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 ABSTRACT 

GUERRA, Danieli B. Nanoparticles for radiation therapy 
enhancement: investigation of radiosensitization induced by gold and iron oxide 
nanoparticles in glioblastoma cells exposed to photon and proton beams. Porto 
Alegre. 2021. PhD Thesis. Graduation Program in Materials Engineering and 
Technology, PONTIFICAL CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL. 
 

 

Radiotherapy (RT) is one of the most effective and widely used techniques for 

cancer treatment. Despite the great development of this technique, considerable 

efforts still need to be made to improve its efficacy and to maximize the differential 

response between tumor and healthy tissues. The use of nanomaterials as treatment 

enhancers hold great promises, potentially allowing the reduction of the delivered 

radiation dose. Recent studies have indicated that high atomic number nanoparticles 

show enhancement effects; however, with large variability between experiments and 

radiation type. Moreover, the underlying mechanisms of action are not well understood. 

Therefore, in this work we sought to improve the mechanistic knowledge about the 

radiosensitizing effect of metal-based nanoparticles, more specifically gold and iron 

oxide nanoparticles, in human gliobastoma cells irradiated with different radiation 

qualities. To further understand the impact of introducing NPs into cells exposed to 

radiation, five different variables were considered, i) NP material, ii) coating iii) 

treatment concentration, iv) cell type, and v) radiation quality. Findings from this work 

show the potential of using metal-based nanoparticles as radiosensitizers, relating the 

possible mechanisms involved in the radioenhancement observed.  

 

Key-words: Radiotherapy, radiosensitization, human glioblastoma cells, cancer 

nanotechnology, nanoparticles. 
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 RESUMO 

GUERRA, Danieli B.: Nanopartículas para o aprimoramento da radioterapia: 
Investigação da radiossensibilização induzida por nanopartículas de ouro e 
óxido de ferro em células de glioblastoma expostas a feixes de prótons e fótons. 
Porto Alegre. 2021. Tese de Doutorado. Programa de Pós Graduação em Engenharia 
e Tecnologia de Materiais. PONTIFÍCIA UNIVERSIDADE CATÓLICA DO RIO 
GRANDE DO SUL. 
 

 

A radioterapia (RT) é uma das técnicas mais eficazes e amplamente utilizadas 

para o tratamento do câncer. Apesar do grande desenvolvimento dessa técnica, 

esforços consideráveis ainda precisam ser feitos para melhorar sua eficácia e 

maximizar a resposta diferencial entre o tumor e os tecidos saudáveis. O uso de 

nanomateriais como potencializadores de tratamento traz grandes promessas, 

permitindo potencialmente a redução da dose de radiação fornecida. Estudos recentes 

indicaram que nanopartículas (NPs) de alto número atômico induzem o aumento de 

dose local; no entanto, há uma grande variabilidade entre experimentos e tipo de 

radiação utilizados. Além disso, os mecanismos de ação subjacentes não são bem 

compreendidos. Portanto, neste trabalho buscamos aprimorar o conhecimento sobre 

os mecanismos envolvidos no efeito radiossensibilizador de nanopartículas à base de 

metais, mais especificamente, nanopartículas de óxido de ferro e ouro, em células de 

gliobastoma humano irradiadas com diferentes tipos de radiação. Para entender 

melhor o impacto da introdução de NPs em culturas celulares expostas à radiação, 

cinco variáveis diferentes foram consideradas, i) material da NP, ii) revestimento iii) 

concentração de tratamento, iv) tipo de célula, e v) tipo de radiação. Os resultados 

deste trabalho mostram o potencial das nanopartículas metálicas como 

radiossensibilizadores, relacionando os possíveis mecanismos envolvidos no efeito de 

radiossensibilização observado. 

 

Palavras-chave: Radioterapia, radiossensibilização, células de glioblastoma humano, 

nanotecnologia do câncer, nanopartículas. 
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 INTRODUCTION 
 

 High energy radiations such as X-rays, gamma rays, electrons or heavy 

particles have been used since the early twentieth century as a potent method of 

diagnosis and therapy of various diseases, including cancer [1], [2]. In medicine, this 

has given rise to the field of cancer radiotherapy, where the primary goal of the 

treatment is to eradicate tumor cells while minimizing the effects to surrounding healthy 

tissues [2]. In modern treatment accelerators, shaping of the dose around the tumoral 

regions is possible to a certain extent employing multiple modulated radiation fields as 

in IMRT (Intensity Modulated Radiotherapy). The use of charged particles, such as 

protons, has proven to be another promising approach [3]–[9]. Due to their physical 

nature, charged particles can be used for more conformal dose delivery to the tumor 

than photon-based conventional irradiation techniques [10]–[12]. Despite huge 

advances in beam delivery methods, there is still needed to improve the therapeutic 

effectiveness of the technique, without increasing the damage to surrounding healthy 

tissues. One strategy to improve the dose discrimination between tissues involves the 

use of radiosensitizers.  

 In the last years there has been an increasing  interest  in  utilizing  nanoparticles 

(NPs) with high atomic number (Z) as radiosensitizers in cancer treatment [13]–[21]. 

Originally, the rationale for using high-Z materials as radiosensitizers was based on 

differences in the energy absorption properties of metals compared to soft tissues, 

allowing the physical increase of the dose deposited in the target volume [21]. Indeed, 

detailed Monte Carlo simulations [22], [23] indicate best physical performance for NPs 

of small radii and made of heavy elements such as gold [22]. According to the theory,  

NP-enhanced radiotherapy would only be effective with low energy (kV) X-rays, and 

no increase in overall dose deposition would be expected using higher energies (MV) 

[22], [23]. However, several in vitro studies have reported significant radiosensitization 

effects with MV X-rays [24]–[31]. Moreover, reported radiosensitization enhancement 

effects are usually larger than the predictions for the corresponding maximal physical 
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dose increase.  Therefore, other mechanisms must be involved in the process, 

including chemical and biological effects triggered by the presence of the NPs. 

Moreover, experimental data on enhancement effects produced by various NPs on 

different biological systems show a large variability. Thus, results far from being 

conclusive, even for the most investigated case of photons beams [18]. The data is 

even more limited in the case of charged particle beams. Hence, despite the promising 

preclinical results of the nanoparticle-assisted radiosensitization strategy, especially 

with the use of high-Z NPs, several details of the complex cynergistic process of NPs 

in a radiative field within a biological system need to be clarified. One aspect is the 

suitable formulation of the nanoparticulated system, especially its surface 

functionalization and its impact on pharmacokinetic properties in in vivo systems. 

There are also gaps in the knowledge on the interaction of NPs with ionizing radiation 

and the subsequent biochemical and biological effects [14]. 

 Thus, the general aim of this work was to investigate the basic mechanism of 

the radiosensitization process assisted by metal based NPs using an in vitro model, 

considering four different variables: i) NP material, ii) NP concentration, iii) cell type 

and iv) radiation quality. We evaluated the radiosensitization effects induced by gold 

(GNPs) and superparamagnetic iron oxide (SPION) nanoparticles in human 

gliobastoma (GBM) cells irradiated by different types of high-energy beams (photons 

and charged particles). GNPs have attracted a lot of attention due to their unique 

properties that include high photon attenuation coefficient, excellent biocompatibility, 

surface plasmon resonance, possibility of radioactive activation, in addition to being 

easily linked to biomolecules that bind to cellular receptors present in the cancerous 

tissue [32], [33]. SPIONs were a case for which local dose enhancement is considered 

to be negligible due to its low effective Z. As the presence of SPIONs have been 

associated to the production of reactive oxygen species in cells [34], it allows to 

evaluate the importance of chemical and catalytical effects in the radiosensitization 

process. Moreover, due to their unique magnetic properties, SPIONs are excellent 

candidates for theranostics agents which could be employed in MRI-guided 

radiotherapy to improve both tumor localization via medical imaging, as well as the 

treatment efficacy.  

 This work has been performed as an interdisciplinary effort between the Center 

of Nanoscience and Micro-Technology (NanoPUCRS), the Applied Pharmacology 

Laboratory, and the radiotherapy division of Hospital São Lucas da PUCRS (HSL). And 
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supported by the National Institute of Surface Engineering (INCT-INES). The work was 

also complemented by a 6 month stay at the BSCS in Groningen, with a sandwich 

grant from CAPES-PrInt program. Photon irradiations were performed in the 

Radiotherapy Center of Hospital São Lucas da PUC in a 6 MV clinical accelerator. 

Gamma ray irradiations were performed during my six-month sandwich PhD in the 

Netherlands, at University Medical Center of Groningen (UMCG) in the Biomedical 

sciences of cells and systems (BSCS). Beyond that, a pilot study with 150 MeV H+ 

beam was also conducted at the UMCG PARTREC cyclotron facility in Groningen. Due 

to the pandemic, we were not able to complete the study. The sandwich grant was 

provided by the CAPES-PrInt internationalization project of PUCRS under the subject 

“Development of innovative health technologies and processes”. 
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 GOALS 
This study aims to investigate the radiosensitization induced by gold and iron 

oxide nanoparticles in human glioblastoma cells exposed to photon and proton beams.  

 

 Especific goals 
 

• Evaluate the cytotoxicity of gold and iron oxide nanoparticles at different 

concentration treatments in U87 and M059J human glioblastoma cells. 

 

• Determine the nanoparticle internalization within the cells and quantify 

the cellular elemental uptake, correlating these factors with the dose 

enhancement induced by the presence of gold and iron NPs. 

 

• Assess the overall characteristics of the NP-induced radiosensitization 

process, evaluating the impact of nanoparticle design, cell line, treatment 

concentration and beam quality on the radiosensitization effect induced 

by gold and iron oxide nanoparticles. 

 

• Investigate the interaction of the nanoparticles with different types of 

ionizing radiation on the DNA Damage Response (DDR) in U87 human 

glioblastoma cells.  
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 FUNDAMENTALS 
 

 Interaction of ionizing radiation with matter 
 

Ionizing radiation (IR) is characterized by its ability to excite and ionize the 

atoms, being capable of transforming large amounts of energy and to damage the 

medium with which it interacts. Examples of ionizing radiation are X-rays, g-rays, fast 

electrons, charged particles (protons and ions) and neutrons. Ionizing radiation has 

many possible mechanisms of interaction with matter. The predominant mechanisms 

are described below: 

 

 Interaction of photons with matter 

 

 Photons can interact with matter through different processes, depending on the 

energy of the photons involved and the chemical composition of the target material [1], 

[35]. Photon interactions are stochastic in nature. In each interaction, secondary 

particles are created, which may be charged (usually electrons) or uncharged 

(photons)[1]. The secondary particles deposit their energy around the location of the 

interaction and spread the deposited energy to larger volumes in the material. [36]. 

 There are three main mechanisms involved in the loss of energy by photons: 

the photoelectric effect, the Compton scattering and production of pairs. These 

processes lead to the partial or complete transfer of energy from the photon to the 

electrons of the target atoms that can be ionized or excited [37]. Electrons removed 

from atoms can obtain sufficient kinetic energy to cause secondary ionizations of other 

atoms in the target material (electron cascade). Such electrons are called d-rays 

Depending on the energy of the photons and the atomic number of the material, 

different mechanisms dominate the process of energy deposition. Figure 3.1 shows 

the predominant Energy regions of each type of interaction. 
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Figure 3.1. Regions of relative predominance of the three main processes of photon interaction with 

matter. The left curve representes the region where the cross-sections for photoelectric effect and 

Compton effect are equal, the righ curve representes the region where Compton effect is equally 

probable to pair production. Addapted from [37], [38]).  

 

In radiotherapy, the interaction of photons with soft tissues, whose effective 

atomic number is close to that of water (Zeff = 7.4), is dominated by Compton scattering 

[39]. In this range of energies (of the order of 1 MeV), the mass attenuation coefficient 

of lead and water does not differ much, as this type of interaction is weakly dependent 

of the atomic number (Figure 3.2). The photoelectric effect dominates for lowt energy 

photons, while the production of pairs dominates at high energies [40]. 

 

 
 

Figure 3.2. Mass attenuation coefficient as a function of photon energy for lead and water. Addapted 

from [41].  
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 Interaction of charged particles with matter 
 

Depending on its velocity, charged particles (projectile) may experience 

interaction with the target particles by means of inelastic scattering (electron-ion 

collisions), elastic scattering (nucleus-ion collisions), induction of nuclear reactions, 

orradiation emission [42]. Inelastic scattering occurs by electronic interaction and 

results in excitation / ionization of atoms and transfer of kinetic energy to electrons. 

The nuclear interactions (elastic scattering) transfer energy and momentum directly to 

the atoms of the target vi Coulomb scattering, providing atomic displacements and 

collisions. At sufficiently high E, nuclear interactions may also be in the for of nuclear 

reactions and excitations, comprising several reaction products, such as electrons, 

neutrons, g-radiation, and eventually further hadrons. In the range of energies required 

for proton radiotherapy (of 70 MeV to about 250 MeV), in which the energy used in this 

work falls, only the inelastic interactions are significant. 

 At the start of the path through the body, energy transfer of protons is small and 

its path remains straight. After successive scattering events the protons will slow down, 

the energy deposition increases dramatically and reaches a maximum. In this region 

the dose varies almost inversely with the remaining proton energy (see Fig. 3.3 (a)). 

After some more straggling the protons come to a complete stop. The peak of dose 

deposition as a function of depth is known as the Bragg peak. The characteristic Bragg 

peak defining a range for protons in matter, in contrast to x-ray radiation, is the main 

argument for protontherapy. Within the region of the Bragg peak the energy loss per 

distance travelled is highest and so is the dose and killing effect for cancerous tissue. 

