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ABSTRACT 

 

Particle therapy has been cited as an effective treatment modality, compared 

to photons and electrons-based therapies for solid tumors located in close proximity 

to critical organs, such as spinal cord, brain and heart. Numerous studies have 

demonstrated the feasibility of using high LET particles in tumor cells; however, the 

very high installation and operational costs limit the utilization of particle therapy. 

The idea of future facilities based on laser-driven ion accelerators has been proposed 

as a way of reducing complexity and cost. Due to the ultra-short duration (10-12 s) of 

these beams and their consequent ultra-high dose rates (up to 109-1010 Gy/s), these 

beams can potentially deliver lethal DNA damaging dose which tumor cells with 

unstable genome may fail to repair, whilst normal cells are able to repair the same 

damage. 

This Thesis work, carried on in the context of the international A-SAIL 

(Advanced Strategies for Accelerate Ions with Lasers) project, aims to optimize and 

validate the dose distribution of laser-driven proton beams at high energies (~10 

MeV) and study the effectiveness of these beams in lethal and sub-lethal damage 

induction in human cells. The effects of the laser driven protons have been 

investigated in the specific with the study of three endpoints: DNA DSB damage, cell 

survival and Stress-Induced Premature Senescence (SIPS) in human skin fibroblasts 

(AG01522) and endothelial cells (HUVEC). Experiments with these beams have been 

performed in several laser facilities based in the UK (TARANIS, VULCAN) and France 

(LULI), and results have been compared with outcomes from experiments performed 
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with 225 kVp X-rays (low LET radiation) and α-particles from 5.5 MeV 241Am source, 

available in PGJCCR (Queen’s University Belfast, Belfast, UK). 

Compared results from the analysis of AG01522 samples show a close 

similarity between the cell survival trends of laser-accelerated protons and X-rays 

beams, even if the RBE of protons seems to be lower than that of X-rays for this cell 

line. Conversely, an increased cell killing effect was observed with laser-accelerated 

protons compared to X-rays for doses above 1 Gy on HUVEC samples, where the same 

effect is comparable to that of α-particles. Outcomes from DNA damage kinetics 

studies on human fibroblasts don’t show any significant effect of LD p+ beams in foci 

induction with respect to X-rays, while in HUVECs yields after LD p+ exposure are 

higher than those measured for X-rays but lead however to similar residual damage. 

SIPS experiments, performed only on endothelial cells, show a higher efficiency of LD 

p+ beams in inducing premature senescence, respect to X-rays, especially from 3 

weeks after the exposure. 

Studies of DNA damage induction on cells in different oxygen status have also 

been run in 2015 and included in this Thesis work, even if these analyses do not 

represent the main aim of the work itself.  

Since the results of the abovementioned studies of the effects of LD p+ and 

high LET radiation on the two cell lines points towards a differential effect being 

observed between them, in the future a bigger panel of more cell lines should be 

used to study the reliability of these differential effects. Furthermore, this 

observation should also be compared between normal and cancer cells, since has 

high potential to open new avenues in the studies of normal tissue complications 

after Radiotherapy and will provide a window of opportunities to study dose 
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escalation of laser-driven protons and ions. The outcomes illustrated can then be 

used as an input to other tumor cell killing models for further optimization of the 

laser-driven proton therapy, in conjunction with DNA repair inhibitors and 

radioresistant tumors. 
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Chapter 1 

INTRODUCTION 

 

1.1 Cancer 

1.1.1 Cancer biology 

Cancer is the name given to a collection of related diseases. In all types of 

cancer, some of the body’s cells begin to divide uncontrollably and spread into 

surrounding tissues.[1] 

Normally, human cells grow and divide to form new cells as the body needs 

them. When cells grow old or become damaged, they die, and new cells take their 

place. When cancer develops, this orderly process breaks down. As cells become 

more and more abnormal, old or damaged cells survive when they should die, and 

new cells form when they are not needed. These extra cells can divide without 

stopping and may form growths called tumors.  
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Cancerous tumors are malignant, which means they can spread into, or 

invade, nearby tissues. In addition, as these tumors grow, some cancer cells can break 

off and travel to distant places in the body (metastasize) through the blood or the 

lymph system and form new tumors far from the original tumor.  

Cancer cells differ from normal cells in many ways that allow them to grow 

out of control and become invasive. One important difference is that cancer cells are 

less specialized than normal cells, and for these reasons they continue to divide 

without stopping. In addition, cancer cells can ignore signals that normally tell cells 

to stop dividing or that begin a process known as programmed cell death, or 

apoptosis, which the body uses to get rid of unneeded cells. Moreover, they may be 

able to influence the normal cells, molecules, and blood vessels that surround and 

feed a tumor - an area known as the microenvironment; they are also often able to 

evade the immune system and use it to stay alive and grow. 

1.1.2 Origins of cancer 

Cancer has always been present in human beings and animals and its evidence 

has been recorded since dawn of history, even if the field of cancer research had 

begun to grow more rapidly between the end of 19th century and the beginning of 

the 20th. Across the centuries, many causes have been related to the initiation of 

tumors, and as of today more than 100 carcinogens (chemical, physical and 

biological) have been identified.[2] For many of these carcinogens, the mechanisms 

by which cancer was produced have been understood. New carcinogens are being 
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discovered, and continuing research is helping to explain how they cause cancer and 

provides options for mitigation. 

In 2010, DD. Hanahan and R.A. Weinberg[3] published the first theory on the 

hallmarks of cancer, six essential biological capabilities acquired during the multistep 

development of human tumors that liberate neoplastic cells from the homeostatic 

mechanism governing normal cell proliferation and drive tumor progression forward. 

They include the hallmarks shown in Fig.1.1. A continued accumulation of mutations 

will eventually give rise to cells with a metastatic potential.[3] 

 

 

 

 

 

 

 

 

 

 

 

Conceptual progress in the last years has added two emerging hallmarks of 

potential generality to this list, reprogramming of energy metabolism and evading 

immune destruction. In addition to cancer cells, tumors exhibit their complexity 

creating an ensemble called tumor microenvironment, recruited to acquire hallmarks 

Figure 1.1: the first six hallmarks of cancer.[3] 
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traits, containing normal cells, molecules and blood vessels that surround and feed 

the tumor cells. Recognition of the extensive applicability of these concepts has 

increasingly driven the development of new techniques for cancer treatment. 

1.1.3 Cancer treatments 

The choice of which treatments[4] to perform on a tumor depends on the stage 

of the cancer, that describes where it is located, if or where it has spread, and 

whether it is affecting other parts of the body. Cancer stage is commonly defined with 

the TNM system (T = Tumor, and its size; N = lymph Nodes, if present and degree of 

spread; M = Metastasis, if present and degree of spread). There are also other factors 

to be included in the stage, depending on the specific type of cancer, such as the 

grade, tumor markers or biomarkers and tumor genetics. After the evaluation of all 

these factors, the stage of the cancer can be classified into one of four stages: 

- Stage 0: tumor is in situ, so still located in the place it started and has not 

spread to nearby tissues. This stage is often curable. 

- Stage I (or early-stage): tumor is a small cancer or has not grown deeply into 

nearby tissues, nor spread to the lymph nodes or other parts of the body.  

- Stage II and Stage III: cancers or tumors that have grown more deeply into 

nearby tissue, and maybe also spread to lymph nodes. 

- Stage IV (advanced/metastatic): cancer that has spread to other organs or 

parts of the body. Palliative treatments are often suggested at this stage. 

Currently, there are several therapeutic options for cancer treatment[2]. 

 



1.1 Cancer  5 
 

 

 Surgery 

Surgery has been the main cancer treatment method for decades, and even 

now many kinds of tumors can be considered for removal by surgery. The 

limitations of surgery were only recognized in the late 19th century when the 

existence and the mechanism of metastasis was reported. Nevertheless, this 

kind of treatment is still predominantly used, together with other coadjuvant 

therapies. 

 Chemotherapy 

Chemotherapy is a cancer therapy, developed in the late 20th century, based 

on the use of drugs specialized in blocking different functions related to cell 

growth and replication[5]. Over the years, use of many chemotherapy drugs 

has resulted in successful treatment of many types of cancer, however their 

use leads to significant negative side effects on the human body, even a short 

time after treatment. Nowadays, new approaches are being studied to reduce 

these side-effects, including use of new combination of drugs, 

chemoprotective agents, antiangiogenic chemotherapy, nanotechnology and 

others. Chemotherapy is mainly used to shrink tumors before surgery or 

radiotherapy, if the are Stage 0 cancers, or to cure Stage I to IV tumors, alone 

or in combination with other therapies. The percentage of where 

Chemotherapy is used as a cancer treatment can go from 30% (Stage 0) to 

75% (Stage 4), depending on the nature of the tumor. 
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 Targeted cancer therapy 

Until the late 1990’s most of the drugs used in cancer therapy worked by 

killing cancer cells. Unfortunately, the chemotherapy agents, were non-

specific and killed some normal cells albeit with a greater effect on cancer 

cells. To enhance the killing of tumoral cells sparing as much as possible health 

cells, targeted treatments based on different biological and biochemical 

dynamics have been developed: growth signal inhibitors, drugs that induce 

apoptosis, endogenous angioinhibitors. These treatments are focussed on 

influencing the behaviour of cancer cells, in order to induce their death or 

stop some mechanisms naturally occurring in the cell cycle that could lead a 

health cell to angiogenesis[3]. This kind of therapy can be used alone on 

specific types of cancer (like advanced melanoma and some types of 

leukaemia at Stage I to III) or in combination with other treatments like 

surgery, chemotherapy or radiotherapy (as a follow-up treatment for a Stage 

0 tumors, to avoid that any residue cancer cell could spread). Nowadays, 

about 5% of patients is treated with targeted cancer therapy. 

 Hormonal therapy 

Since the end of 19th century, hormones have been considered to influence 

the growth of several types of cancer, especially the ones related to organs 

whose functioning is based on hormonal production (ovaries, breasts, 

prostate). On the basis of this knowledge, new classes of drugs (aromatase 

inhibitors, LHRH analogues) that target hormone production and diffusion are 
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being used to treat cancers in organs such as prostate, breast, ovaries and 

womb, being hormone sensitive cancers (Stage 0 to IV). 

 Immunotherapy 

Immunotherapy is based on the use of biological agents that mimic some of 

the natural signals that the body uses to control infection and also tumor 

growth. These natural biological agents can now be produced in the 

laboratory including interferons, interleukins, cytokines, endogenous 

angioinhibitors and antigens. In 1990s scientists produced therapeutic 

monoclonal antibodies (rituximab and trastuzumab) that specifically targeted 

lymphoma and breast cancer cells. At present, scientists are developing 

vaccines to boost the body’s immune response against cancer cells. 

Immunotherapy can be performed in different modalities, on its own or with 

other cancer treatments, mostly to Stage II to IV tumors. 

 Radiotherapy 

In 1896, Roentgen discovered X-rays and only 3 years later radiation was used 

for both cancer diagnosis and treatment. In the early 20th century researchers 

discovered that radiation, not only X-rays but also emitted by radioactive 

sources (like radium), could cause cancer as well as be used as a cure, since 

the main effect of radiation in biological matter is the physical and chemical 

damage to DNA, carrier of genetic information, that interrupts the ability of 

cells to reproduce.  

However, advances in radiation physics and computer technology during the 

last decades made it possible to design systems able to target radiation more 
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precisely.[6] Radiation therapy, or radiotherapy, has thus been considered one 

of the more accurate cancer treatments, delivering high-energy beams 

directly to a tumor, or intended target.[7] It is a key treatment for most solid 

cancers, although some are more radioresistant, and 50% of the cancer 

patients are treated with Radiotherapy. Being a local treatment, it can be 

done on its own on a Stage 0 localized cancer; before surgery, to shrink the 

tumor; after surgery, to reduce the risk of residue cancer cells spreading in 

the body; with chemotherapy or other drug treatment, on Stage I to IV 

cancers; to the whole body, as part of a stem cell transplant. 

 Adjuvant therapy 

Adjuvant therapy is the use of different kind of therapies (chemotherapy, 

radiotherapy, hormone therapy, targeted therapy, or biological therapy) after 

surgery to destroy the few remaining cancer cells in the body. Adjuvant 

therapy was used in colonrectal cancer[8] (to prevent the outgrowth of 

micrometastatic disease) and testicular cancers[9] (for seminoma or non-

seminoma at Stage I and II). 

Some types of cancers need usually only one treatment, while most of the 

tumors are treated with a combination of treatments, such as surgery with 

chemotherapy and/or radiotherapy. Each case is always unique and only the 

physician is able to decide on the suitability of the treatment. 
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1.2 Radiobiology 

1.2.1 Types of ionizing radiation 

Ionizing radiation find their origins in atomics and nuclear processes and they can 

be characterized as follows[9]. 

 RADIATION DUE TO CHARGED PARTICLES, which includes: 

o Fast electrons 

o Protons and charged heavy particles (α, heavy ions) 

 NON-CHARGED RADIATION, which includes: 

o Electromagnetic radiation (X- and γ- rays) 

o Fast and slow neutrons 

As we can see, the term “radiation” does not involve only EM, but also every 

particle (charged or not) able to preserve kinetic energy. Each of these kinds of 

radiation is characterized by some of the processes mentioned above. 

1.2.1.1 Fast electrons 

Electrons represent negative charged particles orbiting around the nucleus of the 

atom. Fast electrons can be generated by[10]: 

- β--decay of radioactive sources 

The most common source of fast electrons is a radioisotope decaying by β—

decay, described by: 

 

𝑋 → 𝑌 +  𝛽  +  �̅�    {1}   
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where: 

- 𝑋 = parental nucleus 

- 𝑌 = daughter nucleus 

- β- = beta electron emitted 

- 𝜈  = electronic antineutrino emitted 

The majority of β--decays populate an excited state of the daughter nucleus, 

which energy drops out by β- electrons emission (and often also γ-rays). Since 

recoil energy of nucleus is ≈0, the whole energy of the decay (Q-value) is 

divided between the electron and the �̅� ; the energy of the electron can then 

vary from zero up to a maximum value (endpoint energy), so the β- electrons 

spectrum is continuous (Fig. 1.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: spectrum of β emission of electrons after radioactive decay 
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- Internal conversion 

Internal conversion is a nuclear process in which monoenergetic electrons are 

produced. It starts from an excited nuclear state, where decay energy can be 

transferred to an electron of the atom itself, whose energy E will be equal to: 

 

𝐸 =  𝐸  −  𝐸     {2} 

 

Since the electron that absorbs the energy in excess can belong to any state, 

a single nuclear excitation can lead to different groups of electrons with 

different energies, so the spectrum of internal conversion electrons is 

discrete. Moreover, this spectrum can be overlapped to the continuous one 

due to β- emission of parental nucleus, that leads the daughter nucleus to the 

excited state (Fig. 1.3). 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: continuous spectrum of β electrons emitted and internal 
conversion spectrum. K, L and M indicate the nuclear shell which 
the electrons are ejected during an internal conversion process.  
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- Auger effect 

Auger effect occurs when an atom owns a lacuna in an electronic shell, then 

an electron of a higher shell goes to fill it and its emission energy is not 

transformed in X-ray radiation but is transferred to another electron of the 

atom, usually because this energy is quite low. Hence, Auger electrons are 

basically electrons produced by internal conversion (so the spectrum is still 

discrete), but in this process the excitation energy comes from the whole 

atom rather than from the nucleus.  

1.2.1.2 Protons and heavy ions 

Charged particles, such as protons, α-particles and heavy ions originate by α-

particle decay of radioactive sources and spontaneous fission of radioactive materials 

with high Z[10].  

- α-decay  

α-decay is governed by the “penetration shield” mechanism and can be 

schematized as in:  

 

𝑋 → → 𝑌 +  𝛼   {3}    

 

where: 

- 𝑋 = parental nucleus 

- 𝑌 = daughter nucleus 

- 𝛼 = alpha particle emitted 
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For every transition from the initial and final nucleus, the decay is 

characterized by a fixed energy difference (Q value), that is distributed 

between the α-particle and the recoil nucleus always in the same way. This 

means that the α-particles are monoenergetic and their spectrum is discrete. 

- Spontaneous fission 

Spontaneous fission of a nucleus occurs only for nuclei with a high mass 

number A (transuranic elements). It results in two asymmetrical positive ions 

(one bigger than another), emitted in opposite directions from the initial 

point, with a saddle-shaped mass distribution, that leads to an asymmetrical 

energy distribution (the smaller fragment acquires more energy).  

Usually, this mechanism of production of charged heavy ions is not exploited 

in radiotherapy due to the nature of the elements involved. 

1.2.1.3 Electromagnetic radiation 

Electromagnetic radiation consists of γ-rays and X-rays. 

γ-rays are generated following: 

- β--decay or nuclear reactions (discrete spectrum) 

- Annihilation reaction 

When a β+ decay occurs (a β-decay in which a positron is emitted instead of 

an electron), additional electromagnetic radiation is generated. Since 

positrons usually travel only few millimeters before losing their kinetic energy, 

they are prone to remain close to the source, and when their energy is low 

they recombine with the electrons of the absorbing material in the process of 

annihilation. The original positron and electron disappear and the conserved 
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energy is transformed in two γ-rays, each with energy of 0.511 MeV, emitted 

in opposite directions from the point of annihilation. This mechanism is 

exploited for example in nuclear imaging, especially in PET (Photon Emission 

Tomography). 

X-rays are widely used in imaging and radiotherapy, as they can be also 

produced by different processes. 

- Bremsstrahlung effect 

Bremsstrahlung radiation is the most common kind of radiation produced, for 

example, in X-ray tubes, as for characteristic X-rays. When fast electrons 

interact with matter, they are restrained by the atoms losing energy, and since 

they are accelerated particles this energy is emitted in the form of 

bremsstrahlung radiation (BR). The fraction of electron energy converted in 

BR increases with increasing electron energy and Z of the material. Moreover, 

due to the random nature of the collision events, the bremsstrahlung 

spectrum is continuous, even for a monoenergetic electron beam, where the 

low energy photon emission predominates. 

- Characteristic X-rays 

Whenever an electron of an atom is being excited (by radioactive decay 

excitation of the nucleus, internal conversion or external excitation) and 

moves to another atomic shell, the energy released in restoring its stable 

configuration is emitted in the form of X-rays. These photons are 

characteristic of the material involved in the interaction, because their energy 

is given by the difference in energy between initial and final state. The 
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denomination of each characteristic X-ray depends on the shell where the 

excited electron moved to fill a lacuna (K, L, M etc.), and the highest energy 

value is related to the inner shell, so this spectrum is discrete (Fig. 1.4). 

 

 

 

 

 

 

 

 

 

 

 

1.2.1.4 Neutrons 

Neutrons are non-charged particles, included in the atomic nucleus (same 

mass of protons), that do not interact electromagnetically with matter but through 

other kinetic processes. They can be generated by spontaneous fission, radioisotopic 

sources, photoneutronic sources and reactions between accelerated charged 

particles. Their interaction with matter depends highly on their energy and 

consequentially applications of this kind of radiation are different. 

Neutron therapy is a highly effective form of radiation therapy, especially in treating 

non-operable and radioresistant tumors (i.e. tumors resistant to RT with photons)[11]. 

Figure 1.4: spectrum of bremsstrahlung and characteristic X-rays. Kα and Kβ

define two spectral series whose lines have a common initial state with the 
vacancy in the inner level. 
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In general, fast neutrons can control very large tumors, because unlike low LET 

radiation, neutrons do not depend on the presence of oxygen to kill cancer cells (see 

Section 1.2.4.4). In addition, the biological effectiveness of neutrons is not affected 

by the time or stage in the life cycle of cancer cells, as it is with low LET radiation, and 

because this is generally higher for neutrons, the required tumor dose to kill cancer 

cells is about 1/3 the dose required with photons, electrons or protons. 

1.2.2 Radiation interaction in biological matter 

Radiation interacts with matter transferring energy to it by means of 

ionization and excitation of atoms and molecules of the medium, potentially 

modifying its structure. In particular, if such medium contains biological material, the 

energy transferred can create internal damage, breaking molecular bonds and thus 

altering the biochemical properties of the medium.  

1.2.2.1 Direct and indirect interaction 

Radiation which can generate damage in biological matter is called ionizing 

radiation and can be categorized as: 

- DENSELY IONIZING RADIATION: electrons, α-particles and charged ions, 

which interact continuously with the electrons in the medium and along 

whose track the events of energy deposition are extremely close; 

- SPARSELY IONIZING RADIATION: photons (X-rays and -rays) and neutrons, 

whose distribution of events of energy deposition in matter is stochastic. 

When absorbed in the medium, they give their energy to produce fast 

secondary charged particles, which can cause direct ionization.  



1.2 Radiobiology  17 
 

 

Ionizing radiation can interact with biomolecules in two different ways[12]:  

 Direct action: energy transfer to a biomolecule (ex. DNA, regulatory proteins) 

through primary and/or secondary ionizations that occur directly on the 

atoms of the biomolecule, initiating a chain of events culminating in a 

physical-chemical biological observable effect.  

 Indirect action: energy transfer to a biomolecule through reactions with other 

atoms or molecules (mainly water) in the cell, whereby free radicals such as 

hydroxyl (•OH) and superoxide (O2•-) are produced, as well as nonradical 

molecules such as hydrogen peroxide (H2O2). Most ROS, like 1O2 (singlet 

oxygen, a reactive form of oxygen), have a short half-life (from few µs to s) 

and cause damage locally, while others, like H2O2, have relatively longer half-

lives (from 1 to 10 hours). Since this effect strongly depends on the presence 

of water and, more generally, the composition of the medium, the majority 

of the DNA damage in the cell, where water constitutes nearly the 70% of its 

composition, is provided by indirect action events. 

1.2.2.2 Interaction of fast electrons 

Fast electrons lose energy with a lower rate compared to heavy charged 

particles and follow a much more tortuous path through absorbing material. Since 

their mass is comparable to that of the atomic electrons, when a fast electron 

interacts with an atom of the matter it undergoes sharp deviations from its trajectory. 

As already mentioned in Section 1.2.1.3, the loss of energy of electrons consists of 
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the energy lost by collision, together with a contribute due to irradiation 

(bremsstrahlung effect): 

 

𝑑𝐸

𝑑𝑥
=

𝑑𝐸

𝑑𝑥
+

𝑑𝐸

𝑑𝑥
   {4} 

 

where  

 

−
𝑑𝐸

𝑑𝑥
~ −

2𝜋𝑒

𝑚 𝑣
(𝑁 𝑍)   {5} 

and 

 

−
𝑑𝐸

𝑑𝑥
~

𝑒 𝐸(𝑁 𝑍 )

137𝑚 𝑐
   {6} 

 

where: 

- m0 = mass of the electron 

- v = velocity of the electron 

- Ne = number of electrons in the medium atoms 

- Z = atomic number of the medium 

- E = energy of the electron 

It is important to note that the ratio between the loss of energy by 

bremsstrahlung and that by collision is, after proper calculations: 

 



1.2 Radiobiology  19 
 

 

 

𝑑𝐸
𝑑𝑥
𝑑𝐸
𝑑𝑥

~
𝑍𝐸

800
   {7} 

 

that tells us that the loss of energy by irradiation has a principal role in high Z 

materials and when the electron energy is high. 

There is hence a value of energy of the electrons, called critical energy, for 

which the two contributions to loss of energy are the same (Fig. 1.5), and that is equal 

to 

 

𝐸 ≅
800

𝑍
   {8}  

 

Figure 1.5: loss of energy of electrons with collision (ionization) and bremsstrahlung 
contributes for Copper (Z=29). Brems = ionization for the critical energy value.
dE/dx = variation of the energy of the electrons with respect to the penetration depth in the 
material; X0 = radiation length of the material ; Ec = collisional energy; Z = atomic number of 
the material.  
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1.2.2.3 Interactions of protons and heavy charged particles 

Two main aspects characterize the passage of charged particles through 

matter: the loss of energy by the particle and the deviation from its initial direction. 

Inelastic collisions with atomic electrons can be considered mainly responsible for the 

loss of energy of charged particles in matter. In these collisions (characterized by 

cross sections σ ≈ 10-17 ÷ 10-16 cm2) the particle transfers energy to the atom, causing 

ionization or excitation of the latter. 

As the number of electron-particle collisions per unit length (macroscopic) is 

very large, the fluctuations in the total energy loss are very small: it is therefore 

possible to evaluate the average loss of energy of the incident particle per unit path 

in the matter, the stopping power of the medium and denoted by . For energies 

of the incident particle higher than the ionization energy required, the stopping 

power is given by the Bethe-Bloch formula that, although complex, highlighting the 

dependence of this factor on specific parameters, can be approximated as[13]  

 

−
𝑑𝐸

𝑑𝑥
≈ 𝜌

𝑍

𝐴

𝑍

𝛽
𝑓(𝛽)   {9} 

 

where: 

- - dE/dx = stopping power (loss of energy with respect to depth) 

- dx = thickness of the medium, expressed in g/cm2; 

- ρ = density of the medium; 

- Zp = atomic number of the incident ion or particle; 
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- Zm = atomic number of the medium; 

- A = mass number of the medium; 

- β = v/c, and v = particle speed, c = light speed; 

- f(β) = slowly variable function of β.  

The stopping power is a feature of the particle, more than the medium, 

because it strongly depends on the kinetic energy of the particle. As a particle, in 

crossing a medium, loses energy, the stopping power increases; the particle slows 

down and deposits a quantity of energy per unit of path that continually increases up 

to the point of maximum stopping power, then goes to zero, indicating that the 

particle has transferred all its energy, stopping in the medium. In contrast, for 

electrons and positrons, the release of energy as a function of the thickness crossed 

is different due to additional mechanisms involved in their interaction with matter; 

in particular, for the electrons the peak is not observed because of multiple and 

random changes of trajectory which allow it to slow down, so there is not an increase 

of energy towards the end of it path.[13] The trend of the energy loss as a function of 

the depth of the medium is known as Bragg curve (Fig. 1.6) and the maximum value 

of the stopping power for a depth value is called Bragg peak.  
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Assuming that the energy loss in the medium is continuous, the maximum 

penetration distance is a well-defined value for all identical particles with the same 

initial energy passing through the same material. This quantity is called the particle 

range. Considering a beam of particles with the same Z, it is actually observed that 

the range of the individual particles varies according to the velocity, or kinetic energy, 

of the particles themselves. A measurement on a large number of particles thus 

provides a statistical distribution of individual "ranges" centred around a mean value, 

called the mean range, with a certain standard deviation. This phenomenon is called 

range straggling (Fig. 1.7). The mean range is defined as the distance at which exactly 

half of the particles has been intercepted. From a theoretical point of view, we can 

calculate the average range of a particle of a given initial energy E0 by the following 

integral[14]: 

 

 

Figure 1.6: Bragg curve for an α-particle of E≈7 MeV. Plots are shown for both a 
single particle and for a beam of parallel particles with same energy. 
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1.2.2.4 Interactions of photons 

Unlike charged particles, photons (X- and γ-rays) interact stochastically with 

matter, so a probability of interaction, called a cross section, must be considered. 

Photon interactions are also discontinuous; it means that between two interactions 

a photon doesn’t transfer energy to the medium. 

The three stochastic modalities whereby a photon loses all or part of its 

energy interacting in a material are the following. 

 Photoelectric absorption 

A photon interacts with an electron of an atom of the absorbing material, 

yielding all its energy and pushing it away from the atom with kinetic energy 

T = hν – Eb, where Eb is the binding energy of the electron. Following this 

Figure 1.7: schematization of the range straggling of particles 
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process, a lacuna in the shell where the electron was located is formed and 

can be filled by an electron from an external shell or a free electron in the 

material. When this happens, characteristics X-rays are released and this can 

produce damage in the material. 

Photoelectric absorption is dominant for low energy photons and its cross 

section σPE is proportional to Z5. 

 Compton scattering 

Compton scattering consists of an inelastic collision between a photon and an 

electron of an atom in the material. In this case, the photon energy is only 

partially transferred to the electron and both are scattered at a certain angle. 

The photon, that scatters with an angle θ, assumes a new energy equal to: 

 

ℎ𝜈 =
ℎ𝜈

1 +
ℎ𝜈

𝑚 𝑐
(1 − 𝑐𝑜𝑠𝜃)

   {11} 

 

where: 

- h = Planck constant 

- v = frequency of the photon 

- m0 = mass of the electron 

- c = speed of light (2.998∙108 m/s) 

- θ = scattering angle 

Since we can have an infinite number of scattering angles, the energy 

transferred to the electron can assume values from 0 to a large portion of the 
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energy of the initial photon. Also, since the probability of scattering depends 

on the number of electrons present in the absorbing material, the cross 

section σCompton for Compton effect is proportional to Z. 

 Pair production 

This process occurs in a material when a travelling photon of minimum energy 

1.022 MeV commutes to a pair consisting of an electron and a positron. The 

positron released then recombines with an electron of the medium and the 

two particles annihilate (see Section 1.2.1.3), creating two photons emitted in 

opposite directions for the conservation of momentum. This process only 

occurs for energies equal or greater than 1.022 MeV as the energy of these 

photons is 0.511 MeV each. 

Since the annihilation only occurs when a positron hits an electron after the 

pair production, the cross section σpair is proportional to Z2. 

The relative effect of the different processes with respect to the energy E = hν 

(Planck’s equation) of the photons involved is shown in Fig. 1.8. 
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The sum of the cross sections of the three described effects represents the 

probability for length unit that a photon interacts, it is characteristic of the absorbing 

material (since it depends on Z) and is called linear attenuation coefficient: 

 

µ = 𝜎 + 𝜎 + 𝜎    {12} 

 

where σPE = photoelectric cross section; σCompton = Compton cross section; σPair = pair 

production cross section. Its reverse is the mean free path, i.e. the average distance 

that the photons travels before interacting in the medium: 

 

𝜆 =
1

µ
 {13} 

Figure 1.8: relation between atomic number Z of the absorbing material and 
photon energy (hν), to study the relevance of the different processes of photon 
scattering in matter.  
σf = photoelectric cross section; σc = Compton cross section; σp = pair production 
cross section. 
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The quantities considered were relative to a single photon; the attenuation of 

a beam of photons is instead given by the Lambert-Beer relation: 

 

𝐼 = 𝐼 𝑒 µ    {14} 

 

where 

- I = intensity of the beam after the interaction 

- I0 = initial intensity of the beam 

- µ = linear attenuation coefficient 

- x = distance travelled by the beam in the material before interaction 

Since µ varies with the density ρ of the absorber, it is often preferable to use 

the mass attenuation coefficient µ/ρ (Fig. 1.9). Defining ρx as the mass thickness of 

the absorber, the Lambert-Beer relation becomes 

 

𝐼 = 𝐼 𝑒
µ

   {15} 

 

Figure 1.9: mass attenuation coefficient trends of 
the different scattering processes in relation to 
photon energy. 
Rayleigh effect (elastic scattering of the light in 
matter) is also shown, but it does not contribute to 
“damage” the absorber, so it has not been 
discussed here for the purposes of this project.  
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1.2.2.5 Interactions of neutrons 

Neutrons are not charged particles, so as for photons they are not able to 

interact in matter by coulombian interaction but only with the atomic nuclei for the 

absorber. When this happens, the neutron can be captured by the atom and replaced 

by one or more secondary radiation or could be deviated, and the radiation consisting 

mainly of heavy charged particles produced. 

Neutron interactions are classified on the base of their energy before the 

events occurs. 

 Slow neutrons (E ≤ 0.5 eV) 

The most common reactions of these neutrons are the elastic scattering with 

the absorber nuclei (where the kinetic energy of the neutrons is conserved in 

the center-of-mass frame, but their direction of propagation changes) and 

neutron-induced nuclear reactions. Elastic scattering is often used to bring 

neutrons to thermal balance within the medium, creating thermal neutrons 

(E  ̴ 0.025 eV) that then induce nuclear reactions, whose products are easily 

detected, like protons, α particles or nuclear fragments obtained after fission. 

 Fast neutrons (E > 0.5 eV) 

With increasing energy of the neutrons, the probability of neutron-induced 

reactions reduces quickly, while scattering becomes more significant since a 

higher amount of energy is transferred to the absorber nuclei. After 

scattering, a neutron loses most of its energy the smaller the absorber nucleus 

is, being slowed down. Hydrogen appears to be the best moderator in fast 

neutron interactions, while heavier nuclei reduce neutron speed only 
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partially. If the energy of a neutron is high enough, the scattering could be 

anelastic: in this case, the nucleus passes to an excited state and emits 

photons, making the neutron lose more energy. 

1.2.2.6 Scale of severity of the effects of radiation interaction in 

biological matter 

The DNA molecule, as present in only one copy and being carrier of genetic 

information, is the ultimate target of radiation exposure. Radiation-induced DNA 

lesions can alter its primary structure (the sequence of bases on the helix), secondary 

structure (double helix) and its biological functions (replication, transcription, 

expression). Those are mainly observed:  

 Bond breaks among bases 

 Nitrogenous base damage 

 Sugar damage 

 Single Strand Breaks (SSBs)  

 Double Strand Breaks (DSBs)  

 Multiple damage sites (cluster)  

 Introduction of a cluster between two strands 

 Intra-strand cross link 

 Inter-strand cross link 

 DNA-protein cross link 

Following the breaking of chemical bonds, biological damage can lead the cell 

into three endpoints, at different times and in different ways: 
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 Cell death, which can occur within hours or days and causes early effects, late 

effects or consequences for development (in the fetus);  

 DNA mutations, which can promote carcinogenesis, or genetic mutations 

inherited after generations (chromosome aberrations), some of whose can be 

lethal. 

 DNA repair, that can occur for:  

- bases damage, through direct chemical reversal of the damage or 

excision repair, thanks to three different sets of enzymes for Base 

Excision Repair (BER), Nucleotide Excision Repair (NER), Mismatch 

Repair (MMR);  

- SSBs repair, using the same enzyme systems that are used in BER; 

- DSBs repair, that can be done either through homologous 

recombination (HR) or non-homologous end-joining (NHEJ) 

pathways. 

