 3D
spheroids shell. In 2D monolayers, BNCT reduced the clonogenic surviving fraction by
2% or lower. In 3D spheroids, neutron irradiation or BPA incubation separately did not
produce any changes to the spheroid size, whereas BPA incubation followed by 5 minutes
of neutron exposure led to a size regression of ∼38%, at physical doses ∼1Gy. The boron
enhancement was positive for every tested condition, at ∼30% for BNCT delivering doses
of ∼1 Gy. Regarding C-ions, only 4 Gy irradiation produced a significant shrinkage of
∼24%, with the doses of 1 or 2 Gy having minimal effects at the endpoint. Therefore,
BNCT was the most effective modality tested for the spheroids, achieving comparable
results to the C-ions despite delivering a much lower physical dose, consistent with the
high-LET products of the 10B(n,α)7Li reaction. Because the 2D and 3D endpoints differ
(clonogenic survival versus spheroid size), the two models are compared qualitatively.

Regarding the CIRT-BNCT combined modality, in the 2D model, an estimated dose of
(3.9± 0.2)Gy led to complete loss of clonogenic capacity, so no survival curve could be
fitted. In the 3D model, a total estimated dose of ∼ 3Gy produced a size regression of
∼34%, comparable to that of single modalities. However, due to the variability between
spheroids, the extended interval between the two fractions due to logistical difficulties
between the two irradiation facilities, and the reduced sample statistics, no additive or
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synergistic effect could be established by the present study alone. Nevertheless, qualitative
morphological assessments of each modality separately, demonstrated distinct spatial
damage patterns, highlighting their complementary biological targeting profiles and
supporting the rationale for their combination.

To our knowledge, these represent the first experimental data evaluating the CIRT-BNCT
combination in 3D PANC-1 spheroids. This work allowed to set a starting point conditions
scenario for the effective implementation of more realistic and relevant biological models
for the application of BNCT in pancreatic tumours.

5.2 Preliminary nature of the study and future directions

This thesis is a preliminary study within a broader project about the combination of CIRT
and BNCT in pancreatic cancer. It aims to evaluate the use of 3D PANC-1 spheroids as a
model by providing the first preliminary data, and not a definitive quantification of the
treatment efficacy.

For future studies, as a first step, an increase of the number of spheroids and biological
replicates is needed for each irradiation modality, to confirm and strengthen the statis-
tical validity of the described outcomes. Additional combination modalities should be
explored, varying the doses, irradiation order and timing, for a more systematic analysis.
Furthermore, the treatment’s response for the spheroids was evaluated only through
morphological analysis, so it should evolve to include also viability and proliferation
assays.

Regarding the boron uptake studies, since the boron concentration was measured in bulk
by ICP-MS, while the shell concentration depends on the assumption of confinement to the
viable shell, apart from the repetition of the ICP-MS analysis, the microdistribution should
be assessed more reliably. A preliminary attempt of improving the sample preparation
protocol for neutron autoradiography by freeze-drying the samples, showed dark areas
without tracks inside the spheroids, suggesting limited BPA diffusion in the deeper spheroid
regions. Even though the results are promising, more replicates are required for the
optimization of the sample preparation protocol. Another possible advancement could be
the use of a fluorescent nuclear track detector (FNTD), to improve the acquisition of the
spatial distribution of 10B as a function of the different layers composing the spheroids.

Moreover, the 3D single cell line spheroid, should be evolved into a more realistic model,
by combining also additional cell lines (like fibroblasts or endothelial cells) with the
PANC-1 cells, and ultimately to patient-derived organoids. On the computational side,
the MNCP6 model should be complimented by including Geant4-DNA, a code capable of
simulating DNA damage at the level of the specific cell line exploited in the experiments.

These developments will be especially relevant with the upcoming accelerator-based
neutron source at CNAO, which will allow both modalities to be studied at one site.

In conclusion, 3D spheroids proved to be a more realistic model for BNCT dosimetry than
2D monolayers. They show that BPA delivery in solid tumor-resembling architecture is
limited, yet BNCT still produced a clear response at low physical dose. The CIRT-BNCT
combination in 3D models remains an open question that this thesis does not close, but
marks its starting point.
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