In this In Fig. 3.3 (a) the range of protons and of x-rays is compared. The x-ray dose 

piles up below the surface, goes through a maximum and then drops off without a 

defined range. In contrast, with protons and other ions the Bragg peak of highest dose 

can be placed right into the region of the cancer volume by tuning the initial energy of 

the proton beam. By varying the incident proton energy and beam intensity a Bragg 

peak plateau is formed that covers the entire cancer volume (Fig. 3.3 (b)). The plateau 

region is known as Spread-out Bragg peak (SOBP).  
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Figure 3.3. a) Comparison of dose versus depth for x-rays and protons. Plots are normalized to 

maximum dose. By varying the incident energy and intensity of the proton beam a plateau region 

(spread out Bragg peak – SOBP) of the size of the tumor is formed. Adapted from [41]. 

 

 

 Interaction of Ionizing Irradiation with biological systems 

	

The biological effects of radiation are the product of a long series of phenomena 

which are set in motion by the passage of radiation through the medium. The initial 

events are ionizations and excitations of the atoms and molecules of the medium along 

the track of the ionizing particles. These physical perturbations lead to phyco-chemical 

reactions, then chemical reaction and finally the biological effects [43]–[45]. These 

processes differ enormously in time-scale [43], as it is illustrated in Figure 3.4 and may 

be divided into three phases [43], [46], [47], described below.  

The physical phase consists of interactions between charged particles and the 

atoms of which the tissue is composed. A high-speed electron takes about 10-18 s to 

traverse the DNA molecule and about 10-14 s to pass across a mammalian cell. As it 

does so, it interacts mainly with electrons, ejecting some of them from atoms 
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(ionization) and raising others to higher energy levels within an atom or molecule 

(excitation). If sufficiently energetic, these secondary electrons may excite or ionize 

other atoms near which they pass, giving rise to a cascade of ionization events.  

The chemical phase describes the period in which these excited atoms and 

molecules react with other cellular components in rapid chemical reactions. Ionization 

and excitation lead to the breakage of chemical bonds and the formation of free 

radicals. These are highly reactive, and they engage in a succession of reactions that 

lead eventually to the restoration of electronic charge equilibrium. Free-radical 

reactions are complete within approximately 1 ms of radiation exposure. An important 

characteristic of the chemical phase is the competition between elimination reactions 

with fixation reactions that lead to stable chemical changes in biologically important 

molecules.  

The biological phase includes all subsequent processes. The effects caused 

by ionizing radiation may occur at any level of organization of the living species, 

ranging from single molecules within individual cell to its tissues and organs. At the 

basic molecular level, ionizing radiation causes damage to all molecules in the cell. 

However, there are multiple copies of most molecules (e.g., water, mRNA, proteins, 

and others) and most undergo a continuous rapid turnover, limiting the consequences 

of damaging just a few molecules of one type. In contrast, DNA is present only as a 

single, double-stranded copy, is the largest molecule in the cell, and is central to all 

cellular functions. A series of cellular processes are activated to repair radiation-

induced damage and most lesions are successfully repaired. Unrepaired or incorrectly 

repaired damage of the DNA may lead to potentially malignant cell transformation or 

to cell death [48]. At later times after the irradiation of normal tissues the so-called ‘late 

reactions’ appear. These include fibrosis, spinal cord damage and blood vessel 

damage. An even later manifestation of radiation damage is the appearance of second 

tumors (i.e., radiation carcinogenesis). The timescale of the observable effects of 

ionizing radiation may thus extend up to many years after exposure.  
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Figure 3.4. Time-scaleof the effects of radiation exposure on biological systems. Addapted from Kogel 

2009 [47]. 

 

 

 Irradiation-induced damage and the DNA damage response 
 

 DNA structure 

 

 Before studying the effects of radiation on DNA, it is necessary to know its 

composition. The most common form of the DNA double helix is also called B-form 

DNA. Each strand is a polynucleotide, meaning the strand is made up of many 

individual units called nucleotides. A nucleotide has three components, a five-carbon 

sugar (deoxyribose), a phosphate group, and one of four possible nitrogenous bases: 

adenine (A), guanine (G), thymine (T), and cytosine (C). The nitrogenous base is 

always attached at the one prime carbon of the sugar. Nucleotides attach to each other 

in the DNA strand by phosphodiester bonds. The phosphate group of one nucleotide 

binds to the three-prime oxygen of the neighbouring nucleotide. Thus, the sugars and 

phosphate groups make up the DNA backbone. Although the nucleotides come 

together through covalent bonds in the backbone, the two DNA strands interact 

through non-covalent hydrogen bonds between the bases. Each base forms multiple 

hydrogen bonds with its complementary base on the opposite strand. Bound together 

by hydrogen bonds, each unit is called a base pair. The hydrogen bonding contributes 

to the specificity of base pairing. Thymine preferentially pairs with adenine through two 

hydrogen bonds and cytosine preferentially pairs with guanine through three hydrogen 
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bonds. Thymine and cytosine are called pyrimidines, characterized by their single ring 

structure, and adenine and guanine are called purines, which have double rings. 

 

 
 

Figure 3.5. DNA molecule model. Representation of DNA structure and chemical composition. 

Nitrogen bases, structure and nucleotide binding. Source: the author. 

  

The geometry of the AT or TA and GC or CG base pairs is the same, allowing 

for symmetry and base stacking in the helix. This mostly has to do with the distance 

between the backbones and the angles to which the bases attach to the backbone. 

Other base pairs, like GT, for example, do not have the same geometry, cannot form 

strong hydrogen bonds, and disturb the helix. Each turn of the helix measures 

approximately ten base pairs. In addition to the hydrogen bonding between the bases, 

the stacking of the bases also stabilizes the double helix structure.  

 

 Low Energy Electrons and Direct DNA Damage 

 

 If any form of radiation is absorbed in biologic material, there is a possibility that 

it will interact directly with the DNA. Molecules of the single DNA strand, or both 

strands, may be ionized or excited. The secondary ionizations produced by emitted 

energetic electrons set many more low-energy electrons in motion causing additional 

excitation and ionization along the path of the initial energetic electron. For example, a 

single 30 keV electron, set in motion following the photoelectric absorption of a single 



 

 

32 

x-ray or gamma-ray photon, can result in the production of over 1,000 low-energy 

secondary electrons, each of which may cause additional excitation or ionization 

events in the tissue. At the end of electron tracks, interactions with other molecules 

become more frequent, giving rise to clusters of ionizations [49].  

 The d-rays and other lower energy electrons produce a unique ionization pattern 

in which closely spaced ionizations occur over a very short range (~4 to 12 nm) along 

the path of the primary particle track. The energy deposition along the shorter tracks is 

referred to as spurs, and their diameters are approximately 4 to 5 nm. Longer and less 

frequent pear-shaped tracks called blobs deposit more energy (~300 to 500 ev) and 

thus on average result in more ionization events over their path (~12 nm)[50]. The high 

concentrations of reactive chemical species produced by these spurs and blobs 

increase the probability of molecular damage at these locations. If ionizing events 

occur near the DNA, whose diameter (~2 nm) is on the same order as that of these 

short ionization tracks, they can produce damage in the DNA in multiple locations in 

close proximity to one another. These complex lesions are more difficult for the cell to 

repair or may be repaired incorrectly. The pattern and density of ionizations and their 

relationship with the size of the DNA double helix is shown in Figure 3.6. The clusters 

are such that many ionizations can occur within a few base pairs of the DNA.  

The complex clustered damage involving several damaged nucleotides within 

one or two helical turns of the DNA, is a hallmark of ionizing radiation-induced DNA 

damage. Only a few per cent of the damage is clustered, but when these clusters occur 

in DNA, the cell has particular difficulty coping with the damage. Ionized molecules are 

highly reactive and undergo a rapid cascade of chemical changes, which can lead to 

the breaking of chemical bonds. This can disrupt the structure of macromolecules such 

as DNA, leading to severe consequences if not repaired adequately or in time. 
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Figure 3.6. A) A segment of the electron track produced by ionizations and excitations along the path 

of a low-energy (300 eV) electron. B) DNA double helix drawn on the same scale as the ionization 

track. Direct and indirect damage is represented. Multiple damaged sites are shown as green, or 

orange, explosion symbols that denote DNA strand breaks, or damaged bases, respectively. (Adapted 

from [49], [51]). 

 

 Indirect damage 

 

 Indirect action refers to effects that are the result of radiation interactions within 

the medium (e.g., cytoplasm) that create chemically reactive species that in turn 

interact with nearby macromolecules. Because most of cells in the body are composed 

of water (75−85% of the cell mass), most of the radiation-induced damage from 

medical irradiation is caused by radiation interactions with water molecules. The 

interaction of highly energetic radiation with water initially results in the ejection of a 

quasi-free electron from the valence shell in general, leaving behind a positively 

charged radical cation (H2Ol+)[52]. In addition to their recombination, both charged 

species subsequently follow their own pathway of chemical reactivity. The hot electron 

relaxes and gets trapped as a hydrated electron (ehyd−), whilst H2Ol+ rapidly reacts with 

another non-ionized water molecule to form aqueous hydrogen (hydrogen captured by 

a molecule of water) and a hydroxyl radical (OHl ) via proton transfer. The hydroxyl is 

highly reactive and may diffuse a short distance to reach a critical target in the DNA 

within the cell nucleus. After 10-12 seconds, radiolytic species (clusters) with longer 
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lifetimes (~10-6 seconds) are formed. They will diffuse into the solution and can also 

react to each other in numerous ways. Some of the recombination pathways are 

radical-radical reactions, which give rise to the formation of molecular products such 

as hydrogen (H2), hydrogen peroxide (HOOH) and water. 

 At the end of a microsecond, the distribution of radicals and molecular species 

reaches equilibrium in the solution and the homogeneous chemical phase begins. The 

primary species can continue to react with each other, or they can act as strong 

oxidizing or reducing agents by combining directly with macromolecules. In the case 

of DNA bases, the main decomposition of the intermediate product is the elimination 

of the hydrogen atom, which gives rise to a stable hydroxyl product. Neutral radicals 

can also give rise to carbon-carbon linkages in phosphate bridges or in deoxyribose 

causing breaks in the DNA chain.   

 

 Spectrum of DNA damage 

 

 Indirect action constitutes about 70% of the total damage produced in DNA after 

low-LET radiation, such as X-rays, whereas direct interaction is the dominant process 

when high-LET radiation interacts with living organisms [11], [53], [54]. The damage to 

DNA resulting from the indirect and direct action of radiation is in principle similar. The 

type and frequency of the induced damage depends on the geometrical distribution of 

ionization events. The chemical changes may include (1) hydrogen bond breakage, (2) 

molecular degradation or breakage, and (3) intermolecular and intramolecular cross-

linking. 

 The rupture of the hydrogen bonds that link base pairs in DNA may lead to 

irreversible changes in the secondary structure of the molecule that compromise 

genetic transcription and translation. Molecular breakages may also involve the sugar-

phosphate polymers that comprise the backbones of the two helical DNA strands. They 

may occur as single-strand breaks (SSBs), double-strand breaks (DSBs) (in which 

both strands of the double helix break simultaneously at approximately the same 

nucleotide pair), base loss, base changes, or cross-links between DNA strands or 

between DNA and proteins. A DSB can occur if two SSBs are juxtaposed or when a 

single, densely ionizing particle (e.g., an alpha particle) produces a break in both 

strands. SSBs (caused in large part by the OHl radical) are more easily repaired than 

DSBs and are more likely to result from the sparse ionization pattern. While DSBs and 
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complex DNA damage are less likely to be repaired [55]. Figure 3.7 illustrates some of 

the common forms of damage to DNA.  

 

 
Figure 3.7. Several examples of DNA damage. Addapted from [51].  

 

 

 DNA damage response 

 

The DNA damage response (DDR) is a highly complex and coordinated system 

that determines the cellular outcome of DNA damage caused by radiation [47]. The 

DDR is not a single pathway, but rather a group of highly interrelated signalling 

pathways, each of which controls different effects on the cell. This system can be 

divided into two parts, the sensors of DNA damage and the effectors of damage 

response. The sensors consist of a group of proteins that actively survey the genome 

for the presence of damage. These proteins then signal this damage to three main 

effector pathways that together determine the outcome for the cell.  

The initial cellular response to DSBs is characterized by the physical recruitment 

of a large number of different proteins to the sites of DNA damage. This clustering or 

recruitment of various proteins can be visualized microscopically as small regions or 

speckles in the nucleus after DNA damage following staining with antibodies to these 



 

 

36 

proteins (Fig. 3.8). These subnuclear regions are commonly referred to as ionizing 

radiation induced ‘foci’ (RIF). One of the earliest events known to occur in the DDR is 

the phosphorylation of a protein called histone H2AX [56]. Starting within a few minutes 

of DSB formation, H2AX becomes phosphorylated in a region that extends over an 

extensive region around the site of the unrepaired DSBs [56], [57]. This phosphorylated 

form, known as gH2AX, is necessary for the recruitment of many of the other proteins 

involved in the DDR and the resulting formation of RIF.  

 Another protein that accumulates at sites of DSBs is 53BP1 [58]–[61], which is 

an important regulator of non-homologous end-joining (NHEJ)-mediated DSB repair 

and a p53-binding protein 1. In recent years, the presence of gH2AX and 53BP1 foci, 

which can be detected using microscopy, has become a highly sensitive method for 

detecting the presence and/or repair of individual DSBs in irradiated cells, and it is also 

used in this Thesis. 