Given the nature of sparsely ionizing photons, it is much more likely that the 

radiobiological damage caused by them is mediated by ionization of the medium in 

which the macromolecules of biological interest are immersed, such as water, whose 

radiolysis generates the formation of highly reactive chemical species, called free 

radicals, that diffuse in a very short time (10-9 – 10-6 s) and interact with 

macromolecules. Peroxides are the main product of water radiolysis, which are 

relatively stable precursors to hydroxyl radicals OH-, that are responsible for 60%- 

70% of cellular DNA damage[15], yet hydroxyl radicals are so reactive that they can 

only diffuse one or two molecular diameters before reacting with cellular 
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components. Thus, if hydroxyl radicals are formed immediately adjacent to nucleic 

acids, they react immediately. Some metal ions in the vicinity of DNA also generate 

the hydroxyl radicals from peroxide.[16] Possible reactions that generates hydroxyl 

radicals in water are 

 H2O + hν → H2O+ + e− {16} 

 H2O + e− → H2O−  {17}  

 H2O+ → H+ + OH·  {18} 

 H2O− → OH− + H·  {19} 

 OH· → H2O2  {20}  

where H2O = water molecule; H+ = hydrogen ion; OH- = hydroxide radical; H2O2 = 

hydrogen peroxide; h = Planck constant; v = speed of the photon; e- = electron.  

Free radical damage to DNA is thought to result in mutations that may lead to some 

cancers. In fact, hydroxyl radicals can attack the deoxyribose DNA backbone and 

bases, potentially causing lesions that can be cytotoxic or mutagenic. These free 

radical attacks on DNA are usually repaired by the cell through BER mechanism.  

For X-rays, that are sparsely ionizing radiation, more than 60% of the 

interactions lead to water radiolysis rather than direct energy deposition. Conversely, 

due to the high ionization density that characterizes the charged particles, direct 

action is the prevailing mechanism. As a result, the interactions that could affect the 

integrity of biological macromolecules are always related to charged particles. 

The amount of cellular damage increases proportionally to the radiation 

exposure, until enough damage is accumulated via direct and indirect action so that 

the repair mechanisms are overcome, and the cell goes through lethal and sublethal 
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effects, or loses the ability to regulate its own growth and becomes tumorigenic. 

Since proliferating cells have complex and finely regulated systems that control each 

operation, the cell cycle phase in which a cell finds itself during the radiation exposure 

is a fundamental factor in the evaluation of its effects. For example, cell in the resting 

phase (G0) must typically receive very specific signals before they begin to prepare 

for DNA replication, so this checkpoint makes the cell in this phase somewhat 

radioresistant. The same occurs for the G1 phase, where the cell enlarges and the 

DNA is in a non-condensed shape, and G2, where some checkpoints before mitosis 

are active. Cells in S phase are the most radioresistant, because the genes, enzymes 

and proteins responsible for genomic replication and repair are overexpressed in this 

stage. During M phase, in contrast, cells are especially sensitive to radiation, since the 

chromosomes condense and the mitotic spindle begins to pull chromosomes apart, 

and if an ionizing event occurs when DNA is in a condensed state it has a higher 

probability of causing a DSB than in a case where the DNA is not condensed[17]. 

1.2.3 Biophysical parameters as indicators for radiation effectiveness 

1.2.3.1 Linear Energy Transfer (LET) 

For the interpretation of the effects of ionizing radiation on living matter, the 

spatial distribution of the energy transferred along the tracks from the charged 

particles are of fundamental importance. Rather than stopping power it’s preferable 

to refer the quantity LET (Linear Energy Transfer), also called “linear collision stopping 

power”, which considers only the energy loss per unit path for collision. 
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The LET is expressed usually in keV ∙ m-1; it depends on the speed and charge 

of the particle (increases with Z and decreases with v) and with the increase of 

penetration depth, rising rapidly up to a maximum, coincident with the Bragg peak 

of the particle. LET is used to distinguish different types of ionizing radiation (Fig. 

1.10): 

 Low LET particles: sparsely ionizing particles, such as electrons and photons 

 High LET particles: densely ionizing particles, such as protons, α-particles, heavy 

ions and neutrons. 

 

 

 

 

 

 

 

It is essential to know the LET promptly along the track of a particle to fully 

predict the radiobiological response. In fact, in the process of energy loss by 

ionization, the primary charged particles give energy to the electrons in matter, 

which sometimes acquire sufficient kinetic energy to produce secondary electrons 

(δ-rays), which behave, in turn, like the primary particles, carrying the received 

energy along their track and transferring it to the medium at points potentially 

Figure 1.10: schemes of the tracks of different kind of radiations interacting in matter, 
showed on the base of their LET. Low LET radiation (electrons and photons) create 
more sparse damage in the absorber, while high LET radiation (protons and heavy 
ions) interact more densely along the track. So, for a fixed critical target area, high LET 
particles damage is more localized and frequent than the low LET radiation one. 
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distant from the site where the collision occurred. Low energy δ-rays are much more 

probable than high energy rays: consequently, since the track diameter is not 

proportional to the LET but depends on the energy of the particle and, for the same 

energy, by its Z, ionization density will be different for different ions of equal LET. In 

general, the effects of particles with same LET but different Z can differ (Fig. 1.11). 

Knowing the distribution of these particles along a track (ion track structure) is of 

primary importance in the interpretation of the effects of radiation in biological 

materials, as it provides direct information on the transport of energy at a distance. 

 

 

In order to know the deposition of energy in a precise region around the track 

of the incident particles, a further quantity is used, called narrow stopping power for 

linear collision LΔ, which takes into account only the energy yielded locally in the 

Figure 1.11: Track structure of protons and 
carbon ions in H2O. For the same particle energy
and the same target area, different particles 
interactions occur that generate dissimilar tracks. 
DNA molecule is shown in the bottom left as 
dimensional comparison.  
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medium, i.e. in proximity of the primary track, since in its calculations only the 

collisions that involve the transfer of energy below a certain value are considered. LΔ 

is defined as: 

 

𝐿∆ = (
𝑑𝐸

𝑑𝑙
)∆   {21} 

 

where dE represents the energy yielded locally by collision from a charged particle 

along a segment of track length dl, having considered in the computation of dE only 

the collisions that involve a transfer of energy by a single collision below Δ (usually 

expressed in eV). As a cut-off energy, usually in Radiobiology we consider Δ = 100 eV, 

an average energy that corresponds to a range of -rays within the distances typical 

of biological targets (for example, the double helix of DNA). 

If all energy losses are considered without imposing any limits, it is obtained for the 

LET, which in these cases is usually indicated with the symbol L∞, the same value of 

the stopping power. In general, L100 represents 60% of L∞, so the more energetic δ-

rays (those "independent" from the parent track) are responsible for carrying about 

40% of the total energy lost by the particle along the track.  

Since the δ-electrons have a wide energy spectrum, the LET generally does 

not assume a well-defined value, but it follows a distribution. If f(L) is the probability 

of finding a value of the LET in the interval of length [L, L + dL], we define as track-

averaged LET the quantity 
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𝐿 = 𝐿 ∙ 𝑓(𝐿) 𝑑𝐿   {22} 

 

Moreover, if we have a polyenergetic beam, where particle tracks have 

different energies, to combine the different qualities contributing to cell kill in a single 

value we can use the dose-averaged LET, that corresponds to the average LET 

associated to the absorbed dose distribution: 

 

𝐿 =
[∫ 𝐿 ∙ 𝑓(𝐿) 𝑑𝐿]

𝐿
   {23} 

 

For the track averaged LET, the LETD is most frequently used as representative 

quantity for the biological effectiveness of a radiation field, since it takes in account 

the distribution of the absorbed dose evaluated along the particle track. During the 

last few years, the quantity LETD has received some particular importance due to the 

extensive use of protons for radiotherapy treatment where there is an interest for 

including, into the treatment planning system, parameters that are clinically and 

biologically relevant. In terms of macroscopic dosimetric parameters, some studies 

have reported that LETD is more suitable for studying the biological effectiveness 

instead of LETD[18, 20] while others suggested the use of both quantities, but at 

different energy intervals[19]. 

1.2.3.2 Dose 

The biological effect of radiation is commonly correlated to the amount of 

energy transferred to the irradiated volume; in the past this effect was evaluated in 
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function of LET. As we can see, the LET defines only the rate of linear energy transfer 

but not the amount actually absorbed by the medium. We can therefore think of 

assessing the average energy absorbed by means of the dose, defined as the actual 

energy deposited by a radiation beam within a unit volume dV (dε = dE∙dN, where E 

is the energy of any single photon or particle)[21]:  

 

𝐷 =
𝑑𝜀

𝜌𝑑𝑉
=

𝑑𝜀

𝑑𝑚
   {24} 

 

where dm is a sample mass unit and dε is the mean energy released into a volume dV 

of a medium with density ρ. Its unit of measure is the gray (Gy), where 1 Gy = 1 J/kg. 

The dose absorbed by a charged particle beam is due to the sum of the various 

doses associated with the ionizations produced by the primary beam and the 

secondary ions possibly produced by the fragmentation of the beam (for high 

energies of the same and targets with high Z). In the case of charged particle beams 

that cross biological targets (small-medium atomic number), we can also have target 

fragmentation in ions of lower atomic number which are accelerated (Fig. 1.12). 

To take into account the fact that, for equal doses, different types of radiation 

produce different biological damage, we can introduce the concept of equivalent 

dose, defined as the average absorbed dose in an organ or tissue, weighted 

accordingly to type and energy of radiation by weighting factors WR, depending on 

radiation R: 
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Ht = ΣR WR∙DT,R   {25} 
 

where DT,R is the absorbed dose mediated on the tissue T. The unit of measure for Ht 

is the millisievert (mSv). 

Given the Ht for the different organs and tissues, we can also calculate the 

dose absorbed in the whole body as the addition of equivalent doses to all organs, 

defined as effective dose: 

 

E = ΣT WT∙HT = ΣT WT ∙ ΣR WR∙DT,R   {26} 
 

Effective dose is also expressed in Sieverts (Sv). 

 

 

 

Figure 1.12: Si ions with energy of 670 MeV fragmenting while travelling across a lead 
target. Curves with indexes from 9 to 13 represent the cumulative distributions of dose for 
SI fragments with atomic number from 1 to the one indicated. 
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1.2.4 Biological parameters and radiation response 

1.2.4.1 Relative Biological Effectiveness (RBE) 

The ionization caused by direct action of high LET radiation are usually 

resistant to the repair of DNA damage and are primarily responsible for the formation 

of clusters of DNA damage, including DSB, that most of the available experimental 

data identifies as the more radiobiologically significant injury for multiple endpoints 

(cell death, carcinogenesis, mutations). 

The absorbed dose is a macroscopic quantity related to the average energy 

absorbed, for example, by a sample of cells, while for a better understanding of 

biological damage it would be desirable to know the microscopic distribution of 

energy, the track position and the density of ion pairs created. In Radiobiology 

different types of radiation are studied and it becomes difficult to compare the results 

of the experiments based only on the values of the LET, whose statistical nature does 

not incorporate the discontinuous nature of energy depositions. 

To compare different qualities of ionizing radiation in their effectiveness of 

induction of a given effect, we define the RBE (Relative Biologic Effectiveness), whose 

formal definition is given considering that the dose of the radiation under 

examination, Dr, and the dose of the radiation of reference, Drif, produce the same 

level of the effect taken into consideration [22]: 

 

𝑅𝐵𝐸 =
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐷𝑜𝑠𝑒 (𝑖𝑛 𝐺𝑦 𝑜𝑟 𝑟𝑎𝑑) 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐷𝑜𝑠𝑒 (𝑖𝑛 𝐺𝑦 𝑜𝑟 𝑟𝑎𝑑) 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
   {27} 
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For many experimental studies, 250 kVp X-rays are conventionally taken as reference 

radiation (Fig. 1.13), although some variation is seen if another type of radiation (γ-

rays, MV LINAC beams) is used.  

 

 

 

 

 

 

 

 

RBE is also dependent on a number of physical and biological factors, such as: 

- biological endpoint; 

- dose fractionation, that tends to increase the impact of RBE on the survival 

curves of the different fractions of radiation (relevant factor in Radiotherapy); 

- variation in the dose rate (dose/time, measured in Gy/min); 

- quality of the radiation, expressed by LET. 

This means that the RBE within an irradiated structure is spatially-variant and this 

has important implications for the efficacy of particle therapy and for the way in 

which particle beam treatments should be planned[23].  

Figure 1.13: Graphic visualization of RBE. 
Considering the survival curves for a given cell line (cell survival fraction in function of the dose) for 
both reference and test radiation, the dose value for a fixed survival fraction is taken. RBE is the ratio 
between the dose of reference radiation (X-rays in this case) and that of test radiation to have the 
same survival fraction. 
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In particular, for endpoints such as survival, RBE is initially proportional to LET 

and increases with the LET of the ionizing radiation involved (Fig. 1.14). This 

increment is basically the result of a higher density of ionization and so of the 

production of hugely localized and more severe DNA damage, or rather less 

repairable by the intracellular mechanisms responsible for the DNA damage repair. 

 

 

1.2.4.2 The Linear-Quadratic Model 

The functional relationship between the dose of radiation absorbed and the 

biological effect observed is represented by dose-response curves (Fig. 1.15), the 

parameters of which (shoulder width, slope of the exponential portion) may vary 

according to: 

Figure 1.14: relationship between RBE and LET in human mammalian cells. 
For lower LET radiation (usually electrons and photons), RBE is initially quite constant and equal to 1, 
while for high LET radiation (heavy charged ions) RBE increases in a non-linear way. Proton behaviour
is defined as similar to the one of low LET radiation. Curves 1, 2 and 3 refers to different cell survival 
levels (0.8, 0.1 and 0.01 respectively), to illustrate that the absolute value of RBE is not unique but 
depends on the level of biological damage, and, therefore, on the dose level.[24] 
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 type of cell population 

 quality of radiation 

 effect under exam  

 environmental conditions during (oxygen, temperature) and after exposure 

 addition of drugs  

 

 

 

 

 

 

 

 

 

 

 

One of the dose-response curves most used in order to understand the lethal 

effect of radiation is the survival cell curve, that relates the radiation dose delivered 

to a cell sample with the fraction of the irradiated cell population that survives, as 

measured on its clonogenic capacity (ability to form colonies). 

A survival curve may have 4 characteristic trends: linear, exponential, 

sigmoidal, mixed, each of which indicates the radiosensitivity of the cell population 

in question. The dose-response curves have been analysed using mathematical 

Figure 1.15: comparison of survival curves for different 
radiations with increasing LET. X-rays are defined as 
reference radiation. 
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models used to interpret the mechanism of radiation action. These models are based 

on a series of postulates: 

 the discrete events of deposition of energy in matter, called "hits", have a 

stochastic nature in time and space; 

 cell death is connected to the occurrence of an interaction in particularly 

critical sites of the cell, fundamental for its division; 

 there are some sites in the DNA molecule whose integrity is essential to allow 

cell division; 

 the occurrence of a DNA DSB in one or more of these sites is the cause of cell 

death; 

 these sites are to be considered biological targets of an identifiable physical 

volume in which specific targets are inactivated by a defined number of hits. 

The two models referred to in the study of radiation-matter interaction are: 

 "single target, single hit", according to which in each cell there is only 

one sensitive target whose inactivation produces cell death and the 

inactivation of reproductive capacity requires a single event in this target 

in each cell (D = dose of the radiation considered; D0 = dose of the 

radiation of reference. Both the values are measured in Gy): 

 

𝑆𝐹 =  𝑒   {28}     

 



1.2 Radiobiology  44 
 

 

 "multi target, single hit", according to which in each cell there are N 

sensitive targets, in each of which at least one event must occur to have 

loss of reproductive capacity:  

 

𝑆𝐹 =  1 − (1 − 𝑒 )    {29} 

 

A characteristic trend of the dose-response curve relative to ionizing radiation 

(Fig. 1.16) is described by the the linear-quadratic model, where the inactivation of 

the reproductive capacity can occur both for a single event in a single target and for 

multiple events in the same target. The prevalence of one of the two inactivation 

modes determines the overall shape of the curve: 

 

𝑆𝐹 =  𝑒(  )   {30} 

 

where:  

- SF = survival fraction 

- D = dose (Gy)  

- α = linear slope parameter 

- β = quadratic slope parameter 
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The α component (Fig. 1.17) of the curve represents the linear component of 

the damage directly lethal (beyond repair). It can be identified with the events of the 

DSB and is prevalent with high LET radiation and low dose rate. The β component is 

the quadratic component of the curve and corresponds to the damage repaired. It 

can be identified with the events of SSB and is therefore prevalent with low LET 

radiation.  

 

 

 

 

 

 

 

Figure 1.16: survival curves with linear-quadratic trend for ionizing radiations with low and high 
LET. It is clear the influence of LET on the evaluation of the dose effect of the radiation involved.  

Figure 1.17: relationship between hit and target of the two 
portions of cell survival curve, linear and quadratic. Target 
considered is represented by a couple of chromosomes.  
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The ratio α/β represents the dose for which linear and quadratic components 

are equal and can describe the shape of the curve.[25] This quantity is relevant in RT 

to evaluate the acute and late effects of radiation on normal and tumor tissues. Acute 

effects are the one occurring during or shortly after RT, that tend to cause 

inflammation, especially to rapidly-proliferating tissues (like skin or GI); they are 

generally reversible, due to proliferation and repopulation of surviving stem cells. 

Late effects can instead occur months to years after RT and have a wide individual 

variation in severity; these effects can be permanent and impact on quality of life of 

the cancer survivors, in form of serious debilitation and survival. 

In initial studies[26], high α/β values (6 to 14 Gy) observed for acutely 

responding normal tissues indicate that the response is quite linear over the dose 

range of clinical interest; this means that these tissues are less sensitive to changes 

in dose/fraction (an important factor to consider in case of fractionated RT) and the 

effects are increased with shorter treatment time, due to the lower repopulation of 

early responding tissues. By contrast, low α/β values (1.5 to 5 Gy) have been observed 

for late responding normal tissues; the curvature of the trend in this case indicates 

that the late responding tissues are more sensitive to change with the dose and they 

are less dependent on overall treatment time. Also, most recent evidence suggests 

that α/β for some tumors is lower than that of surrounding tissues for the same dose 

range[27], hence, when building a RT treatment plan, it is fundamental to consider the 

radiation effect to tissues and organs close to the tumor and their incidence on the 

functionality of other organs connected to them. 
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As mentioned, α and β parameters are severely dependent on the LET of the 

radiation involved. At low doses, therefore, considering low-LET radiation, the shape 

of the survival curve indicates that multiple events are necessary to cause cell death: 

the low-LET radiation produces a "sparse" track, and it is rare for two tracks to deposit 

energy in the same cell. For high LET radiation, ionization density is such that in a cell 

there are at least two events with a high probability of causing cellular inactivation. 

Over 100 keV/μm the RBE decreases with increasing LET: this phenomenon has been 

defined as the overkill effect (Fig. 1.18), since the ionization density in a single cell is 

greater than that necessary to generate the two events required to cause inactivation 

of the cell itself. This dose is therefore dissipated within a single cell and does not 

contribute to cellular inactivation, so with the same particles the RBE decreases. 

 

 

Figure 1.18: diagram of overkill effect. Low LET radiations interact sparsely in cell tissue, so their RBE 
is quite constant. For high LET particles, damage occurs more densely and, since for high energies all 
cells exposed are involved in the interaction, RBE increases because the ratio damaged cells/alive is 
higher. When the LET rises further, most of the damaged cells can reach toward death, so the 
calculation of RBE is biased, since it seems that there are less damaged cells than with a lower LET, 
while actually most of these are dead.  
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1.2.4.3 Radiation response  

As described in the previous sections, high LET radiation is known for its 

greater effectiveness in inducing a series of biological effects with respect to photons. 

The main sources of this kind of radiation are: 

 natural sources or α particles emitted from the decay of Radon and its 

descendants in the case of environmental radioactivity; 

 cosmic radiation HZE (High Energy and Z) in the case of space missions; 

 medical diagnosis applications and cancer therapies involving proton beams, 

carbon ions and radionuclides. 

The mechanisms underlying the radiobiological effects of these exposures and 

the consequences, especially long term, on human health are still not completely 

clear[28-33], mainly due to the complex nature of the biological systems' response to 

cytogenetic stress. 

It is important to remember that the severity of the damage to the biological 

material exposed to high LET ionizing radiation changes with the depth reached by 

the particles themselves; in fact, the value of the RBE is influenced by several factors, 

not least the variation of the ionization pattern along the track of the ion that enters 

the medium. From the radiobiological point of view, the effects of exposure to 

ionizing radiation are determined by the level of damage induced (mainly in DNA), 

which in turn reflects the methods of energy deposition, described by the Bragg 

curve. As the LET increases, the predominant damage takes the form of lesion clusters 
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(DNA DSB, damaged DNA bases)[34], as well as the ionization density along the 

radiation trajectory. 

However, RBE and LET are inadequate parameters to fully describe the 

experimental results and to realistically predict the effectiveness of the various 

accelerated ions; for a correct experimental and modelling interpretation of the 

biological effects, we must indeed take into account the different ion track structure. 

In fact, the LET is a good indicator of the rate of energy deposition but is not able to 

predict biological effects through a simple relationship[35]; also, the high LET radiation 

energy is deposited in a quantitatively different manner according to mass and initial 

energy of the ion. It follows that the observed RBE can differ, for the same absorbed 

energy (and so for the same dose[36]), and therefore does not remain constant along 

the track of the ion[37]. Since the track diameter is not proportional to the LET, but 

depends on the energy of the particle and, for the same energy, by its Z, the ionization 

density will be different for different ions of equal LET. 

For almost all types of ions and for the main radiobiological targets of interest 

in Radioprotection and Radiotherapy, the RBE of charged particles does not vary 

linearly with the LET and is ≥1. While the lethal damage is related to acute effects and 

prevents the neoplastic transformation of the cell, at lower doses it can manifest in 

different forms as sublethal damage, which does not cause cell death but when 

accumulating in proliferating cells may lead to genetic instability, transformation, 

mutation and carcinogenesis. As the dose increases, the lethal effects increase, while 

the sublethal effects exhibit a maximum as the cell cycle slows and damage increases 

stopping its progression. It follows that sub- (and non-lethal as well) effects are more 
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likely to occur in the plateau region of the Bragg curve, where cellular lethality is low 

but normal cells receive non-negligible doses. 

Most of the radiobiological studies on ions have focused so far more on the 

lethal effects of tumor cells, mainly examining the clonogenic survival only at the peak 

of the Bragg curve. This was dictated by the need to use high LET radiation for cancer 

therapy on radiosensitive tumors. On the other hand, the sublethal cellular damage 

that occurs in the plateau region, beyond the peak and in the immediate vicinity of 

the ion trajectory, of interest for any non-targeted effects[38], has not yet been 

adequately measured and modelled. Such long-term damage can compromise the 

genomic stability of the affected normal cells and the functional integrity of healthy 

tissues, and for these reasons it is crucial to determine the efficacy of the origin of 

such effects for different exposure scenarios.  

In general, it is possible that accelerated ions have a greater RBE than low-LET 

radiation for late non-lethal effects, which mostly affect healthy tissues, since they 

occur along the plateau region of the Bragg curve. Furthermore, it is known from both 

in vitro and animal studies that heavy ions are much more efficient than low-LET 

radiation even in cancer induction[39], albeit at relatively low doses. It has also been 

shown that even very low doses of high LET radiation (sublethal exposures) are able 

to induce premature cellular senescence, which in turn can lead to normal tissue 

complications, organ impairment and other non-tumorigenic effects. 

At present, there are only a few measures of sublethal damage along the 

trajectory of ions[40-46], which are limited to a few positions on the Bragg curve 

(typically, centre of the plateau and of the enlarged peak) making it difficult to 
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estimate the RBE and its variations along the path of the particle. However, these 

results have shown that the biological Bragg curve can vary quantitatively and 

qualitatively for each of the objectives examined along the ion path (physical Bragg 

curve) and explained how it can be different for the paths of different ions and in 

relation to different doses. It is therefore fundamental to study the radiobiological 

properties of ions of various Z through precise measures of cytogenetic damage along 

their path, which can thus lead to the construction of more accurate biophysical 

models of the effects of high LET radiation, in order to develop more reliable risk 

factors in radiation protection and better treatment plans and radiotherapy[47-49]. 

 

1.2.4.4 Influence of oxygen level in cell environment on radiation 

response 

Another aspect to consider in radiation interaction with biological matter is 

the level of oxygen in the tissue irradiated. The normal environment is at a level of 

20% O2 called normoxia, and this term is used to describe the “normal” oxygen level 

in cell culture radiation experiments.[50] However, this condition is not exactly 

representative of the oxygenation levels of internal organs and peripheral tissues 

including a tumor. Many tissues have levels of oxygen below normoxia: this condition 

is termed hypoxia and can have different consequences depending on the level of 

oxygen present in the tissue. Many internal organs have an oxygen level between 3-

7.5%: this condition is called physiological hypoxia. In tumors it appears that, 

although the vasculature of the internal area is very poor, the tumor cells do not die, 
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showing that a sizeable proportion of them are significantly hypoxia tolerant. In 

addition, exposure to prolonged pathological hypoxia (under 3% oxygen) will select 

for hypoxia-tolerant tumor cells that are stress resistant and more malignant. For a 

better definition of the different hypoxia scenarios, see Table 1.1.  

 

% Oxygen Hypoxia definition 

3-7.5% Physoxia: physiological oxygen level in peripheral tissues with an average 
of approximately 6%. For experimental studies, 5% is the most common 
compromise. 

1.0-2.0 Physiological Hypoxia: lower level at which normal hypoxic responses are 
provoked 

<1.0 Pathological hypoxia: persistence of poor oxygenation as a consequence 
of disruption to normal homeostasis 

<0.4 Radiobiological hypoxia: oxygen level at which the cytotoxic effect of 
radiation is half maximal 

Table 1.1: approximate levels of oxygen correspondent to the different hypoxia conditions [50]. 

 

It is difficult to be precise about the exact level of oxygen at which this occurs, 

since it is noteworthy how well tumor cells adapt to significantly low oxygen levels. 

In one study, hypoxia only caused death of tumor cells when oxygen levels were 

0.01% for more than 24 h[50]. As a consequence, tumor hypoxia is associated with a 

poor response to radiotherapy. Experiments in malignant cell cultures have shown 

that, under hypoxic conditions, approximately three times the radiotherapy dose is 

required to produce equivalent biological effect.[51] The influence of oxygen level on 

biological effectiveness of radiation can be evaluated by the OER (Oxygen 

Enhancement Ratio), defined as the ratio of radiation doses during lack of oxygen 
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(hypoxic condition) compared to the one in normoxic environment. Its value can vary 

depending on the biological effect considered:  

 

𝑂𝐸𝑅 =  
𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑑𝑜𝑠𝑒 𝑖𝑛 ℎ𝑦𝑝𝑜𝑥𝑖𝑎

𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑑𝑜𝑠𝑒 𝑖𝑛 𝑛𝑜𝑟𝑚𝑜𝑥𝑖𝑎
   {31} 

 

The OER depends on the ionizing density of the radiation involved, so 

therefore its LET[52]. Fig. 1.19 shows that OER is higher (values from 2 to 3) for low 

LET particles, while it decreases as LET rises (reaching a value of 1 or lower), that 

means that high LET radiation (protons and ions) should be able to make more DNA 

damage occur under hypoxic condition, allowing the use of particle radiotherapy on 

radioresistant tumors.  

 

 

 

The best explanation for this oxygen effect is provided by the Oxygen Fixation 

Hypothesis (OFH), which postulates that oxygen permanently fixes radical-induced 

DNA damage, so it becomes permanent[53]. In the absence of oxygen, natural cellular 

antioxidants containing sulfhydryl groups, such as glutathione, can chemically repair 

Figure 1.19: representation of OER vs. LET of radiation. 
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this free radical damage preventing DNA lesions being formed. Exposure of cells to 

ionizing radiation can also cause their mitochondria to produce greater amounts of 

reactive oxygen species, whose longer life span is about 10-5 s[54]. These free radicals 

break chemical bonds, producing a chain of chemical changes that results in the final 

expression of biological damage, which depends on the presence of oxygen. In oxic 

conditions, ROS interact with the DNA, and even if the DNA radical can be reduced 

by reacting with an SH group, chemical damage is permanent. In hypoxic conditions, 

however, sparsely ionizing radiation effects are reduced, since the damage is more 

repairable and also not fixed by oxygen. Conversely, in the same conditions densely 

ionizing radiation is able to produce more complex damage also in hypoxic cells, 

increasing the OER for this kind of radiation.  

OER is also dependent on cell cycle phase, spanning from a value of   2̴.35 for 

cells in G2 phase to   2̴.85 for S phase cells, with an intermediate value for G1 phase 

cells. Also, since the impact of high dose rate radiation on the cellular environment 

could be affected by the oxygenation conditions of the tissue[55], OER values give a 

better understanding of the real effect of the radiation involved in a particular 

situation, where the cell is irradiated at a specific oxygen level. This is another 

relevant aspect to be considered as an advantage of laser-accelerated particles 

therapy, relative to conventional proton and ion therapy currently in use.  

1.2.4.5 An early response effect: DNA Double Strand Breaks 

Ionising radiation can be considered as a two-sided sword, since it may lead 

to genetic modifications in exposed normal tissue but may lead to loss of clonogenic 

survival of tumor cells, that represents a benefit after radiotherapy. One of the ways 
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in which ionising radiation works is through damaging the DNA of exposed tumor 

tissue leading to cell death[56]. As described in Section 1.2.3.1, the radiation track 

deposits energy in the biomolecules of the cell during their traversal. The pattern of 

these discrete energy depositions causes chemical modifications to the biomolecules 

and, as a consequence, defines the spatial distribution of lesions induced. As DNA is 

the major biomolecule of interest, a fraction of the DNA damage sites induced by 

ionising radiation will have two or more lesions formed within one or two helical 

turns of the DNA (Fig. 1.20). These sites induced by a single radiation track are termed 

clustered damage sites and include DSB; they may be considered as a signature of 

ionising radiation in contrast with isolated, endogenously induced lesions, which tend 

to be homogeneously distributed.  

 

 

As we already observed in Section 1.2.4.2, the complexity of the clusters, 

reflecting the number of lesions present, increases with the LET of the radiation. With 

Figure 1.20: Schematic of the types of DNA damage, ranging from single and clustered damage sites 
through to simple and complex double-strand breaks (DSB), formed by passage of a single radiation 
track. Low LET radiation induces lower concentrations of ionisation events and consequently less 
complex DNA damage sites than high LET radiation. The coloured stars represent base or sugar lesions.
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low LET radiation, about 70% of the energy deposited induces isolated lesions[57,58] 

and about 30% of the energy deposited induces clustered damage sites of varying 

structural and chemical complexity. For densely ionising radiation (higher LET)[59], 

about 90% of the energy deposited results in clustered damage sites including DSB. 

It is known that clustered damaged sites including DSB, which are structurally and 

chemically complex, have reduced reparability when compared with that of 

individual lesions[60-62]. It is often discounted that the response to, and efficiency of, 

repair of DNA damage may depend on the complexity of the DNA damage site and as 

such should be seen as a different substrate during the repair process. The spatial 

distribution of those lesions, coupled with their reduced ability to be repaired, 

contributes to more effective killing of tumor cells by ionising radiation.  

Due to its cytotoxicity, the most deleterious lesion induced by ionizing 

radiation is thought to be the DSB, a break in the phosphodiester backbone of both 

strands of the DNA separated by about 10 base pairs or less. Both simple and complex 

DSB are induced by ionising radiation with 3’ blocking ends, e.g. 3’-phosphate or 3’-

phosphoglycolate moieties[63,64], and possess single-stranded overhangs of variable 

length, whereas complex DSB have a high frequency of oxidised base modifications 

and abasic (AP) sites directly adjacent of the DSB ends[65-67]. As we already know, the 

yield of DSB increases linearly with radiation dose, starting from a dose of a few mGy. 

A DNA checkpoint is a signal transduction cascade that transmits information 

from DNA lesions to components of the cell cycle[68]. DNA integrity is continuously 

checked during cell cycle by some damage checkpoints, that stop cells before 

entering in S or M phase if any DNA lesion has not been properly repaired. In response 
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to DNA damage, the downstream effector checkpoint kinases Chk1 and Chk2 are 

activated by the ATM-related protein kinases[69], then Chk2 phosphorylates the 

tumor suppressor protein p53, arresting the cell cycle at the G1/S or G2/M 

boundary[68]. The gene which encodes p53, that synthesises the levels of p53 protein 

activated and stabilized in cells exposed to ionising radiation, is the most frequently 

mutated gene in human cancers. So, DNA damage after exposure to IR can be 

revealed by detecting proteins that interact with p53, like for example 53BP1[69, 71], 

focused to a number of nuclear foci after radiation-induced DNA damage, especially 

DSBs[70]. The number of 53BP1 foci is approximately equal to the number of DSBs 

induced by IR and their dephosphorylation over times has a kinetic parallel to the rate 

of DNA DSB repair[72]. This protein concentrates at discrete nuclear foci within 5-15 

minutes and the assembly of the foci doesn’t depend on cell cycle stage, moreover, 

irradiation induced 53BP1 foci occur in almost all cells, S.R. McKeown, Defining 

normoxia those undergoing mitosis[68]. 

53BP1 foci are quantified by an immunofluorescence assay, a procedure in 

which these proteins are labelled with a specific antibody (or more than one) that 

carries a fluorescent probe, to allow the visualization of the sub-cellular distribution 

of the biomolecules of interest using a fluorescence or confocal microscope. 53BP1 

has been chosen as it provides good results in terms of foci visibility. This technique 

has been widely used in this project for the study of DNA DSB kinetics in the cell 

cultures involved and optimised for a variety of radiation types, in order to monitor 

qualitative and quantitative changes. 
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1.2.4.6 A late response effect: Stress-Induced Premature Senescence 

The process of senescence in somatic cells, which consists in the exhaustion 

of the proliferative potential of a cell, has long been known and was observed for the 

first time in cultures of normal human cells[73]. 

Unlike cancer cells, human normal cells in vitro do not proliferate indefinitely 

but enter a metabolically active state of irreversible growth arrest, termed replicative 

senescence, typically after 60-80 duplication cycles. This was observed by Hayflick 

and Moorhead[74] on foetal fibroblasts, and led them to postulate that cells, even in 

optimal growth conditions, were not able to divide indefinitely but undergo a process 

of cellular aging, which originated from intracellular mechanisms and was therefore 

an expression of a finite and predetermined longevity. Furthermore, these 

observations identified senescence as the fate to which each non-tumoral cell 

physiologically undergoes. Later studies have shed light on the causes triggering 

cellular senescence and on how this represents a natural mechanism of tumorigenic 

suppression, removing from a culture of proliferating cells those damaged by external 

factors and containing endogenous mutations. However, senescence is also 

associated with the disruption of the tissue microenvironment and development of a 

pro-oncogenic environment, principally via the secretion of senescence-associated 

pro-inflammatory factors[75].  