 

 
 
Figure 3.8. The DNA damage response can be divided into sensors and effectors. The sensors consist 

of protein complexes which recognize DNA damage. These proteins signal to many other proteins 

which activate three important effector pathways: checkpoints, DNA repair and cell death. Examples of 
some of the proteins which signal from the sensors to the effector pathways are listed.  
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 Quantifying cell kill and cell survival 
 

 Concept of clonogenic cells and survival curve 

	

In radiobiology, ’cell death’ means that the cell loses its reproductive or 

clonogenic activity, or it is no longer able to continue its tissue-specific functions [4], 

[46], [47], [62], [63]. In a small minority of cell types, cell death occurs rapidly, 

immediately or within several hours after irradiation. The vast majority of proliferating 

normal and tumour cells die at a relatively long time after irradiation, usually after 

attempting mitosis one or more times (mitotic catastrophe). Following a transient delay, 

most cells resume proliferation and progress through the cell cycle one, two or more 

times before eventually permanently ceasing proliferation [47]. In this case, cell death 

does not occur until after the cell attempts to divide. In cells that die at long times after 

irradiation, the DDR is unable to induce apoptosis and DNA repair is allowed to take 

place and can have a large influence on the outcome and radiosensitivity of the cell. 

Cells that experience mitotic catastrophe may ultimately undergo a secondary form of 

programmed cell death such as apoptosis, autophagy, necrosis, or senescence.  

Therefore, researchers have focused on assessing clonogenic survival, which 

is defined as the ability of a cell to proliferate indefinitely. This is a relevant parameter 

to assess the efficacy of radiation treatment, since any tumor cell that retains 

proliferative capacity can cause failure in tumor growth control. Consequently, cell 

death in the context of radiobiology is generally equated with any process that leads 

to the permanent loss of clonogenic capacity [4], [46], [47], [62], [63].  

 Along this line, clonogenic assay or colony formation assay is the method of 

choice to determine cell reproductive death after treatment with ionizing radiation [47], 

[64]. It is an in vitro cell survival assay based on the ability of a single cell to grow into 

a colony. The assay essentially tests every cell in the population for its ability to 

undergo ‘‘unlimited’’ division. By convention it was stipulated that if a single cell grows 

into a colony of at least 50 daughter cells after exposure to ionization radiation it has 

retained its reproductive capacity [64]. The necessary steps to carry out such assay 

will be discussed in detail in the methodology section. Even if a cell is not irradiated, 

not all seeded cells will form a colony. The factor indicating the percentage of cells 

seeded, which grow into colonies is called ‘plating efficiency’ and is given by the 

formula:  
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 𝑃𝐸 = 	 !!	#$	%#&#!'()	$#*+(,
!!	#$	%(&&)	)((,(,

		× 	100	       (3.8) 

 

Different cell lines have different plating efficiencies. The number of cells seeded 

per dish is adjusted to the expected survival following the exposure to a dose of 

radiation.  The number of colonies that arise after treatment of cells, expressed in terms 

of PE, is called the surviving fraction (SF):  

 

 𝑆𝐹 = 	 !!	#$	%#&#!'()	$#*+(,	-$.(*	.*(-.+(!.
!!	#$	%(&&)	)((,(,	×	01

		× 	100      (3.9) 

 

 Based on SF, we can obtain the dose-survival dependence (the survival curve 

for cells in culture). When the survival curve of cells irradiated in tissue culture is plotted 

on linear scales, it is often sigmoid: there is a shoulder followed by a curve that 

asymptotically approaches zero survival (Figure 3.9). Therefore, cell survival curves 

are usually plotted on semi-logarithmic coordinates (log SF as a function of D). This 

type of plot emphasizes the very small values of SF at high doses, more easily allowing 

us to see and compare the very low cell survivals required to obtain a significant 

reduction in tumour size, or local tumour control. The type of the cells, their oxygen 

status, the phase in the cell cycle they are irradiated at, and type (LET) of radiation are 

factors which affect the shape of the cell survival curve. 

 

 
Figure 3.9. A typical cell survival curve for cells irradiated in tissue culture, plotted a) on a linear 

survival scale. ED50 and ED90 correspond to the dose that kills 50% and 90% of the cells, 

respectively. b) The same data on a logarithmic scale. Adapted from [47].  
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 For comparing SF curves, it is convenient to represent these curves by 

mathematical functions. These are based on hypothetical models of cell death. For the 

purpose of this work, two descriptions will be discussed: the linear-quadratic (LQ) 

model and the Lethal Potentially-Lethal (LPL) model. Details about other descriptions 

may be found elsewhere [43], [47].   

 The continually downward bending form of a cell survival can simply be fitted by 

an expression containing a linear and a quadratic component in the exponent, as 

follows:  

 

 𝑆𝐹 = exp(−𝛼𝐷 − 𝛽𝐷2)        (3.10) 

 

When compared to previous mathematical models, sometimes even more 

complicated (e.g. two-component model [46]), the simple LQ formula gives a better 

description of radiation response in the low-dose region (0–3 Gy): LQ survival curves 

are continuously bending with no straight portion either at low or high radiation doses. 

The shape (or ‘bendiness’) is determined by the ratio α/β.  Since the dimensions of the 

parameters for α are Gy-1 and for β are Gy-2, the dimensions of α/β ratios are Gy. The 

LQ model is now in widespread use in both experimental and clinical radiobiology and 

generally works well in describing responses to radiation in vitro and in vivo.  

 Curtis et. al [65]  suggested a radiobiology significance of these parameters in 

his LPL (lethal,  potentially lethal) repair model.   The model assumes that two different 

kinds  of  lesions  relevant  to  cell  killing  are  created  within  a  cell  during  irradiation: 

”lethal” and ”potentially lethal” lesions. Lethal lesions are irreparable and lead to the 

death of the cell or its progeny. The non-repairable such as double strand brakes 

(DSBs) or complex damage are more likely to be form by direct damage produced by 

single-hit lethal effects resulting in the linear component of survival fraction [exp(-αD)]. 

Potentially lethal lesions are capable of being repaired and are correctly repaired at 

and average rate constant 𝜖PL per unit time. These lesions may also interact with each 

other with rate constant 𝜖2PL per unit time to produce a lethal lesion (irreparable). The 

latter process is called binary misrepair. Therefore, the repairable lesions depend on 

the competition between the repair and the binary misrepair processes leading to a 

quadratic component in cell survival [exp(-βD2)]. Repairable damages are more likely 

to be produced by indirect damage, such as free radical-induced damage to DNA, 
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resulted from the formation of ROS during radiation, as discussed previously. The 

authors define the linear and quadratic coefficients, α and β, respectively: 

 

 𝛼 = 	𝜂3 +	𝜂03𝑒4503/*        (3.11) 
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$

25
	(1 − 𝑒4503/*)2        (3.12) 

 

 The model has two sensitivity parameters (ηL determines the number of non-

repairable lesions produced per unit dose, and ηPL the number of repairable lesions). 

This model can provide a possible mechanistic interpretation of the LQ equation. It 

predicts that, as dose rate is reduced, the probability of binary interaction of potentially 

lethal lesions will fall and parameter values can be found that allow the model 

accurately to simulate cell survival data on human and animal cells irradiated at various 

dose rates. 

 

 Linear Energy Transfer (LET) 

 

In radiobiology and radiation protection the physical quantity that is most 

relevant for defining the quality of an ionizing radiation beam is the linear energy 

transfer (LET). In contrast to the stopping power, which focuses attention on the energy 

absorption by the medium, the LET measures the linear rate of the energy loss by 

energetic particles moving through a medium [10], [11], [66]. The LET at a point on the 

track of an ionizing particle represents the mean energy absorbed by the medium per 

unit lenght [67]. A more detailed treatment separates the contributions of the d-rays, 

considered as independent of the particles from which they arose. The energy 

deposited in the medium close to the track is defined by the energy transfers, which 

are below a specified cut-off energy, ∆ (usually expressed in eV):  

𝐿𝐸𝑇∆ =	− 9
,1∆
,9
:
(&

        (3.15) 

 

At a first aproximation, LET is equivalent to the restricted collisional (electronic) 

stopping power. By including all possible energy transfers, one obtains the unrestricted 

LET¥ which is equivalent to the total electronic stopping power:  
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 𝐿𝐸𝑇: =	− 9,1
,9
:
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        (3.14) 

 

For a given particle with defined incident energy, LET is not constant along the track. 

This variation is especially noticeable at Bragg peak [68], where the deposited dose 

can be 100 times greater than none of the rest of track [69].  

Depending on the value of LET which characterizes a specific radiation, one 

may distinguish between high-LET and low-LET radiations. For example, α-particles 

and charged particles heavier than He are called high-LET radiation, because they 

cause dense ionization along their tracks. In contrast, X- and g-rays are recognized as 

low-LET radiations as they produce sparse and randomly distributed isolated ionization 

events. The considerable difference between low- and high-LET charged-particle 

tracks is illustrated in passing through a cell nucleus is shown in Figure 3.10. 

 

 
Figure 3.10. Particle track structure for low-LET radiation (left) and for a-particles (right). The circles 

represent the typical size of the nucleus of a mammalian cell. The tortuous/twisting nature of the low-

LET secondary electron tracks are in complete contrast to the high-LET particles, of which only around 

four are required to deposit a dose of 1 Gy in that small volume. Adapted from [70].  

 

At the scale of the cell nucleus, the g-rays deposit much of their energy as single 

isolated ionizations or excitations and much of the resulting DNA damage is efficiently 

repaired by enzymes within the nucleus. About 1000 of these sparse tracks are 

produced per gray of absorbed radiation dose. The a-particles produce fewer tracks 

but the intense ionization within each track leads to more severe damage where the 

track intersects vital structures such as DNA. The resulting DNA damage may involve 

several adjacent base pairs and will be much more difficult or even impossible to repair. 
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 Relative biological effectiveness (RBE) 

 

As LET increases, radiation produces more cell killing per gray, until a certain 

level of LET is reached [71].The factor which describes differences in the response of 

cells to doses of radiation of different quality is called relative biological effectiveness 

(RBE). The RBE of a radiation under test is defined as the ratio of the dose of 

reference, low-LET radiation (usually 250 kVp X-rays or 60Co g-rays) to that of high-

LET tested radiation required to give the same biological effect.  

 

 𝑅𝐵𝐸 = 	 ,#)(	#$	*($(*(!%(	*-,'-.'#!
,#)(	#$	.().	*-,'-.'#!

        (3.16) 

 

 The RBE value depends on the biological endpoint under consideration. The 

RBE cannot be uniquely defined for a given radiation, since it depends on many 

different factors, as the dose, dose per fraction, degree of oxygenation, cell or type of 

tissue [43], [47]. The RBE also depends on LET, and rises to a maximum at an LET of 

about 100keV/µm, then falls for higher values of LET because of overkill. Densely 

ionizing, very high-LET radiation becomes inefficient because it deposits more energy 

per cell, and hence produces more DNA double-strand breaks than are actually 

needed to kill the cell. These cells are ‘overkilled’, but others will receive no dose or 

too low dose levels, leading to a reduced biological effect. Radiation of optimal LET 

deposits the right amount of energy per cell, which produces just enough DNA damage 

to kill the cell. This optimum LET is usually around 100 eV/Ǻ but does vary between 

different cell types and depends on the spectrum of LET values in the radiation beam 

as well as the mean LET.  

 

 

 

 

 
	



 

 

43 

 

 Therapeutic index and radiosensitizer 

 

As with any other medical procedure, prescription of a course of radiotherapy must 

represent a balance between risks and benefits. The likelihood for a tumor to be 

controlled is called the tumor control probability (TCP), while the one for the healthy 

tissue side-effect is called normal tissue complication probability (NTCP) [72]. 

These  probabilities are illustrated in Figure 3.11. One can see that the dose associated 

with tumor eradication is not very different from the dose associated with normal tissue 

complication development. The probability of cure without complication (PCWC) is 

given by equation: 

 

 𝑃𝐶𝑊𝐶 = 𝑇𝐶𝑃	(1 − 𝑁𝑇𝐶𝑃)        (3.13) 

 

The relative position and shape of the dose–response curves for tumour control 

and a given radiotherapy complication determine the possibility of delivering a 

sufficient dose with an acceptable level of side-effects. Hence, we may define the 

radiobiological concept of therapeutic index as the tumour response for a fixed level of 

normal-tissue damage. Therefore, improvements have been made over the past few 

decades to enlarge the differences between TCP and NTCP curves. One strategy 

involves the use of chemical localized into the tumor, which can increase cancer cell 

killing and move the TCP curve towards the left. Consequently, a significant increase 

in the maximum and width of the PCWC distribution generates a larger margin for the 

therapeutic window. These molecules are called “radiosensitizers” and enable to reach 

a given tumor cell killing using a reduced total dose delivered to the patient.  
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Figure 3.11. Schematic representation showing the action of tumor-targeted radiosensitizer on the  

probability of cure without complication (PCWC). The tumor control probability (TCP, solid line) 

and normal tissue complication probability (NTCP, dashed line) are shown as a function of the dose 

delivered to the patient. Two scenarios are illustrated with or without the use of a radiosensitizer and 

the associated PCWC is shown by the surface in each case.  

 

 
 Radiosensibilization induced by metal based NPs 

 

The use of metal-based NPs to preferentially sensitize tumors to ionizing 

radiation has aroused great interest in radiotherapy, but to translate their preclinical 

potential into the clinic still remains a challenge. Radiosensitizers based on metal-

based NPs have many interesting characteristics for the area of oncology. NPs have 

a high surface area to volume ratio which allows drugs and other therapeutic agents 

(eg, peptides, proteins, antibodies, even small molecules) to attach to their surface for 

further targeted treatment and combination therapy of tumors [73]–[77]. They have low 

permeability to normal tissue and may preferential deposit at tumor sites, due to their 

enhanced permeability and retention (EPR) effect [78]. As an imaging contrast agent, 

they can be used in disease diagnosis as well as biological imaging [79]–[89]. 

Therefore, metal-based NPs are currently undergoing preclinical development for 

various therapeutic and diagnostic applications. The main in vitro studies on metal-

based NPs as radiosensitizers are briefly described in Table 3.1. From these studies, 



 

 

45 

three classes of mechanisms have been outlined: physical enhancement, chemical 

reactions and biological effects. Bellow we briefly review the current knowledge on 

mechanistic aspects of NP-assisted radiosensitization. 

Considering that metal-based NPs have been extensively studied in the 

literature as radiosensitizers agents, an exceedingly small number really reach the 

stage of validation and clinical approval. So far, NBTXR3® (hafnium oxide 

nanoparticles, HfO2NPs) is the only metal-based NP  that has been approved for 

clinical use (European market in 2019) as a radiosensitizer agent [90], [91]. NBTXR3 

is indicated for advanced soft tissue sarcoma radiotherapy treatments and is 

administred via tumor injection. Currently, there are three clinical trials on NBTXR3 and 

conventional radiotherapy for the treatment of inoperable recurrent Non-small Cell 

Lung Cancer (NCT04505267), pancreatic cancer (NCT04484909), and esophageal 

cancer (NCT04615013). The combination of NBTXR3 with brachytherapy or intensity 

modulated radiotherapy (IMRT) in patients with prostate cancer (NCT02805894), are 

also being studied. In addition, another study with metal-based NPs for enhancement 

of radiotherapy was able to achieve clinical trials. AGuIX , a gadolinium-based NP, is 

being investigated for the treatment of multiple brain metastases, in combination with 

whole brain radiation therapy (WBRT) (NCT02820454). There is also a study on the 

combination of AGuIX with radiation and cisplatin in patients with locally advanced 

cervical cancer (NCT03308604).  

The difficulty in translating preclinical studies into clinical trials may be attributed 

to the number of variables that need to be investigated to control and optimize the 

effect. The reported studies have investigated different aspects, diverging in cell lines, 

NPs material and their respective coatings, incubated NP concentrations, incubation 

times, irradiation parameters, as well as the assays used to demonstrate the effects. 

There are also differences between research groups in both maintenance of cells and 

protocols assays. As consequence, experimental data on radiation enhancement 

levels produced by various NPs on different biological systems show a large variability. 

Results are far from being conclusive, and substantial controversy remains. Hence, 

despite the promising preclinical results of the NP-assisted radiosensitization, the 

exact mechanism of action in a biological system is still an enigma. One aspect is the 

optimal formulation of the NPs (especially surface functionalization) and its impact on 

pharmacokinetic properties in an in vivo system. There are also gaps in the knowledge 
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on the interaction of NPs with ionizing radiation and the subsequent biochemical and 

biological effect. 

 
Table 3.1. Summarized main in vitro studies on metal-based NPs as radiosensitizers. 

Year NP design Size (nm) Cell line Cell type Radiation Ref 

2015 Gd2O3 35 CT26 Human colon carcinoma 
50 keV X-ray 

45 MeV proton 
[92] 

2016 
PEG-Se 

PVP-Se 

500 

200 

HeLa 

NIH3T3 

Human cervical carcinoma 

Mouse embryonic fibroblast 
X-ray [93] 

2016 ZnO 9 

L929 

HeLa 

PC3 

Human fibroblast 

Human cervical cancer 

Human prostate cancer 

60-70 keV X-ray 

1.3 MeV g-rays 
[94] 

2016 AuNP 1.9 MDA-MB-231 Human breast cancer X-ray [95] 

2016 AuNP 16 HepG2 Human liver cancer 50 kVp X-rays [96] 

2017 

AuNP 

AuNP@PEG 

AuNP-TAT 

113-128 HeLa Human cervical cancer 6 MV X-rays [97] 

2018 AuNP 150 HepG2 Human liver cancer 160 kVp X-rays [98] 

2018 Bi 
46 

56 

4T1 

HDF 

Mouse breast cancer 

Human dermal fibroblast 
115 kVp X-ray [99] 

2018 
FePt 

FePt-Cy 

3.3 

26.4 

H1975 

A549 
Human lung adenocarcinoma 204 kV X-ray [100] 

2018 AuNP 24 HT-29 Human colon cancer 18 MV X-rays [101] 

2019 Gd-ZnO 9.39 SKLC-6 Human lung carcinoma 6 MV X-ray [102] 

2019 
CaWO4@PEG- PLA 

CaWO4@FOL-PEG-PLA 
600-800 HN31 Human pharyngeal carcinoma 320 kVp X-ray [103] 

2019 Glutathione-Au 2.5 U87-MG Human glioblastoma 50 kV X-ray [104] 

2019 Pt@PEG 50 H460 Human lung carcinoma 250 kVp X-ray [105] 

2019 
Bi2S3@BSA 

Bi2S3@BSA-FA-CUR 

78.9 

170.9 
4T1 Mouse breast cancer X-ray [106] 

2020 MgFe2O4 8.2 - 14.9 MCF-7 Human breast cancer 6 MV X-ray [107] 

2020 Bi2O3 70 MCF-7 Human breast cancer 6 MV X-ray [108] 

2020 
SPION 

PG-SPIONS 
17.9 U87-MG Human glioblastoma 6MV X-ray [109] 

2020 Bi2S3-MoS2 90 L929 Murine fibroblast 160 keV X-ray [110] 

2020 TaOx@PEG 107 4T1 Mouse breast cancer 225 kV X-ray [111] 

2020 AuNP 1.9 
U87 

MCF-7 

Human glioblastoma 

Human breast cancer 
6 MV X-rays [112] 
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 Physical enhancement  

 

Originally, the rationale for using high-Z materials as radiosensitizers was based 

on differences in the energy absorption properties of metals compared to soft tissues 

(the photoelectric absorption cross section is proportional to ≈ Z 4 ). By exploring the 

difference in atomic number between high-Z materials and organic tissue, a 

significantly larger dose will be deposit in the region of interest. This effect is translated 

into a significant higher local dose that is proportional to the NP weight percent in the 

medium. If we consider charged particles, the radiation-matter interaction changes. 

The nuclear contribution is negligible for protons at energies used in clinics (< 230 

MeV) meaning that the energy loss is mainly driven by inelastic Coulomb collisions 

with the electrons. The stopping power for protons in gold is up to 10-fold higher when 

compared to water for a 200 MeV proton beam, for example.  

Physical enhancement is difficult to verify experimentally due to technical 

issues. The most straightforward way to quantify should be through the measurement 

of LEE emission from NPs in the medium of interest. Few authors have sucssefully 

measured the LEE emission from GNPs in water [113] and dosimetric films [114], [115], 

but such experiments involve the use of complex indirect measurement using chemical 

or biological reactions.  

 

 Monte Carlo simulations 

 

In addition to these indirect physical measurements, theoretical simulations can 

predict LEEs and Auger emission and the subsequent physical enhancement [116]–

[125]. Detailed Monte Carlo (MC) simulations indicate that NPs modulate the dose 

mainly within the first 100 nm from the particle surface [126], where the effect can be 

very large due to the cascades of LEEs and Auger electrons from the ionized NPs 

atoms [23], [127]. In most cases, the energetic photo- or Compton electron has a very 

long range in the surrounding water volume. By contrast, the LEEs have much shorter 

ranges, and so deposit much more of their energy near the NP. As a consequence, 

the energy deposition decreases quickly as the distance from the NP increases [116], 

[128]. Due to this nanoscale nature of dose enhancement, more recent studies are 

considering microscopic dose distributions instead of classical macroscopic analyses 

to obtain information in the area close to the NP surface [49], [129]. 



 

 

48 

In addition, radiation mass attenuation coefficient depends on the material 

thickness, meaning that the NP size has an impact. LEEs have even shorter ranges in 

high Z than in water — on the order of a few nanometers. Thus, while events that occur 

on the surface of the NP tend to emit the entire Auger electron spectrum, only highly 

energetic particles escape after events that occur within the NP volume. As a result, 

the LEEs that contribute to the dose increase come from events that occur within a thin 

layer of the nanoparticle’s surface. The vast majority of lower energy secondary 

electrons are absorbed within the NP volume. This phenomenon is called self-

absorption [125]. This indicates better physical performance for NPs of small size made 

of heavy elements (for elements lighter than Fe, the dose increase is expected to be 

negligible [130]. 

Furthermore, the MC simulations show that no increase in overall dose 

deposition would be expected using MV X-rays and protons. However, various in vitro 

studies have reported significant radiosensitization effects with both radiation qualities 

[16], [24], [63], [109], [116], [117], [119], [131]–[134]. Finally, the observed 

enhancement values are generally higher than the predicted ones for almost all in 

vitro experimental results. Thus, the radiosensitization effect induced by NPs must not 

be attributed exclusively to the physical enhancement. 

 

 Chemical mechanisms effect 

 

In comparison to the physical and biological pathways of radiation enhancement 

by metal based NPs, chemical enhancement has not been extensively investigated. 

Despite the limited number of studies, findings to date suggest a significant influence 

on the radiolysis effects in biological systems, highlighting the importance of a chemical 

contribution to radiosensitization [135]. The main chemical effect contributing to the 

NP-induced radiosensitization, so far, is the production of ROS. In the literature, two 

main mechanisms by which NPs may enhance ROS generation are described. The 

first is based on the physical effect. The ionizing radiation interacting with NPs creates 

energetic charge-carrier pairs, known as hot carriers, which can diffuse through the 

NPs surface and cause the ejection of electrons from the surface at the nano/water 

interface [136], [137]. Since some LEEs have enough energy to ionize oxygen-based 

molecules surrounding NPs, they may lead to ROS formation.  
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The second mechanism involves catalytic processes. In contrast to the widely 

accepted notion that noble metals, such as gold, are chemically inert, an increasing 

number of studies have reported that the surface of NPs is electronically active and is 

capable of catalyzing chemical reactions [138]–[141]. NPs have a large surface/volume 

ratio and so a considerable amount of surface atoms are not fully coordinated. This 

leads to defects in their crystal structure, which results in reactive electron donating 

and accepting sites [135]. These sites may interact with reagents and/or stabilize 

reaction intermediates, leading to a decrease in reaction energy barriers. In vitro 

studies have confirmed that the catalysis by NPs occurs predominantly through the 

interaction of the surface with molecular oxygen, which facilitates the electron transfer 

mediated by the surface [77], [142]–[144]. For example, smaller size of NPs can trigger 

necrosis by oxidative stress and induce mitochondrial damages, which depends on 

their ability in an induction of enhanced ROS and oxidative stress after the radiation 

[145]. In the case of GNPs, it has been recognized that the radiosensitization is 

dependent on their surface chemistry [137].  

In order to assess the different routes of ROS, most of the studies in the 

literature used fluorescent chemical probes [62]. Some authors reported that the 

addition of NPs to water led to an increase the hydroxyl radical (OH•) levels  [20], [146] 

, which is considered the most harmful to cells. Other studies showed an increase in 

H2O2 [34], [147] as it has a longer half-life than other ROS species in cultured cells and 

therefore is a more convenient molecule to be detected. In addition, several ROS are 

converted to H2O2 within the cells. The relationship between particle size and ROS 

production was also evaluated, revealing that small NPs with larger surface area 

produced higher levels of ROS, further confirming the catalytic role of the NP surface 

[148]. Few authors described results that followed the same tendency to create ROS 

species after irradiation in the presence of NPs [149]–[152]. With regard to high LET 

radiation, even though some in vitro studies indicate radiosensitization assisted by NPs 

[153], [154], the production of radicals has not yet been quantified experimentally. Only 

the production of H2 on the surface of ZrO2 NPs irradiated with 5 MeV α particles was 

evaluated [155].  

Taken together, these studies provided evidence that NPs chemically enhance 

the effects of radiation by catalyzing radical reactions, and increasing the production 

of ROS. These highly reactive free radicals ultimately lead to radiation-induced cell kill 

by causing a cascade of ionization, and fixation of radiation-induced damage. 
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Furthermore, chemical enhancement, as described herein, may also have biological 

consequences by exerting oxidative stress as a result of the elevated levels of 

intracellular ROS. 

 

 Biological effects  

 

Based on the studies conducted to date, three main biological pathways for 

radiosensitization have been identified: (1) Oxidative stress, and mitochondrial 

dysfunction, (2) interruption of the cell cycle and (3) inhibition of DNA repair [14]. The 

biological contribution to radiosensitization is strongly dependent on the parameters of 

the particles; and therefore, the exact mechanism by which cells respond to biological 

stress exerted by NPs has yet to be determined. 

Most studies in the literature have investigated the impact of NP combined with 

radiation on DNA damage and repair mechanisms. Several authors reported higher 

DSBs numbers when cells were irradiated in the presence of metal-based NPs [95], 

[156]–[159]. Overall, the increase in DSBs in cells with internalized NPs was consistent 

with the clonogenic radiation cell survival in vitro. Due to the short-range effect of NPs 

it is often assumed that NPs need to be placed close to the DNA (within the cell 

nucleus) to induce DNA damage. But the vast majority of metal-based NPs have shown 

endo/lysosomal entrapment of NPs in the cytosol, restricting nuclear entry [25]. Thus, 

it has been proposed that enhanced DNA damage is due to an increase in ROS 

production, and consequently indirect DNA damage [160], [161].  

Although some groups attribut the higher post-IR RIF level to a higher DNA 

damage induction caused by physical and chemical enhancement, the reality seems 

to be more complex. In fact, some studies [162], [163] did not observe any significant 

difference in DNA damage post-irradiation, suggesting that NPs did not increase the 

amount of DSB produced by the irradiation. Despite these studies indicate that the 

presence of NPs did not influence the total number of DSBs per cell, they observed a 

decrease in the repair process rate. Therefore, DNA repair inhibition seems to be 

another biological mechanism of NP radiosensitization.  

As we can see, there is currently no consensus in the literature on the specific 

role of NPs in the process of DNA damage repair. Some of these studies were 

performed with doses ranging from 2 to 6 Gy, which correspond to a range where RIF-

dose relationship reachs a saturation indicating multiple DSB coalescence into single 
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RIF. Unfortunately, the loss of relationship between DSB and RIF prevents a clear 

understanding of these results. Although other groups worked in the linear RIF-dose 

range, they investigated NP impact on DNA repair by analyzing the RIF number at only 

one or two time-points post-IR [95]. This approach only offers a static view of a dynamic 

process lasting several hours. Therefore, it is still complex to conclude if the higher RIF 

number reported after irradiation in cells incubated with NPs is due to DNA repair delay 

or to a higher level of persistent DSBs. 