A cell can become senescent in response to various factors; the changes 

involved involve a characteristic phenotype, whose salient features are the 

permanent arrest of proliferation, an altered gene expression and a possible 

resistance to apoptosis (Fig. 1.21). Other distinctive traits may be morphological 
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changes of the cell (flattening, increased cell volume), senescence-associated DNA 

and heterochromatin foci and the specific presence of the hydrolytic enzyme β-

galactosidase, exploited as an efficient marker of recognition of senescent cells in 

vitro[76]. 

Depending on the factors to which the cell is subjected, senescence can be: 

 replicative, related to dysfunctionality and reduction of telomeres[77-78]; 

 premature, induced by sublethal stress (Stress-Induced Premature 

Senescence or SIPS) and described for the first time by Serrano et al.[79], when 

they demonstrated the permanent arrest in the G1 cell phase of human and 

rodent primary cells following the expression of the oncogene Ras. It has also 

been shown that cytotoxic and genotoxic stresses of various kinds (DNA 

damage, ionizing and non-ionizing radiation, oxidative stress, oncogenic 

activation etc.) and of sublethal types can cause the onset of premature 

senescence, whose phenotype is similar to that of replicative senescence, but 

whose molecular "activators" have not yet been determined. The fraction of 

cells in a senescent state is known to increase with cellular age and from 

exposure to stressors, therefore the implications of the detrimental effects of 

the senescent phenotype are important to understand within the context of 

the increasing human exposure to ionising radiation. 
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Radio-induced premature cellular senescence is a sublethal effect of exposure 

to ionizing radiation, associated with an increase in cardiovascular and neurological 

degenerative risk and particularly studied for its occurrence after a wide range of 

doses, including low dose, of radiation of various qualities. This review highlights 

current understanding about senescence, highlighting possible associations between 

Figure 1.21: Schematization of expression factors and molecular 
mediators intervening in cellular senescence. 
Senescent phenotype includes the expression of Sa-β-galactosidase
and an enhanced expression of p16INK4a, that leads to an arrest 
of the cell cycle and to an increased secretion of pro-inflammatory 
factors and ends with a SASP. 
For these studies, senescent cells samples involved have been taken 
from old human healthy subjects and tissues affected by ageing 
pathologies.[81] 
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senescence and cancer and, how exposure to ionising radiation may modify this. 

Study of these is therefore of considerable interest for the possible long-term 

degenerative effects in normal tissues following Radiotherapy[48, 49], especially in light 

of the existence of a phenotype associated with premature senescence, 

characterized by the secretion of inhibitory factors or promoting tumor progression, 

called the Senescence-Associated Secretory Phenotype (SASP), which can lead to the 

stimulation of pre-neoplastic cells[80] (Fig. 1.22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.22: schematization of the evolution of a normal cell to 
a malignant cell. Stress-induced premature senescence can 
lead a cell not only to an ageing process, but also induce 
modification in the cell cycle and the growth process of the cells 
itself, transforming it in a premalignant cell that can then 
degenerate to a tumoral cell. 
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1.3 Radiotherapy 

1.3.1 Benefits of Radiotherapy 

Radiation therapy is a widespread form of treatment for cancer today. 

According to the American Society of Radiation Oncology (ASTRO), more than 60% of 

cancer patients receives radiation therapy (either alone or in combination with other 

treatment approaches). 

The application of RT is based on the fundamental principle of achieving 

precise dose localization in the target lesion while causing minimal damage to 

surrounding normal tissue.[82] It involves the use of high energy (from 10’s to 100’s of 

MeV) X-rays, gamma rays, and charged particles (electrons, protons and ions) for 

cancer treatment. In Radiobiology, a radiotherapy technique has to follow the 

conditions given by the “five Rs”, relative to the cell and the tissue environment: 

intrinsic radiosensitivity, repair, redistribution, reoxygenation, and repopulation. 

From this point of view, radiation has been shown to be a double-edged sword to 

patients with cancer, since while it represents some cure or symptom control, on the 

other hand it represents a high probability of some degree of toxicity. To reduce this 

risk, especially for particular kinds of tumors, it has been demonstrated that 

fractionated RT, i.e. the delivery of a number of radiation fractions with small doses 

(respect to a one-dose RT treatment), takes better advantage of the four Rs, 

improving the therapeutic ratio relating to patients with cancer, whereby 

complications are reduced and tumor kill has been increased[83]. 
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The main benefit of RT relative to other cancer treatments (like chemotherapy 

or hormone therapy) is that mainly the tumor environment is irradiated (and the 

normal tissue traversed by the beam), while the rest of the body is not affected. 

Moreover, the precision in energy, and hence dose, of the radiation delivered allows 

better treatment planning and understanding of the effects of the therapy.  

Potential other benefits of radiotherapy may include: 

 treatment plan usually is delivered in separate session, scheduled in the best 

way for the patient to appreciate the results and maintain lifestyle; 

 radiotherapy sessions are not time consuming and can be performed over 

short time periods (from minutes to approximately one hour); 

 treatment sessions are typically given on an outpatient basis, so no hospital 

stay is required. 

1.3.2 Therapeutic ratio 

Radiotherapy can be used to treat many cancers, alone or in combination with 

other treatments. Some common applications are[84]: 

 cancer treatment with the attempt to prevent a recurrence by eliminating a 

tumor; 

 palliative treatment (tumor shrinking) to relieve pain, pressure and other 

symptoms related to the tumor, when eliminating it is not possible; 

 pre-operative radiotherapy, to help shrink a tumor before surgical removal; 

 Post-operative RT, to treat any remaining cancer cells in the tumor area. 
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A radiation beam may be delivered by a machine outside the body (external-

beam radiation therapy), or it may come from radioactive material placed in the body 

near cancer cells (internal radiation therapy, also called brachytherapy and 

radionuclide therapy). 

As seen in Section 1.2.2.1, radiation kills cancer cells by damaging their DNA 

with a direct (charged particles) or indirect (photons) action. Unfortunately, also the 

cells of tissues and organs that surround the tumor target are exposed to the 

radiation at the same time. The side effects on healthy cells depend on the dose that 

they receive, and the trend of the latter is different for every kind of radiation. 

1.3.3 Advanced Radiation Therapies 

Today several external beam radiation techniques are being used, differing by 

the type of radiation used and the delivery method. Some examples of such radiation 

therapies techniques include: 

 Intensity-Modulated Radiation Therapy (IMRT): used to treat cancer and non-

cancerous tumors, IMRT uses advanced technology to manipulate photon and 

proton beams of radiation to conform to the shape of a tumor. The radiation 

intensity of each beam is controlled, and the beam shape changes throughout 

each treatment. The goal of IMRT is to conform the radiation dose to the 

target and to avoid or at least reduce exposure of healthy tissue to limit the 

side effects of treatment. 

A particular type of IMRT is VMAT (Volumetric Modulated Arc Therapy), in 

which the linear accelerator rotates around the patient during treatment. The 
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machine continuously reshapes and changes the intensity of the radiation 

beam as it moves around the body, adapting the beam itself to the tumor 

volume. This procedure of beam delivery makes this kind of RT very 

conformal, shortens the treatment time and uses a lower overall dose of 

radiation. 

 Image-Guided Radiation Therapy (IGRT): Is the use of frequent imaging during 

a course of radiation therapy for the purpose of improving the precision and 

accuracy of the delivery of radiation treatment. In IGRT, machines that deliver 

radiation, such as a linear accelerator (for photons and electrons) or 

cyclotron/synchrotron (for protons), are equipped with special imaging 

technology (such as CT, MRI, ultrasound or regular X-rays) that allow the 

clinician to image the tumor immediately before or during the time radiation 

is delivered, while the patient is positioned on the treatment table. Using 

specialized computer software, these images are compared to the reference 

images taken during simulation. Any necessary adjustments are made to the 

patient’s position and/or radiation beams in order to more precisely target 

radiation at the tumor and avoid healthy surrounding tissue. 

IGRT is used to treat tumors in areas of the body that are prone to movement, 

such as the lungs (affected by breathing), liver, pancreas, and prostate gland, 

as well as tumors located close to critical organs and tissues. It is often used 

in conjunction with IMRT, proton beam therapy, stereotactic radiosurgery or 

SBRT.  
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 Intra-Operative Radiation Therapy (IORT): Is an intensive radiation treatment 

administered during surgery. IORT is used to treat cancers that are difficult to 

remove during surgery and when there is a concern that microscopic amounts 

of cancer may remain. Since it’s not always possible to use very high doses 

during conventional radiation therapy, due to the proximity of sensitive 

organs, IORT is often combined with conventional radiation therapy, which is 

usually administered before surgery, because it allows higher effective doses 

of radiation to be used compared with conventional radiation therapy and 

consents clinicians to temporarily move nearby organs or shield them from 

radiation exposure. 

 Stereotactic Ablative Radiotherapy (SABR) or Stereotactic Body Radiation 

Therapy (SBRT): Is a highly focused radiation treatment that gives an intense 

dose of radiation concentrated on a tumor, while limiting the dose to the 

surrounding organs. It has become a treatment of choice for many patients 

with limited tumor volume for whom surgery may not be an optimal 

treatment. It is delivered by the use of the latest image guidance technologies 

and machines such as the Cyberknife® to ablate tumors with millimetre-scale 

accuracy and for most indications local tumor control rates of 90% can be 

achieved. The ability to spare healthy tissue while intensifying the radiation 

dose is the primary advantage of SABR over other modalities, particularly 

when critical structures are located near the treatment area (ex. Optical nerve 

in proximity of small brain tumor). SABR is also non-invasive and comfortable 

for the patient and the majority of treatments are done as short outpatient 
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visits of 30 minutes to an hour, requiring no hospitalization. Treatment 

courses are generally completed in 1-5 days. 

1.3.4 Photon/electron therapy vs. Particle therapy 

Radiotherapy with photons (X- and γ-rays) and electrons is the most 

frequently used all over the world and delivered nowadays by machines that can 

occupy relatively small spaces and be fitted in a hospital environment. However, 

relative dose distribution for photons and electrons shows that these types of 

radiation lose most of their energy at the entrance surface of the body (Fig. 1.23), 

leading to several consequences in skin and surface tissue (erythema or skin 

melanoma generation).  

 

 

As seen in Section 1.2.2.3, heavy particles (protons and ions) follow a straight 

path into the tissue, releasing most of their energy in a well-defined region, called 

Figure 1.23: percentage of dose released in biological tissue by different kind of radiations. 
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Bragg peak. This region is usually quite narrow (pristine peak), depending on the 

nature of the particles of the beam used, but it can be enlarged by “tuning” and 

changing the beam energy to cover all the tumor target with the same dose, saving 

surrounding healthy tissues that receive a consistently lower dose of radiation.[85] The 

extended uniform dose region in depth formed by the optimal stacking of multiple 

depth dose curves of pristine peaks of different energies is called Spread Out Bragg 

Peak (SOBP, Fig. 1.24)[86]. 

 

 

Particle Therapy with Radio-Frequency accelerators (cyclotrons, 

synchrotrons), that produce protons and ion beams, is currently utilized worldwide 

for treating a number of tumors, thanks to its better localization of the tumor target 

and increased biological effectiveness, that lead to improved clinical outcomes for 

many prescriptions[88]. Cyclotrons seem more suitable than synchrotrons for PT, 

thanks to their fast cycling and larger beam current characteristics, but more 

Figure 1.24: X-rays curve, Bragg curve and SOBP are shown. A SOBP to extend the uniform 
dose region in depth can be formed by energy stacking, where the single points of the SOBP 
plateau are represented by the Bragg pristine peaks relative to the different energies of the 
beam.[87] 
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advanced accelerator designs such as the non-scaling fixed-field alternating gradient 

(NS-FFAG)[89] and dielectric wall accelerators could provide even higher dose rates 

than the tenth of Gy/s delivered by cyclotrons and syncrothrons. Protons are 

currently the most widespread form of particle therapy, but in the last 10-15 years 

there has been a move towards carbon ions, as they have higher RBE, that makes 

them a more effective treatment for radioresistant and hypoxic tumors[90].  

Conventional radiotherapy accelerators used in hospitals employ large 

magnetic steering systems, called gantries, to perform multi-directional irradiation 

of a patient. Gantries can weigh up to 100 tons for proton systems and 500 tons for 

carbon ion systems[91], making them very costly to build and maintain and not many 

hospitals can accommodate the large accelerators required. Also, the high expense 

relative to these machines and the manpower needed for the service influence the 

cost of the therapies, making them only affordable in larger cancer centres. A 

potential solution is to use laser-driven accelerators for cancer therapy[92, 93], as 

thanks to their features they could considerably reduce the size and cost of 

accelerators for medical applications. The gantry for a specialised, relatively small 

medical laser proton accelerators would be reduced to approximately 2 - 3 m and a 

few tons, compared to those of conventional systems which are approximately 6-8 m 

in diameter, 10-12 m in length and weigh 100 tons or more[92]. 

Fig. 25 shows some scenarios of conventional RT techniques, compared to 

proton therapy treatments for the same area. 
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1.3.5 Laser-driven ion beams facilities: benefits and challenges 

The idea of future facilities based on laser driven ion accelerators has been 

proposed mainly as a way of reducing complexity and cost of conventional PT.[95-98] 

Several setups for a laser-based medical accelerator have been suggested, for 

example an optical system in which the ion beam is accelerated in the treatment 

room itself, and thus the issues of beam transport and delivery are minimised[99]. The 

target would be irradiated at the entrance to the treatment room, so the 

Figure 1.25: Photon-proton treatment planning comparison based on 3-dimensional conformal 
radiation therapy (3D CRT) using combined electron (IMC)/photon-tangent technique, volumetric 
modulated arc therapy (VMAT), helical tomotherapy (HT), and proton therapy. Comparison is based 
on planning with a computed tomography (CT) scan for (A) axial image at supraclavicular level, (B) axial 
image at level of internal mammary lymph nodes, (C) axial image at cardiac level (midheart, 
interventricular level), and (D) sagittal image. Prescription dose was 50.4 Gy. Display of dose ranging 
from 2 Gy to 50.4 Gy.[94] 
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conventional gantry system could be redesigned, reducing the cost considerably. 

Moreover, from a mechanical and physical perspective, a laser-based accelerator can 

then appear more flexible than a conventional RF accelerator, in terms of: 

- control of the output energy and spectrum of the particle beam produced, 

- immediate availability of different accelerated species, 

- better shaping of the beam in the tumor region 

- opportunity to produce more than one kind of radiation during every shot and 

deliver a mixed beam therapy (ex. X-rays and ions beam). 

Currently, however, the energy of the beams produced in laser-based particle 

accelerating facilities doesn’t reach the energies needed for PT (  4̴00-500 MeV) and 

this is mainly due to the methods of productions and delivery of the beams 

themselves.  

On the biological applications side, in contrast to ion beams generated by RF 

accelerators, laser-driven ion beams have an ultrashort duration, as ions are emitted 

in bursts of picosecond duration at the source.  Therefore, their therapeutic use may 

result in dose rates many orders of magnitude higher than normally used. However, 

the radiobiology at ultra-high dose rates is virtually unknown and warrants 

investigation of the biological effect of these ultrashort pulses at the cellular level.[100] 

Although each pulse delivers a fraction of a Gy in a short time (tens of ns), the average 

dose rate over a Gy-level exposure is in the Gy/s range, i.e. not dissimilar from the 

dose rate normally used in radiobiology with conventional proton sources.  

From this background, it is clear that fundamental studies on the 

methodology and viability of using laser driven ion source for cell irradiation 
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experiments is needed and some work has already been reported by several 

groups.[101-103] The main aims of these investigations are: 

 to develop new methods of beam transport and delivery; 

 to establish a procedure for cell handling, irradiation and dosimetry[104] 

compatible with a laser-plasma interaction environment; 

 to assess the biological effectiveness of ultra-short ion bunches on cell 

cultures, for future use in cancer therapy. 

(Further explanation of laser-based accelerators application will be provided in Chapter 3) 

 

1.4 Hypothesis and aims of the project 

This project is part of a large EPSRC program developing next generation laser-

based sources of protons and carbon ions for use in radiotherapy treatment of 

cancer.  The main hypothesis is that the ultrahigh dose-rate laser-driven ion beams, 

being developed in this program, will have a significant impact on the biological 

response of cells, compared to conventional ion beams effects, due to both spatial 

and temporal differences in their delivery.  

This hypothesis is being tested via two aims: 

Aim 1: Assessment of the biological response of cells to ultrashort ion bursts  

Aim 2: Testing models of oxygen enhancement at high dose-rate  

Specifically, the personal contribution of the author to the A-SAIL (Advanced 

Strategies for Accelerating Ions with Lasers) project within this thesis work focused 

on testing the consequences of exposure of normal cells (AG01522 human fibroblasts 

and HUVEC) to laser-driven proton beams, grown mainly under normal oxygenation 
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conditions (normoxia), while a few experiments have been performed also in 

radiobiological hypoxia, physically and chemically induced, and in the presence of 

free radical scavenger conditions. This work involved the study of the implications of 

laser-driven proton beams dose delivered at extremely high dose-rates, for the 

evaluation of biological effectiveness for three endpoints: 

- Cell survival ability, tested by clonogenic assays; 

- DNA damage induction, using 53BP1/HIF-1α immunofluorescence assays; 

- Stress-Induced Premature Senescence (SIPS) as sub-lethal effect on healthy 

cells to be considered during radiotherapy delivery.  

Part of this also included the development of suitable exposure setups for 

sample irradiation and the optimized dosimetric evaluation of these complex beams. 

The results of this thesis work will contribute to the understanding of the impact of 

these types of beams in biological matter and their actual use in future laser-driven 

particle beams facilities for advanced cancer radiotherapy. 
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Chapter 2 

MATERIALS AND METHODS 

 

Biological techniques 

2.1. General 

Most of the chemicals and organic materials used in this study (ethanol, 

methanol, acetone) were of analytical quality and have been used without additional 

purification. dH2O (distilled water) used to prepare some solutions for cell samples 

processing has been filtered with a 0.2 µm syringe filter (syringes from MEDICINA 

Ltd., Bolton, England, UK; filters from Millex, Merck Millipore, East Midlands, UK) to 

avoid crystals in the final solution. Paraformaldehyde solution at 4% used for 

immunofluorescence assay has been freshly prepared for every use and filtered with 

0.2 µm syringe filter to preserve its properties. 
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2.2. Safety 

All cell culture work was performed in sterile conditions in a Class II 

microbiological safety cabinet with HEPA filtered laminar airflow and UV light for 

decontamination, sterilized with 70% ethanol solution before every use. All the 

hazardous material has been discarded in the relative bin or container: broken glass, 

sharp-edged material and syringes (with or without needles) were usually sent to 

incineration, while all the other contaminated waste was sent for autoclaving before 

disposal. These procedures have been followed in all the labs where experiments 

were performed: Patrick G. Johnson Centre for Cancer Research (PGJCCR, Queen’s 

University Belfast, Belfast UK), LULI Biolab (LULI, Ecòle Polytechnique Paris-Saclay, 

Paliseau, Paris, FR) and the VULCAN Biolab (VULCAN TAP Facility, Rutherford 

Appleton Laboratory, Harwell Campus, Didcot, Oxfordshire, UK). 

 

2.3. Cell Culture protocols 

The following protocols for basic operations with cell cultures are the ones 

adopted in a common biolab to treat cell lines of the kind involved in this project, 

when usual cell culturing material is in use. Some of the procedures have been 

adapted for different cell lines and different types of sample holders (depending on 

the irradiation mode). 

Sterile tissue culture flasks (T25, T75, T175, 9 cm2 Slide Flasks) have been 

sourced from Thermo Scientific (Massachusetts, USA). Sterile centrifuge Falcon tubes 

(15-50 ml volume), serological pipettes (1-5-10-25 ml) and pipette tips (20-200-1000 

µl) have been obtained from Sarstedt (Leicester, England, UK). 
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2.3.1. Sterilization 

Before any operation was performed under the laminar hood, any non-sterile 

tool or container was sterilized and wiped with 70% Ethanol solution, to avoid 

external contamination. 

2.3.2. Cell lines 

The cell lines examined in the experiments were the following: 

 Normal human skin fibroblasts (AG01522), obtained from Coriell Cell 

Repository (New Jersey, USA) 

 Human Umbilical Vein Endothelial Cells (HUVEC), obtained from Promo Cell, 

(Germany) 

Fibroblasts, such as the AG01552 cells used here, are some of the most 

common cells throughout human body, making up the structural framework or 

stroma of organs and connective tissues. They are considered as a model for normal 

cell responses in experimental studies. In particular, lethal and sub-lethal effects after 

exposure to X-rays and conventional protons have been widely studied for this cell 

line[1]. HUVEC also represent a biological model for endothelial cells, which line the 

blood vessels, due to their capability to form clones in dishes, and in particular 

because vascular injury and increased permeability are among the most common 

effects of radiotherapy of normal tissues and tumors, with consequences on blood 

circulation and cell signaling.  

AG01522 cells were maintained in α-modified Minimum Essential Medium 

Eagle α-modified (MEM, Sigma Aldrich, Missouri, USA), supplemented with 20% Fetal 
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Bovine Serum (FBS, Gibco by Life Technologies, ThermoFisher Scientific, California, 

USA) and 1% Penicillin-Streptomycin (P/S, Gibco by Life Technologies, ThermoFisher 

Scientific, California, USA). 

HUVEC were maintained in Endothelial Cells Growth medium 2 (Promo Cell, 

Germany), supplemented with Endothelial Cells Growth medium 2 supplement kit 

(see Appendix) and 1% Penicillin-Streptomycin. 

2.3.3. Cell maintenance 

All cell cultures and samples were maintained in an environment of 5% CO2 

and 95% humidity at 37° at atmospheric pressure in a Sanyo MCO series incubator 

(Sanyo Ltd., Hertfordshire, England) for the experiments performed in PGJCCR and in 

local incubators with similar features during experiments in external facilities. 

Cells were routinely cultured in T175 flasks with the appropriate cell media 

solution, while T25 and T75 flasks were used for specific experimental conditions or 

to thaw cells. When cells reached 80-90% confluence, the media was removed and 

cells were rinsed with a small volume (2 ml for T25, 5 ml for T75, 10 ml for T175 flasks) 

of Phosphate-Suffered Saline (PBS) solution (pH 7.4, Gibco by Life Technologies, 

Thermo Fisher Scientific, California, USA), in the case of AG01522 cells, and with 1M 

HEPES supplemented PBS (Gibco by Life Technologies, Thermo Fisher Scientific, 

California, USA) in the case of HUVEC. The HEPES/PBS solution was required to avoid 

pH changes in HUVEC environment. After rinsing, saline solution was discarded and 

the same volume of Trypsin/EDTA (0,5% 10X weight-to-volume in sterile PBS, Gibco 

by Life Technologies, Thermo Fisher Scientific, California, USA), diluted 1:10 in PBS, 
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was added to the flask to detach the cells from the flask surface, after 5 minutes 

incubation. When almost all the cells were floating, an equal volume of media was 

added to the Trypsin to stop its action and produce a single cell solution. For HUVEC 

cells, only the media added to Trypsin was supplemented with 5% FBS, since the 

percentage of FCS already present in media supplement was not efficient enough to 

stop Trypsin action. The final content of confluent flasks was distributed at a variable 

ratio (1:3-1:5 for AG01522 and 1:5-1:8 for HUVEC) among new T175 flasks, together 

with 30-35 ml of appropriate media in each one. The cell passage number was noted 

on every flask, returned eventually in the incubator for further culturing. Media was 

changed every couple of days for cells growing in T175 flasks until the desired 

confluence level was reached. 

2.3.4. Cell counting 

A range of cell counting techniques and equipment has been employed, 

depending on the experimental needs. Automated counting techniques have been 

the most relevant and they are based on the Coulter principle whereby cells travelling 

through a capillary induce a change in impedance proportional to the cell volume. 

For experiments held in PGJCCR, a Z2 Beckman Coulter counter (London, 

England) was used. For the counting, 100 µl of cell suspension (as obtained in Section 

2.3.3.) were added to 9.9 ml isotone solution in a small non-sterile well and for each 

sample two or three replicative counts were performed to obtain an average cell 

concentration value. The accuracy of the measurements with this counter depends 

on the number of particles counted, that should be as high as possible, and on their 
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concentration in the sample, that shouldn’t exceed the limit imposed by the diameter 

of the capillary (https://media.beckman.com/-/media/pdf-

assets/brochures/particle-brochure-coulter-principle-short-course.pdf). Since both 

these conditions are not particularly achievable in the majority of cases, the number 

of cells at least should be large enough to achieve the greatest statistical confidence 

possible for the result. If this is not possible to do for one sample, it is advisable to 

run the analysis in triplicate, as it has been done in the following studies. In general, 

the precision of particle counts, as from constructor tests, can vary from a 0.24% for 

samples of 105 cells to about 9% for 102 cells counted on average.  

For all the experiments in external facilities, cell counting has been performed 

with a portable ScepterTM 2.0 Cell Counter (Software Version 1.7.72, Millipore, 

Darmstadt, Germany): 150 µl of cell suspension were added to a micro centrifuge 

tube, where for each sample up to three consecutive counts were performed to 

obtain an average reading for cell concentration value. The principle of the Scepter is 

similar to the one of the Coulter counter and his average accuracy is about 2.1% for 

a population of the size of 105 cells counted in a sample 

(https://www.merckmillipore.com); 

2.3.5. Cell storage 

Cells grown to 80-90% confluence in T175 flasks were harvested and stored at 

-80 oC when required. After the procedure of rinsing and trypsinization described in 

Section 2.3.3, the cell solution obtained from every flask was transferred to a 15 ml 

centrifuge tube and 100µl removed for counting, while the tube was spun at 1500 
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rpm for 5 minutes in an Eppendorf 5702 Centrifuge. The supernatant was totally 

aspirated to leave only the cell pellet, then resuspended in a volume of 

cryoprotectant solution consisting of FBS with 10% sterile Dimethyl-Sulfoxide (DMSO, 

Sigma Aldrich, Missouri, USA), so that the final cell solution could be distributed in 2 

ml CryoPure cryotubes (Sarstedt, Leicester, England, UK). containing around 1.5-

2*106 cells each. Cryotubes were labelled with cell line, date of resuspension and 

number of passage and placed in a Mr. Frosty freezing container lined with 100% 

isopropyl alcohol (Thermo Scientific, California, USA) for the first 24h before long 

term storage at -80°C (New Brunswick C760 freezer). 

Frozen cells could be thawed putting any cryotube briefly in a 37°C water bath, 

before transferring its content to a T25 flask, drop by drop to avoid stress for the cells, 

in 5 ml of appropriate media. After 24h, cell media was replaced after a rinse in PBS 

to remove any remaining DMSO from the cells. Culturing in T25 proceeded until 90% 

of confluence was reached and cells could be expanded by culturing through a T75 

flask and then to a T175 flask. 

2.3.6. Mycoplasma test 

Before performing any cell culture for experiments, cells were tested for the 

presence of contaminating Mycoplasma test using MycoAlert™ mycoplasma 

detection kits (Lonza, Walksersville, MD, USA). From every flask of cells, growing for 

at least 3 days from the last passage in the same media solution, 2 ml of media were 

extracted and centrifuged at 200 rpm for 5 minutes. 100 µl of cleared supernatant 

was then placed in a fresh tube or well, together with 100 µl of MycoAlert reagent, 



2.3 Biological techniques - Cell culture protocols  92 
 

 

and left for 5 minutes before a primary reading of the sample was taken with a 

luminometer with 1 s integration. Subsequently, 100 µl of the MycoAlert substrate 

were added for 5 minutes and a second luminosity measurement was taken under 

similar conditions. A luminosity ratio >1 between readings was interpreted as a 

positive result for the test, so culture was considered contaminated by mycoplasma 

and discarded. 

2.3.7. Cell transportation 

Each experiment that involved irradiation of cell samples required the 

transportation of samples from the Tissue Culture room to the relative irradiation 

equipment and/or external facility. 

For experiments held in laboratories abroad, cells have been shipped either 

in: 

 cryovials tubes, stored in a polystyrene box filled with dried ice, and then 

thawed and grown in T25 flasks at the arrival; 

 T175 culture flasks, filled entirely with 37°C warm low serum media and 

plugged with a no-filter cap, sealed eventually with Parafilm M® (Bernis 

Europe, Braine L’Alleud, Belgium) and closed in a polystyrene box. Upon 

arrival to the facility, low serum media was replaced with regular full growth 

media, specific for each cell line, and the flasks have been incubated for 24-

36 h before any further culturing. 

During X-ray experiments in PGJCCR, samples (in flasks or dishes, see Sections 

2.4.1.1. and 2.4.1.2) have been transported from the TC room to the X-ray room in a 
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sterilized polystyrene box and stored in a portable incubator in the room at 37 °C 

during the irradiation procedures. 

Irradiations with α-particles have been performed directly under the laminar 

hood with appropriate radiation protection measures. 

 

2.4. Preparation of cells samples 

2.4.1. Plating of cells 

Cell samples were prepared in different ways depending on the irradiation 

mode or on the experimental requirements. Further details on every experimental 

setup will be provided in Irradiation procedures section (Sections 2.5-2.7), meanwhile 

here it follows the general plating protocol for cell samples for different contexts, 

taking into account that all the procedures before final cell plating are the same as 

those described in Section 2.3.3. 

2.4.1.1. X-ray experiments  

X-ray experiments were performed as a baseline comparison for other particles 

irradiation studies. For radiobiological comparisons, this kind of kV X-ray radiation is 

the gold standard for current radiobiological studies, therefore results from every 

later treatment modality will be compared to these baseline X-ray Exposures. To 

prepare samples, cells were plated in T25 flasks for cell survival and Stress-Induced 

Premature Senescence (SIPS) assays, while for DNA damage assays every cell sample 

was plated in 9 cm2 slide flasks (Thermo Scientific, California, USA). 
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2.4.1.2. α-particles source experiments 

In experiments where cells were exposed to α-particles from a radioactive source 

(see Chapter 2.6 for details), due to the short range of this type of radiation, cells 

were plated in special thin-membrane based sample holders (Fig. 2.1).  

 

 

 

 

 

 

 

 

These devices are made up of a stainless-steel dish (internal diameter 2 cm) and a 

stainless steel mask (same internal diameter of the dish), among which a piece of 3 

µm Mylar® Melinex (biaxally-oriented Polyethylene Terephthalate, Goodfellow, 

Milan, Italy) film is stretched to form a flat surface, on which cells adhere and grow 

mimicking conditions is a tissue culture flask.  

Before use, the dishes were assembled one by one and sterilized in a laminar hood 

with 70% Ethanol solution for 10 minutes, rinsed with PBS, left to dry and finally 

irradiated with UV for at least 1 h. After sterilization, dishes were stored in a laminar 

hood until use, inside P90 Petri dishes (Thermo Scientific, California, USA) to preserve 

sterility. Dishes with these features can contain up to 2 ml media when not sealed 

and after cell plating they were individually stored in incubator at 37°C inside Petri 

Figure 2.1: LEFT, steel dish with O-seal ring (bottom), steel mask (top), plastic ring 
used as dish holder in the Petri dish. RIGHT, steel dish mounted with 3µm Mylar. 
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dishes. After use, dishes were dismantled, Mylar was disposed in biohazard bins and 

all the other pieces and containers were soaked in Rely+On Virkon solution (Lanxess, 

UK) for at least 1 h to overnight, then rinsed and left to dry to be reused.  

2.4.1.3. Laser-driven proton beams experiments 

In the laser-driven proton beams experiments, the same procedure described in 

Section 2.3.3 was followed for cell plating. Due to the nature of the radiation itself 

and the LD proton beam channel requirements, Mylar-based dishes similar to the 

previous ones in Fig.1 have been used, but with different dimensions (internal 

diameter 5 cm, main dish thickness 1.2 cm, mask thickness 0.3 cm) and with the same 

3µm Mylar film between the dish and mask on which to seed the cells (Fig. 2.2). 

Sterilization and disposal procedures were as described in Section 2.4.1.2 for α-

particles experiments. 

 

 

2.4.2. Cell growth in normoxic and hypoxic conditions 

The main purpose of this project was the measurement of several endpoints 

after irradiation with different types of radiation of cells grown in a normal 

oxygenated environment (20% O2)[2]. This means that cells grown in vitro were 

Figure 2.2: LEFT, steel dish with sealing O ring and steel mask. RIGHT, steel dish mounted with 3µm Mylar.
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recovered, treated and manipulated under conditions where the oxygen level was 

the same as most tissues in the human body.  

Some experiments on DNA damage repair kinetics performed with X-rays and 

laser-driven proton beams, performed at the TARANIS and VULCAN TAP facilities, 

have involved cells grown under radiobiological hypoxic conditions (<0.3% O2), in 

order to study the same endpoints in conditions similar to those of most tumors and 

some internal organs[2]. In this occasion, cells samples (considered as the assembly of 

steel dishes inside Petri dishes) were prepared in regular laminar hood and incubated. 

4h before the irradiation, they were put and in a special device, called a hypoxia 

chamber. This device, different for X-rays and LD exposures, was connected for 4 h 

to a gas circuit, in which N2 gas was introduced in the chamber to reduce oxygen 

levels to around 0.3% (about 30-40 ppm). Measurements of the oxygen level have 

been done in real time with an Oxygen Meter connected to the gas circuit. After 4 h, 

cell samples were irradiated one by one and then incubation continued under 

hypoxia, until every single fixation time point was reached (see Section 2.9).  

2.4.2.1. Hypoxia chambers 

For some initial X-rays exposure experiments, the hypoxia chamber used was the one 

in Fig. 2.3. Samples were introduced all together, within their Petri dishes, in the 

chamber, gassed for 4 h and then irradiated at the same time in the X-ray source, to 

be placed again in the chamber to continue incubation under hypoxic condition for 

up to 24 hours until every sample had to be processed for the DNA damage assay. 

During the irradiation of these samples, there could have been a partial recirculation 

of air inside the Petri dishes, whose effect was unfortunately not directly measurable. 
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For this reason, further experiments were then performed with X-rays with the single 

dish hypoxia chambers, described in the following paragraph. 