In addition to their indirect effects on DNA, like base oxidation, ROS also affect 

other biomolecules. Due to ROS chemical instability, they are capable of interacting 

with several types of biological molecules leading to severe damages to cellular 

components [164], [165]. Lipid peroxidation is one of the primary consequence of a 

cellular oxidative stress [166]. In addition, plasma membrane phospholipids and 

organelle membranes such as the mitochondria can be oxidized, leading to biophysical 

changes that disturb membrane and organelle function [164], [165]. Along this line, 

several author appoint the impairment mitochondrial function as a consequence of 

elevated intracellular ROS to be the mains mechanism to trigger oxidative stress [143], 

[159], [167]–[170]. 

It has also been reported that high-Z NPs can induce radiosensitization through 

cell cycle arrest, despite some studies did not evidence any significant change in cell 

cycle distribution [171]. The large majority reported a G2/M phase arrest coupled to a 

G0/G1 or S phase acceleration [145], [172] or an increase in the sub-G1 population 

[173][174]. Zhang et al. [175] reported that GNPs were able to induce cell cycle arrest 

in the G2/M phase and promoted cell apoptosis under 6 MV radiation. Also, Roa et al. 

[176] reported that glucose capped GNPs could accelerate the G0/G1 progression 

resulting in accumulation of cells in the G2/M phase and enhanced radiation sensitivity 

in the radiation-resistant prostate cancer cell line. Li et al [105] demonstrated that 

platinum NPs (PtNPs) could enhance radiosensitivity through cycle arrest under 

radiotherapy conditions. The PtNPs themselves had no effect on cell cycle distribution, 

but significantly enhanced radiation-induced G2/M arrest when the cells received 

combined treatment with PtNPs and X-ray irradiation. Despite increasing evidence that 

metal-based NPs can induce cell cycle arrest under radiotherapy conditions, it is still 

not possible to draw conclusions about it due to the lack of data regarding biological 

mechanisms and the great variability in experimental conditions used in the studies.  
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 METHODS 
 

 Synthesis and characterization of nanoparticles 
 

 Synthesis  

 

GNPs (GNP-naked) were synthesed by adapting Deraedt et al [177] method, 

which is based on the reduction of chlorouric acid (HAuCl4.3H2O) by sodium boron 

hydride (NaBH4). 30 mL of a 0.1 mM chlorouric acid solution was added to a 50 mL 

reaction flask and kept under constant stirring at room temperature. After 20 minutes 

of stirring, 10 mL of NaBH4 solution with a concentration of 7.9 mM was added to the 

solution. At the time of addition, the solution changed to a light pink color, indicating 

the formation of NPs. Stirring was continued for additional 5 min. After synthesis, the 

nanoparticles were washed with deionized water and collected by centrifugation in 

Amicon tubes, to concentrate the dispersion. This centrifugation process continued 

until the final volume of the solution reaches ~ 5 mL. 

Dextran-coated superparamegnetic iron oxide nanoparticles (SPION-DX) were 

prepared according to Oliveira et al. [178]. Briefly, FeCl3.6H2O was added to ice-cold 

dextran solution (0.9 mmol) in constant magnetic stirring for 30minutes, under N2 

atmosphere. Then, the FeCl2.4H2O was added to the mixture, which was inserted in a 

reflux system. A volume of 10mL of cooled NH4OH was added to the mixture and the 

reaction was conducted at 80ºC for 1.5h. The NPs were centrifuged in Amicon tubes 

(50k MWCO) to remove the remaining free dextran. Afterwards, an additional 

crosslinking step of the dextran shell was performed by adding 5 M NaOH and14 mL 

of epichlorohydrin into the solution, under magnetic stirring for 10h. Finally, for the 

amination of the coating, 60 mL of NH4OH (28%) was added to the solution and 

maintained under magnetic stirring for 24h.  The ammonia excess was extracted by 

dialysis, using Spectra/Pro® membranes and changing the deionized water every 30 

minutes. At the end, both NPs (GNPs and SPION-DX) were centrifuged in Amicon 



 

 

53 

tubes (50k MWCO) for 15 minutes and washed several times to eliminate undesired 

residues. The SPION-DX was kept in a sodium citrate buffer solution and both final 

solutions were stored in a refrigerator at 4ºC. 

 The GNP coated with PEG (GNP@PEG) were provided by Professor Mateus 

Borba Cardoso's research group, from the National Nanotechnology Laboratory 

(LNNano). 

 
 Transmission electron microscopy (TEM)  

  

 The analysis of the size distribution and morphology of NPs were performed 

using a transmission electron microscope, model Tecnai G2 T20 - FEI, located at the 

Central Laboratory of Microscopy and Microanalysis (LabCEMM), PUCRS. The NPs 

were dripped onto carbon film TEM grids and left to dry at room temperature. The grids 

were kept in vacuum for at least 24 h before TEM analysis. The average diameter of 

the NPs was measured using the ImageJ software. 

 

 Dynamic light scattering (DLS)  

 

 The measurements of the hydrodynamic diameter and the zeta potential of the 

dispersed NPs were performed in a Zetasizer, model ZEN3600 – Malvern at room 

temperature (~25 °C). Ultra-pure deionized water was added to the analysis cuvettes 

and the colloidal NP system was dripped into deionized water, in order to dilute the 

colloidal system by 100 times.  
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 In vitro assays 
 

 The in vitro assays were performed with U87 and M059J human GBM cells 

(ATCC, USA), the first one characterized as radioresistant and the second as 

radiosensitive. The assays were carried out in the facilities of the Applied 

Pharmacology Laboratory – PUCRS and of the department of Biological Sciences of 

Cells and Systems (BSCS) of the University Medical Center Groningen (UMCG). 

 

 Cell cultivation and NPs treatment 

 

The cells were cultivated in Dulbecco-modified Eagle Medium (DMEM), 

supplemented with 10% fetal bovine serum (FBS). The cultures were kept in a 

humidified cell incubator under ideal culture conditions (37ºC, 5% CO2, 95% humidity). 

The cells were incubated for 24 hours with GNP-naked, GNP@PEG and SPION-DX, 

dispersed in the DMEM 10% FBS at concentrations of 20, 50 and 100 µg/mL.  

 

 Cell viability assay  

   

 The MTT reduction assay (3-4,5-dimethyl-thiazol-2-yl-2,5-diphenyltetrazolium 

bromide) is a rapid method, often used to measure cell proliferation and cytotoxicity. 

The assay is based on the reduction of MTT during cellular metabolic activity, forming 

insoluble formazan crystals, which are blue or purple. The reduction of MTT to 

formazan is directly proportional to mitochondrial activity and cell viability. 

 To perform the test, the cells were collected from a culture bottle (stock) by 

means of trypsinization: the culture medium is removed, and the cells are washed once 

with PBS (Phosphate-Buffered Saline). The PBS is removed and replaced with trypsin, 

an enzyme that degrades adhesion proteins, causing detachment of the cells from the 

flask. After trypsinization, the cells are resuspended in the culture medium and counted 

in the Neubauer chamber with the help of trypan blue. Then, the cells were plated in 

96-well plates, at a concentration of 3,000 cells / well. The plates were incubated in the 

CO2 oven for 24 hours. After that, the culture medium was removed and the cells were 

treated with NPs diluted in the culture medium, in concentrations ranging between 0.01 

mM and 1 mM. The plates were again placed in the CO2 incubator. After 24 hours, the 

culture medium was removed, and the wells were washed twice with sterile PBS. 100 
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µl of the MTT solution in PBS (0.5mg / mL) was added to all wells and the plates were 

incubated for 2 hours. The MTT solution was removed from the plates and 100 µl of 

pure DMSO was added. Cell viability was quantified by measuring the average the 

absorbance at 490 nm (Spectra Max M2e, Soft Max® Pro 5, Molecular Devices).  

 

 Nanoparticle internalization  

 

 Intracellular localization of nanoparticles by TEM  

 

 The internalization of NPs by cells was evaluated by transmission electron 

microscopy (TEM). The cells were treated with NPs for 24h. Subsequently, the cells 

were centrifuged to form a pellet. Fixation was done with a solution containing 2.5% 

glutaraldehyde, 2% parafolmadeide and phosphate buffer. After fixing, the samples 

were washed three times with 0.1 M phosphate for 30 min. Post-fixation was done with 

Osmium tetroxide and 0.2 M phosphate buffer for 45 min and washed again. Then, the 

samples were dehydrated with acetone and soaked in resin for 24 hours. The cells 

already embedded in pure resin were left in the oven at a constant temperature of 60 

°C for 72 hours. Finally, the samples were cut by ultramicrotomy into 100 nm slices 

and placed in TEM grids. The images were acquired in a FEI Tecnai G2 T20 

microscope. 

 

 Elemental cellular uptake by ICP-MS 

 

Cellular uptake of nanoparticles determined using Inductively coupled plasma 

mass spectrometry (ICP-MS) (modelo Agilent-2012). U87 and M059J cells were 

seeded in 12-well plates and treated with NPs at 20, 50 and 100 µg/mL concentrations. 

Following the incubation period of 24 hours, the NP solution was removed, and wells 

were gently washed twice with PBS. Cells were trypsinized and counted using trypan 

blue to determine the total number of cells per sample. The cell suspension was 

centrifuged for 15 min at 1000 RPM. Pellets were then dissolved by aqua regia (three 

parts hydrochloric acid to one-part nitric acid) and the solution was diluted with 

ultrapure water. Reference measurements were initially carried out on a known 

concentration of each NP type, to obtain a reference curve relating the counts per 

second to the NP concentration. Each sample was then processed, and counts were 
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related to the reference curve to determine the elemental concentration of each 

material per sample. Results were then reported as the mass of NP element per cell 

(pg per cell).  

 

 Clonogenic assay 

 

 Immediately after irradiation the cells were collected by trypsinization and 

resuspended in 3 ml of culture medium. The number of cells in the resulting suspension 

was counted with the help of trypan blue and a Neubauer chamber, in order to establish 

the appropriate volume to be pipetted into 6 cm diameter test plates (dishes). The 

quantity of cells pipetted varied from 100 to 104 cells / dish, depending on the irradiation 

dose and cell line, according to Table 4.1. As M059J cells are radiosensitive, the 

seeding values had to be increased, to allow the formation of colonies. 

 
Table 4.1. Number of cells seeded per dish according to the irradiation dose and cell line. 

Dose (Gy) 0 1 2 4 6 8 

U87 100 100 200 500 1.000 10.000 

M059J 200 500 1.000 1.000 10.000 10.000 

 

 The dishes were kept in the incubator for 13-15 days, to allow the cells to form 

sufficiently large colonies. In order to reveal the colonies, the cells were stained with 

crystal violet: The medium was removed and the dye was added so that it covered the 

entire bottom of the dish (around 3 ml). Then, the crystal violet was removed and the 

dishes washed with water. After washing the dishes were left to dry at room 

temperature. Figure 4.1 summarizes the different steps of the clonogenic assay.  



 

 

57 

 
Figure 4.1. Summary of the different steps taken to perform the clonogenic assay,consisted of cell 

seeding prior to radiation, incubation of the cells with NPs for 24 hours, irradiation, seeding in culture 

dishes and  colony staining. 

 

Colonies with more than 50 cells were counted. All experiments were 

normalized for plating efficiency of control samples (0 Gy). The SF curves were 

obtained and fitted to the LQ model to extract the α and β parameters.The sensitization 

enhancement ratio at a 10% survival (SER10%) was extracted to quantify the 

effectiveness of the NPs in reducing cell survival after irradiation: 

 

𝑆𝐸𝑅;<% =	>#)(	-.	;<%	)?*@'@-&	A'.B#?.	C0)	(>&!'()!*)
>#)(	-.	;<%	)?*@'@-&	A'.B	C0)	(>+")

      (4.1) 

 
 

 DNA damage and repair (Immunofluorescence assay) 

 

 For this analysis, circular glasses with an approximate diameter of 1.5 cm (cover 

slips) were placed at the bottom of the wells before the cells were plated. The cells 

were incubated with NPs for 24 hours and irradiated with gamma and proton beams. 

The cells were then fixed in different periods of time after irradiation (15 min, 2h, 6h 

and 24h). with 4% PFA in PBS for 10 min at room temperature. Santa Cruz antibodies 

(mouse-anti-H2AX and rabbit-anti-53BP1) were used as primary antibodies and the 

Alexa Fluor antibodies from Life technologies (goat-anti-mouse-488-green and goat-

anti-rabbit-594- red) as secondary antibodies. The cells were permeabilized using 

0.2% Triton for 5 min. The wells were filled with 200 µL of a diluted (1: 500) solution of 
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the primary antibodies in blocking solution (2% BSA in PBS). After 1 hour, the primary 

antibody solution was removed and the secondary antibodies diluted to a concentration 

of 1: 1,000 in BSA blocking solution were added and maintained for an additional 1 

hour. From this step onwards, the samples were kept in the dark. The secondary 

antibody solution was removed and DAPI was added for 12 minutes. The coverslips 

were mounted with the DAKO mounting solution and fixed with enamel. Between each 

step, the samples were washed 3 times with PBS. To visualize the formation of foci, 

an Leica DM 4000B fluorescence microscope was used. The average number of foci 

per cell and the number of cells that showed foci were counted. 

 
Figure 4.2. Summary of the different steps taken to perform the immunofluorescence assay: 1st cell 

seeding prior to radiation, 2nd incubation of the cells with NPs for 24 hours, 3rd irradiation, 4th cell 

fixation at specific time points, 5th  antibody staining, and 6th analysis. 

 

 Nuclear Morphometric Analysis (NMA) 

 

In addition to DNA damage and repair studies, immunofluorescence images of 

DAPI-labeled nuclei were also used to perform the nuclear morphometric analysis 

(NMA) [179]. NMA is an image analysis tool able to indicate the proportion of cells in 

senescence, apoptosis or with nuclear irregularities in a cell population in vitro based 

on nuclear morphology. The NII Plugin of the Image J Software was used to extract 

the morphometric information about nuclei from the DAPI immunofluorescence 

images.  The contours of the cores were individually delimited with the "magic wand" 

tool, preventing excessive or wrong marks from occurring. The measures of nuclear 

area and of four parameters of irregularity, named Aspect, Area/Box, Radius Ratio and 

Roundness were extracted. These four parameters are used to generate a Nuclear 
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Irregularity Index (NII) which, added to area measurement, classify the nuclei in normal 

(N), irregular (I), small and regular (SR), small (S), small and irregular (SI), large and 

regular) or large and irregular (LR). Results were plotted as the nuclei area as a 

function of the NII. 

 

 

 

 

 Irradiation  

 

 Prior to irradiation, the cells were plated (12-well plates) at 105 cells / well and 

treated with NPs in culture medium, according to the protocol described in the previous 

sections. The plates were incubated with the NPs for 24 hours. After the incubation 

period, the cells were exposed to different beams of ionizing radiation at doses of 0, 1, 

2, 4, 6 and 8 Gy. In the case of protons, doses were up to 6 Gy. For each irradiation 

experiment, an untreated group was transported to the irradiation site, as a control 

group. All irradiations were performed with 70 - 80% of confluent cells. 

 

 662 keV gamma-rays 

 

 The irradiations with gamma-rays of 662 keV were carried out at UMCG in the 

BSCS department, with a 137Cs source (IBL 637 Cesium-137 g-ray machine). Figure 

4.3 A shows a photograph of the irradiation equipment. The 137Cs source is formed by 

four sealed stainless-steel tubes that contain the radioactive material. At the time of 

irradiation, the source is 25 cm from the base of the chamber and is kept in an armored 

compartment. The equipment has a cubic irradiation chamber (40 cm of edge to edge) 

divided into 4 levels, depending to the distance in relation to the source (Figure 43 B). 

The dose rate is measured for each level, and the irradiation dose is controlled by the 

exposure time. Due to the 137Cs decay, the dose rate and irradiation times are updated 

annually by the BSCS. 
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Figure 4.3. A) IBL 637 Cesium-137 g-ray machine. B) Representation of the interior of the irradiation 

chamber, representing the levels of irradiation, the source of 137Cs and the position of the 12-well 

plate.  

 

The irradiations were performed following the BSCS protocol. The plates were 

positioned in the center of level 45, where the irradiation region is delimited by a circle 

with a diameter of around 10 cm and the dose rate is 9,445 mGy/s. The exposure time 

was fixed on the equipment, according to the pre-established values and is controlled 

by a shutter in front of the source.  

 

 6 MV Clinical Accelerator 

 

X-ray irradiations were performed in the Radiotherapy Center of Hospital São 

Lucas at PUCRS in a 6 MV linear accelerator (Clinac IX and Clinac Trilogy by Varian), 

which are standard in radiotherapy services. 

 To perform the irradiations, we developed an acrylic phantom of 30cm X 30cm 

with a slot for the culture plates in the central region (Figure 4.4 A-C). The phantom 

was made so that the plate can be easily removed, but still minimizing the volume of 

air between the plate and the walls of the phantom. In addition, a 3 cm solid water 

bolus was placed under the phantom/plate system to simulate backscattered radiation. 

Another layer of 5 cm of solid water is positioned between the plate and the exit of the 

X-ray beam for build-up. 
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Figure 4.4. A – C) Sheme of the acrylic phantom constructed for the irradiation of cell culture plates. D 

The phantom-plate system is positioned between two boluses of solid water of 3 cm and 5 cm are 

positioned below and above the phantom, respectively. E – 12 well culture plate inside the phantom.  

 

 
 
Figure 4.5. A) Set up irradiation at radiotherapy center, Hospital São Lucas da PUCRS. The phantom 

is placed in the 6 MV Linac accelerator. B) Transverse tomographic image of the phantom, where the 

colored lines represent isodose curves and the isocenter was placed at the same position where the 

culture plates would be placed. The colored lines represent the isodose curves. C – Representative 

figure of the irradiation set up. The “x” in the center defines the region of interest, which coincides with 

the isocenter. Irradiation field 20 x 20 cm and source to surface distance (SSD) of 93 cm is 
represented.  
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The symmetry and flatness tests of the beam and the absorbed dose in the isocenter 

region were performed with the help of the medical physics team at the hospital. The 

irradiation planning was done based on tomographic images of the phantom, using the 

three-dimensional planning software Eclipse, Figure 4.5B. The coloured lines 

represent the isodose curves and the central region was placed at the same position 

where the cell culture plate would be placed. The irradiations were carried out with a 

20 X 20 cm field and a 93 cm SSD (source to surface distance). The size of the field 

was chosen so that the isodose curves were as uniform as possible in the region of 

interest.  

 

 

 Proton irradiations 

   

Proton beam irradiation was carried out at the KVI-Center for advanced 

radiation technology (KVI-CART), Groningen. Figure 4.6a shows a scheme of the 

irradiation line. The charged particles are extracted from the cyclotron to the irradiation 

line and after traversing a collimator system (about 3 m of air), it reaches the sample 

position on the XY table. The irradiation field had a diameter of 70 mm and 

homogeneity of ± 3%. 

The irradiations were performed following the KVI pre-established protocol. 

After incubating the cells with the NPs, the wells of the culture plates were filled with 

DMEM 10% FBS medium. The wells were sealed with parafilm, preventing the culture 

medium from leaking. The culture plates were positioned vertically with the side to 

which the cells are attached facing the exit of the proton beam. The protons were 

extracted out at 150 MeV/u with a fluence of 109 protons / cm2. The dose delivered to 

the cells was controlled by the exposure time, which were pre-set according to the 

irradiation protocol. After irradiation, it was necessary to wait a little more than 2 hours, 

as the samples became radioactive and to handle them it was necessary to wait for 

the activity to fall to safe levels 
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Figure 4.6. Beam line diagram KVI-CART. A - beam exit. B - collimator system. C - energy degrader. 

D - double collimator. E - XY table where the samples are placed. b) Culture plates are placed 

vertically in front of the beam, in position E. The side which the cells are adhered to faces the exit of 

the beam. 

 

 

 

a) b)
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 RESULTS AND DISCUSSION 
 

 Nanoparticles characteristics 
 

The TEM images revealed SPION-DX with approximately spherical shape and 

mean diameters around 5.1 ± 1.7nm (Fig.  5.1 a). This roughly corresponds to the size 

of the iron oxide core, as the organic coatings are not identifiable in the TEM images.  

GNPs showed a rounded shape with diameters of 5.9 ± 2 nm and 6.2 ± 1.3 nm, for 

GNP-naked and GNP@PEG, respectively (Figure 5.1 b and c). The mean 

hydrodynamic diameters of the NPs in ultrapure water dispersions are displayed in 

Table 5.1.  The mean values are larger than the physical sizes measured by TEM, as 

expected. The zeta potential (ζ), which indicates the surface charge, of the different 

NPs dispersed in ultra-pure water is also given in Table 5.1.  

 

 
Figure 5.1.TEM images of a) SPION-DX, b) GNP@PEG and c) GNP-naked. The scale bar represents 

10 nm. 

 
Table 5.1. Average TEM (D) and hydrodynamic (Dh) diameters, and zeta potential (z) of the NPs. TEM 

data were obtained from direct counting of individuals particles. Hydrodynamic diameters and zeta 

potential were obtained from DLS measurements of NPs dispersions in ultrapure water. 

Nanoparticle D (nm) Dh (nm) z (mV) 

GNP-naked 5.9 ± 2 31.8 ± 0.6 -18.8 ± 0.7 

GNP@PEG 6.2 ± 1.3 27.2 ± 1.1 -15.3 ± 0.6 

SPION-DX 5.1 ± 1.7 22.0 ± 1.4 +11.6 ± 0.3 

 



 

 

65 

 Quantification of cell uptake and intracellular distribution  
 
To investigate whether NPs were internalized by cells and to determine their 

intracellular location, U87 and M059J GBM cells were incubated with different 

concentrations of well dispersed GNPs and SPION-DX for 24h. Cellular uptake was 

quantified by ICP-MS and the intracellular localization was analysed by TEM. U87 and 

M059J cell lines represent two different GBM types, where differences in cellular 

uptake and radiation response are expected.  

Differences in cellular uptake were observed between cell lines and NP 

treatments, as shown in Figure 5.2.  The uptake of GNPs was shown to be proportional 

to the treatment concentration, where the uptake increases with increasing 

concentration. This was observed for both U87 and M059J cell lines. In the case of 

SPION-DX, the uptake of NPs was dependent on the cell line considered. Significant 

differences in uptake were seen for U87 cells exposed to different concentrations. For 

M059J cells no significant difference in cellular uptake was seen. For U87 cells, despite 

no significant difference was observed between 50 and 100 µg/mL, both treatments 

led to a higher internalization compared to the lowest concentration of 20 µg/mL. This 

result suggests a saturation in the internalization capacity of the cells. Overall, the 

uptake was higher for SPION-DX NPs than for the GNP-naked ones, except at 100 

µg/mL, where no difference was observed.  

When comparing uptake between cell lines, for GNP-naked the uptake was 

similar, except at 100 µg/mL (p*** = 0.0002), for which internalization was higher for 

U87 cells. For SPION-DX, U87 cells showed a considerably higher uptake than M059J 

cells (p* = 0.0120 for 20 µg/mL, and p** = 0.0011 for 50 and 100 µg/mL).  
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Figure 5.2. Uptake measurements determined using mass-spectrometry (ICP-MS), for a) U87 and b) 

M059J incubated for 24 hours with different concentrations of GNP-naked and SPION-DX 

nanoparticles. The results are presented as pg of gold and iron oxide per cell. P-values are presented 

as: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

 

As shown in Figure 5.3, NPs were localized within the cytoplasm in a very 

heterogeneous distribution. No particles were found inside the nucleus. Magnified TEM 

images show that NPs are present as aggregates on the order of hundred nanometres 

which may or not be within vesicles. We also observed few isolated NPs dispersed 

within the cells. In addition to the intracellular localization of the NPs, the analyses 

showed that the exposure to NPs did not alter the cell morphology.  

 

 
Figure 5.3. TEM micrographs of U87 cells exposed to 50 µg/mL GNP-naked showing a) NPs (black 

spots) localized within the cytoplasm, while none was found within the nucleus. b) Magnified TEM 

image from the same cell, showing the NPs within vesicle c) in aggregates. 
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It has been shown in the literature that depending on the cell type, differences 

in NP uptake can occur due to characteristics of the microenvironment, affecting NPs 

internalized within the cell [180]. Other factors such as the surface-to-volume ratio can 

affect uptake, as a larger ratio increases the probability of interacting with cellular 

receptors for uptake [181], [182]. Differences in uptake across cell lines were 

demonstrated by Dos Santos et al.[182] , where they investigated the level of uptake 

in five different cell lines, with negatively charged carboxylate poly-styrene (PS–

COOH) NPs.  

Previous work also reported the tendency of metal-based NPs to form 

aggregates when they are internalized by cells, usually in endo/lysosomal entrapment, 

restricting nuclear entry[171], [183]–[186]. Due to their size, NP uptake can follow the 

same internalization routes as biological molecules, such as proteins, viruses, or DNA. 

As a rule, the cellular transport of macromolecules occurs via endocytosis pathways 

[183], [186]. In addition, isolated NPs can be internalized through the cell membrane 

by passive diffusion and gradually be clustered, as they are transported by endosomes 

[186]. 

 
 Nanoparticles cytotoxicity 

 

Cytotoxicity of NPs in the absence of radiation was first evaluated through MTT 

assay. This is important to establish the background level of toxicity associated with 

exposure to the NPs alone. As it can be seen in Figure 5.4, for all concentrations 

considered, cell viability remained greater than 90% in all groups treated with NPs, with 

no statistically different viability levels evidenced.   

Several reports have shown negligible levels of toxicity of metal-based NPs in 

different cell lines [24], as in our study. However, other works such as Xia et al. [187] 

reported a significant genotoxic potential of commercially available 5 nm GNPs.  The 

authors observed a dose-dependent increment in DNA damage in HepG2 human liver 

carcinoma cells when incubated with 5nm GNPs for 24 hours. Such divergence may 

be attributed to the type of cell line under investigation. Factors such as cell uptake 

and cellular response to drugs or external agents are strongly dependent on cell type 

and are directly related to NP-induced toxicity. Specifically, the biocompatibility of GBM 

cells to GNPs and SPION have previously been reported [24], [109], [112]. In a recent 

study, Ahmmad et al.[112] assessd the effect of a 24h exposure to three different 
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commercial NPs (AuNP aurovist, AguiX and SPIONs) in U87 GBM and MCF-7 (human 

breast cancer) cells.  For both concentrations considered (0.2 and 0.5 mg/mL), all three 

NPs had no impact on the cells viability for either cell line. In another study, Jafari et 

al. [109] evaluated the cytotoxicity of SPIONs coated with PEG (PG-SPIONs) or not in 

U87 GBM cells.  The cells were incubated with different concentrations of NPs 

including 5, 25, 50,100 and 200 μg/ml for 24, 48 and 72 hours. For uncoated SPIONs, 

cells viability significantly decreases at concentrations above 100 μg/ml in all times, 

but it does not differ for PG-SPIONs. At lower concentrations, NPs did not affect cell 

viability. The authors attributed uncoated SPIONs cytotoxicity to formation of ROS, 

such as H2O2 and anion superoxides (O2−), which in turn causes oxidative stress  and  

toxicity  to  the  cells. The organic coating would prevent such reactions, which would 

decrease the citoxicity of NPs. 