 

 

 

 

 

 

 

 

For the DNA damage repair kinetics experiments with laser-driven proton beams, a 

bespoke hypoxia chamber for single samples was developed (Fig. 2.4). The device is 

constructed of a stainless-steel box, in which the cell sample dish is fixed, and a lid, 

sealed to the box with screws. In the center of the lid and in the bottom of the box, 

in the position of the sample, is a window of 12µm Saran™ (Polyvinylidene Chloride, 

Goodfellow, Milan, Italy) which allows low energy proton beams to reach the cells at 

the energy required (see Chapter 3, Section 3.3 for particle beam features). The box 

has two gas valves, one connected to the N2 source and another free to be connected 

in serial to a second chamber. For these experiments, 6 samples per set were 

prepared; each sample was placed in a single hypoxia chamber (HC) and the six 

devices were connected in serial to the gas source 4h before the first irradiation shot, 

to reproduce radiobiological hypoxia in all the specimens. Due to the features of the 

laser facility, shots could only be delivered, one sample at the time, so before every 

Figure 2.3: hypoxia chamber for multiple cell samples 
irradiation with X-rays  
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shot the HC selected was disconnected from the chain and reconnected after the 

exposure, to preserve the oxygen level inside the sample until processing. 

 

 

2.4.2.2. Chemical induced hypoxia and free radical scavengers 

To have a better understanding of the effects of physically induced hypoxia on cells 

during radiation exposure, some experiments were performed inducing hypoxia on 

cells chemically, by the addition of CoCl2 (Cobalt Chloride, Sigma Aldrich, Missouri, 

USA) to cells media. This compound represents a hypoxia mimicking agent that 

induces Hypoxia-Inducible Factor 1α (HIF-1α)[3], the main transcriptional factor 

activated by hypoxia in tumor cells, that can be easily detected by IF staining with an 

Figure 2.4: TOP, small hypoxia chamber for irradiation in laser driven beam delivery facilities, 
with lid and gas valves. BOTTOM LEFT, close view of HC sample Saran window. BOTTOM RIGHT, 
cell dish positioned inside the HC. 
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anti-HIF-1α antibody to reveal hypoxia action in the cell environment and its 

influence on DNA DSB damage induced by radiation[4]. 

As seen in Chapter 1, Section 1.2.2, when radiation travels through biological matter 

it generates free radicals (OH- and H+ species) breaking the hydrogen bond of water 

molecules. These species can interact with DNA and neighboring proteins causing 

indirect damage due to radiation (oxidative stress). Some studies explored the use of 

Reactive Oxygen Species (ROS) Scavengers in cell growth media to reduce the number 

of oxidative species and consequently radiation indirect effects in cells[4]. A few 

experiments were performed with laser-driven proton beams (Vulcan TAP facility) on 

cells whose media was supplemented with Dimethyl Sulfoxide (DMSO), a well 

characterized ROS scavenger[5] to evaluate the effect of ultra-high dose rate radiation 

effects on cells grown in condition of reduced oxidation due to radical scavenger[6].  

The author participated in the experiments involving these treatments and 

performed only on the AG01522 cell line at the VULCAN TAP facility with LD p+ beams, 

with comparison experiments with X-rays performed in PGJCCR, but these results are 

not the main object of analysis for the purposes of this Thesis and for this reason they 

were included but not described in detail. 
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Irradiation procedures   

2.5. X-ray experiments 

Comparative experiments with X-rays were carried out with a 225 kVp X-ray 

system (Precision XRAD225) located in PGJCCR, Queen’s University Belfast, Belfast, 

UK (Fig. 2.5). The source was fitted with a Copper filter to cut off the low-energy 

portion of the X-rays spectrum (HVL value = 2.3 mm Cu) and the delivery was 

controlled with an ISOVOLT Titan E power system. The cabinet operated at 13.3 mA 

and 225 kVp, with samples irradiated at a source-to-sample distance of 50 cm. 

Experimental procedures are described in detail in Radiobiological Endpoints 

Protocols section.  

 

 

 

 

 

 

 

 

 

 

 

Cu filter 

Sample 
position 

Figure 2.5: X-ray COMET 225 kVp cabinet in 
PGJCCR 
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X-ray dosimetry experiments using normal and customised EBT-3 were also 

carried out with the same machine to create a calibration for updating the ImageJ 

Macro used and obtain the dose from the scanned films relative to LD proton beams 

irradiations (see Dosimetry procedures, Section 2.11.2). 

 

2.6. α-particle experiments 

241Am is a radioactive nuclide, emitter of 4He nuclei (or α-particles) with a 

decay energy of 5.486 MeV/n. A gold-coated 241Am squared plate (11.5 cm side, 0.15 

cm thickness) has been used as an α-particles source for comparative experiments 

with high LET radiation. The uniformity of the beam in the exposure area has a SD 

equal to ±5.4%; LET on cells was estimated as (90.92±8.55) keV/µm via SRIM and 

TOPAS calculations. The source was kept in a tailored source holder box (Fig. 2.6, left) 

made of lead, to avoid radiation leakage, and the box was always stored inside a 

shielded box away from PGJCCR personnel. The plate itself was fitted in the bottom 

of the box and a series of rails made in the internal walls of the box, 0.3 cm apart, 

which allowed the cell dish to be placed at different positions relative to the source, 

sitting on a sample holder mask (Fig. 2.6, right, and Fig. 2.7). For all exposures 

reported here the cell dish was located at the nearest position to the source. 

During every experiment with the α-particle source, care was taken to prevent 

spillages of media from the samples onto the active layer of the source, to maintain 

a uniform fluence of particles to the cells. If required, the plate was cleaned by gently 

wiping with cotton buds dipped in PBS. 
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2.7. Laser-driven proton beams experiments  

Irradiation procedures and facilities setup for experiments with laser-driven 

proton beams are described in Chapter 3, Section 3.3. Individual protocols for sample 

preparation for this kind of exposure are described in the next section. 

 

 

Figure 2.6: LEFT, 241Am α-source (bottom of the box) in the lead source holder, with closing lid on the 
top of the box. RIGHT, cell steel dish with Mylar dish holder to insert the dish in the source box and dish 
configuration during experiments. 

Figure 2.7: experimental setup for α-source experiments. 
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Radiobiological endpoints protocols 

Protocols followed for cell samples processing for the study of the three endpoints of 

interest for this project have been generally the same for all kind of radiation 

exposures, although the production of the samples may have been different, due to 

differences in the irradiation setup for each source. 

2.8. Cell survival: clonogenic assay 

The clonogenic assay is the main test to evaluate the ability of cells to survive 

and continue to replicate after stress, in this case due to radiation exposure, as seen 

in Chapter 1, Section 1.2.4.3. The assay has been performed after irradiation with X-

rays and α-particles in PGJCCR and laser-driven proton beams in LULI facility for cell 

samples grown in normoxia. Colony counting for all the experimental sets has been 

performed with a Zeiss Lightbox Stemi 2000-C model Petite microscope (Objective 

Carl Zeiss W-PI 10x/23, zoom 0.65-5X) in PGJCCR. 

 X-ray irradiation 

24 h before the exposure, cells were seeded from a T175 flask culture to T25 

flasks at a density of about 350-400,000 cells in 5 ml media. Exposure doses 

chosen for every experiment were 0 (control), 0.5,  1,  2,  4, and 8 Gy, so each 

set of samples consisted of 6 flasks and 3 replicates of every set for each 

experiment was prepared.  

Just before the exposure, media was replaced in all the flasks to eliminate 

dead cells and contaminants. Samples were transferred to the X-ray room, 

where they were irradiated in groups of three at the respective dose, while 
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the rest of the samples were stored in a 37°C incubator present in the room 

itself. 

After the irradiation, all the flasks were brought back to the TC room and 

stored in the incubator. Every group of 3 replicates/dose was then 

immediately processed for the cell survival assay following this procedure: a) 

remove media from the flasks as described in Section 2.3.3; b) add 2 ml 1X 

Trypsin to allow cells to detach from the flask surface; c) add a volume of 3 ml 

of complete media to the cell solution, to neutralize the action of trypsin and 

to gently wash away the cells from the Mylar surface, so that the total volume 

reached was 5 ml; d) transfer each solution to a 15 ml centrifuge tube for 

counting, after thoroughly mixing the cell suspension. 

Afterwards, cells from every single sample were seeded for the assay in one 

6-well plate/sample (Sarstedt, Leicester, England, UK) up to a certain number 

per well (depending on the likely survival, planning to obtain 50-100 viable 

colonies), taking out from the centrifuge tube the volume containing the 

desired number of cells, adding it to 24 ml medium after mixing thoroughly, 

then dispensing this medium to each well of the plate. The amount of 

cells/well seeded depended on the dose of radiation received (taking in 

account that to elevate doses corresponds a higher cell killing), so that in each 

well it was possible to count a reasonable number of separated colonies 

(Table 2.1) This calculation has been made evaluating the plating efficiency 

for every cell line, i.e.  

 



2.8 Radiobiological endpoints protocols – Cell survival: clonogenic assay 105 
 

 

  

𝑃. 𝐸. =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
   {32} 

 

in the same volume of media. This quantity is usually calculated on sham-

irradiated cells samples (controls) treated as a regular cell culture.  

 

 

Before seeding, 6-well plates were already prepared with 2 ml media/well 

warmed up in incubator at 37°C, to which 2 ml of the final cell solution to seed 

were added to each well.  Plates were labelled with radiation type, cell line, 

date of irradiation and number of cells/well seeded and incubated at 37°C for 

12-14 days if AG01522 cells and 8-9 days if HUVEC; incubation time was 

DOSE 
AG01522 

# Cells per well  
(10% PE) 

HUVEC 
# Cells per well  

(30% PE) 

Control (0 Gy) 500 300 

0.5 Gy 500 500 

1 Gy 1000 500 

2 Gy 2000 1000 

4 Gy 4000 2000 

8 Gy 8000 4000 

Table 2.1: number of cells per well seeded in 6-wells flasks relative to irradiation dose 
delivered by a X-rays beam for cell survival assay. 
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calculated based on the doubling time of each cell line (AG01522, doubling 

time 28-34 h; HUVEC, doubling time 16-24 h), in order to obtain countable 

colonies in each well. 

After incubation, in a non-sterile environment each plate was emptied in a 

beaker filled with Virkon solution to neutralize the used media, and the wells 

filled with 2 ml Crystal Violet solution/well (85% methanol, 15% dH2O, 0.5% 

Crystal Violet powder; methanol and Crystal Violet powder from Sigma 

Aldrich, Missouri, USA) and left to stain for 1-2 hrs at room temperature. After 

this, Crystal Violet solution was recovered and the plates were gently rinsed 

twice with warm water, dipping every plate vertically very slowly in the water 

twice (otherwise there was a risk of washing away the colonies). Rinsed plates 

were then inverted and let dry on paper towels for another 24 hrs, before it 

was possible to count the colonies on the bottom of each well.  

 α-particle source irradiation 

24 h before exposure, cells were seeded from a T175 flask culture onto the 

surface of the dish in Fig. 1 at a density of about 7x104/cm2 in 2 ml media, to 

have a total amount of about 2x105  cells per dish. Exposure doses chosen for 

every experiment were 0 (control), 0.5, 1 and 2 Gy, due to the high LET of the 

source and the lethality observed for higher doses (see Section 4.3.2) and 

each set of samples has consisted of 4 flasks and 3 replicates.  

Before irradiation, media was replaced in all the dishes to remove dead cells 

and contaminants. Samples were transferred to the X-ray room, where they 
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were irradiated in groups of three at the respective dose, while the rest of the 

samples was stored in a 37°C incubator present. 

After irradiation, all the dishes were brought back to the TC room and stored 

in an incubator. Each group of 3 replicates/dose was then immediately 

processed for the cell survival assay following this procedure: a) remove 

media from the flasks as described in Section 2.3.3; b) add 1 ml 1X Trypsin to 

allow cells to detach from the flask surface; c) add a volume of 1 ml of 

complete media to the cell solution, to neutralize the action of trypsin and to 

gently wash away the cells from the Mylar surface, so that the total volume 

reached was 2 ml; d) transfer each solution, with addition of 3 ml media, to a 

15 ml centrifuge tube for counting, after thoroughly mixing the cell 

suspension.  

Afterwards, cells from every sample were seeded for the assay in one 6-well 

plate/sample following the same procedure as for X-rays. The number of cells 

seeded per well depended on the dose of radiation received (taking in account 

that cell mortality depends on the dose received) and on the LET of the ions 

(Table 2.2).  

All the operations following the counting were identical to those described for 

X-ray irradiated samples. 
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 Laser-driven proton beam irradiation 

Cell survival assay has been performed exclusively during an experiment held 

in LULI facility, so the setup for the study of this endpoint has been adapted 

to the requirements of the irradiation conditions and features of the proton 

beam. 

Before the exposure, cells were seeded on the Mylar surface of dishes 

described in Section 2.4.1.3, in an approximative rectangular drop of 4x3 mm2 

surface at a density of about 2x103 cells/µl, so that each spot of ~12-13 µl 

contains approximately 2x104 cells, to allow them to attach on the Mylar 

surface, avoiding piling up. The cell spot has then been surrounded with 5-6 

drops of 15 µl each of medium only for preventing drying during the 

incubation time needed for cells to adhere (3-4 h minimum), being very 

careful that the medium drop was not touching the cells spot. The position of 

DOSE 
AG01522 

# Cells per well  
(10% PE) 

HUVEC 
# Cells per well  

(30% PE) 

Control (0 Gy) 500 300 

0.5 Gy 500 500 

1 Gy 1000 500 

2 Gy 2000 1000 

Table 2.2: number of cells per well seeded in 6-wells flasks relative to irradiation dose 
delivered by 241Am α-particles source for cell survival assay. 
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the spot was chosen considering the area of the LD proton beam in which 

particles reached the energy of interest (see Section 3.2.1, Fig. 3.2), which in 

our case was 9.7 MeV, so the spot dimensions and location were decided to 

centre line and beam in correspondence of the selected area. To mark the 

spot area as precisely as possible, behind the cell surface a steel mask built to 

fit in the internal circle of the dish (Fig. 2.8) has been mounted, holding a piece 

of RCF film on which the 4x3 mm2 was drawn to define the area for dosimetry 

(see Section 2.11.3).  

 

 

 

 

 

 

 

 

 

For a few random dishes (and shots) another similar spot was placed parallel 

to the first one but in the beam penumbra; cells from this spot was processed 

identically to the other spot in order to test for the influence of scattered 

radiation. After 3-4 h and once the cells are adhered, 3 ml of media were 

added to the dishes and these were incubated at 37 °C overnight before 

irradiation.  

Figure 2.8: steel mask with RCF and spot area put 
beneath the Mylar surface before the seeding for 
cell survival and SIPS endpoints experiments. 



2.8 Radiobiological endpoints protocols – Cell survival: clonogenic assay 110 
 

 

The final configuration of the sample dish is depicted in Fig. 2.9. On the day 

of irradiation, before every shot, media was replaced for each sample and 

each dish was sealed with Mylar on the opposite side of the cell surface using 

another steel mask mounted on the top of dish (Fig. 2.9, left). Plastic stoppers 

on the flat sides of the dishes (necessary to avoid liquid spillage) are replaced 

with threaded luers connected to tubing so that the dish could be completely 

filled with media by a syringe. This meant that during irradiation, in a vertical 

position, cells could be maintained in their media environment (Fig. 2.9, 

right). After irradiation, this system allows the media to be withdrawn for 

sample processing. The whole irradiation setup scheme of the specimens is 

showed in Fig. 3.4, Chapter 3, Section 3.3.1. Behind the cell surface, a steel 

mask as described above was mounted, holding the detectors needed for 

dosimetry (EBT-3 customised and CR-39, see Sections 2.11.3 and 2.12.3) (Fig. 

2.9, bottom).  
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After irradiation, the Mylar on the top was removed, as well as the media, and 

each cell spot was gently excised using a pointed disposable scalpel (Size 11, 

Swann-Morton, Sheffield, England, UK) and moved to a separately labelled 

P35 Petri dish. The spot has then been washed with 1 ml of PBS (AG01522) or 

with 1 ml of HEPES supplemented PBS (HUVEC), 500 µl-1ml Trypsin (0.01%) 

was added and each spot was incubated for 3-4 minutes to allow cells to 

detach.  When cells had detached from the Mylar, the piece was removed 

from the Petri dish and this was filled with 3 ml complete media for AG01522 

and Trypsin Neutralization solution (5% FBS in HUVEC media) for HUVEC. 

Figure 2.9: LEFT, steel dish containing cell sample and 2 ml media, sealed on the top with Mylar 
fixed by another mask, waiting to be filled with media from a syringe. RIGHT, dish filled with 
media just before  irradiation. BOTTOM, dish setup with irradiated detectors behind the cell 
surface, kept in position by rectangular steel mask. A blackened area generated by the laser 
driven proton beam is visible on the RCF. 
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From this cell solution, a sample was withdrawn and counted using the Cell 

Scepter and finally the cell solution was seeded into 6-well plates (2 for each 

spot) following the procedure described above for X-rays and α-particle 

irradiation. The cell concentration values selected are shown in Table 2.3; 

numbers were chosen based on dose ranges as, for every shot, dose was 

variable because of the beam characteristics (see Section 2.7). 

 

 

 

 

 

 

 

 

 

 

2.9. DNA damage repair kinetics 

DNA damage repair kinetics, studied by the 53BP1 ImmunoFluorescence (IF) 

assay, represents key endpoint to evaluate DNA damage induction by laser-driven 

proton radiation at ultra-high dose rates (see Chapter 3, Section 3.3.1 for further 

details). As seen in Chapter 1, Section 1.2.2.6, when directly ionizing radiation 

interacts with DNA strands, single or double strand break damage occurs, depending 

on the radiation dose and quality. Using the 53BP1 assay, it is possible to detect this 

DOSE 
AG01522 

# Cells per well  
(10% PE) 

HUVEC 
# Cells per well  

(30% PE) 

Control (0 Gy) 500 500 

0.5-1 Gy 500 500 

1.5-3 Gy 1000 1000 

4-5 Gy 2000 2000 

Table 2.3: number of cells per well seeded in 6-wells flasks relative to irradiation dose 
delivered by a LD proton beam with 9.7 MeV energy, LET 4.7 keV/µm for cell survival assay. 
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DNA damage with specific antibodies that bind to 53BP1 as it associates to sites of 

DNA double-strand breaks. Using a fluorescent secondary antibody to the 53BP1 

primary antibody it is then possible to quantify these sites using fluorescence 

microscopy. 53BP1 operated as primary antibody for all the experiments performed 

on cells grown in normoxic conditions, while for some hypoxia experiments held in 

Taranis and Vulcan TAP facilities, 53BP1 has been mixed with HIF-1α (a specific 

marker of hypoxia) to show the effects of radiobiological hypoxia on the cell 

environment.  

For the study of DNA damage kinetics, several time points samples after 

irradiation were analyzed, 0.5, 1, 2, 6 and 24 h. 

2.9.1. Immunofluorescence assay 

The following procedures for the IF assay have been followed for each 

irradiation performed. Each experiment consisted of three independent replicates of 

a six samples set, obtained at the six fixation time points chosen to study the DNA 

repair kinetics (control – 0.5 – 1 – 2 – 6 – 24 h). As for the cell survival assay, the only 

difference is the kind of sample holder used for X-rays, α-particles or LD proton beam 

exposure, due to the different radiation features. 

A list of reagents used for this assay is the following: 

- Triton X-100 and BSA from Sigma Aldrich, Missouri, USA 

- Goat serum and ProLong® Gold-Antifade reagent with DAPI from Gibco by Life 

Technologies, ThermoFisher Scientific, California, USA 
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- Glycine, Tween-20 and Coverglasses (22x22, 22x32, 22x40) from VWR 

Chemicals, Lutterworth, Leicestershire, England, UK 

- pAb Anti 53BP1 (Rabbit Polyclonal) Antibody from NOVUS Biologicals 

Europe/UK, Abingdon, Oxfordshire, England, UK 

- HIF-1α antibody from Invitrogen, ThermoFisher Scientific, California, USA 

- Secondary antibodies Alexa Fluor 488 Goat Anti-Rabbit IgC and Alexa Fluor 

555 Goat Anti-Mouse IgG2b(γ2b) from Life Technologies, ThermoFisher 

Scientific, California, USA 

- Glass slides Menzel-Glasër Superfrost from Thermo Scientific, Massachusetts, 

USA. 

 X-ray irradiation 

For this assay, samples were prepared 24 h before the irradiation and seeded 

from a T175 flask into 9 cm2 slide flasks at a density of around 2.5 x 105, to be 

then incubated at 37°C overnight. On the day of irradiation, samples were 

moved to X-ray room as seen in Section 2.3.7 and exposed in group of 3 to a 

dose of 1 Gy; exact exposure time was recorded, so that processing could start 

at the precise time points required. After irradiation, samples were incubated 

until fixation. 

 α-particle irradiation 

24 h before the irradiation cells were seeded from a T175 flask onto the Mylar 

surface of small steel dishes (2 cm diameter) at a density of 2.5-3 x 105, to be 

then incubated in 37°C overnight. On the day of irradiation, samples were 

individually exposed for 19 s to α-particles equivalent to a dose of 1 Gy (see 
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Chapter 2.8, Table 2); exact exposure time was recorded, so that processing 

could start at the precise time points required. After irradiation, samples were 

incubated until fixation. 

 Laser-driven proton beam irradiation 

24 h before the irradiation cells were seeded from a T175 onto the Mylar 

surface of large steel dishes (5 cm diameter) at a density of 2.5-3 x 105 to be 

then incubated 37°C overnight. On the day of irradiation, samples were 

individually brought to the laser beam room as seen in Section 2.3.7 and 

exposed to LD proton beam, whose settings were tuned to deliver doses as 

close as possible to 1 Gy; exact exposure time was recorded, so that 

processing could start at the precise time points required. After irradiation, 

samples were incubated until fixation. 

The same sample processing protocol for IF assay was used for every 

irradiation mode and consisted of the following steps. All the procedures were 

performed in a non-sterile environment.  

FIXATION 

At the time points selected, culture medium was removed from the samples and cells 

gently washed once with chilled PBS. After PBS was removed, 1 ml 4% 

paraformaldehyde (PFA) was added to cells and left to incubate for 15 minutes at 

room temperature. PFA was removed and cells were washed three times with PBS 

and stored in PBS at 4˚C until further staining, that usually occurred when the 24h 

sample of each set was ready to be fixed, so that each completed set could go through 

the whole staining protocol at one time. 
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PERMEABILIZATION 

Once the PBS from each sample was discarded, 2 ml/sample (dish or slide flask) of 

Permeabilization Buffer (0.25% Triton X-100 in PBS) was added and left to incubate 

for 15 minutes at room temperature. Next, Permeabilization Buffer was removed and 

cells were washed once with PBS.  

BLOCKING 

The previous PBS was discarded and 1 ml/sample of Blocking Buffer (10% Goat serum, 

1% BSA, 0.3 M Glycine and 0.1% Tween 20 in PBS) was added to cells and left to 

incubate for 2h at room temperature. 

Ist ANTIBODY REACTION 

Blocking buffer was removed, without any wash 1ml/sample of Primary Antibody 

mixture of Anti 53BP1(Rabbit Polyclonal) 1:1500 (percentage on the whole solution 

volume) for cells grown in normoxia and Anti 53BP1 plus HIF-1α Mouse monoclonal 

1:500 for cells grown in hypoxia, DMSO or CoCl2 in Blocking Buffer, was added to cells 

and left to incubate overnight (for all combinations) at 4 °C.  

IInd ANTIBODY REACTION 

24 hr later, cells were washed 3 times for 5 minutes with WB (Washing Buffer: 0.1% 

triton X-100 in PBS). WB has then been drained and 1 ml/sample Secondary Antibody 

mixture of Goat Anti Rabbit Alexa Fluor 488 for 53BP1, 1:1500 (and Alexa Fluor 594 

Goat Anti Mouse for HIF-1α, 1:1500 for cells grown in hypoxia) in Blocking Buffer was 

added and left to incubate at 37 °C without CO2 for 1 hour. 

Cells were washed 3 further times with WB and then were stained with DAPI in 

different ways for X-ray experiments and α-particle and LD protons experiments. 
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In the case of X-ray tests, cells were on the bottom of slide flasks, so all residual liquid 

was removed and the slide from the bottom of each flask was detached. A couple of 

drops of ProLong Gold Antifade reagent with DAPI were poured onto cells and these 

were covered with a 22x50 cm2 coverslip; slides were labelled with cell line name, 

type of radiation involved (X-rays) and relative energy, time point and date, then let 

to dry overnight, so that coverslip could completely attach onto the cells, and 

eventually stored in a slide box at -20°C. 

For experiments in which steel dishes were used, after the last wash with Washing 

Buffer liquid was removed leaving only 200 µl of PBS to prevent drying of cells on 

Mylar surface. As for X-ray samples, one drop of DAPI was dropped onto cells and a 

22x22 cm2 (for dishes used in α-particle experiments) or a 22x40 cm2 (for dishes used 

in LD proton beam experiments) coverslip was dropped onto the cell area. Samples 

were left to dry overnight, so that coverslip could completely attach on cells 

becoming fixed. After, only for LD experiments a steel mask with some transparency 

indicating the beam energy of interest on a line (Fig. 2.10) was placed on the back of 

the cell surface to mark with fine tipped marker the energy distribution line on the 

back of the cell area. After the line had dried, a drop of Superglue was poured onto 

the back of Mylar surface to allow the attachment of a piece of pre-cut glass slide as 

a support for the Mylar surface with cells (this operation was repeated for 

experiments with α-particles source). When the glue was dry, the coverslip was 

sealed to the Mylar with nail polish around the edges and the whole “sandwich” of 

glass slide, Mylar, cells and coverslip (from bottom to top) has finally been cut from 

the dish with a scalpel, labelled with diamond pen on the glass slide piece and placed 
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together with a whole labelled glass slide. After the slide assembly was dried, slides 

were stored in slide box at -20 °C. 

2.9.2. Fluorescence microscopy 

Cells samples on glass slides were analyzed with a Zeiss Axiovert 200 M+ 

inverted microscope with fluorescence/phase light source and specific fluorescence 

filters, of which the ones used for IF assay sample analysis have mainly been DAPI (to 

capture cells nuclei shape), FITC (to image 53BP1 Foci) and Rhodamine (in case of 

samples grown in hypoxia and stained with specific antibodies). The internal detector 

camera was a Zeiss AxioCam MRm CCD and the objective lens used for magnification 

was the 40x/1.30 Plan-Neofluar, Ph3 with high chromatic correction: this objective 

allowed the capture of images with 260x345 µm2 area and scans across a slide were 

possible using a joystick. The software connected to the microscope and used for 

slide pictures acquisition and processing was Axiovision Rel 4.8.  

For X-ray and α-particle exposed samples, cells were stained all over the 

surface of slide flasks or Mylar, so in this case about 10 images/slide were randomly 

acquired along the glass slide surface, or, depending on the cell density, a number of 

images sufficient to have a foci distribution of at least 100 cells/slide. 

For LD proton experiments, due to the beam energy limitation, images were captured 

along the energy line of interest (9.7 MeV) (Fig.10, left), at a distance of about 4500 

µm from slide center to each side, so that not only directly exposed cells (in beam 

area) could be analyzed but also those in the penumbra (zone at each side of the 

beam). This procedure was fundamental to study the foci distribution with energy in 
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the direction perpendicular to the beam, which is not a sharp line but has a thickness 

of about 4 mm, and to understand if there could be any parasitic radiation close to 

the primary beam that could have influenced the DNA damage induction measured 

in cells. For LD proton exposed samples, between 100 and 150 sequential images per 

samples were captured and analyzed, moving the frame in the software with steps of 

260 µm and taking several images (from 3 to 10) at that point along a perpendicular 

direction (see scheme in Fig. 2.10, right). 

 

 

 

 

 

 

 

 

 

 

 

2.10. Sub-lethal effects: Stress Induced Premature Senescence (SIPS) 

As discussed in Chapter 1, Section 1.2.4.3, it is fundamental in radiotherapy to 

evaluate the secondary effects occurring on healthy cells that surround a tumor. One 

of the main sub-lethal effects, Stress-Induced Premature Senescence (SIPS), has been 

Figure 2.10: LEFT, steel mask supporting a transparent foil with a mark for the 9.7 MeV line along 
which foci distribution has been analysed. RIGHT, scheme of RCF irradiation in the dish. The beam is 
predicted to arrive perpendicularly to the RCF in a cone shape, leaving a non-monochromatic energy 
trace on it. The 9.7 MeV line is high lightened with the transparent mask in the last step of the IF 
protocol perpendicularly to the beam trace. 

p+ beam trace 
LD p+ beam 

Direction of 
analysis 

9,7 MeV line 
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studied in this project on HUVEC cells after exposure to X-rays and LD proton beams 

(LULI facility). All the experiments have been performed on cells grown in normoxia. 

 X-rays irradiation 

24 h before the exposure, cells were seeded from a T175 flask culture into T25 

flasks at a density of about 2-3 x 103 cells/cm2 in 5 ml media. Exposure doses 

chosen for every experiment were 0 (control), 0.5 and 1 Gy, so each set of 

samples consisted of 3 flasks and 3 replicates for each experiment.  

Just before the exposure, media was replaced in all the flasks to eliminate 

dead cells and contaminants. Samples were transferred to the X-ray room, 

where they were irradiated in groups of three at the respective dose, while 

the rest of the cells was incubated at 37°C. 

After the irradiation, all the flasks were brought back to the TC room and 

stored in an incubator. SIPS assay was performed on cell samples every 7 days, 

for 4 times, to have a 4 weeks total period of analysis. The day before the 

assay, cells were extracted from the flasks in incubator by trypsinization, 

counted and partially re-seeded in a density of 2-3 x 103cells/cm2 again in new 

T25 flasks, to be incubated again, while a small amount of about 1-1.5 x 105 

cells from each flask was harvested in a P35 Petri dish. These dishes 

represented the samples to be processed the day after for the SIPS assay. 

Staining to reveal SIPS signalling in cells nuclei was performed using a 

Senescence kit (see 

https://www.sigmaaldrich.com/catalog/product/sigma/cs0030?lang=en&re
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gion=IE for the composition) from Sigma Aldrich, Missouri, USA and the 

protocol used was the one suggested by the kit provider as follows.  

- From a P35 Petri dish, growth medium was aspirated from the cells 

- Cells were washed twice with 1 ml/dish of 1X PBS, then the entire wash 

solution was carefully removed by aspiration, so that the cells could not 

detach. 

- 1.5 ml/well of 1X Fixation Buffer (10X Fixation Buffer from kit in PBS) was 

added and plates were incubated for 6–7 minutes at room temperature. 

During the fixation process Staining Mixture was prepared (for 10 ml 

solution: 1 ml of Staining Solution 10X, 125 µl of Reagent B, 125 µl of 

Reagent C, 0.25 ml of X-gal Solution, 8.50 ml of ultrapure water) 

- After discarding FB, cells were rinsed 3 times with 1 ml/plate of 1X PBS, 

then 1ml/plate of Staining Mixture was added. 

- Samples were sealed with Parafilm® M (Bemis NA, Neenah, Winsconsin, 

USA) to prevent drying out and finally incubated at 37 ºC without CO2 

until the cells became blue from the X-gal Solution (protocol indicated 2 

h to overnight, but after a few trials 7 h was found to be an optimal time 

to allow only the cells going towards premature senescence to become 

blue).  

- After staining, the Staining Mixture was replaced with a 70% glycerol 

solution (Glycerol 92.10% from Analar Normapur, VWR Chemicals, 

Lutterworth, Leicestershire, England, UK in dH2O to make a Glycerol 85% 
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mixture, for 10 ml: 8.77 ml Glycerol 92.10%  and 1.23 ml dH2O) and plates 

were stored at 2–8 °C until counting. 

Note: The staining of senescent cells is pH dependent. Therefore, the cells could not be 

incubated in a CO2 enriched atmosphere during the staining step. 

- Cells samples were observed with an Olympus CKX41 microscope, 20X 

magnification dry objective; from 5 to 10 images/sample were taken with 

Olympus CellB 3.4 software. Blue-stained cells and total number of cells 

were counted to calculate the percentage of cells expressing β-

galactosidase (senescent cells). 

 Laser-driven proton beam irradiation 

SIPS experiments were performed at the LULI facility, so the setup for the 

study of this endpoint and sample preparation were exactly the same as the 

ones adopted for clonogenic assay (Section 2.8).  

After the irradiation, Mylar on the top was removed from the dish, as well as 

the media, and each cell spot was gently cut from Mylar using a pointed 

disposable scalpel and moved to a separate P35 Petri dish labelled 

accordingly. The spot has then been washed with 1 ml of HEPES supplemented 

PBS (HUVEC), 500 µl-1ml Trypsin (0.01%) was added and each spot was 

incubated for 3-4 minutes to allow cells to detach.  When cells had detached 

from the Mylar, the piece was removed from the Petri and this was filled with 

3 ml Trypsin Neutralization solution (5% FBS in HUVEC media) for HUVEC. 

From this cell solution, a sample was withdrawn and counted using a Scepter 

and finally the cell solution was seeded into T25 flasks (3 for each spot) 



2.10 Radiobiological endpoints protocols – Sub-lethal effects: SIPS 123 
 

 

following the procedure described above for X-ray irradiation. Steel dishes 

were eventually dismantled, Mylar was discarded and all the other parts 

soaked in Virkon to sterilize, then dried. 

The protocol for the SIPS assay after irradiation was the same as that used for 

the X-rays experiment. In this case only the T25 flasks containing the 

irradiated cells samples were fully filled with not-supplemented HUVEC 

media, sealed with Parafilm and shipped from the LULI facility in France to 

PGJCCR in Belfast as described (see Section 2.3.7). 

 

Dosimetry techniques 

When performing experiments with radiation sources, it is fundamental to calculate 

the radiation dose delivered to the target and to correlate it to other features of the 

radiation beam involved to better understand the results obtained after irradiation. 

Dose delivered by X-rays and by α-particles were calculated beforehand. For LD 

proton beam exposures, due to the beam features the delivered dose was different 

shot by shot and for this reason real-time dosimetry had to be performed (see Section 

4.2.3 for further details on this). 

2.11. EBT3 customized 

Gafchromic RadioChromic Films (RCF) have been used for many years for 

dosimetry of ionising radiations, especially in the medical physics field where dose 

evaluation must be as most accurate as possible, to allow the creation of a fit      
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treatment plan for everyone. Due to their spatial resolution, which is much higher 

than other digital 2D dose detectors (more than 104 dots per inch (dpi)[7]), these films 

can detect steep dose gradients, making them advantageous to perform dosimetry 

for Intensity-Modulated Radiation Therapy (IMRT) with both photons and protons. 