 

 
Figure 5.4. MTT cell viability assay for a - c) M059J and, d) - f) U87 GBM cells after 24h incubation 

with GNP-naked (a and d), GNP@PEG (b and e) and SPION-DX (c and e) at treatment 

concentrations of 20, 50, 100, and 200 µg/mL. 
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 Radiosensitization effect 
 

Cell survival was quantified by standard clonogenic assays, and the resultant 

SF were plotted as a function of dose. To enable a clearer visualization, cell dose 

responses were plotted both as SF curves (semilogarithmic scale) and as bar graphs.  

As recommended [47], [72], we expressed the NP effect on radiation response in terms 

of a sensitization enhancement ratio at a 10% survival fraction (SER10%).  Values above 

1 mean that the treatment of interest enhances the cell death in comparison to control 

group.  The a and b values were extracted from the cell survival curves fitting to the 

LQ model. Fold change in a/b ratio is defined as the ratio of a/b from sample of interest 

(with NP treatment) on a/b from control sample (without NPs treatment). In addition to 

the clonogenic assay, immunofluorescence assays were performed with U87 GBM 

cells treated with GNP@PEG and GNP-naked and irradiated with gamma rays and 

proton beams to assess the mechanisms of DNA damage and repair. 

 

 Radiossensitization induced by gold and iron oxide nanoparticles in U87 
glioblastomas cells 
 

Figure 5.5a shows SF curves for U87 GBM cells pre-incubated during 24h with 

GNPs and SPION-DX at 20 μg/mL and irradiated with 6MV photons at doses up to 8 

Gy. The same data is presented in bar format, so that it is possible to analyse the 

statistically significant differences for the individual doses. From figure 5.5a, we can 

see that GNP-naked leads to an enhancement on radiation-induced cell killing 

compared to the effect of radiation alone. In fact, there is a significant reduction in U87 

cell survival at the 1 and 4 Gy doses. This effect is reflected in the values of SER10%, 

for which the GNP-naked treatment presented a value of 1.26.  

For SPION-DX NPs, the SF curve also suggests that the presence of NPs leads 

to an increase in cell death induced by radiation (SER10% = 1.08), although not as 

pronounced as for GNP-naked. At the lower doses of 1 and 2 Gy, the survival of cells 

treated with SPION-DX is slightly above the control group, forming a shoulder in the 

initial region of the curve. Such variations in curve shape are indicated by changes in 

α/β ratios. The presence of SPION-DX led to a significant decrease in α/β ratios of U87 

SF curves irradiated with 6 MV X-rays. The fold change was 0.06, indicating that the 
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curve for control cells is steeper than for treated cells. In contrast, the presence of 

GNPs induced an increase in α/β ratios after irradiation, with a fold change of 1.33. 

As mentioned in the Fundamentals Chapter, Curtis et. al [65] suggested a 

radiobiology significance of these parameters in his LPL repair model. In summary, an 

increase in the linear component of survival fraction [exp(-αD)], and consequently in 

α/β ratios means a more significant contribution of non-repairable such as DSBs and 

complex damage. The opposite is also true, a decrease in the in α/β ratios means a 

more significant contribution of repairable lesions. From this, we may assume that the 

decrease in α/β ratios for SPION-DX treatments indicates a greater proportion of 

repairable cell damage, and that indirect damage resulted from ROS production is the 

dominant process involved in the radiossensitization effect induced by this NP. On the 

other hand, an increase in α/β ratios for GNPs treatments indicates that the formation 

of lethal lesions, such as complex damage, is the most relevant process to the 

enhancement observed. 

 

 
Figure 5.5. a) SF curves for U87 cells after 24h incubation with 20 µg/mL GNP-naked irradiated with 6 

MV X-rays. The same data was plotted as bars b) for a better visualization. P-values are presented as: 

* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

 

GNPs were also effective when combined with the other beams tested. Figure 

5.6a shows SF curves for U87 GBM cells pre-incubated during 24h with GNP-naked 

and GNP@PEG at 20 μg/mL and irradiated with 662 keV gamma rays and 150 MeV 

protons. The respective bar graphs are shown as well (Figure 5.6b). Fold changes in 

α/β ratio as well as SER10% values are reported in Table 5.2. As we can see by the SF 
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curves in Figure 5.6a, the addition of GNPs led to a significant decrease in U87 cell 

survival for both gamma and proton irradiations. For gamma irradiations, SER10% 

values were 1.77 and 1.55 for treatments with GNP-naked and GNP@PEG, 

respectively. When evaluating the influence of NPs in individual doses, both treatments 

showed significant differences at 1, 2 and 4 Gy. From Table 5.3, it is evident that the 

addition of NPs increased α/β ratios (Fold change of 1.34 and 2.45 for GNP-naked and 

GNP@PEG, respectively). 

If we compare the case of GNP-naked at 20 mg/mL, the radiosensitization effect 

was stronger for gamma-ray (SER10% = 1.77), than for 6 MV X-rays (SER10% = 1.26). 

Such findings indicate that dose enhancement induced by GNPs decreases with 

increasing photon energy. Other studies have found similar results when comparing 

photons of different energies [188]. Based on physical enhancement, high-Z materials 

irradiated with low energy photons (such as gamma rays interaction used in this study), 

the photoelectric cross section dominates the mechanisms, leading to a local increase 

of energy deposition near the NP. As the photon energy increases, the Compton effect 

becomes predominant, decreasing the physical contribution of the LEEs in the local 

dose enhancement, which is the case for the 6 MV X-rays irradiations.  

The use of GNPs in combination with proton beams also shows a tendency to 

increase radiation-induced cell death, which was reflected in the SER10% values 

extracted from the SF curves (SER10% = 1.47 for GNP-naked, and SER10% = 1.31 for 

GNP@PEG) and an increase in α/β ratios (fold change of 1.62 for GNP-naked and 

1.52 for GNP@PEG). Such results contradict the expectation that GNPs would not be 

an effective radiosensitizer for proton therapy, due to the high density of ionizing track 

induced by protons and the weak dependence on Z of the ionization interactions of 

charged particles [133], [189]. Other studies have also shown that metal-based NPs 

have radiosensitizing potential when combined with proton beams, with enhancements 

being observed in both in vitro [20], [73], [92], [131] and in vivo [31], [134]experiments. 

The efficiency of gold to enhance the effects of proton radiation was confirmed 

in vitro by Polf et al. [131]. They observed a significant increase (15–19% RBE at 10 

and 50% survival, respectively) of prostate tumour cell mortality when loaded with gold 

containing phage-nanoscaffolds (44 nm diameter, 1 ng gold per cell) and irradiated by 

160 MeV protons. Kim et al.[134] attributed the amplification of tumor regression and 

mice survival treated by 40 MeV protons combined with metallic nanoparticles 

(complete tumor regression >37% with 100–300 mg gold/kg) is related to ROS 
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production in tumor cells. In addition, recent molecular scale experiments performed 

with platinum and gadolinium nanoparticles, activated by 150 MeV protons, highlighted 

the amplification of nanosize bio-damage [16]. Here again, the role of hydroxyl radicals 

was shown.  

Comparing the effect of the NP coating, overall, GNP-naked treatments were 

more effective in increasing radiation-induced cell death when compared to PEG-

coated particles, as can be seen by SER10% values in Table 5.3. Some studies have 

indicated that the polymeric coating can reduce the emission of LEEs by the particle, 

since its presence increases the distance that the electron must travel to interact with 

the biological environment [22]. It was also reported that polymeric coatings may 

reduce the catalytic effect of NPs [190], [191], by preventing surface electrons from 

contributing to chemical reactions induced by radiation, such as the water radiolysis. A 

recent theoretical study by Haume et al. [192] suggests that the presence of a layer of 

PEG around NPs of 1.6 nm dramatically reduces the production of hydroxyl radicals 

when irradiated by carbon ions. 

 

 
Figure 5.6. SF curves for U87 cells after 24h incubation with 20 µg/mL GNP-naked and GNP@PEG 

irradiated with a) 662 keV gamma rays and b) 150 MeV H+ beam. The same data was plotted as bar 

graphs c) and d) for a better visualization. P-values are presented as: * p<0.05; ** p<0.01; *** p<0.001; 
**** p<0.0001. 
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Table 5.2. Sensitization enhancement ratio calculated at a 10% survival (SER10%) for U87 cells irradiated 

by 662 keV gamma rays and 150 MeV protons after being pre-incubated during 24 h with 20 µg/mL of 

GNPs-naked and GNP@PEG. SF10% indicates the dose needed to reduce survival fraction to 10%. 

Fitting parameters (a and b) were calculated based on the LQ model. Fold change in a/b ratio is defined 

as the ratio of a/b from sample of interest (with NP treatment) on a/bfrom control sample (without NPs 

treatment). 

Beam Nanoparticle SF10% (Gy) SER10% Fold change in a/b ratio 

662 keV Gamma 

Control 6.33 - - 

GNP-naked 4.09 1.77 1.34 

GNP@PEG 3.57 1.55 2.45 

150 MeV Proton 

Control 5.06 - - 

GNP-naked 3.43 1.47 1.62 

GNP@PEG 3.86 1.31 1.52 

 

 

 Influence of concentration on the radiossensitization induced by 

nanoparticles 

 

Once the radiosensitization effect was confirmed for the 20 μg/mL treatments, 

the study was extended to investigate the effect of NP concentration. Figure 5.7a 

shows SF curves for U87 GBM cells pre-incubated during 24h with GNP-naked and 

SPION-DX at 20, 50 and 100 μg/mL, and irradiated with 6MV photons at doses up to 

8 Gy. The respective bar graphs are shown as well (Figure 5.7b). Fold changes in α/β 

ratio as well as SER10% values are reported in Table 5.3.  

In the case of GNPs, the radiosensitization effect increased with increasing 

treatment concentration. This correlates with statistically significant enhancement of 

elemental cellular uptake observed, where the internalization of GNPs increases with 

increasing concentration. The same was not observed for SPION-DX. For U87 cells, 

although significant radiosensitization effects were reported for all treatment 

concentrations investigated, our results suggested a saturation in the sensitization 

enhancement with respect to treatment concentration. SPION-DX were more effective 

at 50 μg/mL (SER10% = 1.61) than at 100 μg/mL (SER10% = 1.49). Regarding elemental 

uptake, no significant difference was observed. It is also interesting to note that the 

presence of SPION-DX had a positive impact in U87 control groups. In Figure 5.7b one 

can see that the SF of U87 cells at 0 Gy is significantly higher for all SPION-DX 
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concentrations. The cause of this effect is at present unclear. We speculated that this 

could be attributed to the effect of dextran in physiological cell function. Dextrans are 

mainly composed by glucose (which has a complex role in cell signalling, besides being 

the main source of energy of cells) [193], [194] which presence may lead to an increase 

in cellular resistance to radiation. 

Regarding the shape of the SF curves, higher concentrations of GNPs led to 

increasingly steeper curves, reaching a 13.78-fold change in α/β ratio at 100 μg/mL. In 

a recent review on gold nanoparticles as radiosensitizers, Penninckx at al. [72] 

calculated α and β parameters for cell survival curves from several in vitro studies, 

where a range of photon energies and distinct coatings were covered. In most of the 

cases, higher α/β were reported when GNPs were present during cell irradiation, as in 

our study. For U87 GBM cells irradiated with 6 MV X-rays, a lower increase of 1.06 in 

α/β fold change was found [112]. Closer values to those found in this study at 20 and 

50 μg/mL were obtained for 6 MV X-rays irradiations for MCF-7 (1.36) [112], and MDA-

MB-231 (from 1.41 to 1.86) [195], [196]  human breast cancer cells, and HeLa  cervical 

cancer cells ( from 1.12 to 2.13) [97], [197], but none as higher as the one we have 

found for 100 μg/mL. In the case of SPION-DX, despite the shoulder decreasing with 

increasing concentration, the fold changes kept values below 1, indicating that the 

radiation effect alone leads to the formation of a straighter curve. Although there is no 

information on α/β ratios variations for iron oxide nanoparticles, the relevance of 

indirect damaged induced by ROS production in the radiosensitization effect of these 

nanoparticle has been highlighted in the literature [20], [34], [67].  
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Figure 5.7. SF curves for U87 cells treated with different concentrations of a) GNP-naked, and c) 

SPION-DX, irradiated with 6 MV X-rays. The same data is plotted on the right (b and d) as bar graphs. 

P-values are presented as: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 

 

 Radiossensitization induced by gold and iron oxide nanoparticles in 
M059J GBM cells 
 

Figure 5.8a shows SF curves for M059J GBM cells pre-incubated during 24h 

with GNP-naked and SPION-DX at 20, 50 and 100 μg/mL, and irradiated with 6MV 

clinical photons at doses up to 8 Gy. The respective bar graphs are shown as well 

(Figure 5.8b). Fold changes in α/β ratio as well as SER10% values are reported in Table 

5.3. For M059J cells incubated with GNP-naked, all SER10% values were above 1, 

indicating that the presence of NPs increased radiation-induced cell death. Such 

enhancement is proportional to elemental cellular uptake, where the highest 

enhancement was achieved at 100 μg/mL (SER10% = 1.30). When assessing the effect 

on each radiation dose individually (Fig. 5.8b), there are significant differences 

between GNP-naked treatments and M059J control groups at 1 and 2 Gy. In addition, 

the presence of GNPs induced an increase in α/β ratios after irradiation and that such 
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increasing is proportional to treatment concentration. Fold change in α/β ratios for the 

same concentrations were 1.72, 1.96 and 2.29. 