For these reasons, their use has been extended to the characterisation of proton 

beams from laser foil interactions for the purposes of this project.  

These detectors are self-developing photographic films, whose kernel consists 

of an active monolayer, which polymerises upon exposure to ionising radiation to 

form a darker coloured dye. The radiation dose absorbed by a RCF is calculated on 

the base of the ratio of the dose to optical density, whose interrelationship is 

quasilinear over several orders of magnitude in dose, has a low dependence on the 

energy of the ionizing radiation and is near water equivalence[8, 9, 10] and is 

independent of the dose rate[8]. This last feature makes this type of detector ideal for 

dose determination in experiments with cell samples exposed to laser driven ions.  

Many types of RCF are commercially available, since, depending on the active 

layer material, each one can be sensitive only to a specific range of energies of 

ionizing radiation[11]. The films used in this project were EBT-3 customised films 

(Ashland, International Speciality Products, Wayne, NJ, USA). These films have 

basically the same properties as normal EBT-3, whose dynamic range allows dose 

detection with best performance from 0.1 to 10 Gy, but the structure has been 

modified to be even more sensitive to high energy (and lower LET) ions produced by 

laser foil interaction[12]. Normal EBT-3 films usually consist of a 28 μm active layer 

enclosed between two 125 μm matte surface clear polyester substrates (Fig. 2.11); 
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the symmetrical design prevents potential errors in measurement of OD (Optical 

Density) and avoids fringe artefact formation[13].  

 

 

 

 

 

EBT-3 customized films instead have one of the protective layers removed. 

The active layer of an RCF is composed of a lithium salt of polycrystalline diacetylene 

suspended in a synthetic or natural polymer (LiPCDA); this lithium-doped polymer 

contains more hair-like crystals than regular PDCA, providing a greater low energy 

sensitivity to the film[14]. When exposed to ionising radiation, the active layer 

undergoes polymerisation via a free-radical mechanism forming blue polydiacetylene 

chains, which provide the change in colour and optical density of the active layer, 

showing a black strand where the particles stopped. The number of chains formed, 

as well as the change in the optical density, are associated to the dose deposited in 

the layer through a calibration curve[15, 16]. To explain how the relationship is made, 

we can say that the optical density, represented as the reduction in the intensity of 

light transmitted through the film, is defined as[16] 

 

𝑂𝐷 =  log
𝐼

𝐼
= log

1

𝑇
    {33} 

 

Figure 2.11: structure of a normal EBT-3 RCF 
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where I0 is the maximum light intensity without the film, I is the light intensity 

transmitted through the exposed film and T is the transmittance of the radiation, 

defined as 

 

𝑇 = 𝑒    {34} 

 

where n is the number of developed grains(or crystals)/cm2 of the RCF, a is the 

average aria/grain. Knowing that N is the grains number/cm2 and n/N = a/Φ, where 

Φ is the photon/particle fluence, the relation between OD and T becomes 

 

𝑂𝐷 = 𝑎𝑛 log 10 = 0.4343 𝑎𝑛 = 0.4343 𝑎 𝑁𝛷   {35} 

 

Finally, Φ = dE/da, where E is the energy of the radiation involved. Since dose is 

defined by equation {24} in Chapter 1, Section 1.2.3.2, we have that the relationship 

between fluence and dose can be expressed as  

 

𝐷 =
𝑑𝜀

𝑑𝑚
=

𝑑𝐸𝑑𝑁

𝜌𝑑𝑥𝑑𝑎
=

µ𝐸 𝑑𝑁

𝜌 𝑑𝑎
=

µ

𝜌
∗ 𝐸 ∗ 𝛷  (𝑓𝑜𝑟 𝑝ℎ𝑜𝑡𝑜𝑛𝑠)   {36} 

 

𝐷 =
𝑑𝜀

𝑑𝑚
=

𝑑𝐸𝑑𝑁

𝜌𝑑𝑥𝑑𝑎
=

1

𝜌

𝑑𝐸

𝑑𝑥
∗ 𝛷  (𝑓𝑜𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)   {37} 

 

and so 

 



2.11 Dosimetry techniques – EBT3 customized        127 
 

 

 

𝐷 =
1

𝜌

𝑑𝐸

𝑑𝑥
∗ 𝛷 =

µ

𝜌
∗ 𝐸 ∗

𝑂𝐷

0.4343 𝑎 𝑁
   {38} 

 

𝐷 =
1

𝜌

𝑑𝐸

𝑑𝑥
∗ 𝛷 =

1

𝜌

𝑑𝐸

𝑑𝑥
∗

𝑂𝐷

0.4343 𝑎 𝑁
   {39} 

 

µ is the linear attenuation coefficient, expressed by equation {12} in Chapter 1, 

Section 1.2.2.4, while Eγ is the energy of photons absorbed by the medium. 

To measure OD after the exposure, RCF can be digitalized with transmission 

densitometers, spectrophotometers or film scanners, paying attention to the time 

frame in which the films are scanned, as especially for customized EBT-3 nearly 

complete dyeing occurs within milliseconds and 24 hours[7]. A typical absorption 

spectrum for EBT-3 films has two peaks in the visible region at 583 and 635 nm, so 

highest contrast and sensitivity during digitalization are obtained using red light[17]. 

After digitalization, light intensity is shown with a warmth colour scale and the pixel 

value for each colour channel is used for I in equation above mentioned. 

To reduce uncertainties associated with film dosimetry, special care needs to 

be taken also to scanner warm-up characteristics, film orientation and film position 

on the scanner, as indicated in several film dosimetry guidelines[18]. 

 

2.12. CR-39 polymers 

EBT-3 customized films are the most suitable detectors to perform dosimetry 

on the irradiation spot, keeping track of the irradiated area and providing information 
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about the position of high and low energy (and LET) ions along the LD ion beam. 

Unfortunately, their features have some variability to change from batch to batch 

and on the storage conditions (they have an expiry date too), and due to the high 

sensitivity requirements for laser-driven proton beam exposures, dose calculations 

by optical density evaluation could be affected by errors up to 20-25%, especially in 

the case of low dose values where differences in OD could be difficult to distinguish 

even after scanning.  

To make real time dosimetry (i.e. dosimetry done during a shot on cell sample) 

more reliable, during experiments with LD proton beams another kind of detector 

has been used at the same time with the customized EBT-3: CR-39 plastic polymers 

(PPG Industries, Pittsburgh, Pennsylvania, USA). These transparent plastics consist of 

a thermoset resin (C12H18O7) made by polymerization of diethyleneglycol bis 

allylcarbonate (ADC) in the presence of diisopropyl peroxydicarbonate (IPP) initiator, 

with a density of 1.3 g/cm3. CR-39 are transparent in the visible spectrum, they have 

high abrasion resistance and they are also resistant to most solvents and other 

chemicals, gamma radiation, aging, and to material fatigue. These polymers can be 

used continuously in temperatures up to 100 °C and up to one hour at 130 °C[19].  

In dosimetry, CR-39 are used as Solid-State Nuclear Track Detectors to detect 

the passage of ionising radiation, in particular protons and heavy ions. Principally 

used for the detection of α-radiation emitting radionuclides (especially Radon gas), 

the radiation-sensitivity properties of CR-39 also make them suitable for proton and 

neutron dosimetry and historically cosmic γ-ray investigations. When energetic 

particles enter the surface of a CR-39, they collide with the polymer structure, leaving 
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a track of broken chemical bonds within the detector. These tracks are not visible 

immediately after the exposure, but they can be revealed after an etching process of 

the detector itself. When immersed in a concentrated alkali solution (typically sodium 

hydroxide), the alkaline ions attack and break the polymer structure of CR-39, etching 

away the bulk of the plastic at a nominally fixed rate. Along the paths of damage left 

by charged particle interaction, the concentration of damage allows the chemical 

agent to attack the polymer more rapidly than it does in the bulk, revealing the tracks 

of the charged particles. The resulting etched plastic thus contains a permanent 

record of the passage of the ion through the plastic and gives also spectroscopic 

information about the ion source. For example, for the same energy value, heavier 

ions would stop closer to the surface of the plastic, in contrast to lighter ions, that 

would stop at depth, and the track thickness also depends on the Z number of the 

ion. Moreover, etch time and etching temperature highly influence the track 

resolution of the plastic[20]. For these reasons, the etching protocol for CR-39 can be 

different depending on the type of ions involved in the exposure and the whole 

process must be followed carefully step by step, to avoid track saturation or “over-

etching” (typically for fluences  1̴08 particles/cm2 and above) in the plastic that would 

make the evaluation of particle fluence (and so calculation of dose) difficult. The time 

taken to over-etch will depend on the particles’ density per unit surface and pit size 

and some species may be over-etched before other species are detectable, in the 

case where more than one ion species (ex. protons and carbon ions) are present in 

the same beam, as often occurs in LD foil interaction[21, 22].  
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The number of tracks counted after exposure to a proton (or ion) beam in a 

defined area (in cm2) of a CR-39 plastic represents the beam fluence, from which in 

this case the dose deposited in the detector is calculated as: 

 

𝐷𝑜𝑠𝑒 (𝐺𝑦) = 𝐹𝑙𝑢𝑒𝑛𝑐𝑒 
# 𝑡𝑟𝑎𝑐𝑘𝑠

𝑐𝑚
∗ 𝐿𝐸𝑇 

𝑀𝑒𝑉

𝑔 ∗ 𝑐𝑚
∗ 1.6 ∗ 10    {40} 

 

The CR-39 plastic exposed to LD proton beams for experiments in this work 

were etched in a 6.5 Mol NaOH solution kept at 85 °C. Etching typically took more 

than ten minutes for proton pits to be detectable with a x50 microscope objective[17]. 

In a few experiments (TARANIS facility and TAP facility), carbon ion contamination 

was present in the beam. In this case, by etching the CR-39 pieces for less than 5 

minutes, only carbon ions were visible, so the last layer containing signal could be 

recorded. After the cut-off for carbon ions was identified, further etching showed 

proton pits, since proton travelled further into the plastic, whilst the carbon area was 

saturated or completely etched.  

 

2.13. X-ray dosimetry 

Although the dose rate for the X-ray system ((0.591±0.005) Gy/min) used for 

the comparative experiments was known from the measurements done by the 

manufacturer, dosimetry experiments with normal and customised EBT-3 films have 

been fundamental to determine if there was any difference between the dose 

received by cell samples in steel dishes or hypoxia chamber, due to possible 
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scattering. RCF was exposed to the doses of X-rays chosen for the experiments (0, 

0.5, 1, 2, 4 and 8 Gy) on its own, attached to the cell dishes using the RCF mask and 

in the same configuration but placed inside the hypoxia chamber. After the exposure, 

the films were scanned with an Epson Perfection V75 Pro calibrated flat-bed 

transmission scanner with RGB 48 bit and 300 dpi settings. 

 

2.14. α-particles source dosimetry 

Dose evaluation for this kind of source has been done before starting any 

experiment using EBT3 RCF, normal and customized, and evaluating the optical 

density as done for the X-ray irradiations. The physical characteristics of the cells 

involved have been considered in the calculation for exposures to this kind of source, 

considering the type of interaction that heavy particles have in biological matter 

relative to X-rays. First, it is important to distinguish among three types of dose that 

could be calculated in case of heavy particles exposure: 

- Dose at surface: it is the simulated average dose at the 1st µm of the total cell 

thickness. This dose is the same for all cell lines and is a commonly used quantity 

in α-particles experiments. 

- Dose at cell/Dose at nucleus: these quantities are influenced by cell and nucleus 

thickness, which will have an influence in the average energy deposited by the 

α-particles.  

On the base of these considerations, the Surface Dose Rate of the α-particle 

source calculated was (1.860.38) Gy/min, while Cell and Nucleus Dose Rates were 

calculated by Monte Carlo simulations in TOPAS environment for a generic cell target 
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geometry (10 μm cell thickness and 5 μm nucleus radium) at a distance of 2.9 mm 

from the surface of the source and over a Mylar surface of 3 µm thickness, obtaining 

for Cell Dose Rate, a value of (1.57 0.49) Gy/min and for Nucleus Dose Rate  

(1.590.42) Gy/min. The value of Cell Dose Rate was the one used in the experiments. 

 

2.15. Laser-driven proton beams dosimetry  

Real-time dosimetry during laser-driven proton beam exposures was 

performed for every shot with RCF EBT-3 customised and only for shots relative to 

cell survival and SIPS results, due to the setup requirements of the cell sample dish 

for these endpoints. Detector positions are shown in the irradiation scheme 

described in Chapter 3, Section 3.3. RCF films were scanned with an Epson Perfection 

V750 Pro calibrated flat-bed transmission scanner (settings: RGB 48 bit, resolution 

300 dpi), following the above mentioned guidelines to achieve the best resolution of 

the beam track on the films. After the scanning, RGB images of the RCFs were 

processed by ImageJ with a dose conversion Macro (credits: Dr. D. Doria) for protons 

and carbon ions, in which calibrations performed with X-rays (PGJCCR) and 

conventional protons and carbon ions (LNS-INFN cyclotron facility, Catania, Italy) 

were included to obtain a more accurate signal to dose conversion. This Macro was 

able to directly convert the raw signal from the scanned RCF image into dose, taking 

each colour channel separately and converting it from 16 bit colour to dose value, 

recombining in the end the three channels to produce a dose converted image. The 
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dose was eventually measured using ImageJ by selecting the appropriate region of 

the dose converted image relative to the ion energy of interest.  

CR-39 plastics were etched afterwards to provide a double check of the dose 

value obtained from EBT-3 customized real-time analysis and to check on possible 

beam contamination due to scattered protons or carbon ions produced during the 

laser foil interaction. 

 

2.16. Data fitting and Statistical Analysis 

Images acquired for Immunofluorescence Assay and SIPS assay have been 

manipulated and analyzed with ImageJ for the relative counting. The same software 

was used to analyze EBT3 customized for dose evaluation after cell samples 

irradiation with LD proton beams, exploiting a macro file built on purpose for this 

type of exposures. 

Results were processed and analyzed for data fitting and statistical analysis 

with GraphPad Prism 7 and Microsoft Excel (Office 2016 Professional version) to 

obtain graphs and tables. For cell survival experiments, survival curve was used to fit 

data, from which α and β parameters have been extrapolated to compare curves for 

different kind of radiation. Outcomes from SIPS and immunofluorescence 

experiments have been plotted with histograms. SD and SEM have been calculated 

for all datasets before plotting; for cell survival LD experiments only, SEM on the 

averaged survival values have been calculated automatically by GraphPad prism. 
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Chapter 3 

LASER-DRIVEN ION BEAMS 

 

3.1. Introduction to laser-driven ion beam production 

The production of laser-driven proton and ion beams has actively been matter 

of study during the last decades[1, 2, 3]. There are several significant features of laser-

driven ion beams, compared with conventional ion accelerators beams, that make 

them particularly interesting for several applications. Some of these are that the 

effective source size of LD ion emission is extremely small, typically it is ∼10μm, and 

the ultra-short duration at the source of the ion bunch, that for LD ion beams is of 

the order of picoseconds (10-12 s). Also, the acceleration gradients are of the order of 

MeV*μm−1, compared with ∼MeV*m-1 provided by radio frequency (RF) wave-based 

accelerators.  
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There is growing interest in ultrafast delivery of radiation, in the context of 

the FLASH radiotherapy concept[4], which motivates a thorough radiobiological 

exploration of these novel regimes. FLASH radiotherapy with particle accelerators is 

based on delivering a therapeutical dose with beam dose rates in the order of 102 

Gy/s, higher than the conventional RT ones, in the order of 10-2 - 100 Gy/s. Several 

evidences[4, 5] already highlighted the benefits of FLASH beams RT, hence the 

naturally short duration of laser-driven pulses may be highly advantageous in this 

case, if the sparing effects of FLASH radiation are confirmed for laser-driven bursts. 

Furthermore, several additional potential advantages of a laser-driven approach in 

Radiotherapy have been mentioned in the literature, including: possible reduction of 

facility footprint and shielding requirements, resulting from optical transport 

compact acceleration; fast delivery for improved respiratory gating; provision of 

multiple species from a single laser source, allowing mixed fields irradiations, as well 

as flexibility in the choice of the irradiating ion species[6]. 

All these characteristics allow novel irradiation conditions at ultra-high dose 

rates to be reached and investigated, which will open up to study new regimes of 

Radiobiology.  

3.1.1. Mechanisms of production of a LD ion beam 

Laser-driven ion acceleration is a very complex process, involving many 

physical phenomena at each interaction stage: 

- ionization of the initial target 

- initial electron pre-plasma formation 
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- coupling (absorption) of the main pulse energy to the electrons 

- plasma evolution driven by the laser and collective plasma fields 

- ion propagation during and after the acceleration process.  

Based on limited diagnostic capabilities, it may be difficult to determine a 

dominant acceleration mechanism in this process. The parameters of the plasma are 

also typically not precisely known. Despite these difficulties, in most cases 

experimentally observed features such as spectral shape, angular distribution, ion 

energies and conversion efficiencies can be satisfactorily described by existing 

models. 

The first proposal of plasma-based ion acceleration was made in the 1950s by 

Veksler[7]. The concept was tested using an induced electric field driven by an electron 

beam injected into a plasma. Model calculations of isothermal expansion of plasmas 

into vacuum, estimating the charge-separation fields which can potentially accelerate 

ions, were performed by Gurevich et al in 1965 and Crow et al in 1975, then 

successive analyses were performed and published by several authors (e.g. Denavit 

1979, Kishimoto et al, 1983). The main motivation of these plasma expansion studies 

was in the context of energetic or fast ion energy loss for laser-plasma interaction of 

relevance to laser-driven thermonuclear fusion. However, the accelerated proton or 

ion energy was far below 1 MeV, even though extensive building-sized laser 

installations (typically providing 100s J, ns pulses) were employed.  

In the 1990s, ultra-high peak power and ultra-short pulse (sub-ps to a few tens 

of fs) lasers were realized with the invention of the Chirped Pulse Amplification (CPA) 
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technique (Strickland and Mourou, 1985), coupled with the invention of the Kerr lens 

mode-locking technique (Sarukura et al 1991, Spence et al 1991) as well as discovery 

of the Ti:sapphire laser medium (Moulton 1986). The peak power of CPA lasers is 

much higher than the one of the ns laser installations available in the 1980s, while 

the size can be smaller, typically tens of metres. At present, the peak power achieved 

is in the Petawatt (PW, 1015 W) range, which is one million times higher than a 

gigawatt electric power plant, although the lasers deliver this power in an ultra-short 

pulse only.  

Following these initial studies on fast ion production, Fews et al (1994)[8] 

demonstrated plasma ion emission with energy of slightly greater than 1 MeV from 

a ps laser pulse irradiated solid target for fast ignition laser fusion research. Later, in 

2000, an intense proton beam with a maximum energy of 55 MeV was observed by 

Snavely et al. and Hatchett et al. by employing the NOVA Petawatt laser system at 

the Lawrence Livermore National Laboratory (US)[9]. After this proof-of-principle 

experiment using a PW single-shot based laser, proton beams appeared as a possible 

alternative for delivering ignition energy, since they were tightly focussed and had a 

spread of energies. These features were suitable for depositing the ignition energy in 

a small volume, so many further experiments were performed for the study of these 

fundamental processes and their mechanisms. 

3.1.2. The TNSA mechanism 

The acceleration mechanism on which laser-driven ion beams production 

involved in this work is based is the Target Normal Sheath Acceleration (TNSA) 
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process[3], active in most experiments carried out so far and proposed[10] as an 

interpretative framework for multi-MeV proton observations.  

Acceleration through this mechanism employs thin metallic foils (typically Al 

or Au, from a few μm to 10’s of μm thickness), which are irradiated by an intense 

laser pulse (usually Iλ2>1018 W/cm2). In the foil, the laser pulse can efficiently couple 

energy into relativistic electrons, mainly through ponderomotive processes (Fig. 3.1). 

The average energy of the electrons is typically in the order of MeV, so their collisional 

range is much larger than the foil thickness and they can propagate to the rear of the 

target, consequently driving the acceleration of ions from the surface layers via the 

space-charge field established as they try to move away from the target. While a 

limited number of energetic electrons will effectively leave the target, most of the 

hot electrons are back held within the target volume by the space charge, forming a 

sheath extending by approximately a Debye length λD from the initially unperturbed 

rear surface. With the right combination of target thickness and pulse duration, the 

hot electrons recirculate through the target during the ion acceleration process, 

which can lead to an enhancement of the accelerating field and, consequently, of the 

ion energy[11].  
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TNSA can in principle accelerate any ion species present in surface layers, but 

in most experimental settings this results in preferential acceleration of light ions 

(protons, carbon and oxygen ions) from contaminant layers rather than ions from the 

target bulk. Protons, with the highest charge to mass ratio, are therefore the 

dominant component of TNSA ion beams[13]; under typical interaction conditions, the 

field can be large enough to accelerate ions to multi-MeV energies. The energy 

spectra of the ion beams observed are broadband, typically with an exponential 

profile, up to a high energy cut-off, which is the quantity normally used to compare 

different experimental samples and determine experimental scaling laws for the 

acceleration process. The highest TNSA energies reported are of the order of 85 MeV, 

obtained the PW-class PHELIX  laser system at GSI (Germany)[14]. More recently, 

Figure 3.1: schematization of the TNSA mechanism. (a) A laser beam impacts on a metallic target foil, 
creating a pre-plasma of electron on the impact surface that starts to expand in direction opposite to 
the laser beam. (b) When the pre-plasma in movement reaches a critical density on the foil surface, the 
hot electrons penetrate the target, creating a cloud of relativistic electrons on the rear of this. (c) The 
cloud of relativistic electrons expands for several Debye lengths, generating an extremely intense 
electric field, mostly directed along the normal to the surface. (d) Thanks to the difference of potential 
created on the rear of the target, hot electrons are “pushed” back in the foil, with the consequence of 
interacting with the ions of the material, that are finally emitted and then accelerated from the target 
with high beam collimation.[12] 
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proton energies approaching 100 MeV have been reported on the VULCAN PW laser, 

in a hybrid regime where TNSA is coupled to other, more advanced mechanisms[15]. 

The properties of the beams accelerated via TNSA are different from those of 

conventional RF beams, to which they are superior in several respects. The beams 

are characterized by ultralow transverse emittance (as low as 0.004 mm-mrad) and 

by ultrashort (ps) duration at the source. The beams are bright, with 1011-1013 

protons per shot with energies > MeV, corresponding to currents in the kA range if 

co-moving electrons are removed. Drawbacks include, in comparison to conventional 

accelerator beams, the larger divergence (up to 10’s of degrees, and energy 

dependent) and therefore a broad energy spectrum.  

A broad range of applications employing ion beams accelerated by this 

technique has been proposed[12], some of which have already been implemented, 

such as laser-driven proton radiography, that has allowed the mapping of electric and 

magnetic fields in plasmas with very high spatial and temporal resolution. In view of 

the possible future use of laser-driven beams as a source for cancer radiotherapy, a 

number of experiments have investigated their biological effects in cell culture 

models[16], reporting on-cell dose rates of the order of 109 Gy/s[17, 18], which are 9 

orders of magnitude higher than normally used in radiotherapy. Future use of these 

beams in cancer therapy and diagnostics, however, requires a marked improvement 

of the beam parameters currently available, as energies in the range of 150–300 

MeV/nucleon are needed for treating deep-seated tumors with protons or carbon 

ions. This motivates ongoing research aimed at improving the beam characteristics, 

either by optimizing TNSA acceleration or by exploring alternative mechanisms. 
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3.2. Monte Carlo simulations 

As previously discussed in Chapter 1, this work has been developed as part of 

the A-SAIL project, that aims to develop new acceleration mechanisms through laser-

target interaction studies to achieve stable and reproducible high energy, ultra-high 

dose rate proton and ion beams, as well as new technologies for cell irradiation and 

future clinical applications. The author has contributed to several experiments 

performed in different facilities during her project, carrying out the biological 

processing and analysis of the cell samples and collaborating, with PhD colleagues 

and staff from School of Physics, PGJCCR and external staff from connected academic 

institutions, in preliminary simulations of the sample irradiation and dosimetry 

analysis.  

3.2.1. Beam energy and dose calculations

In the context of every experiment performed with laser-driven proton and 

ion beams, before proceeding to irradiation of cell samples an evaluation of the 

desired energy of the beam at cell irradiation position was necessary, in order to 

prepare the laser facility for the shots and for the different endpoints in study. 

Simulations of the production of a LD ion beam have been carried out by staff from 

the Centre for Plasma Physics, QUB, involved in the experiments with Monte Carlo 

modelling, using GEANT4®[19] and SRIM®[20]. The simulations have evaluated the 

energy dispersion of the ion beam, produced in the metallic target and then 

transported to the cells (specific for each facility setup) and the RCF detectors, where 

the final energy was measured.  Due to the particles passing through a magnetic 
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dipole, the proton pulses were dispersed in accordance to their energies.  

Fig. 3.2 shows the energy spread of the dispersed proton beam in the vertical 

direction from the base of the RCF. This particular sample simulation was done for 

LULI-MILKA experiments, where the aims were: 

1. to have an energy range which would include 9.7 MeV, energy required to 

deliver the desired dose to the cells; 

2. determine the region where 9.7 MeV protons would be located on both the 

RCF and the cell dish, so that the cells could be seeded in this region. Using 

Figure 3.2: UPPER LEFT. Monte Carlo simulation showing the proton energy spread on 
RadioChromic Film placed behind the cell plane. The y-axis indicates the distance from the zero-
energy point, and the coloured legend denotes the energy spread in MeV. UPPER RIGHT. Monte 
Carlo simulation showing the proton energy spread at the position of the cells. The y-axis 
indicates the distance from the zero-energy point, and the coloured legend denotes the energy 
spread in MeV. BOTTOM CENTER. An example of irradiated RCF, and a schematic of the cell 
dish. The horizontal line shows the 9.7 MeV Proton position where the dose measurement was 
made, and the yellow box in the dish indicates the area where the cells were seeded (see 
Chapter 2). 
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these simulations, it was possible to center a 3x4 mm2 cellular spot upon the 

9.7 MeV proton energy line, allowing an error of  0.6 MeV.  

From the simulations, the E can be considered as 500 keV. This means that 

the E/E is approximately 5-6% of the total pulse energy; assuming that each pulse 

delivers 1 Gy to the cells, with a pulse duration on the cells of  400 ps, the dose rate 

should exceed 109 Gy/s[21]. 

As seen in Chapter 2, Section 16, once the vertical position of the cells 

corresponding to the energy of interest was determined, the dose measurement and 

profiles over the selected region were extracted from the analysis of the 2D dose 

images. These were obtained from the EBT-3 RCF placed in front of the cell plane, 

scanned with a commercial scanner (EPSON V750 Pro scanner), then processed with 

ImageJ, providing the conversion from values in pixel to optical density for the 

specific scanner used. An optical density-dose calibration of the customized EBT3, 

performed with conventionally accelerated proton beams at INFN-LNS (Catania, 

Italy), was then applied to determine the 2D dose distribution and profiles.  

 

3.3. LD beam delivery setups 

The experiments described in this Thesis have been performed, as already 

mentioned, at three different facilities, where lasers devices and acceleration setups 

have different features, but nevertheless energies and cell doses were calculated to 

be in the same range in order to preserve data consistency for comparison. The main 

part of the experiments took place at the LULI2000-MILKA facility, while some data 

have been obtained from experiments performed at the TARANIS and VULCAN Target 
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Area Petawatt (TAP) facilities, where the author contributed to preparation of 

samples, dosimetry and data analysis. For these reasons, a more detailed description 

of the first facility is provided, in comparison to the others. 

3.3.1. LULI2000-MILKA facility 

The core of this Thesis work consisted of experiments performed at the 

LULI2000 (Laboratoire d’Utilisation des Lasers Intenses) facility, a laboratory 

founded in 1988 and supported by CNRS (Centre National de la Recherche 

Scientifique), CEA (Commissariat a l’Energie Atomique), Universite Pierre et Marie 

Curie and situated in the laboratories of the Ecòle Polytechnique Paris-Saclay 

(Palaiseau, Paris, France). The LULI2000 system is one of a small number of laser 

systems in Europe, providing the coupling of short (ps) and  long (ns) high energy laser 

beams and the availability of auxiliary beams for pump-probe experiments[22]. 

There are two target areas at the LULI2000 facility, each dedicated to one of 

two laser beam configurations. For the experiments included in this Thesis work, the 

facility called LULI-MILKA (Fig. 3.3) was considered more suitable for the purposes of 

the experiments involved in this project, thanks to the high energy and ps pulse of 

the laser delivered in its environment.  

The spherical MILKA target chamber has an approximate diameter of 2 m, 

with an internal vacuum of 10−2 mbar attainable after 30 minutes of pumping. The 

laser beamline can deliver up to 80 J in  1 ps pulses at 1 (λ = 1.054µm) at a 

repetition rate of approximately one shot every 90 minutes, providing about 6-7 

shots per day. A f=800 mm, f/4 off-axis Thomson parabola was used to focus the 
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pulses at an angle of ~ 22.5 onto Au foil targets of 25-50 µm thickness from which 

contaminant protons were accelerated through the TNSA mechanism.  

 

 

The irradiation set-up (Fig. 3.4) was tailored by simulation with SRIM® to 

isolate and utilize protons of approximately 9.7 MeV energy and 4.7 keV/µm LET  

from the characteristically multi-energetic broad beam generated through TNSA. The 

energy spectrum was measured using RCF stacks, which showed proton energies 

ranging from a few MeV up to approximately 15 MeV. To isolate the 9.7 MeV protons, 

Figure 3.3: TOP:LULI2000 target area room 1; BOTTOM. MILKA interaction chamber, open for the setup 
preparation. 
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the protons were energetically dispersed via a 1 T magnetic dipole of 10 cm, coupled 

with an 800 m pinhole before exiting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2. Taranis facility 

Some of the first preliminary irradiation experiments, with cells exposed both 

in normoxia and hypoxia, have been performed in the Terawatt Apparatus for 

Relativistic And Non-linear Interdisciplinary Science (TARANIS) facility, located in the 

VACUUM AIR 

Figure 3.4: TOP. Schematic of the acceleration channel setup inside the MILKA chamber. All distances 
have been calculated on the base of the parameters obtained from the simulations.
BOTTOM. Real image of the components of the channel, with indications of the main devices involved 
in the process. The picture shows the part of the channel inside the chamber, placed under vacuum 
during the irradiation. After the magnet, there is the pinhole needed to focus the beam, whose width 
influenced the horizontal dimension of the beam itself. The metal pipe on the right has at its entrance 
a Kapton window to maintain the vacuum and at the same time allow the passage of accelerated ion 
beams. From the Kapton window, the rest of the beamline containing cell samples and detectors is in 
air. 



3.3 LD beams delivery setups ___________________________ 150 
 

 

Centre for Plasma Physics at Queen’s University Belfast. The TARANIS laser is a hybrid 

Ti:Sapphire-Nd:glass system operating in CPA mode[23]. The front end of the laser 

system includes a Ti:Sapphire oscillator, followed by a pulse stretcher, and a 

Ti:Sapphire regenerative amplifier (RA). The oscillator (Coherent Mira mode-locked 

system) provides a train of 120 fs transform limited pulses at 1053 nm, with a 

repetition frequency of 76 MHz[24]. The wavelength is chosen to match the peak of 

the Nd:glass amplifiers gain curve. The pulse is overextended by a factor of ∼ 104 

within the double-pass stretcher equipped with a 1740 lines/mm diffraction grating 

and an f = 1524 mm spherical mirror, mounted in an inverting telescope 

configuration, producing optically chirped pulses of ∼ 1.2 ns[25]. The Ti:Sapphire RA 

contributes to pre-amplify the pulse produced, delivering ∼ 0.6 mJ pulses, at a 

maximum frequency rate of 500 Hz in a ∼ 300 mW average power beam[24]. The laser 

pulse can be intensified to multi-TW levels by a three stage flashlamp pumped 

Nd:glass rod chain, that amplifies two separate pulses up to ∼ 30 J per pulse at a 

repetition rate of one shot every ten minutes in the full power mode. A minimum 

pulse duration of 560 fs (typically 700 fs on average at high energy) can be achieved 

with ∼ 60% energy transmission through the compressors[23], and longer pulses of ∼ 

1 ns can be obtained by by-passing the compressors. With this setup, combinations 

of ns and ps pulse durations can be selected and used in the two target areas of the 

facility[24].  

Fig. 3.5 shows the irradiation setup for TARANIS laser facility. The internal 

setup of the chamber to produce the laser-driven ion beam is basically similar to that 
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of LULI-MILKA, with only the laser beamline of the facility itself being structurally 

different. 

 

 

3.3.3. VULCAN TAP facility 

The Vulcan facility, located at the Central Laser Facility (CLF), Rutherford 

Appleton Laboratory, Harwell, Oxford, UK, includes a versatile high power Nd:glass 

laser system, which can deliver up to 2.6 kJ of laser energy in long (ns range) pulses 

and up to 1 PW in a short (500 fs) pulse at a wavelength of 1053 nm[25]. 

Currently, Vulcan has eight beamlines, six of which operate only in long pulse 

mode, while the other two can operate in both long and short pulse modes. These 

beamlines can operate in two different target areas, Target Area Petawatt (TAP), 

seeded by a commercial Ti:Sapphire laser, and Target Area West (TAW), provided 

with a commercial Nd:glass laser, mode locked using a saturable absorber[26]. The 

short- and long-pulse systems can be operated at the same time and directed to the 

Figure 3.5: LEFT. Steel mask used to fix the RCF detector behind the cell plane during irradiation. 
CENTER. Hypoxia chamber containing cell sample, with the RCF on the back of the cells, positioned in 
front of the beam channel. RIGHT. Lateral view of the hypoxia chamber in front of the channel exit, 
ready for irradiation. 
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two different target areas, thanks to sophisticated interaction and probing 

experiments. 

Target Area Petawatt (TAP) is provided with a laser able to deliver an intensity 

of up to 1021 Wcm−2 in short pulse mode, achieved by amplifying a sub-picosecond 

pulse to hundreds of Joules and then focusing it close to its diffraction limit. This 

amplification is achieved by CPA. The low intensity pulse is stretched from a few 

femtoseconds to nanoseconds, amplified, then recompressed and focussed onto the 

target, producing the high intensities[24]. The length and energies of the pulses are 

configurable on request from sub-ps to tens of ps, and in addition to the standard 

short pulse beamline, a single standard long pulse beam of length between 0.5-8 ns 

and energy 50-300 J (depending on the operational pulse length) is available. 

Fig. 3.6 shows the internal setup of TAP chamber, also here schematically 

similar to the previous ones. The assembly is under vacuum and the ion beam exits 

from the Kapton window on the right, going through a steel channel, to reach the 

hypoxia chamber containing the cell sample and the detector (this time the RCF mask 

is mounted directly on the back of the dish).  

  

Figure 3.6: picture with scheme of the internal irradiation setup for VULCAN 
TAP. 
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Chapter 4 

EXPERIMENTS AND DATA ANALYSIS 

4.1. Introduction 

Radiobiological experiments employing laser-driven protons and ions have 

been carried out for several years and can be grouped into two categories, based on 

the effects related to the short pulse nature of the beams. The first category is 

represented by experiments where dose was delivered in a series of fractionated 

consecutive pulses; as fractionated approach reduces the effective dose rate on the 

cells to the Gy/s range (close to the clinical dose rate, normally used in conventional 

radiotherapy of around 2 Gy/min)[1, 2], these experiments have some relevance to 

modalities of future laser-based treatment, but less suited to highlight the collective 

effects related to the ultra-short nature of the irradiation.  

The second category of experiments employed single shot irradiations, with 

energies limited to 1 - 5 MeV and on cell pulse durations in the order of ns, which 

also imposed strong limitations in the possibility of observing collective effects. So, 
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before experiments presented in this Thesis were performed, no experiment had 

highlighted any deviations from the results of experiments measuring biological 

effectiveness, typically as DNA damage and survival carried out with conventional RF 

beams. Also, all samples in the previously reported experiments were irradiated in 

air, so none of these have addressed the implications of oxygen depletion effects on 

biological response.  

Experiments in this Thesis are then an obvious step forward from prior 

studies, investigating for the first time conditions of dose, pulse size, particle energy 

and oxygen status, where clear differences from conventional radiotherapy should 

be observed. Also, for the first time we have measured both lethal and non-lethal 

effects under the same irradiation conditions on two different cell lines, whose 

response is relevant for future studies on cancer cells and tumor environment. 

The present thesis work develops around the study of lethal and sub-lethal 

effects of three different types of radiation on HUVEC and AG01522 cell lines. Cell 

samples have been exposed to ultra-high dose rate Laser-Driven proton beams and 

X-rays (reference radiation), as low LET radiation, and α-particles as high LET 

radiation. The endpoints measured in the experiments performed are: 

I. Radiation-induced DNA damage 

II. Cell survival 

III. Stress-Induced Premature Senescence (SIPS) 

The first two endpoints have been performed on both cell lines, while the SIPS 

was studied only on HUVEC cells, in a best comparison of LD proton irradiation data 

with X-ray and α-particle measurements. The main experiments have been 
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performed at the LULI-MILKA facility (France, LD proton irradiation experiments) and 

in PGJCCR (QUB, Belfast, UK, X-rays and α-particles irradiation experiments). The 

author collaborated also in further experiments, focused on radiation-induced DNA 

damage, performed at the TARANIS (QUB, School of Physics, Belfast, UK), VULCAN 

TAP (Rutherford Appleton Laboratories, Harwell, Oxford, UK) and GEMINI 

(Rutherford Appleton Laboratories, Harwell, Oxford, UK) laser facilities, although 

their outcomes are not extensively discussed in this Thesis. 

Sample preparation and processing have been done in biology laboratories 

within the facilities, whilst sample and data analysis have been performed in PGJCCR 

after the experiments. 

4.2 Radiation-induced DNA damage studies 

As described earlier, the amount and complexity of the radiation-induced 

DNA damage determines the biological outcome. The dose absorbed by the cells 

represents a good indicator of the amount of damage induced, but the complexity of 

the damage is linked to the clustering of DNA lesions, whose spatial distribution is a 

critical parameter for all charged particle exposures. Considering the temporal limit 

of pulsed laser-driven proton and ion sources, effects after exposure to these beams 

has yet to be fully investigated. Several possible effects which may alter the biological 

response to laser-driven beams, related to the ultra-short nature of the deposition, 

have been proposed in the past. These include: alterations in the production of free 

radicals owing to oxygen depletion effects[3], a spatio-temporal overlap of  

independent tracks resulting in collective effects[4] and a lack of interaction between 
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direct and indirect DNA lesions. Very little is actually known about this ultra-fast dose 

deposition regime and the only way to test these predications is experimentally.  

4.2.1 Radiation-induced DNA damage data from studies with 

conventional X-rays 

DNA damage effects from low LET radiation were studied both in AG01522 

and HUVEC cell lines using 225kVp energy X-rays beam and measured by 53BP1 

Immunofluorescence (IF) assay. For the two cell lines, experiments were performed 

on 3 independent sets of 3 cells samples each, with 3x105 cells for controls and 

4x105cells for irradiated samples seeded on Mylar and grown in 5 cm diameter steel 

dishes (see Chapter 2, Section 2.4.1.1), to reproduce the same conditions of the cells 

exposed with laser-driven protons at the LULI facility. Irradiation conditions were 

already described in Chapter 2, Section 2.5. Cell samples sets were prepared one by 

one and transported to the X-rays room, where they were stored at 37°C and exposed 

to 1 Gy dose in groups of 3. After the exposure, cell samples were processed 

according to the IF protocol (Chapter 2, Section 2.9). Cell slides were eventually 

analyzed with a fluorescence microscope for the DNA damage foci count (Chapter 2, 

Section 2). Results were used as comparison, together with α-particle exposed 

samples, for the analysis of DNA damage kinetics in cells exposed to LD p+, shown in 

Section 4.2.4 of this chapter. 
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4.2.2 Radiation-induced DNA damage data from studies with Alpha 

particles 

DNA damage studies have been undertaken in AG01522 and HUVEC cell lines 

exposed to 5.5 MeV energy 241Am α-particles source and quantified using 53BP1 IF 

assay. For the two cell lines, experiments were performed on 3 independent sets of 

3 cells samples each, with 2.5x105cells seeded on Mylar and grown in 2 cm diameter 

steel dishes (see Chapter 2, Section 2.4.1.2), to reproduce similar conditions of the 

cells exposed with laser-driven protons at the LULI facility. Irradiation conditions have 

been already described in Chapter 2, Section 2.6. Cell samples sets were prepared 

and stored at 37°C, each sample has then been exposed to 1 Gy dose α-particles in a 

laminar hood. After the exposure, cell samples were processed according to the IF 

protocol (Chapter 2, Section 2.9). Cell slides were eventually analyzed with a 

fluorescence microscope for the DNA damage foci count (Chapter 2, Section 2.9.2). 

Results have been used as comparison, together with X-rays irradiated ones, for the 

analysis of DNA damage kinetics on cells exposed to LD p+, showed in Section 4.2.4 of 

this chapter. 

4.2.3 Radiation-induced DNA damage data from LULI studies and 

intercomparison with different radiation datasets 

DNA damage studies after exposure to 9.7 MeV ultra-high dose rate laser-

driven (LD) proton beams have been performed on AG01522 and HUVEC cell lines at 

LULI-MILKA facility, using 53BP1 IF assay. Experiments have been planned differently 

for the two cell lines, depending on the availability and the performance of the proton 
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beam, whose stability on a daily basis had to be taken into consideration in order to 

obtain for each shot the desired dose for the different endpoints. Figure 4.1 shows 

the variation of the dose delivered to cells in each LD p+ shot on the different days, 

where: 

- Day 1 to 5 were dedicated to Clonogenic assay experiments; 

- Day 6 to 8 were dedicated to DNA damage studies; 

- Day 9 and 10 focused on Stress-Induced Premature Senescence (SIPS) 

experiments. 

 

 

Figure 4.1. LD proton beam delivered dose variation by shot number on a daily basis. A dotted line 
has been marked in correspondence of 1 Gy dose value, to better understand the variations of dose 
due to beam instabilities. Errors are the SD of the dose value, calculated on the base of the 
calibration of customised RCF EBT3 performed with conventional proton beams in Catania (Italy) 
(calibration data provided by Dr. Domenico Doria). 
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As shown in Figure 4.1, most of the shots between day 6 and 8 delivered very 

low doses (lower than 0.5 Gy) or failed, due to technical issues with the laser system, 

so it was necessary to select the shots whose dose values were within 20% of 1Gy, to 

eventually obtain one set of samples for HUVEC and three sets for AG01522. For each 

shot, the average number of foci has been calculated from images captured as shown 

in Fig. 4.2, then dose has been normalized to 1 Gy and results have been corrected 

accordingly, considering that values for number of foci in this range of doses follow a 

linear trend with increasing dose[5]. Cells were seeded in 5 cm diameter steel dishes 

to cover the whole Mylar surface of the dish (see Chapter 2, Section 2.4.1.3), with 

3x105 cells for controls and 4x105 cells for exposed samples and stored at 37°C. 

Irradiations procedures have been already described in Chapter 3, Section 3.3. After 

the exposure, cell samples were processed according to the IF assay protocol 

(Chapter 2, Section 2.9). Cell slides were stored eventually in -20°C freezer and 

transported to PGJCCR, where they were analyzed with a fluorescence microscope 

for the DNA damage foci (Chapter 2, Section 2.9.2).  

The analysis of the slides from these experiments was performed in a different 

way with respect to the X-rays and α-particles exposed samples. Even if cells have 

been cultured on the whole surface of the disk, the cell sample selected for the 

analysis was taken from the central area of the dish itself, in such a way to have the 

cells exposed to the p+ beam in the central area of the slide, along the vertical 

direction (from the top to the bottom of the dish). On the slide itself, as explained in 

Chapter 2, Section 2.9.1, the 9.7 MeV energy line of interest was marked, so that 

during the microscope analysis images could have been captured along this line itself. 
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Since the width of the vertical beam area is about (3.9 ± 0.4) mm (depending on the 

width of the pinhole in front of the target along the beamline, see Chapter 3, Section 

3.3.1), for a good evaluation of the number of foci relative only to cells exposed to 

protons, images were taken at 4.5 mm on both sides from the center of the beam 

line, to include part of the penumbra around the beam area and check on possible 

scattered radiation that could have influenced the background count of foci (Fig. 4.2). 

Images were captured along the segment in the same direction (left to right in the 

figure), with steps of 260 µm from each other (dimension set for the image window 

from the acquisition software), and for each horizontal step of the microscope stage 

three images were taken along the perpendicular direction, with a step of 345 µm 

from each other, to cover a final area of (1.035 x 9.001) mm along the line. 

 

 

 

 

 

 

 

 

 

  

Particle beam 

9,7 MeV line 
9 mm  

Figure 4.2. Scheme of the slide analysis procedure. Beam cone is in 3-D, exposing a rectangular 
surface of RCF of (3.9 ± 0.4) mm width. Taking in account the exposed area on the RCF (put on 
the back of the cell surface), in the final step of the IF assay protocol the 9.7 MeV energy line has 
been marked on the back of the cell slide. Slide has been examined with fluorescence microscope 
and images have been captured along the line in a 9 mm segment (4.5 mm from the center of 
the beam area to each side) in the same direction for each slide (dimensions of the area are not 
in scale for demonstration). 

1 mm  
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To have a better understanding of the sample analysis procedure and the 

interpretation of the relative results, once images for each slide were captured in the 

designed area, dosimetry was performed with ImageJ on each RCF as described in 

Chapter 2, Section 2.11. Each EBT-3 customized image was analyzed in ImageJ with a 

macro, to eventually obtain a “thermal picture” on which the dose profile in the area 

of interest above mentioned was measured (Fig 4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once the dose profile was determined, for each sample this was compared in 

a graph to the number of foci counted in all the pictures taken for the same area. 

Figure 4.4 and Figure 4.5 show examples of these distributions for AG01522 and 

HUVEC cells. This comparison can provide information on the real effect of the beam 

and scattered radiation and the dose measured. In each graph, the dose profile and 

Figure 4.3. Scheme of the dosimetry process performed on the RCF after the foci count. 
LEFT: the original image of an EBT-3 customized used for a shot, with the 9.7 MeV energy line 
marked and the area along the line (dimensions are not in scale for demonstration) where foci 
images have been captured with fluorescence microscope.  
RIGHT: thermal image of the same RCF elaborated with ImageJ macro, to show the particle flux 
intensity trend along the beam line. Horizontal dose profile has been measured in the designed 
area along the energy line, identified considering the resolution of the image (300 dpi) and its 
distance in pixel from the border of the RCF (4,23±0.03 mm). 

9.7 MeV line 9 mm  
1 mm  

ImageJ macro 
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the trend of relative number of foci tend to overlap, as a demonstration that the 

measured dose for that shot corresponds to the average number of foci counted. The 

dose for each shot was evaluated on the base of a calibration of RCFs exposed to 

conventional protons, so dosimetry results can be considered quite reliable. 

However, as we already saw in Fig. 4.1, the error on dose per shot can reach 20% of 

the dose value, so the average number of foci counted in the beam area could 

actually appear higher or lower than the dose profile measured with the macro on 

the RCF thermal image. Moreover, if there is a number of foci higher than expected 

in the penumbra area, it is possible that some scattered radiation could have 

contributed to influence the background damage measured. 
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Figure 4.4. Average number of radiation-induced foci in AG01522 cells (blue dots, Y axis on the 
left), counted along the 9.7 MeV energy line in a segment of about 8-9 mm centered in the centre 
of the beam strand, compared with dose profile measured on the EBT-3 customized along the same 
line (red dots, Y axis on the right, values are expressed in Gy). Comparison is shown for samples 
exposed to LD p+ and fixed, according to the protocol, after 0.5-1-2-6-24 hours from exposure. The 
squared area represents the irradiated portion of the RCF (and the cell sample), while the flat sides 
correspond to the penumbra. Both foci and dose trends have been scaled to allow overlapping. 
Negative values of dose are due to errors on the calibration curve used in the ImageJ macro for the 
calculation. 
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Figure 4.5. Average number of radiation-induced foci in HUVEC (blue dots, Y axis on the left), 
counted along the 9.7 MeV energy line in a segment of about 8-9 mm centered in the centre of the 
beam strand, compared with dose profile measured on the EBT-3 customized along the same line 
(red dots, Y axis on the right, values are expressed in Gy). Comparison is shown for samples exposed 
to LD p+ and fixed, according to the protocol, after 0.5-1-2-6-24 hours from exposure. The squared 
area represents the irradiated portion of the RCF (and the cell sample), while the flat sides 
correspond to the penumbra. Both foci and dose trends have been scaled to allow overlapping. 
Negative values of dose are due to errors on the calibration curve used in the ImageJ macro for the 
calculation. 



4.2 Radiation-induced DNA damage studies___________________________ 171 
 

 

Results for AG01522 (Fig. 4.6, 4.7 and 4.10) and HUVEC (Fig. 4.8, 4.9 and 4.11) 

cells after exposure to 9.7 MeV LD p+ beams, compared with cells irradiated with 225 

kVp X-rays and 5.5 MeV α-particles, are presented. Figures 4.6 and 4.8 show the 

average number of foci per nucleus (counted image by image), varying from 50 to 

100 images per sample, at different time points (0.5-1-2-6-24 h and control); values 

shown for all the time points are normalized by subtraction to the background 

control. Figures 4.7 and 4.9 show the repair kinetics (percentage of foci remained 

after early damage at 0.5 h from exposure) at the same time points; here also, values 

were normalized to the background control. Tables 4.1 and 4.2 contain calculated 

results respectively for AG01522 and HUVEC cell lines. 
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Results for AG01522 cells IF assay after exposure to X-rays, LD p+ and alpha particles. 
Figure 4.6. Average number of foci per nucleus in function of the fixing time point (0.5-1-2-6-24 h and 
control). Values shown for all the time points are normalized to the background control; errors are 
calculated as SEM. Student t-test for statistic significance has been performed for LD p+ vs X-rays results 
and LD p+ vs alpha particles results (P<0.05%; * = 0.0332; ** = 0.0021; *** = 0.0002).  
Figure 4.7. Percentage of foci remained after early damage at 0.5 h from exposure. Values shown for 
all the time points are normalized to the background control. Errors are calculated as SEM; fitting curves 
have been calculated as one phase exponential decay trends. 
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Table 4.1. Calculated results for AG01522 cells IF assay after exposure to X-rays, LD p+ and alpha 
particles relative to Figure 4.6 and Figure 4.7. 

Time Point (h) Dose (Gy) Average #foci/cell SEM BG Corrected SEM BG corrected % foci remaining SD foci rem. (%)
Control 0 1.91 0.16 0.00

0.5 1 18.63 2.11 16.73 2.26 100.00
1 1 13.62 1.64 11.71 1.80 70.03 14.32
2 1 10.26 0.54 8.35 0.70 49.93 7.92
6 1 5.21 0.23 3.31 0.38 19.79 3.51

24 1 3.14 0.33 1.23 0.49 7.35 3.08

Time Point (h) Dose (Gy) Average #foci/cell (Dose norm.) SEM BG Corrected (Dose norm.) SEM BG corrected % foci remaining SD foci rem. (%)
Incubator Control 0 0.64 0.14 0.00

0.5 1 17.77 0.60 17.13 0.46 100.00
1 1 15.55 0.67 14.91 0.53 87.07 3.90
2 1 8.65 0.14 8.01 0.00 46.79 1.30
6 1 3.47 0.37 2.83 0.23 16.53 1.40

24 1 1.99 0.31 1.35 0.18 7.90 1.00

Time Point (h) Dose (Gy) Average #foci/cell SEM BG Corrected (Dose norm.) SEM BG corrected % foci remaining SD foci rem. (%)
Incubator Control 0 2.78 0.11 0.00

0.5 1 18.32 0.93 15.54 1.05 100.00
1 1 13.64 0.39 10.86 0.51 69.87 5.70
2 1 12.47 0.06 9.69 0.17 62.38 4.30
6 1 11.55 0.01 8.77 0.12 56.44 3.90

24 1 7.37 0.30 4.59 0.41 29.55 3.30

225 keV X-RAYS
AG01522

LULI 9.7 MeV p+

5,5 MeV alpha particles
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Results for HUVEC cells IF assay after exposure to X-rays, LD p+ and alpha particles. 
Figure 4.8. Average number of foci per nucleus in function of the fixing time point (0.5-1-2-6-24 h and 
control). Values shown for all the time points are normalized to the background control; errors are 
calculated as SEM. Student t-test for statistic significance has been performed for LD p+ vs X-rays results 
and LD p+ vs alpha particles results (P<0.05%; * = 0.0332; ** = 0.0021; *** = 0.0002). 
Figure 4.9. Percentage of foci remained after early damage at 0.5 h from exposure. Values shown for 
all the time points are normalized to the background control. Errors are calculated as SEM; fitting curves 
have been calculated as one phase exponential decay trends. 
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Table 4.2. Calculated results for HUVEC cells IF assay after exposure to X-rays, LD p+ and alpha particles relative 
to Figure 4.8 and Figure 4.9. 

Time Point (h) Dose (Gy) Average #foci/cell SEM BG Corrected SEM BG corrected % foci remaining SD foci rem. (%)
Incubator Control 0 0.90 0.14 0.00

0.5 1 11.48 0.19 10.58 0.33 100.00
1 1 10.63 0.44 9.73 0.58 91.97 6.20
2 1 7.74 0.25 6.84 0.38 64.61 4.10
6 1 3.02 0.11 2.12 0.25 20.05 2.40

24 1 1.23 0.08 0.33 0.22 3.09 2.10

Time Point (h) Dose (Gy) Average #foci/cell SEM BG Corrected SEM BG corrected % foci remaining SD foci rem. (%)
Incubator Control 0 0.63 0.16 0.00

0.5 1 15.86 2.53 15.21 2.47 100.00
1 1 14.59 1.65 13.61 1.64 89.50 18.10
2 1 11.60 2.03 10.55 1.97 69.39 17.20
6 1 4.05 0.34 3.33 0.44 21.87 4.60

24 1 1.43 0.21 0.79 0.29 5.22 2.10

Time Point (h) Dose (Gy) Average #foci/cell SEM BG Corrected SEM BG corrected % foci remaining SD foci rem. (%)
Incubator Control 0 2.33 0.14 0.00

0.5 1 16.33 0.70 14.00 0.84 100.00
1 1 12.54 0.50 10.21 0.64 73.97 17.33
2 1 12.02 0.06 9.69 0.17 63.75 16.19
6 1 11.10 0.34 8.77 0.12 57.67 5.55

24 1 6.92 0.21 4.59 0.41 30.20 1.38

225 keV X-RAYS

LULI 9.7 MeV p+

Alpha particles

HUVEC
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Percentage of nuclei respect to frequency of foci for each time point after 

irradiation (0.5-1-2-6-24 h) was calculated (Fig. 4.10 for AG01522 and Fig. 4.11 for 

HUVEC cell line), to quantify the characteristic DNA damage, at different time points, 

induced by 9.7 MeV LD p+ beams, delivering 1 Gy dose. Values have been determined 

on the counting of the number of foci in cell nucleus for each sample relative to a 

specific time point; numbers for samples relative to the same time point have been 

summed and percentage was calculated on the total. 
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Figure 4.10. Foci/nucleus kinetics (percentage of nuclei with a range of number of foci) in AG01522 cell 
samples for the different time points from the exposure to 9.7 MeV LD p+, 1 Gy dose. Errors on bars are 
calculated as the SD of the calculated number of cells for each range of number of foci.  
Figure 4.11. Foci/nucleus kinetics (percentage of nuclei with a range of number of foci) in HUVEC cell 
samples for the different time points from the exposure to 9.7 MeV LD p+, 1 Gy dose. Errors on bars are 
calculated as the SD of the calculated number of cells for each range of number of foci. 
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4.2.4 Summary and discussion 

Radiation-induced DNA damage and its kinetics have been studied in 

AG01522 and HUVEC cell lines after exposure to low LET radiation (X-rays) and high 

LET radiation (laser-driven proton beams and α-particles).  

Quantitative results on direct DNA damage in cell nuclei (foci) have been 

obtained with IF assay on cells samples and compared for the different types of 

exposures. Fig. 4.6, relative to experiments performed on AG01522 cells, shows the 

average number of foci/nucleus calculated for sham-irradiated samples and exposed 

samples, fixed at selected time points to evaluate the amount of foci at different 

times after irradiation. For all the types of radiation involved, number of foci/nucleus 

tends to decrease in time, indicating a prompt DNA repair response from the cells. 

LD p+ irradiation results show higher initial damage (after 0.5 and 1 h from exposure) 

induced by proton beams, compared to that induced by X-rays, while the trend for 

remaining damage at later times appears to be similar (in the error range) for the two 

types of radiation. These outcomes are consistent to the one from similar 

experiments, where LD p+ with the same LET were used in GEMINI facility in VULCAN 

TAP[6]. In contrast, results from experiments with α-particles show a lower amount of 

radiation-induced damage at 0.5 and 1 h after the exposure, while late damage seems 

to decrease slower, remaining almost constant, with respect to the other radiation 

values, until the latest value at 24 h, that represents more than the double of the 

damage induced by X-rays and LD protons. This event occurs considering the different 

nature of the α-particle source, that consists in a non-collimated beam of particles, 

with LET of (90.92 ± 8.55) keV/µm, about 20 times the LET of X-rays and LD protons. 
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At these values of LET, biological damage depends on the dose delivered, so initial 

DNA damage is clustered and occurs in more complex than simple form, due to the 

high LET of these particles (as seen in Chapter 1, Section 1.2.4.5). Being complex DNA 

damage less prone to be repaired, residual damage from exposure to α-particles 

results higher than the one induced by radiation with lower LET. Fig. 4.7 shows the 

DNA damage kinetics and the relative residual damage in cells with time; all the 

values were normalized to the early damage at 0.5 h. As all the trends have an 

exponential decay, as predicted by the previous quantitative study, effects of α-

particle exposure express in a higher and longer lasting residual damage after 24 h 

from irradiation, while LD p+ induced residual damage is not different, in the error 

range, by the one induced by X-rays.  

Results on the same endpoint for HUVEC samples are shown in Fig. 4.8. 

Average number of foci counted in HUVEC nuclei is clearly lower than the number 

counted in AG01522 cells samples, for all types of radiation. This difference could be 

caused by oxidative stress, produced following an increase in the Reactive Oxygen 

Species (ROS) in endothelial mitochondria after exposure to ionizing radiation. In an 

effort to combat oxidative challenge, ROS activate cellular transcription factors like 

NRF-2, that is believed to be the main regulator of cellular resistance to pro-oxidants. 

Briefly, oxidative stress can induce a mitochondrial dysfunction, that leads to a higher 

production of ROS and to a consequent overexpression of NRF-2 factor, that can then 

influence DNA damage production in the cell.[8]  Moreover, while α-particles effect 

seems to be quite the same in HUVEC as in AG01522 cells, LD proton beams instead 

seem to induce a higher DNA damage respect to X-rays in HUVEC cells, suggesting a 
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higher sensitivity of this cell line to LD protons, even at the same level of LET of X-

rays, also compared to AG01522. Fig 4.9 illustrate anyway that the difference 

between residual damage at 24 h induced by exposure to X-rays and the damage 

produced by LD p+ is not much relevant in the error range, while the late effect of α-

particles is more important, as in the case of human fibroblasts. 

An analysis on the frequency of foci in nuclei revealed at the different time 

points after the exposure to LD p+ has been illustrated in Fig. 4.10 for AG01522 and 

Fig. 4.11 for HUVEC samples. This study provides important information on the 

biological effect of this type of radiation on the cell lines considered. In the samples  

from both cell lines, it is observed that the percentage of nuclei with medium-high 

frequency of foci per nucleus is higher at specific times after the exposure, but 

decreases to the lowest values 24 h after irradiation. However, it is possible to 

highlight some differences between the effect of radiation on either cell line. In 

AG01522 samples, the frequency of foci tends to vary significantly at the higher range 

of intervals (ex. frequency at 0.5 h from exposure can span from 6 to more than 30 

foci per nucleus), while in HUVEC samples it tends to span a narrower interval of 

values. Also, for later time points (6 and 24 h), HUVEC samples appear to present a 

higher percentage of nuclei with low frequency of foci with respect to AG01522. 

Eventually, the general trend that it is possible to observe is indeed that HUVEC 

samples present a lower amount of radiation-induced DNA damage with respect to 

AG01522, that leads to the conclusion that this cell line could be more radioresistant 

relative to fibroblasts, even if they are more sensitive to LD p+ radiation than to X-
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rays. At the same time, both early and late effects of exposure to either X-rays or LD 

p+ beams look similar in human fibroblast AG01522 samples. 

 

4.3 Cell survival assay studies 

Cell survival has been quantified in AG01522 normal human fibroblasts and 

HUVEC cells after irradiation with low LET radiation (X-rays) and high LET radiation 

(α-particles and laser-driven protons). As previously discussed in Chapter 2, 

experiments with X-rays and α-particles were performed at PGJCCR and those with 

LD proton beams were performed at the LULI 2000 facility. In every environment, 

sterility conditions during preparation, processing and transportation of the samples 

were observed for samples and materials.  

Cell for survival assay were seeded on Mylar surfaces in steel dishes for all the 

experiments, as described in Chapter 2. Before performing any irradiation 

experiment, tests to evaluate the Plating Efficiency on Mylar of both AG01522 and 

HUVEC samples were performed on 3 replicates for each cell line; for some tests, a 

set was lost or not considered due to issues after incubation time. 500 cells per well 

were seeded in every plate and incubated for 12 days for AG01522 samples and 9 

days for HUVEC samples, to get for AG01522 cell line an average PEAG0 = 

(10.21±1.42)% and for HUVEC a PEHUV = (26.29±3.03)%. 

Data collected from every assay were reported and processed in a Microsoft 

Excel spreadsheet and plotted using GraphPad Prism in a scatter chart. 
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4.3.1 Cell Survival data from studies with conventional X-rays 

Cell samples were irradiated with 225 kVp X-rays to deliver radiation dose in 

a range from 0 to 4 Gy to the cells. For every cell line, 3 experiments were performed, 

one on 2 and two on 3 independent sets of 5 samples each to cover the required dose 

range (control – 0.5 – 1 – 2 - 4 Gy). The actual dose for 0.5 Gy point is 0.59 Gy, due to 

the X-rays machine requirements on dose delivery. An increasing number of cells was 

seeded for each dose point (shown in Chapter 2, section 2.8, Table 2.1), taking into 

account the PE of each cell line calculated before irradiation and the mortality of cells 

with increasing dose, to ensure a good colony population for each sample and good 

statistics for the calculations. PE and SF with relative errors have been calculated for 

each sample and average calculations have been made for the different sets 

processed in every experiment. In Fig. 4.12 and Fig. 4.13 each curve shows the single 

trend for each experimental set, while Table 4.4 and Table 4.6 show the values for SF 

for each curve. Data fitting was performed following the survival curve equation {22} 

showed in Chapter 1, section 1.2.4.2, where Y represents the surviving cells fraction 

and X the radiation dose, while α and β represent the linear and the quadratic slope 

parameters respectively. Fit was calculated with a weight of 1/Y2 in GraphPad Prism 

7, to minimize the sum of the squares of the relative distance of the points from the 

curve. Errors of the values along the curve have been calculated automatically as SE 

by GraphPad Prism 7. 
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BEST FIT VALUES 
 Set A Set B 

α (Gy-1) 0.82±0.13 0.97±0.19 

β (Gy-2) 0.02±0.04 negligible 

 AG01522
Cell survival assay - X-rays

  Weight = 1/Y2

Dose (Gy)

0 1 2 3 4 5

0.01

0.1

1

Set A

Set B

Table 4.3 and 4.4. TOP: best fit values α and β for the fit of the two sets. BOTTOM: table of the 
values of SF and PE obtained for the two sets of samples at the relative doses. 

Figure 4.12. Dose response curve obtained from clonogenic assay performed on AG01522
cells, after exposure to X-rays. Assay has been performed on 3 independent sets of 
samples, one excluded being an outlier. 

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000
0.59 500 0.775 0.725 0.706 0.115 0.100 0.086 0.735 0.036
1.00 1000 0.472 0.478 0.485 0.054 0.056 0.072 0.478 0.006
2.00 1000 0.159 0.146 0.141 0.027 0.019 0.035 0.149 0.009
4.00 2000 0.026 0.035 0.028 0.005 0.007 0.004 0.030 0.004

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000
0.59 500 0.915 0.809 0.862 0.210 0.184 0.182 0.862 0.043
1.00 1000 0.360 0.259 0.393 0.112 0.062 0.074 0.337 0.057
2.00 1000 0.090 0.067 0.140 0.024 0.029 0.034 0.099 0.031
4.00 2000 0.029 0.027 0.012 0.007 0.010 0.005 0.023 0.008

SET B
SF SD(SF)

SET A
SF SD(SF)
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BEST FIT VALUES 
 Set A Set B 

α (Gy-1) 0.89±0.20 1.05±0.32 

β (Gy-2) negligible negligible 

Table 4.5 and 4.6. TOP: best fit values α and β for the fit of the two sets. BOTTOM: table of the 
values of SF and PE obtained for the two sets of samples at the relative doses. 

Figure 4.13. Dose response curve obtained from clonogenic assay performed on HUVEC 
cells, after exposure to X-rays. Assay has been performed on 3 independent sets of 
samples, one excluded being an outlier. 

Dose (Gy) # cells/well Average SF SD (Average SF)
I II I II

0.00 300 1.000 1.000 1.000
0.59 500 0.477 0.624 0.095 0.153 0.550 0.074
1.00 500 0.434 0.485 0.087 0.187 0.459 0.026
2.00 1000 0.145 0.114 0.076 0.073 0.129 0.016
4.00 2000 0.027 0.035 0.010 0.013 0.031 0.004

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 300 1.000 1.000 1.000 1.000
0.59 500 0.469 0.867 0.648 0.115 0.216 0.186 0.622 0.211
1.00 500 0.369 0.247 0.234 0.080 0.132 0.073 0.235 0.009
2.00 1000 0.146 0.090 0.128 0.054 0.044 0.046 0.114 0.017
4.00 2000 0.019 0.012 0.016 0.014 0.011 0.022 0.015 0.003

SF SD(SF)

SF SD(SF)

SET A

SET B
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4.3.2 Cell Survival data from studies with α-particles 

Cell samples were irradiated with an 241Am α-particles source in order to 

deliver radiation dose in a range from 0 to 2 Gy to the cells, since higher doses have 

been observed to be lethal for the whole cellular population, due to the high LET of 

the source (see Chapter 2, Section 2.6). For every cell line, 3 independent 

experiments were performed, each one on 3 separate sets of 4 samples each to cover 

the required dose range (control - 0.59 - 1 - 2 Gy). For these experiments also, an 

increasing number of cells was seeded for each dose (shown in Chapter 2, section 

2.8, Table 2.2), taking into account the PE of each cell line calculated before 

irradiation and the mortality of cells with increasing dose, to ensure a good colony 

population for each sample and have good statistics for the calculations. Dose value 

of 0.59 Gy was chosen to allow coherent comparison of data with X-rays results and 

PE and SF with relative errors have been calculated for each sample and average 

calculations have been made for the different sets processed in every experiment. In 

Fig. 4.14 and Fig. 4.15, each curve shows the single trend for each experimental set, 

while Table 4.8 and Table 4.10 show the values for PE and SF for each curve. The 

survival curve LQ formula {30} has been used for the fitting, calculated with a weight 

of 1/Y2 in GraphPad Prism) to minimize the sum of the squares of the relative distance 

of the points from the curve.   
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Figure 4.14. Dose response curve obtained from clonogenic assay performed on AG01522
cells, after exposure to alpha particles. Assay has been performed on 3 independent sets 
of samples. 
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Best fit values 

  Set A Set B Set C 

α (Gy-1) 1.72±0.68 2.04±0.41 2.23±0.77 

β (Gy-2) 0.38±0.38 0.12±0.23 negligible 

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000
0.59 500 0.699 0.321 0.375 0.203 0.105 0.084 0.465 0.204
1.00 1000 0.055 0.055 0.114 0.029 0.049 0.075 0.075 0.034
2.00 2000 0.002 0.005 0.015 0.004 0.006 0.012 0.007 0.007

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000
0.59 500 0.384 0.425 0.294 0.119 0.107 0.071 0.367 0.067
1.00 1000 0.084 0.080 0.101 0.028 0.033 0.033 0.088 0.011
2.00 2000 0.014 0.010 0.008 0.009 0.006 0.006 0.010 0.003

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000
0.59 500 0.215 0.196 0.161 0.097 0.098 0.080 0.196 0.019
1.00 1000 0.029 0.040 0.072 0.027 0.037 0.048 0.049 0.026
2.00 2000 0.022 0.014 0.010 0.011 0.015 0.005 0.015 0.006

SET A
SF SD(SF)

SET B
SF SD(SF)

SET C
SF SD(SF)

Table 4.7 and 4.8. TOP: best fit values α and β for the fit of the three sets. BOTTOM: table of the values 
of SF and PE obtained for the three sets of samples at the relative doses. 
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HUVEC
 Cell survival assay - -particles

Weight = 1/Y2

Dose (Gy)
0.0 0.5 1.0 1.5 2.0 2.5

0.01

0.1

1

Set B

Set C

Set A

Figure 4.15. Dose response curve obtained from clonogenic assay performed on HUVEC, after 
exposure to alpha particles. Assay has been performed on 3 independent sets of samples.  
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Best fit values 
  Set A Set B Set C 

α (Gy-1) 2.25±0.71 2.61±0.56 2.41±0.72 
β (Gy-2) negligible negligible negligible 

Table 4.9 and 4.10. TOP: best fit values α and β for the fit of the three sets. BOTTOM: table of the 
values of SF and PE obtained for the three sets of samples at the relative doses. 

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.59 500 0.370 0.265 0.436 0.195 0.147 0.206 0.357 0.061
1.00 1000 0.048 0.023 0.034 0.033 0.019 0.015 0.035 0.013
2.00 2000 0.022 0.013 0.008 0.026 0.010 0.007 0.022 0.011

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.59 500 0.125 0.217 0.278 0.080 0.153 0.145 0.207 0.077
1.00 1000 0.068 0.018 0.066 0.029 0.020 0.042 0.051 0.028
2.00 2000 0.012 0.002 0.005 0.006 0.004 0.007 0.006 0.005

Dose (Gy) # cells/well Average SF SD (Average SF)
I II III I II III

0.00 500 1.000 1.000 1.000 1.000 1.000 1.000 1.000
0.59 500 0.231 0.198 0.292 0.048 0.044 0.053 0.240 0.048
1.00 1000 0.046 0.042 0.072 0.015 0.008 0.026 0.053 0.017
2.00 2000 0.014 0.005 0.010 0.004 0.002 0.006 0.009 0.004

SET C
SF SD(SF)

SET A
SF SD(SF)

SET B
SF SD(SF)
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4.3.3 Cell Survival data from LULI 2000 studies with LD proton beams 

Cell samples were irradiated in LULI 2000-MILKA facility (see Chapter 3) with 

a laser-driven proton beam of energy E = (9.7±0.5) MeV at an ultra-high dose rate 

(~108-109 Gy/s) that allowed to deliver radiation dose in a range from 0 to 5 Gy to the 

cells. As comparison, variation on the dose rate for X-rays is ± 0.005 Gy/min (see 

Chapter 2 and for α-particles (at a distance of 2.9 cm from the source) is ± 0.49 

Gy/min (for these variation values see Chapter 2, Sections 2.13 and 2.14). In this 

context, due to the machine constraints and the poorer stability of the LD proton 

beam respect to the other radiation sources, it was not possible to deliver precisely 

a required dose, but the setup components could be tuned to deliver a dose 

evaluated to be in the desired range, due to the GEANT4® simulations run before 

each shot. Doses were calculated to be as close as possible to the reference doses 

used in comparison experiments (apart from control, 0.59, 1, 2, and 4 Gy). For these 

data, a statistical error is also present for the dose values. As described in Chapter 2, 

Section 2.7, for survival (and also SIPS) experiments, for each sample a cell spot was 

seeded in an area around the 9.7 MeV energy line of the beam (see Chapter 2, Section 

2.7, Fig. 2.8). Anyway, being the spot bidimensional and not linear, beam energy is 

not the same along the beam strand direction (normal to the 9.7 MeV energy line) in 

the spot area. This means that the spot of cells considered included cells irradiated 

at the dose desired, plus cells at the borders exposed to a different dose, and since 

all the cells in the spot had to be re-seeded in 6-well plates for the survival test after 

irradiation, an error on the dose needs be included in the results to take account of 

this variability. From the preliminary dosimetric analysis done on the beam energy 
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variation (before starting irradiation on cell samples), energy variation along the 

beam strand was calculated as the 20% of the dose value measured in each point. 

This means that the higher was dose delivered to the cells, the higher was the energy 

spread of the beam in the transversal direction and the larger is then the error 

calculated on the dose delivered to each cell spot. 

For every cell line, 2 independent experiments were performed, each one on 

a set of 18 samples (2 controls and 16 irradiated) to cover the required dose range. 

Unfortunately, while AG01522 datasets covered a good range of doses, this was not 

possible for HUVEC results, as some of the low dose irradiated samples were lost due 

to contamination. An increasing number of cells was seeded again for each dose point 

(shown in Chapter 2, Section 2.8, Table 2.3), taking into account the PE of each cell 

line calculated before irradiation and the survival of cells with increasing dose, to 

ensure a good colony population for each sample for the statistic calculations. PE and 

SF with relative errors were calculated for each sample and average calculations were 

made for the different sets processed in each experiment. In Fig. 4.16 and Fig. 4.17, 

each curve shows the single trend for each experimental set., while Table 4.12 and 

Table 4.14 show the values for PE and SF for each curve. Linear Quadratic model has 

been used for the fitting, calculated with a weight of 1/Y2 in GraphPad Prism) to 

minimize the sum of the squares of the relative distance of the points from the curve. 
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 AG01522
Cell survival assay - LD p+ beams

Weight = 1/Y2

Dose (Gy)
0 2 4 6

0.01

0.1

1

Set A

Set B

Figure 4.16. Dose response curve obtained from clonogenic assay performed on AG01522 cells, after 
exposure to laser-driven proton beams. Assay has been performed on 2 independent sets of samples.



4.3 Cell survival assay studies ___________________________ 193 
 

 

 

 

 

 

  

Best fit values 
  Set A Set B 

α (Gy-1) 0.61±0.23 0.40±0.18 

β (Gy-2) 0.03±0.05 0.09±0.04 

SET A 

Dose (Gy) Dose error (Gy) Survival Fraction SD (SF) 

0.00 0.000 1.000  

0.13 0.03 0.728 0.299 
0.43 0.09 1.401 0.465 
1.56 0.31 0.489 0.145 
2.65 0.53 0.148 0.048 
3.04 0.61 0.077 0.058 
5.00 1.00 0.015 0.010 
5.30 1.06 0.025 0.196 

SET B 

Dose (Gy) Dose error (Gy) Survival Fraction SD (SF) 

0.00 0.00 1.000  
0.13 0.03 0.588 0.196 
0.43 0.09 0.956 0.378 
1.56 0.31 0.494 0.076 
2.65 0.53 0.255 0.055 
3.04 0.61 0.057 0.048 
5.00 1.00 0.021 0.011 
5.30 1.06 0.008 0.093 

Table 4.11 and 4.12. TOP: best fit values α and β for the fit of the two sets. BOTTOM: table of the 
values of SF and PE obtained for the two sets of samples at the relative doses. As explained in 
Chapter 3, the exact dose values were calculated after each shot on the base of the RCF record, 
but the desired dose range was earlier estimated tuning the slit aperture on the beamline, to 
increase/decrease the flux of particles reaching the cell surface. 
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 HUVEC
Cell survival assay - LD p+ beams

Weight = 1/Y2

Dose (Gy)
0 1 2 3

0.01

0.1

1

Set A

Set B

Figure 4.17. Dose response curve obtained from clonogenic assay performed on HUVEC, after 
exposure to laser-driven proton beams. Assay has been performed on 2 independent sets of 
samples.  
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Best fit values 
 Set A Set B 

α (Gy-1) 0.96±0.97 1.20±0.80 

β (Gy-2) 0.35±0.47 0.22±0.38 

SET A 

Dose (Gy) Dose error (Gy) Survival Fraction SD (SF) 

0 0 1  

1.05 0.20 0.100 0.080 
1.16 0.17 0.046 0.051 
1.31 0.14 0.369 0.159 

2.50 0.30 0.009 0.004 

SET B 

Dose (Gy) Dose error (Gy) Survival Fraction SD (SF) 

0 0 1  

1.05 0.20 0.117 0.068 
1.16 0.17 0.063 0.069 
1.31 0.14 0.300 0.060 

2.50 0.30 0.011 0.006 

Table 4.13 and 4.14. TOP: best fit values α and β for the fit of the two sets. BOTTOM: table of the 
values of SF and PE obtained for the two sets of samples at the relative doses. As explained in Chapter 
3, the exact dose values were calculated after each shot on the base of the RCF record, but the desired 
dose range was earlier estimated tuning the slit aperture on the beamline, to increase/decrease the 
flux of particles reaching the cell surface. 
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4.3.4 Intercomparison of Cell Survival studies datasets 

For each cell line in each irradiation mode, datasets for each single experiment 

have been averaged to allow comparison among all the results obtained for the 

experiments. For X-ray and α-particle experiments, the dose points are the same, 

apart for one more high dose value reached in the X-rays experiments, while for LD 

proton beams experiments the dose values considered are the ones measured on 

RCF scanning right after every shot with ImageJ.  

Results compared for AG01522 samples irradiated with X-rays, α-particles and 

LD proton beams are shown in Fig. 4.18. These results have been also compared to 

the ones relative to an irradiation experiment on the same cell line with SOBP protons 

accelerated by conventional accelerator (LNS-INFN, Catania, Italy, 2014, courtesy of 

Dr. P. Chaudhary). The dose values are calculated for an area of the SOBP of the beam 

where the LET of the particles is similar to the one of the LD protons produced in LULI 

2000, so that the RBE of the two kind of protons could be comparable. No 

conventional proton experiment for cell survival evaluation has been performed on 

HUVEC so far (results shown in Fig. 4.19), so it has not been possible to get any similar 

results in this case for this cell line. 

For both the cell lines, RBE for the different kind of radiation has been 

calculated and shown in Table 4.15 for AG01522 cells and Table 4.17 for HUVEC, while 

values relative to the curves are shown in Table 4.16 for AG01522 cells and Table 4.18 

for HUVEC. 
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 AG01522
 Cell survival assay - Comparison

Weight = 1/Y2

225 keV X-rays

9.7 MeV LD p+ beam
(LET=4.7 keV/ m)

0.01

0.1

1

2 4 6

Dose (Gy)

5.5 MeV 241Am -particles
(LET=90.92 ± 8.55 keV/µm)

Figure 4.18. Comparison of dose response curves obtained from clonogenic assay performed on 
AG01522 cells, after exposure to X-rays (blue line), alpha particles (orange line) and laser-driven 
proton beams (green line). Each fit has been built on the average (calculated by GraphPad Prism) of 
the fits of the relative sets of samples, showed in Figure 1, 3 and 5 for the different kind of exposure. 
Assay has been performed on 2 independent sets of samples. 
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Dose (Gy) Dose error (Gy) Survival Fraction SEM (SF) Survival Fraction SEM (SF) Survival Fraction SEM (SF) Survival Fraction SEM (SF)
0.00 0.00 1 1 1 0.076 1
0.13 0.03 0.658 0.070
0.43 0.09 1.179 0.223
0.50 0.632 0.055
0.59 0.799 0.063 0.346 0.111
1.00 0.427 0.052 0.376 0.035 0.071 0.023
1.56 0.31 0.492 0.003
2.00 0.124 0.030 0.123 0.008 0.011 0.004
2.56 0.53 0.202 0.054
3.00 0.039 0.003
3.04 0.61 0.067 0.010
4.00 0.026 0.005 0.009 0.001
5.00 1.00 0.018 0.003

Alpha particlesLD p+ Conventional p+
AG01522

X-RAYS

Table 4.15 and 4.16. TOP: α values of the average fit of cell survival assays curves relative to X-rays, 
LD proton beams and alpha particles irradiations on AG01522 cells, plus relative RBE values at 50%, 
10% and 1% survival. BOTTOM: table of the averaged values of SF relative to the three different kind 
of radiations involved in the experiments. Dose error is only considered for the fit on results from 
laser-driven proton beams irradiation. 

A value B value RBE 0,8 RBE 0,5 RBE 0,1 RBE 0,01

X-rays 0.91±0.19 0.00±0.05 1.00±0.30 1.00±0.30 1.00±0.36 1.00±0.49
LD p+ 0.49±0.18 0.07±0.04 0.57±0.22 0.63±0.23 0.77±0.27 0.92±0.39

Alpha particles 2.28±0.16 0.00±0.00 2.51±0.56 2.50±0.57 2.48±0.65 2.46±0.87

AG01522
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 HUVEC
 Cell survival assay - Comparison

Weight = 1/Y2

Dose (Gy)

S
F

0 2 4 6

0.01

0.1
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225 keV X-rays

9.7 MeV LD p+ beam
(LET=4.7 keV/ m)

5.5 MeV 241Am -particles
(LET=90.92 ± 8.55 keV/µm)

Figure 4.19. Comparison of dose response curves obtained from clonogenic assay performed on 
HUVEC, after exposure to X-rays (blue line), alpha particles (orange line) and laser-driven proton 
beams (green line). Each fit has been built on the average (calculated by GraphPad Prism) of the fits 
of the relative sets of samples, showed in Figure 2, 4 and 6 for the different kind of exposure. Assay 
has been performed on 2 independent sets of samples. 
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Dose (Gy) Dose error (Gy) Survival Fraction SD (SF) Survival Fraction SD (SF) Survival Fraction SD (SF)
0.00 1 1 1
0.50
0.59 0.619 0.075 0.269 0.070
1.00 0.456 0.135 0.046 0.015
1.05 0.20 0.108 0.009
1.16 0.17 0.054 0.009
1.31 0.14 0.335 0.034
2.00 0,191 0.083 0.010 0.008
2.50 0.30 0.010 0.001
4.00 0.047 0.031
8.00 0.000 0.000

X-RAYS Alpha particlesLD p+
HUVEC

Table 4.17 and 4.18. TOP: α values of the average fit of cell survival assays curves relative to X-rays, 
LD proton beams and alpha particles irradiations on HUVEC, plus relative RBE values at 50%, 10% 
AND 1% survival. BOTTOM: table of the averaged values of SF relative to the three different kind of 
radiations involved in the experiments. Dose error is only considered for the fit on results from laser-
driven proton beams irradiation. 

A value B value RBE 0,8 RBE 0,5 RBE 0,1 RBE 0,01

X-rays 0.61±0.07 0.05±0.01 1.00±0.15 1.00±0.13 1.00±0.17 1.00±0.18
LD p+ 1.08±0.89 0.28±0.43 1.82±1.38 1.87±1.25 1.98±1.16 2.04±1.19

Alpha particles 2.40±0.61 0.00±0.00 3.84±1.06 3.62±0.99 3.13±0.93 2.71±0.83

HUVEC
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For both the cell lines, RBE for the X-rays, LD protons and α-particles has been 

calculated and compared to the LET of the different types of radiation. Fig. 4.20 and 

Fig. 4.21 shows RBE vs LET, compared for both the cell lines involved in the 

experiments. 

  

Table 4.19. RBE values calculated for different SF levels, as shown in Figures 9 and 10. 

Radiation LET (kev/µm)

SF=80% SF=50% SF=10% SF=1% SF=80% SF=50% SF=10% SF=1%
X-rays 2.00 1.00 1.00 1.00 1.00 0.30 0.30 0.36 0.49

LD p+ 4.70 0.57 0.63 0.77 0.92 0.22 0.23 0.27 0.39

Alpha particles 90.92 2.51 2.50 2.48 2.46 0.56 0.57 0.65 0.87
Radiation LET (kev/µm)

SF=80% SF=50% SF=10% SF=1% SF=80% SF=50% SF=10% SF=1%

X-rays 2.00 1.00 1.00 1.00 1.00 0.15 0.13 0.17 0.18

LD p+ 4.70 1.82 1.87 1.98 2.04 1.38 1.25 1.16 1.19

Alpha particles 90.92 3.84 3.62 3.13 2.71 1.06 0.99 0.93 0.83

RBE vs LET

HUVEC
RBE SD (RBE)

RBE SD (RBE)
AG01522
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Figure 4.20 and 4.21. Representation of Relative Biological Effectiveness of the different types of 
radiation involved in the cell survival experiments, at different Survival Fraction levels, plotted against 
LET, for AG01522 and HUVEC cells. Figure 4.20 (TOP) shows RBE vs LET for X-rays, laser-driven p+ and 
α-particles, while Figure 4.21 (BOTTOM) show a particular of the same trend only for X-rays and LD 
p+, not clearly visible in the first graph. Errors on RBE are calculated as Standard Deviations. 
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4.3.5 Summary and discussion 

Cell survival has been quantified in AG01522 and HUVEC cells after irradiation 

with X-rays, laser-driven protons and α-particles. Results for the different types of 

exposure have been first shown independently and then compared in Section 4.3.4. 

AG01522 cells irradiated with X-rays at 225 kVp show a linear trend of SF 

versus dose, as expected for the low LET of the radiation involved and the expected 

high α/β ratio for this cell line. At 4 Gy dose, cell survival is about 2.5% of the survival 

fraction of non-irradiated controls; experiments were performed with exposures up 

to 8 Gy, but no colonies were detected at this energy point (SF was zero for each 

sample) to include in the fit. As mentioned in the introduction to this Section, tests 

were performed on 3 independent sets of samples, but outcomes relative to the third 

set showed significant differences compared to the other two and for this reason they 

have been defined as outliers and not selected for the comparison. The HUVEC 

survival response curve also has a linear shape and the SF at 4Gy dose is about 2.2%, 

lower than the AG01522 response at the same dose. These results for both the cell 

lines simply confirm that radiosensitivity for this type of radiation is very similar for 

the two cell lines. HUVEC samples also were exposed to doses up to 8 Gy, but, as in 

the case of fibroblasts experiments, no measurable values for SF could have been 

included in the fit. Also here, tests were performed on 3 independent sets of samples, 

but outcomes relative to the one set showed significant differences compared to the 

other two and they have been discarded as outliers. 

Comparison experiments with high LET beams (α-particles) were performed 

on both AG01522 and HUVEC cells. The minimum values for SF for both cell lines are 
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reached at a dose of 2 Gy (samples exposed to 4 Gy dose led to no colonies being 

detected in wells), with an average SF of 11-12% for both cell lines. The similar trend 

of AG01522 and HUVEC after exposure to this type of radiation shows that, at these 

levels of LET, the RBE of α-particles is approximatively the same for different healthy 

cell lines (see Table 4.19 for all RBE values). 

The outcomes of the experiments performed with LD proton beams present 

different scenarios from the ones relative to X-rays and α-particles exposures, and 

also from one cell line to another. In general, it is relevant to consider the magnitude 

of the errors, both on SF and on the dose, due to the constraints of the setup used 

for the beam delivery. As already explained in Chapter 2, it was possible to tune the 

setup components in order to achieve, in each shot, a dose value as close as possible 

to the reference doses (0.5, 1, 2 Gy etc.), but due to the sample conditions (cells 

seeded in a spot), the higher the dose delivered, the higher was the spread of the 

beam, and so the risk that more cells at the border of the spot were irradiated with a 

dose that was significantly different to that delivered in the center. Moreover, while 

for AG01522 a wider range of doses was available, HUVEC samples were exposed only 

to medium range doses (from 1 to 2.5 Gy), providing a significant contribution to the 

final outcomes. 

Results from AG01522 irradiations with LD protons show a trend similar to the 

X-rays exposures, even if RBE values appear lower for all percentage of SF (Table 

4.15). These values of RBE < 1 should indicate that the LD p+ are less effective than X-

rays; however, as mentioned, the poor stability of the laser source could have 

influenced the fluence of the laser-driven beams produced, so that errors on the dose 
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measurements could have affected the calculation of the cell survival fraction for the 

low doses delivered. Nevertheless, the growing error on the dose in the LD p+ trend 

seems to get closer to the X-rays one in the error range. Minimum SF value (1.8±0.3)% 

is reached for a dose of (5.0±1.0) Gy, while at 4 Gy 225 kVp X-rays the minimum was 

(2.3±0.8)%. These results could suggest that the RBE of LD protons on human healthy 

fibroblasts is comparable, in the error range, to that of the low LET reference 

radiation (usually fixed at 1), although further experiments are needed to better 

confirm the RBE of LD protons of the same LET with this cell line. 

Comparison of HUVEC survival trends relative to results from irradiations with 

the same type of radiation appears different from that observed with AG01522 cells. 

While at the maximum dose for X-rays (4 Gy) survival fractions for both HUVEC and 

AG01522 are comparable within the error range, HUVEC survival fraction values for 

samples exposed to LD proton beams suggest a higher sensitivity of this cell line to 

ultra-high dose rate radiation, also confirmed by the RBE values calculated for these 

beams (Table 4.17). This feature of HUVEC has been already been observed in 

previous experiments with X-rays irradiation at different dose rates[7] and can be due 

to HUVEC being, prone to endothelial cell activation, which consists of the 

manifestation of a pro-inflammatory phenotype characterized by the expression of 

chemokines, cytokines, and adhesion molecules that facilitate the recruitment and 

attachment of circulating leukocytes on the vascular wall[8]. Moreover, some studies 

on the radio-sensitivity of different types of endothelial cells showed that HUVEC are 

amongst the most radiosensitive, on the basis of the results obtained on cell survival 

after irradiation[9]. Following these considerations, the results obtained in this work 
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show that LD protons appear more effective than low LET radiation in HUVEC, at least 

for low-medium doses. 

Given the different types of radiation involved in the experiments, it was 

fundamental to study the trend of RBE as a function of the LET of the radiation 

(Figures 9 and 10). RBE has been calculated as 

 

𝑅𝐵𝐸 =  
𝐷

𝐷
   {41} 

 

where Dref is the dose of the radiation of reference (225 kVp X-rays in our case) and 

Drad is the dose of the radiation considered to obtain the same SF. Errors are 

calculated as the SD of the RBE, based on the SD of the quantities involved in the 

calculations.  

To have a better understanding of the RBE trend, it has been calculated for 

several SF percentages along the survival curve (80%, 50%, 10% and 1%). RBE value 

for X-rays is considered 2 keV/µm[13] and X-rays and conventional protons have been 

long assumed to have a comparable RBE[11], considering a value of 1.1 used as a 

constant value for the RBE of call clinical proton beams, although further studies 

revealed this values changes depending on the position relative to the Bragg peak[12]. 

On the other hand, RBE of high LET particles from α-particles source is clearly 

higher[13].   

For AG01522 cells, the RBE of LD proton beam appears decreasing respect to 

the one of X-rays for the same SF values (Fig. 4.21), due to the survival trend relative 
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to protons exposures, as seen in Fig. 4.18. In contrast, for all the SF percentages this 

value increases, as expected (See Chapter 1, Section 1.4.2.1, Fig. 1.14), for increasing 

LET, and due to the linearity of both X-rays and α-particles survival trends RBE is very 

similar for all the SF in the error range. 

The trend of RBE versus LET for HUVEC cells is instead constantly increasing 

(Fig. 4.20 and Fig. 4.21) with LET, both for LD proton beams and α-particles. From Fig. 

4.20, the trend appears to be linearly increasing and assuming the same value (in the 

error range) for all the SF percentages, while it is still increasing toward α-particles 

LET value, but assuming slightly different and decreasing values at that point. This 

happens because RBE tends to rise with LET up to a maximum, for values of LET 

around 90-100 keV/µm, to subsequentially fall for higher values of LET. This effect 

can show up less significantly in other cell types, depending on the underlying 

radiosensitivity of the cells. Moreover, RBE absolute value is not unique, but depends 

on level of biological damage, as it is shown in Fig. 4.20 for the different SF, and 

therefore on the dose level[10]. 

Comparison of RBE trends for AG01522 and HUVEC cell line show a similar 

behavior, even if for both LD protons and α-particles beams the HUVEC RBE is almost 

double (for the relative radiation) than that of the AG01522 cells. These results clearly 

show a higher sensitivity of umbilical vein endothelial cells relative to healthy 

fibroblasts (for the same LET of the radiation), suggesting the importance of the study 

not only of the lethal, but also of the sub-lethal and secondary effects of radiation-

induced damage on these cells, due to their role of model for cells constituting 

vascular tissue, largely growing especially around tumors. 
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4.4 Stress-induced Premature Senescence (SIPS) studies 

 Stress Induced Premature Senescence (SIPS) is a sub-lethal effect of radiation 

which has been quantified in HUVEC cells after irradiation with low LET radiation (X-

rays) and high LET radiation (laser-driven protons). The relationship between SIPS and 

radiation type and LET has not been deeply explored in past experiments, but latest 

evidences show that higher LET radiation is able to induce premature senescence 

more extensively than low LET radiation in 2D in vitro cells[14]. 

As described in Chapter 2, experiments with X-rays were performed in 

PGJCCR, while those with LD proton beams were performed at the LULI 2000 facility. 

Comparison experiments with the use of conventional accelerated proton beams 

have previously been undertaken at the LNS-INFN (Catania, Italy)[15] facility but 

without the contribution of the author. In each environment, sterile conditions 

during preparation, processing and transportation of the samples were observed for 

samples and required equipment.  

Cell samples for SIPS were seeded on Mylar surfaces in steel dishes for all the 

experiments, as described in Chapter 2, Section 2.4.4.1, while sample processing has 

been performed as described in Chapter 2, Section 2.10. Data collected from each 

assay were reported and processed in a Microsoft Excel spreadsheet and represented 

in a histogram chart. 

4.4.1 SIPS data from studies with conventional X-rays 

Cell samples were irradiated with 225 kVp X-rays to deliver radiation dose in 

a range from 0 to 1 Gy to the cells to perform the SIPS assay. First tests were also 
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performed at 2 Gy dose, but data have not been considered in this work, since cells 

irradiated at that dose with α-particles have been observed dying after 2 weeks of re-

seeding, so it was not possible to perform experiments in the whole time range of 4 

weeks with that kind of source and as a consequence it was not possible to make a 

comparison with X-rays results for that dose. 3 independent experiments were 

performed, each on 3 separate sets of 3 independent samples to cover the required 

dose range (control – 0.5 – 1 Gy). The actual dose for 0.5 Gy point is 0.59 Gy, due to 

the X-rays machine requirements for dose delivery (minimum irradiation time 

required by the machine for a sample was 1 min, and the dose rate was 0.59 Gy/min, 

hence the minimum dose delivered). All the samples were incubated for 4 weeks and 

processed as described in Chapter 2, Section 2.10.  

After processing, samples were observed with transmittance microscope 

using Cell^B® software, from which images of each plate were taken (from 5 to 10 

images), to have an amount of at least 100 cells/sample as statistically relevant 

sample. Senescent cells (stained in blue) in the images were counted and the results 

for both the total cells per sample and senescent cells per sample were calculated 

(errors are represented as standard errors of the mean). Fig. 4.22 shows the 

percentage of senescent cells calculated at the different time points considered (7-

14-21-28 days after irradiation), while Table 4.20 shows the values obtained for each 

set.  
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Figure 4.22 and Table 4.20. Results from Stress-Induced Premature Senescence assay performed on 
HUVEC, after exposure to 225 kVp X-rays. Assay has been performed and percentage of senescent 
cells on the total for control and exposed samples has been calculated for each set at 7, 14, 21 and 
28 days after exposure.  

DOSE (GY) Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28
Control 15.3 24.7 34.0 41.3 2.3 2.5 1.9 2.5

0.59 29.3 31.0 42.7 52.3 3.6 3.8 2.8 1.6
1 33.7 38.0 47.0 55.3 4.3 4.7 3.1 1.2

SEM %AVERAGE % OF SENESCENT CELLS
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4.4.2 SIPS data from LULI2000 studies with LD proton beams 

For these experiments, cell samples were irradiated at the LULI 2000-MILKA 

facility (see Chapter 3) with a laser-driven proton beam of energy E = 9.7 MeV, at a 

dose rate that allowed delivery of radiation doses in a range from 0 to 1 Gy to the 

cells to perform SIPS assay. 3 independent experiments were performed, each on 3 

separate sets of 3 independent samples to cover the required dose range, where 

doses delivered are (0.51±0.08) Gy and (0.85±0.13) Gy (comparable, in the error 

range, to the doses delivered in the experiments with X-rays). For all other 

experiments with LD proton beams, due to the machine constraints and the poorer 

stability of the LD proton beam with respect to other radiation sources, it was not 

possible to deliver precisely a pre-defined dose, so doses have been calculated to be 

as close as possible to those required.  

After processing, samples were observed using transmittance microscope 

thanks to Cell^B® software, from which images of each plate were taken (from 5 to 10 

pictures), in order to have at least 100 cells/sample for a good statistic. Senescent 

cells (marked in blue) in the images were counted and the results for both the total 

number of cells/samples and senescent cells/sample were calculated (errors are 

represented as standard errors of the mean). Fig. 4.23 shows the percentage of 

senescent cells calculated at the different time points considered (7-14-21-28 days 

after irradiation), while Table 4.21 shows the values obtained for each set. 
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Figure 4.23 and Table 4.21. Results from Stress-Induced Premature Senescence assay performed on 
HUVEC cells, after exposure to 9.7 MeV laser-driven p+ beams. Assay has been performed and 
percentage of senescent cells on the total for control and exposed samples has been calculated for 
each set at 7, 14, 21 and 28 days after exposure.  

%
 s

e
n

e
s

ce
n

t 
ce

lls

DOSE (GY) Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28
Control 32.5 33.5 34.5 42.0 0.5 1.5 6.5 0.1

0.59 33.5 42.0 42.5 65.0 2.5 2.0 3.5 1.0
1 42.0 48.0 54.0 68.5 1.0 11.0 3.0 4.5

AVERAGE % OF SENESCENT CELLS SEM
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For these experiments also, as explained in Chapter 2, Section 2.7 for survival 

experiments, and in Chapter 4, Section 4.3, for each sample a squared spot of cells 

was seeded in an area around the 9.7 MeV energy line of the beam. Since it was not 

feasible to seed cells accurately in a very narrow area, almost linear, relative to the 

line of the beam energy of interest, we had to take in account that cells in the squared 

spot were irradiated at different energies over the whole area, with an energy span 

of ±0.3 MeV from the center of the spot, along the direction perpendicular to the 

energy line of interest. For these reasons, dose was not uniformly delivered to the 

cells contained in the spot and the error calculated on dose (credit: Dr. D. Doria) for 

each shot was ±20%, on the base of the geometry of the irradiation setup. In our 

context, at relatively low doses (0.59 and 1 Gy), this energy spread didn’t have a 

significant influence on the study of SIPS as sub-lethal effect, as it was possible to 

observe differences from previous experiments performed for 0.5 and 1.5 Gy doses 

at the same facility in 2015[15]. Therefore, no statistical error calculation is presented 

in the data for the dose values, due to the nature of the data, and results have been 

normalized to 0.5 Gy and 1 Gy mean doses values, to allow a better intercomparison 

with data obtained from X-rays irradiation. High values (compared to the ones 

relative to X-rays dataset) for control data bars for the 7 and 14 days staining points 

are biased because of an over-prolonged staining of the cells in some samples, 

performed during the first phases of assessment of the senescence protocol. 
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4.4.3 Intercomparison of SIPS studies datasets 

For each cell line in each irradiation mode, datasets for each single experiment 

have been averaged to allow comparison among all the results obtained for the 

experiments. Dose points of reference, common for all the experiments, are 0 

(control), 0.5 and 1 Gy. Results compared for HUVEC samples irradiated with X-rays 

and LD proton beams are shown in Fig. 4.24. No conventional proton experiment for 

SIPS evaluation has been performed on HUVEC so far, so it has not been possible to 

get similar results for this cell line. 
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Figure 4.24 and Table 4.22. Compared results from Stress-Induced Premature Senescence assay 
performed on HUVEC cells, after exposure to 225 kVp X-rays and 9.7 MeV laser-driven p+ beams. 
Comparison is showed for the three doses (control, 0.59 Gy and 1 Gy) at 7, 14, 21 and 28 days after 
exposure; smooth coloured columns are relative to X-rays irradiations, while striped columns are 
relative to LD p+ experiments. Student’s t test (statistical significance p < 0.05, 95% confidence 
interval, * = 0.03332) has been performed to compare statistically the results from exposures to 0.59 
and 1 Gy with X-rays and LD p+.  

DOSE (GY) Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28
Control 15.3 24.7 34.0 41.3 32.5 33.5 34.5 42.0

0.59 29.3 31.0 42.7 52.3 33.5 42.0 42.5 65.0
1 33.7 38.0 47.0 55.3 42.0 48.0 54.0 68.5

DOSE (GY) Day 7 Day 14 Day 21 Day 28 Day 7 Day 14 Day 21 Day 28
Control 2.3 2.5 1.9 2.5 0.5 1.5 6.5 0.1

0.59 3.6 3.8 2.8 1.6 2.5 2.0 3.5 1.0
1 4.3 4.7 3.1 1.2 1.0 11.0 3.0 4.5

SEM

225 kVp X-RAYS 9,7 MeV LD p +

225 kVp X-RAYS 9,7 MeV LD p +

AVERAGE % OF SENESCENT CELLS
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4.4.4 Summary and discussion 

As previously mentioned, results from SIPS studies have been obtained only 

from LD proton irradiations, and comparison X-rays exposures, on HUVEC cells from 

the experiments just described.  

Figure 4.22 relative to SIPS studies after exposure to X-rays shows an increase 

of about 34%, respect to control values, of the percentage of senescent cells 

throughout the 4 weeks period in irradiated samples, especially for 1 Gy dose where 

the values go from (33.7±4.3)% to (55.3±1.2)% from 7 days to 28 days from the 

irradiation. Since the values shown are averaged on three independent sets of 

samples, higher errors on some 7 and 14 days values could be due to different 

staining effect on cells, even if all the samples have been subject to the same staining 

procedure and time, thus that for the same dose, at the same time point, a different 

number of senescent cells was detected after the staining. Values for 0.59 Gy and 1 

Gy dose seems to be very close at all time points, until after 28 days from the 

irradiation they become very similar in the error range, suggesting that premature 

senescence induced at such similar and low doses reaches a “plateau” level, where 

the effect of 0.59 Gy appears similar to the 1 Gy one.  

Experiments with LD proton beams have been performed delivering doses of 

0.51 Gy and 0.85 Gy to cell samples, lower than the 1 Gy planned dose due to the 

intensity constraints of the LD proton beam in LULI facility. For such low doses, to 

compare the results with the outcomes of the studies performed on the same cell 

line with X-rays, values obtained from LD proton irradiation have been normalized to 

0.59 Gy and 1 Gy. Results after staining at 7 and 14 days from irradiation show an 
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abnormally high percentage of senescent cells for all the samples; this was due to a 

prolonged staining time (more than 7h as deliberated for X-rays experiments also) 

that caused an excessive dye in the cell samples, especially 7 days controls, which 

gave the same percentage of senescent cells as samples exposed to 0.51 Gy. Despite 

this, the percentage of senescent cells appears to follow the same increasing trend 

of the samples irradiated with X-rays with time, including the “plateau” level 

observed. This effect has been seen in experiments performed both with X-rays and 

with LD protons produced at the same facility, for doses between 0.5 and 4.5 Gy[15], 

although this needs further experiments to be validated. Control values stay in the 

same range (even if the lowest value is biased) of the ones relative to X-rays 

irradiation, while values relative to the proton irradiated samples have a relevant 

increase, reaching more than 60% senescent cells after 28 days from exposure. Also, 

at this time point percentage of senescent cells for samples receiving 0.59 Gy and 1 

Gy are comparable, indicating that after 28 days the sub-lethal damage induced in 

HUVEC cells by LD protons at low doses becomes relevant and could lead to cell death 

at later times.   

Results for the SIPS test after exposure with X-rays and LD protons have been 

compared in Figure 4.24. Results for controls are in the same error range (except for 

7 days and 14 days time points, as already discussed), while the percentage of 

prematurely senescent cells is almost always higher for samples exposed to LD 

protons relative to ones irradiated with X-rays, except for 21 day time point. Also, the 

same effect of “plateau” at 28 days time point seems to occur for all the samples. 

Moreover, at the same time point there is a significant difference between the counts 
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of senescent cells from samples irradiated with X-rays and LD p+. These last results 

suggests that LD proton beams appears to be more effective than X-rays in inducing 

premature senescence as sub-lethal damage, and also that radiation LET is maybe 

relevant in the induction of this type of sub-lethal damage, even when the RBE of the 

radiation involved is similar, but this effect would need further studies.  

 

4.5. The role of Oxygen Modification after laser-induced ion beam 

exposures  

The author has contributed to further experiments performed before the 

tests done at the LULI-MILKA facility. These experiments were mainly focused on 

studying radiation-induced DNA damage in AG01522 cells samples, irradiated with 

LD protons with different energies and in different oxygenation environments: 

normoxia (21% O2), physically-induced radiobiological hypoxia (0.4% O2), chemically-

induced hypoxia (CoCl2 treatment) and free radicals scavengers (DMSO). Experiments 

with LD proton beams have been undertaken at the TARANIS facility and Vulcan TAP 

in 2015, while comparison experiments with 225 kVp X-rays have been performed in 

PGJCCR in the same conditions. Author’s contribution to X-rays tests and LD protons 

experiments in TARANIS consisted of sample preparation, irradiation, processing and 

analysis of the samples after IF assay, while only partial analysis work on similar 

samples was done on samples irradiated at Vulcan TAP. 
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4.5.1. Radiation-induced DNA damage data from other X-rays 

experiments  

DNA damage studies with IF assay in normoxia, physically and chemically 

induced hypoxia and free radicals scavengers environment were performed on 

AG01522 cells with 225 kVp X-rays in PGJCCR. Sample preparation was performed as 

described in Chapter 2, Section 2.4, while irradiation procedure followed that 

presented in Chapter 2, Section 2.5. For these experiments, 2 independent sets of 6 

samples were prepared (each one including control-0.5-1-2-6-24 h staining time 

point), in which about 3x105 cells/dish were seeded all over the dish surface. The IF 

assay was performed on all the samples as described in Chapter 2, Section 2.9 and 

samples were analyzed with fluorescence microscopy in PGJCCR. 

All samples were incubated at 37°. A hypoxic environment was re-created 

physically using the hypoxia chamber shown in Fig. 2.3 of Section 2.4.2.1, while to 

induce chemically the same environment CoCl2 treatment was used.  

Results for these irradiation experiments were used as comparison for the 

following experiments performed on the same cell line with laser-driven protons. 

4.5.2. Radiation-induced DNA damage data from other experiments 

with laser-driven proton beams 

4.5.2.1. TARANIS studies 

TARANIS experiment was the first in which the newly designed hypoxia 

chamber (described in Chapter 2, Section 2.4.2.1) has been used to investigate the 

effect of physically induced hypoxia on normal cell samples. This experiment was 
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used as a test experiment to develop the cell handling procedure and irradiation 

methods to be used in future experiments in Vulcan TAP (described later). 

Experiments performed at the TARANIS facility involved exposure of AG01522 

cells samples to 6.85 MeV and ultra-high dose rate LD protons, to deliver 1 Gy dose 

to the cells. These were grown in normoxic and physically-induced hypoxic 

environment, for the study of DNA damage with IF assay, for which endpoint staining 

was γ-H2AX for DNA DSB induction in normoxia and HIF-1α to test for hypoxia 

induction. Samples were prepared in sample holders as described in Chapter 2, 

Section 2.4.1.3, and cultured, processed and analysed at PGJCCR. In this context, for 

cells grown in both normoxic and hypoxic environment, the main difference in 

sample preparation consisted in covering each steel dish on which cells were seeded 

with another layer of Mylar. This covered 2/3 of the surface from the top, in order to 

create a containment wall to keep 1 ml medium in the bottom of the dish and avoid 

cells from drying out when the hypoxia chamber was in vertical position during the 

irradiation, while still allowing irradiation of the region of interest without any energy 

loss in the beam. At least one shot was required per time point, in order to complete 

at least one complete set of samples within the same day and to limit the differences 

in irradiation and incubator conditions across the set. This was needed to clarify if all 

samples on that day were affected in the same way by the same conditions, in case 

of outlier results. For a better statistical distribution, the results obtained by these 

experiments have been averaged over several samples and several days. 

Cells were exposed for the whole surface of the dish, then processed as 

explained in Chapter 2, Section 2.9, for the IF assay. Figure 4.25 shows some AG01522 



4.5 The role of Oxygen Modification after laser-induced ion beam exposures__________ 221 
 

 

nuclei pictures, taken after IF assay, while Figure 4.26 shows the results obtained 

after irradiation in normoxia and hypoxia (credits: Dr. Deborah Gwynne). 

 

 

 

DAPI HIF-1α γ-H2AX 

Figure 4.25: Example foci images obtained for the nuclei irradiated with 6.85 MeV protons
(40X objective magnification). The γ-H2AX foci have been stained red, the nuclei are contrast 
stained blue and the hypoxia induction bio-marker HIF-1α has been stained green. 

Figure 4.26: 53BP1 foci kinetics of laser induced DNA DSBs on AG01522. The values shown are the
average number of foci per nucleus, normalized for control value of 1.98±0.78 for oxic and 1.75±0.76 
for hypoxic samples (errors represented as SD). Dose was unobtainable from the RCF as it was below 
0.1 Gy for the majority of the shots, hence the low values for the average number of foci per nucleus. 
Values at 24 h are smaller than the control ones, hence why the value can become negative with the 
error if the foci count falls below the control value.  
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The 6.85 MeV proton datasets (LET=6.3 keV/μm) do not show a significant 

difference (in the error range) between the hypoxic and normoxic samples in terms 

of DNA DSB damage, but hypoxic samples present a higher percentage of repaired 

damage, and repaired faster, than the normoxic samples. This is due to the absence 

of oxygen, that makes it more difficult for radiation to induce free radical species 

which damage the DNA by indirect action, and also to “fix” the DNA damage and 

make it harder or impossible to repair. However, these values are much lower than 

expected and the dose has not been taken into account, as it will be discussed later.  

Figure 4.27 (credits: Dr. D. Gwynne, Dr. P. Chaudhary) shows the percentage 

of foci remaining at each time point as compared to the number of foci induced 0.5 

hrs after irradiation. It is clear that DNA DSBs are repaired, also faster for the hypoxic 

samples, although, due to the large error bars, the values are very much the same 

within uncertainty. The average relative foci induction (RFI) for normoxic vs hypoxic 

conditions of 6.85 MeV proton irradiations was found to be 0.77±0.04, indicating that 

more foci were produced in normoxic than hypoxic conditions for all time points.  
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Figure 4.27: number of residual FOCI for 1, 2, 6 and 24 h staining point after irradiation of samples 
grown in normoxic and hypoxic conditions. Results have been normalized to the number of FOCI 
present after 0.5 h from the exposure. 
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As only one small hypoxia chamber was available for testing, all the samples 

were removed from it directly after the irradiations, and this could have influenced 

the re-oxygenation of cells as soon as they were removed from the chamber and so 

affected the biological changes that would occur during the following hours before 

fixation. Nevertheless, this effect was valuable to compare the outcomes for future 

experiments, as it will show that any differences in response arise from the prolonged 

hypoxic exposure during the repair period rather than the initial hypoxic condition 

when the samples were irradiated. 

Dosimetry was performed with customized EBT3 RCF as described in Chapter 

2, Section 2.15. In this case, the 6.85 MeV proton energy line was located 18.2 mm 

from the vertical line marked on both the EBT3 film and the Mylar of the cell dish 

using the RCF mask. Unfortunately, for about two thirds of the shots dose was 

undetectable by the ImageJ Macro, and the remaining films detected average doses 

lower than 0.1 Gy, which was the main reason for such low values calculated for the 

average number of foci/nucleus/Gy. This effect could have been severely influenced 

by the positioning of the RCF outside the hypoxia chamber (to avoid any damage to 

the uncoated film), rather than directly behind the Mylar with the cell monolayer, as 

occurred for later experiments, where RCF was wrapped in 0.9 μm Mylar to protect 

it against leakage of cell media, and put directly behind the cell surface with the steel 

mask (see Chapter 2, Section 2.11). Also, later tests proved that customized EBT3 

films could be kept for more than 24 h in the incubator on the back of the cell dish, 

inside a gassed and un-gassed hypoxia chamber, so the film was not only as close as 
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possible to the location of the cell plane for a more accurate dose measurement, but 

also able to monitor the sample kept in hypoxia without opening the chamber itself.  

Results obtained from the TARANIS experiment did not provide large and 

good quality data sets, but they have been useful for establishing the procedures that 

would be used for future experiments, specifically the one performed at the Vulcan 

TAP facility. Overall, these initial tests found the new compact hypoxia chamber to 

be compatible with a laser-plasma interaction environment and able to recreate 

safely hypoxic environment for the cell samples. 

4.5.2.2. VULCAN TAP studies 

Experiments at the Vulcan TAP facility (setup shown in Chapter 3, Section 

3.3.2), performed in 2015 for DNA damage studies after exposure to LD proton 

beams, were the first to investigate the effects of chemically induced hypoxia and 

free radical scavenging, and compare these to physically induced hypoxia ones. Also, 

results from these experiments represented the first measurements of DNA damage 

with pulsed protons at ultra-high dose rate (108-109 Gy/s) under hypoxic 

conditions[16]. 

AG01522 cell culturing, sample preparation and processing were performed 

at the Vulcan TAP Biolab as explained in Chapter 2, Sections 2.3 and 2.4. On this 

occasion, sample dishes were prepared as illustrated in Section 4.5.2.1 for TARANIS 

samples, sterilized inside Petri dishes with the lids on for 45 mins with 225 kVp X-rays, 

with the copper filter removed from the cabinet, operating at 13.3 mA, and finally 

cleaned with 70% ethanol and placed inside the laminar flow hood in UV for at least 

2h. Hypoxia chambers were also cleaned inside and outside with 70% ethanol before 
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and after every shot, to reduce the possibility of contamination of the samples and 

the laminar hood environment. 

The irradiations were carried out under four different oxygenation conditions: 

normoxia (21% O2), physical radiobiological hypoxia (0.4% O2), chemical hypoxia 

(CoCl2) and free radical scavenging environment (DMSO). Although, as mentioned, 

sample preparation was the same for all kind of condition, chemically induced 

hypoxia and free radicals scavengers environments were recreated following a 

special protocol for sample preparation. 

Chemically induced hypoxia was reproduced by the addition of CoCl2, a 

hypoxia mimetic agent, to cell medium before, during and after the irradiation. In this 

case, cell samples were seeded 48 hours before exposure with full serum media and 

kept in the incubator. CoCl2 was prepared in a 25 mMol stock solution by dissolving 

0.237 g of CoCl2 in 40 ml of pure distilled water, then filtered using a sterile syringe 

filter. After 24 hours, medium in samples was replaced with 3 ml of fresh full serum 

media to which 18 μl of the stock CoCl2 solution were added in each sample, to obtain 

a final concentration of 150 μMol/sample. The samples were returned to the 

incubator for a further 24 hours to allow the CoCl2 time to remove all the oxygen from 

the samples, then after this time medium in the samples was replaced with 1 ml of 

fresh reduced serum media and 6 μl of the CoCl2 solution and samples were prepared 

for irradiation in the hypoxia chamber.  

DMSO was used as a free radical scavenger to quantify the effects of direct 

ionisation caused by the ions and secondary electrons relative to the indirect DNA 

lesions induced by radical species. Samples were prepared at least 28 hours prior to 
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the irradiation time. 0.5 % DMSO solution was made by adding 250 μl of DMSO to 50 

ml of reduced serum cell media and added to the samples, replacing the full cell 

media, after 24 hours of incubation in the regular cell culture incubator. The samples 

were incubated for a further 2 - 4 h with this media and then prepared for the 

irradiation leaving 1 ml of supplemented media on the dishes. After the exposure, 

samples were taken back to the BioLab and removed from the chamber under the 

laminar flow hood. The media was removed and replaced with 3 ml of fresh DMSO 

supplemented reduced serum, then samples were stored in the normal cell culture 

incubator until fixation. 

Irradiation procedures were carried out as described in Chapter 2, Section 

2.3.7. After the exposure, the hypoxia chamber containing the sample was 

transported back to the BioLab where the oxic, CoCl2 and DMSO samples were 

removed from the chamber and placed in the normal incubator, and the hypoxic 

samples were either kept inside the hypoxia chamber and re-connected to the gas 

supply or removed and placed in the hypoxic incubator with a 1% O2 atmosphere until 

they were required for fixing. 

The hypoxia chamber was positioned at the entrance of the Bragg peak of the 

proton track, which allowed precise dose measurement using customised EBT-3 film 

attached directly behind the cell monolayer of all the samples, as described in 

Chapter 3, Section 3.3. At the cell plane, the 15 MeV portion of the proton spectra 

was centred on the cell dish. Even for these experiments, sham irradiations of control 

samples were carried out for each of the four irradiation conditions, with the samples 
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being prepared, mounted and transported exactly the same way as the irradiated 

samples, although if they were not subjected to any exposure.  

DNA DSB immunofluorescence assay was performed on all the samples 

following the same protocol explained in Chapter 2, Section 2.9.1. A mask similar to 

the one showed in Figure 2.10 in Chapter 2, Section 2.9.2 was also made to mark of 

the proton energy line of interest (15MeV), along which images of cell nucleus were 

taken for foci number quantification. All time point and environment combinations 

had two to five replicates with clearly detectable foci after the staining process, apart 

from the 2h DMSO combination which only had one replicate. 

Real time dosimetry for all these experiments was performed as described in 

Chapter 2, Sections 2.11-2.16, mainly with RCF EBT3 (customized and non-

customized) and Image Plates (only for Vulcan TAP tests), mounted behind the Mylar 

surface on which the cells were seeded. Image Plates were analyzed in Vulcan TAP 

with a special Image Plate reader, while RCF were scanned as also explained in 

Chapter 2, Section 2.11 and scanning were analyzed with ImageJ, to compare OD to 

the calibration obtained with exposures to conventional protons in LNS-INFN, 

Catania, Italy and calculate the final dose for each shot. 

The average number of foci per nucleus and the dose for each shot were used 

to calculate the average number of foci per cell per Gy, as shown on the left side of 

Figures 4.28 and 4.29 for oxic, physically-induced hypoxia, chemically-induced 

hypoxia and free radical scavenging environment respectively. The right-hand plot of 

each of the same Figures shows instead, for the relevant environment, the 

percentage of foci remaining at each time point, normalized to the average number 
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of foci/nucleus/Gy present at 0.5 hours post irradiation. (credits: Dr. Deborah 

Gwynne, Dr. Pankaj Chaudhary).  

 

 

Figure 4.28: Kinetics of DNA DSB damage (left) and repair (right) visualised through 53BP1
immunostaining for irradiation in normoxic (top) and hypoxic (bottom) conditions, displayed as the 
average number of foci/ nucleus/Gy with respect to time post irradiation. 
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Figure 4.29: Kinetics of DNA DSB damage (left) and repair (right) visualised through 53BP1
immunostaining for irradiation in chemically-induced hypoxia (top) and free radicals scavengers 
(bottom) environment, displayed as the average number of foci/ nucleus/Gy with respect to time post 
irradiation. 
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Foci kinetics shown in Fig. 4.28 and 4.29 are measured as a mean number of 

foci per nucleus per Gy over time and represent the fast and slow components of the 

DNA repair. The fast component is apparent from the measured time points from 0.5 

to 2 hours post irradiation, with the slow component extending from 2 to 24 hours 

post irradiation. The fast component of the kinetics represents the repair of the 

simple DSBs by non-homologous end-joining (NHEJ), and the slow component 

represents the repair of complex DSBs by homologous recombination (HR). The error 

in the data are obtained by combining the errors from the manual foci count, the 

dose obtained from the EBT-3 film, the subtracted background count and the 

subtracted background dose.  

For the samples grown in a normoxic environment, the trend for 15 MeV LD 

protons and the 225 kVp X-rays exposures exhibit almost identical foci kinetics. The 

protons appear to have a slightly slower response in the fast component of repair 

than the X-rays (Fig. 4.28, top right hand side). The RFI was calculated as 1.00±0.09, 

meaning that the cells have approximately the same response to the proton and X-

ray irradiations.  

For the samples grown in physically-induced hypoxia (Fig. 4.28, bottom 

graphs), more initial damage is induced on the cells shown by a higher number of foci 

at the 0.5 hour time point compared to X-rays. The rate of repair is initially much 

faster for the damage induced by the protons, but after 2 hours the rate slows down 

significantly. The RFI was calculated as 1.78±0.94, while the HRF was significantly 

lower for protons at 24 hours post irradiation. This shows that irradiations performed 
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with X-rays are more sensitive to changes in the oxygen concentration and that in 

hypoxic conditions the protons were more lethal than the X-rays.  

Analogous to the hypoxic samples, more damage was inflicted on the cells by 

the protons for the CoCl2 samples at all time points as shown in the top graphs in Fig. 

4.29. There also many more residual foci at 24 hours post irradiation for the proton 

irradiated samples. Initially the rate of repair of this damage appears faster for the 

proton irradiated samples, but after two hours the rate slows down. The RFI was 

calculated to be 2.07±0.84, while HRF was calculated as 0.94±0.26 for the proton 

irradiations and 1.78±0.31 for the X-ray irradiations. This value decreased with time 

post irradiation for the proton irradiated samples; again, this shows the samples 

irradiated by the protons are less affected by the presence or reduction of oxygen in 

the environment, so it is possible to confirm that overall the 15 MeV protons 

appeared again to be more lethal than the X-rays.  

The results for the DMSO irradiations (Fig. 4.29, bottom graphs) are analogous 

to irradiations in normoxia, since protons and X-rays produced approximately the 

same response. Initially the repair of the damage appears faster for the proton 

induced damage. The RFI was calculated to be 0.96±0.22, so in this case the same 

response was observed for both the X-ray and proton irradiations.  
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Chapter 5 

CONCLUSIONS AND FUTURE STUDIES  

5.1 Discussion of experimental data and approach 

The present Thesis work mainly describes experiments performed with laser-

driven proton beams for the first time both on human fibroblasts (AG01522) and 

endothelial cells (HUVEC) simultaneously for three common endpoints: cell survival, 

DNA damage kinetics and SIPS. Although DNA damage kinetics and SIPS have been 

already studied on samples irradiated at the LULI2000 facility (2015), it is the first 

time that cell survival experiments have been carried out in the same facility and with 

the particular setup used. All the experiments represented simultaneously both new 

studies and further investigations of the effects of ultra-high dose rate (109 to 1010 

Gy/s) laser-driven proton beams on AG01522 and HUVEC samples, already object of 

study in LULI2000 for DNA damage kinetics and SIPS experiments (2015, the first on 

AG01522 and the second on HUVEC samples), in TARANIS and Vulcan TAP for DNA 

damage kinetics studies (2015, only on AG01522, with participation of the author).  
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All the results obtained from the analysis of the samples exposed to 9.7 MeV 

LD proton beams were compared with the outcomes from experiments carried out 

in PGJCCR with 225 kVp X-rays (low LET radiation) and 5.5 MeV α-particles source 

(high LET radiation) on cells samples of the same cell lines all grown in similar 

conditions. The features of the laser facilities involved were such as it was not 

possible to produce an energetically stable laser beam, to eventually provide the 

desired dose to the cell samples on repeated shots. The particular setup used for 

these experiments helped in adjusting the characteristics of the laser-driven proton 

beam produced, however a major challenge was the delivery of reproducible doses, 

as seen in Chapter 4, Section 4.1. This element had relevant influence on the 

experimental procedures and had to be taken into account in the data analysis 

process.    

Outcomes from DNA damage kinetics studies on AG01522 human fibroblasts 

don’t show any significant effect of LD p+ beams in foci induction with respect to X-

rays: the magnitude of early damage produced is higher, but the nature of the 

damage itself is similar to that induced by low LET radiation, so that the residue 

damage is the same within the error range. A slightly different scenario has been 

shown for data relative to HUVEC samples, where although the initial DNA damage 

yield (in terms of average number of foci/nucleus) is lower relative to fibroblast 

samples, the yields after LD p+ exposure are higher than those measured for X-rays 

but lead however to similar residual damage. This trend could be a first sign of a 

greater radiosensitivity of HUVEC to LD p+, in comparison to AG01522 cells. No 

previous experiments of DNA damage kinetics have been performed on HUVEC cells, 
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but AG01522 results from studies done in LULI2000 could be compared to the ones 

obtained during the Vulcan TAP test for a normoxic environment. In those 

circumstances, the energy of the laser accelerated proton beam was slightly higher 

than the one delivered in LULI2000 (15 MeV instead of 9.7 MeV), but even if the 

average number of foci was higher than the one produced by LULI2000 beam, the 

trend was similar and still followed the X-rays data. So, at least for AG01522 human 

fibroblast cell line, results for this endpoint from exposure to LD proton beams were 

confirmed by the studies reported in this Thesis work. 

Results for cell survival assay performed on AG01522 did not detect any 

enhanced effect on RBE for LD p+ beams relative to X-rays, also considering the 

relevant errors on the dose delivered for values higher than 2 Gy, due to the setup 

conditions. A different situation is shown for HUVEC cell survival, where LD protons 

response appears similar to a high LET radiation response, indicating a higher 

radiosensitivity of these cells to laser accelerated protons. Although the LET of these 

beams is quite close to that of X-rays, in fact, their Relative Biological effectiveness is 

almost double than that calculated for X-rays on the same cell line. These results, 

from a clinical point of view, could certainly lead us to consider the entity of eventual 

secondary effects of ultra-high dose rate LD proton beams on HUVEC and cells with 

similar features; for these reasons, it would be important to plan further experiments 

for this endpoint with the same type of beams, and compare these with conventional 

cyclotron accelerated beams tests. 

SIPS experiments with use of LD p+ beams have been performed on the HUVEC 

cell line only and compared to outcomes from experiments with X-rays. Similar tests 
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have been carried out in LULI2000 facility also in 2015[1] for low, medium and high 

doses (over 1 Gy). For technical reasons linked to the instability of the laser beam in 

the facility, it was not possible to deliver doses higher than 1 Gy during the time 

allowed for the experiments included in this Thesis. Results obtained show a higher 

efficiency of LD p+ beams in inducing premature senescence, compared to X-rays, 

especially from 3 weeks after the exposure. This effect could again be related again 

to the particular radiosensitivity of HUVECs, already observed in the studies for other 

endpoints, and especially to the residual DNA damage, whose nature could be more 

complex than that induced by X-rays, even if no test could have been done to confirm 

this. It is still important to highlight that LD p+ beams at those energies are able to 

produce sub-lethal damage in HUVEC samples in vitro, a response to take into 

account for future clinical application of this Radiotherapy technique. 

From an overall perspective on the results of the experiments for the three 

endpoints, HUVEC cells look more sensitive than AG01522 to both LD p+ and to high 

LET α-particles, as also RBE values are higher than those relative to AG01522 samples. 

However, due to the high LET, for α-particles no such effect should be expected, so 

in this context the intrinsic radiosensitivity of HUVEC is playing some role on the 

effects induced by laser-driven protons, as well as in case of α- particles. 

Moreover, since the results of the abovementioned studies of the effects of 

LD p+ and high LET radiation on the two cell lines points towards a differential effect 

being observed between the two, in the future a bigger panel of more cell lines should 

be used to study whether these differential effects are real or an artifact. 

Furthermore, this observation of differential effects should also be compared 



5.1 Discussion of experimental data and approach  240 
 

 

between normal and cancer cells, since this has the potential to open new avenues 

in the studies of normal tissue complications after Radiotherapy and will provide a 

window of opportunities to study dose escalation of laser-driven protons and ions.  

 

5.2 Thesis aims 

The main hypothesis on which the studies discussed in this Thesis work are 

based is that the ultrahigh dose-rate laser-driven ion beams have a significant 

impact on the biological response of cells, compared to conventional ion beams 

effects, due to both spatial and temporal differences in their delivery. 

The two main aims of this Thesis work, set out in Chapter 1, Section 1.4 are: 

 Assessment of the biological response of cells to ultra-short ion bursts 

As observed in Section 5.1, especially in relation to the effect of laser-driven 

protons on HUVEC cells, the fact that despite the similar LET LD p+ show a RBE 

nearly double than that of X-rays could potentially be considered an ultra-high 

dose rate effect. None of the previous experiments performed on the same 

cell lines have similar observations, and these results should be due to the 

nature of the proton beam delivery, since most of the earlier studies relied on 

multiple pulses beams to deposit Gy level doses, while all the work discussed 

in here is based on single pulses beams delivering Gy level doses. The dose 

delivery method can then significantly change the biological outcome, 

especially for the sub-lethal effects, essential factor to consider when 

elaborating a Radiotherapy treatment plan. 
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 Testing models of oxygen enhancement at high dose-rate 

Due to the specifics of the beam delivery setup in the LULI2000 facility, it was 

not possible to perform any experiment in oxygenation conditions apart from 

the normoxia (20% O2). The author contributed to sample preparation and 

analysis in previous DNA damage induction experiments (Chapter 4, Section 

4.5) performed at the TARANIS facility in normoxia and physically-induced 

hypoxia (N2 and 5% CO2 mixture) and at the Vulcan TAP facilities in normoxia, 

chemically-and physically-induced hypoxia (with CoCl and N2 + 5% CO2 

respectively) and with free radical scavengers (DMSO), whose results where 

compared to the outcomes of similar tests performed with X-rays in the same 

oxygenation environments.  

The Vulcan TAP outcomes show a close similarity between the foci kinetics of 

laser-accelerated protons and X-rays under normoxic and free radical 

scavenging conditions, however there were observed differences under 

physical and chemical hypoxia in the cellular response. 24 hours after 

irradiation, there was an increase in the DNA residual damage in the samples 

exposed to LD p+, compared to that in samples exposed to X-rays (and those 

exposed to conventionally accelerated protons too). This indicates high 

efficiency of ultra-high dose rate exposures in damage induction under 

chemically and physically induced hypoxia. For all the growth conditions, 

Relative Foci Induction (RFI) was calculated, and results for the oxic, hypoxic, 

CoCl2 and DMSO samples were 1.00±0.09, 1.78±0.94, 2.07±0.84 and 

0.96±0.22 respectively, while the Hypoxia Reduction Factor (HRF, ratio of the 
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radiation dose required for the same biological effect in reduced presence vs. 

in presence of oxygen) was 1.36±0.55 and 0.94±0.26 for the hypoxic and CoCl2 

samples exposed to LD p+, compared to 1.95±0.33 and 1.78±0.31 for the 

samples exposed to X-rays (credits: Dr. D. Gwynne and Dr. P. Chaudhary[2]). 

This indicates that the absence of oxygen enhances the DNA damage 

induction in cells irradiated with laser-accelerated protons relative to those 

exposed to X-rays, and it is a promising result in terms of the potential for LD 

ions to be used as an effective treatment for hypoxic tumors[3]. 

The effect of physically-induced hypoxia observed in TARANIS and Vulcan TAP 

experiments was also very different. While in the TARANIS experiment the 

response to exposure to LD p+ of cells grown in oxic and hypoxic conditions 

produced the same results within the error limits, the results from the Vulcan 

TAP experiments show a significant difference in the residual number of foci 

at 24 h after irradiation, that consisted of more residual foci present in the 

laser irradiated hypoxic samples, compared to X-rays irradiated samples. This 

discrepancy could be explained by the different sample treatment approaches 

used in the two facilities (as seen in Chapter 3): in the TARANIS experiment 

the samples were not kept in a hypoxic environment after they were 

irradiated, whereas in Vulcan TAP tests the hypoxic conditions were restored 

in the samples after exposure, right up until fixation. Due to the different 

protocols, it was possible to observe that effects of LD protons in Vulcan TAP 

samples are a result of this prolonged hypoxic environment during the DNA 
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DSB repair process, rather than the initial reduced oxygen condition present 

at the time of irradiation. 

 

5.3 Improvements to experimental setup 

The general setup used for the experiments performed at the different 

facilities was adapted each time on the basis of the plasma laser room and the 

constraints of the area where the cell samples had to be positioned for irradiation. 

As seen in Chapter 3, at the TARANIS facility, cell samples grown in normoxia had to 

be irradiated in air to reduce scattering, while hypoxia chamber was put directly in 

front at the exit of the plasma laser beamline, because of the low energy of the beam 

reaching the cells; at the Vulcan TAP, it was possible to irradiate the sample, 

contained in a hypoxia chamber, by introducing it into a steel re-entrant tube or 

tunnel leading to the beam exit window via a special rail built on site. At the LULI2000 

facility, also due to beam requirements and instability of the laser beam, it was not 

possible to perform experiments with the sample contained in a hypoxia chamber, so 

only normoxic environment was available for experiments.  

On the basis of these premises, it is possible to say that the main challenges 

with the experiments were related to a precise and reproducible dose delivery, linked 

to a requirement for good laser beam stability and collimation of the particle beam 

to the cell surface. More work has to be done on the use of different targets for the 

TNSA mechanism[4] and on developing collimation systems for the particle beam[5], 

to avoid large losses in the particle flux and, consequentially, in the dose delivered, 
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as well as investigating more laser-acceleration techniques (such as RPA, Radiation-

Pressure Acceleration) to produce ion beams with higher energies[6]. 

 

5.4 Future work and technology developments needed for clinical 

implementation 

After the tests in LULI2000, further experiments with laser-driven proton 

beams at the same energies have been performed in the Gemini facility (Rutherford 

Appleton Laboratories, Harwell, Didcot, Oxfordshire, UK) in 2018, to study DNA 

damage with IF assay on E2 brain tumor cell line. 

Further studies with higher energy proton beams as high as 35 MeV were 

carried out to study the effectiveness of laser-driven protons in the induction of DNA 

DSB damage in 3D models. Experiments were also conducted to compare the sub-

lethal effects in both monolayers and 3D neurospheres models of Glioblastoma stem 

cells (G7)[7]. Comparative studies aimed at the variations in the proton-induced sub-

lethal response in normal and radioresistant GBM stem cells and E2 were also 

performed during the Vulcan TAP campaign in 2019.  

Once robust radiobiological information at pre-clinical levels is obtained, the 

same endpoints may be also be performed in pre-clinical in vivo models, with 

particular emphasis on the tumor growth delay studies and better target tissue 

irradiation with more improvised beam delivery modality optimization by fully 

covering the tumor volume with higher energy laser-driven ions. 
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Further tests can also be performed to analyze the relationship between dose 

rate and oxygen condition, irradiating cell samples, grown in similar biological status 

cells and conditions, in hypoxia chambers with ultra-high dose rate laser-driven 

protons and with cyclotron accelerated protons at their dose rates. Energy of the 

protons or ions should be selected so that it would be achievable both by laser-driven 

ions and cyclotron accelerated ions.  

Moreover, studies on LET of LD particles in different oxygen status could be 

performed. All the current studies done so far are based on evaluation of the beam 

entrance position by escalating the energy and observing where the peak (or the 

SOBP in case of ions) is produced and degrades. Cells are usually irradiated at the mid 

rising slope of the peak position, where protons have higher LET than those available 

at the beam entrance, as well as the particles present on the distal fall off regions. 

Another approach for these tests would be provided by changing the target material 

to generate laser-driven carbon ion beams, which have higher LET than the protons, 

using the same experimental set up employed for LD proton beams. 

Currently, laser-driven beams may not be used clinically, principally due to: 

- low energy of the ions (around 35-40 MeV reached so far), way below the 

energies of about 230 MeV for protons and 400 MeV/n for carbon ions provided 

by conventional cyclotrons and needed to reach deep sited tumors; 

- beam spot dimensions, limited by the pinhole features (see Chapter 3 for the 

scheme of the beamline); 

- instabilities of the laser facilities, that don’t allow to deliver the same dose 

repeatedly in consecutive shots, as clinical practice would foresee.  
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Clearly, more powerful lasers and suitable targets are required so that clinically 

relevant energies can be achieved; also, beam delivery methodologies require 

technical upgrades so that it is possible to increase the beam spot area to reasonably 

cover the entire surface of tumors. At present, a laser accelerated proton beam can 

only travel few centimeters in air, however for clinical applications the proton or ion 

beam should be able to travel a few meters without substantial energy loss. This 

certainly would warrant better beam transport development techniques, as 

demonstrated by investigators in proof of concept experiments[8, 9].  

Further technical advances should address the beam scanning methods and 

increase the repetition rate of laser, to deliver multiple proton pulses depositing 

equal dose in the tumor volume in short time interval. 
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