For SPION-DX, at 20 and 50 µg/mL presented SER10% values of 0.87 and 0.95, 

respectively, indicating that for the treated cells, a higher radiation dose is necessary 

to eliminate the same number of cells as the control group. However, for the highest 

concentration treatment of 100 µg/mL, SPION-DX induced a small increase of 6% in 

cell killing. The shape of the survival curves for M059J cells incubated with SPION-DX 

did not differ much from cells subjected only to radiation. The α/β ratios obtained from 

20 µg/mL and 50 µg/mL curves were similar to control group (fold changes of 0.98 and 

1, respectively). Only for 100 µg/mL an evident decrease in α/β ratio was observed 

(0.57-fold change). Overall, the radiosensitization effect was not as pronounced for 

M059J cells as for U87 ones. 

 

 
Figure 5.8. SF curves for U87 cells treated with different concentrations of a) GNP-naked, and c) 

SPION-DX, irradiated with 6 MV X-rays. The same data is plotted on the right (b and d) as bar graphs. 
P-values are presented as: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. 
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Table 5.3. Sensitization enhancement ratio calculated at a 10% survival (SER10%) for U87 and M059J 

cells irradiated by 6 MV photons after being pre incubated during 24 h with GNPs and SPION-DX at 

treatments concentrations of 20, 50 and 100 µg/mL. SF10% indicates the dose needed to reduce survival 

fraction to 10%. Fitting parameters (a and b) were calculated based on the LQ model. Fold change in 

a/b ratio is defined as the ratio of a/b from sample of interest (with NP treatment) to the a/b from control 

sample (without NPs treatment). 

Cell line Nanoparticle Concentration SF10% (Gy) SER10% Fold change 
in a/b ratio 

U87 

Control - 6.28 - - 

GNP-naked 

20 µg/mL 4.98 1.26 1.33 

50 µg/mL 4.28 1.46 2.17 

100 µg/mL 3.08 2.04 13.78 

SPION-DX 

20 µg/mL 5.42 1.15 0.06 

50 µg/mL 3.89 1.61 0.38 

100 µg/mL 4.21 1.49 0.46 

M059J 

Control - 3.46 - - 

GNP-naked 

20 µg/mL 3.20 1.08 1.72 

50 µg/mL 3.11 1.13 1.96 

100 µg/mL 2.66 1.30 2.29 

SPION-DX 

20 µg/mL 3.98 0.87 0.98 

50 µg/mL 3.64 0.95 1.0 

100 µg/mL 3.26 1.06 0.57 
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 Influence of gold nanoparticles in radiation-induced DNA damage 
and repair mechanisms 
 

The cells were fixed at 15 min, 2, 4 and 24 hours after irradiation, following 

staining with antibodies, as described in Section 4.2.5, for analysis of DNA damage 

and repair. Examples of images of cells fixed at 15 min post-radiation are shown in 

Figure 5.9. The presence of gH2AX and 53BP1 foci is easily detected by red and green 

fluorescence spots, respectively, within the nuclei. Cell nuclei were labeled with DAPI. 

As we can see in Figure 5.9a, control cells do not show gH2AX-foci, while irradiated 

cells (Figure 5.9 b and c) have a large number of green spots. As 53BP1 is involved in 

cellular mechanisms other than just DNA repair, it is common to find some foci in 

control cells [58]. Nevertheless, irradiated cells have a greater number of 53BP1-foci 

than control group.  

The extent of DNA damage was expressed as average number of  gH2AX- and 

53BP1-foci per nucleus cell or mean percentage of gH2AX- and 53BP1-positive nuclei. 

A positive nucleus is a nucleus showing at least one clear visible fluorescent spot. 

Figure 5.10 shows the quantification of number of foci per cell, as well as the 

percentage of positive cells for U87 GBM cells treated with 20 µg/mL GNP@PEG and 

GNP-naked and irradiated with 662 keV gamma rays and 150 MeV proton beam. One 

can see that the presence of GNP-naked and GNP@PEG induced significant higher 

levels of DSBs at 4 hours post-irradiation for both radiation types. When combining 

gamma radiation with GNP@PEG, there was also a significant enhancement in gH2AX 

foci/cell when considering immediate damage (15-min time point).  

By analyzing the number of positive cells for foci formation, one can see that for 

both proton and gamma radiation, the cells treated with GNPs showed a decrease in 

the number of cells with repair foci 24 hours post-irradiation, while there is no difference 

for cells that show damage sites. These findings show that the presence of GNPs 

induced a higher number of cells with residuals DSBs, which cannot be repaired 

anymore. The increase in residual DSBs is consistent with our clonogenic results, 

where the presence of GNPs led to lower cell survival. 
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Figure 5.9. Analysis of DNA damage (DSB) and repair of irradiated U87 GBM cells. Cells were incubated 

with 20 µg/mL GNP@PEG and GNP-naked for 24 hours. DNA DSBs sites were detected by 

immunofluorescence with anti-gH2AX (green) and repair by anti-53BP1 (red).  DAPI stain the nuclei. A 

control group (a) was taken to the irradiation site, but it was not exposed to radiation. Cells were 

irradiated with b) 662 keV gamma rays and c) 150 MeV H+ beam and fixed 15 minutes post-irradiation. 
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Figure 5.10. Number of 53BP1 and H2AX foci per cell counting and average percentage of positive 

cells for U87 GBM cells incubated with 20 µg/mL GNP@PEG and GNP-naked for 24 hours. Cells 

were irradiated with 662 keV gamma rays (a and b) and 150 MeV H+ beam and fixed at different time 

points post-irradiation. P-values are presented as: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 

 

Although it is often assumed that NPs need to be placed within the cell nucleus 

to induce DNA damage, our findings demonstrate that GNPs can increase residual 

DSBs even though they are located in the cytoplasm. It has been proposed in the 

literature that enhanced DSBs is due to an increase in ROS production, and 

consequently indirect DNA damage [160], [161]. If the volume of indirect damage is 

high enough, the probability of complex damage generation increases, which would 

saturate the cell's repair mechanisms. Other studies [162], [163] proposed that the 

presence of NPs did not influence the total number of DSBs per cell, but rather a 

decrease in the repair process rate. Both hypotheses are in line with what we have 

observed in clonogenic assays. Concerning ROS production, the steeper curves of 

cells irradiated in the presence of GNPs indicate a higher contribution of lethal damage, 

which may be achieve by a great volume of indirect effect, leading to DNA complex 

damage. The second hypothesis also seems to be in agreement with our results, since 

no differences were observed in the total number of DNA damage after 24 hours, but 

there was a significant decrease in the number of cells undergoing repair. In addition, 
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if the volume of complex damage is large enough, cell repair mechanisms can become 

saturated, leading to cell death. 

Chithrani et al. found that incubation of HeLa cells with 50 nm citrate-AuNPs 

increased the number of gH2AX and 53BP1 foci at 4 and 24 h post-irradiation at both 

220 kVp and 6 MV energies. Based on these findings, the increased residual damage 

in the presence of nanoparticles, which is indicative of delayed DNA repair, was 

suggested to be a key mode of radiosensitization [197]. Further evidence for GNP- 

induced inhibition of DNA repair was provided by Cui et al., who reported a significant 

increase in the residual DNA damage (24 h post-IR) in cells irradiated with 250 kVp X-

rays in the presence of 2.7 nm tiopronin-GNPs, while no effect was seen on the initial 

(30 min post- IR) levels of DNA DSBs [162]. Based on these findings and considering 

the influential role of DNA repair in radiosensitization, inhibition of DNA damage 

response pathways appears to be a plausible mechanism of dose enhancement by 

GNPs.
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 Changes in nuclei morphology induced by the presence of GNPs 
during irradiation  

 

Analysis of nuclear morphology after irradiation was also conducted as a 

complement to the DNA damage/repair studies. Figure 5.11 shows preliminary results 

of NMA of U87 cells irradiated with 662 keV gamma rays. The figure displays the 

distribution of nuclei area versus nuclear irregularity index (NII) for U87 GBM cells 

incubated for 24h with GNP@PEG, and GNP-naked. Results for irradiations with 150 

MeV H+ is shown in Figure 5.12. The control (non-irradiated and not incubated with 

GNPs) and the irradiated control (irradiated and not incubated with GNPs) groups are 

plotted overlaying the data from irradiated samples. The graph is divided in six regions; 

N: normal, I: irregular, LR: large regular; LI: large irregular; SR: small regular; SI: small 

irregular. In the normal (N) region of the graph there is an ellipse defined from a 

population of normal/regular nuclei, delimiting the region that corresponds to the 

normal cells. In all cases, non-irradiated control cells (red spots) have a homogeneous 

and uniform distribution, remaining inside or close to the normal ellipse.  

 
Figure 5.11. Distribution of nuclei for U87 GBM cells incubated for 24h with a-d) GNP@PEG, and e-h) 

GNP-naked and irradiated with 662 keV gamma rays. The distribution of nuclei is represented as a 

plot of area versus NII. N: Normal nuclei (crosses represent nuclei used to establish the reference 

population and the ellipse that represents the conjoint distribution for area and NII for normal nuclei); I: 

irregular, LR: Large Regular; LI: Large Irregular; SR: Small Regular; SI: Small Irregular.  
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Figure 5.12. Distribution of nuclei for U87 GBM cells incubated for 24h with a-c) GNP@PEG, and d) 

and e) GNP-naked and irradiated with 150 MeV H+. The distribution of nuclei is represented as a plot 

of area versus NII. N: Normal nuclei (crosses represent nuclei used to establish the reference 

population and the ellipse that represents the conjoint distribution for area and NII for normal nuclei); I: 

irregular, LR: Large Regular; LI: Large Irregular; SR: Small Regular; SI: Small Irregular.  

 
 

The population of cells irradiated with 662 keV gamma rays is mostly located on 

the left upper region of the graph, for all investigated time points, indicating nuclei with 

area above the normal ellipse, but with NII similar to normal ones. Cells incubated with 

20 µg/mL GNP@PEG and subjected to radiation present a similar morphology to those 

exposed to radiation alone, except for the 24h-time point, where the distribution of the 

nuclei shifts to the upper right region of the graph. Such nuclei have an area above the 

"normal ellipse", but with NII higher than that of normal ones. For GNP-naked this shift 

is observed at 2-, 4- and 24-hour time points. Only at 15-min post-irradiation the 

morphology of the nuclei is like that of nuclei that have been exposed to radiation alone. 

In the case of irradiations with 150 MeV protons, the irradiated cell population 

also shifts to the upper region of the graph, indicating large and regular nuclei. Cells 

that were incubated with GNPs have a similar morphology to unexposed cells, except 

for GNP-naked at 24-h post-irradiation, where a fraction of the population of cells 

incubated with NPs is in the upper right region of the figure. These results indicate that 
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the presence of GNPs during irradiation lead to changes in cell morphology not only in 

relation to the control group, but also in relation to irradiated cells not exposed to 

nanoparticles. 

Alteration in nuclear morphology occurs in physiologic situations, like during 

mitosis, and in several processes associated with cell death. These modifications 

include increase in nuclear size observed in senescence, and increase in nuclear 

irregularity observed in several conditions, such as chemical or physical stresses, 

defective activation or inactivation of cell checkpoint signaling processes, or 

exogenous agents that affect microtubule dynamics or chromatin remodeling[198], 

[199]. 

When the distribution of nuclei is in the normal region of the plot, it indicates that 

the cells are in Interphase without damage that affects nuclear morphology. Cell 

migration to the LR region indicates that they are entering senescence [179]. 

Senescence produces a drastic increase in cellular and nuclear size, but its contour 

remains within the patterns of a regular cell. Accumulation of nuclear DNA and 

mitochondrial damage can lead to cell senescence, and consequently loss of  their 

proliferative capacity [47]. Based on that, one can assume that irradiation generate 

enough damage for the cells to lose their reproductive capacity irrespective of the 

presence of NPs. These findings are in agreement with the results obtained in 

clonogenic assays, where colony formation is reduced for irradiated cells. 

Furthermore, the shift to the upper right region induced by the presence of 

GNPS indicates that the cells suffered a significant nuclear damage, which may 

indicate a mitotic catastrophe or other nuclear damaging event. This is in agreement 

with the increase in DSBs observed for a time point of 4 hours post-irradiation and with 

the increase in residual DSBs after 24 hours. Taken together these findings indicate 

that the induction of non-repairable (lethal) damage is one of the mechanisms 

responsible for the radiosensitization effect induced by GNPs. 

It is important to highlight that the nuclear morphology method is too simplistic 

for a definitive identification of such complex cellular processes. Final identification of 

these processes must be confirmed with standard techniques for each individual 

process. However, the ability to easily identify these processes simultaneously gives 

this tool the advantage of an overview of the population dynamics related to these 

processes. 
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 CONCLUSIONS 
 

Metal-based NPs have been shown to be a strong candidate as radiosensitizer 

agents, but despite having been extensively explored in the literature, the great 

variability in the methods of quantification and the studied variables, there is a great 

difficulty in translating preclinical studies into clinical trials. Therefore, the present study 

used robust and systematic model to investigate the basic mechanism of the 

radiosensitization process assisted by metal-based NPs. We followed the standardized 

recommendations to report on the efficacy of NP-enhanced radiotherapy, highlighting 

metrics such as NP cellular uptake, cell survival (using fitting parameters α and β 

obtained from the linear-quadratic (LQ) model), and the enhancement sensitization 

ratio at 10% survival (SER10%). In addition, we investigated a wide range of treatment 

concentrations, comparing different types of NPs.  

In conclusion, we have demonstrated a significant radiosensitization effect 

induced by metal-based NPs in GBM cell lines using different types of radiation, 

including a clinical 6 MV photon platform. The radiosensitization values found are 

superior to enhancements reported in other works in the literature, reaching a 2-fold 

increase. The presence of SPION-DX caused a significant reduction in cell survival 

when combined with ionizing radiation, achieving enhancements of 61%, even when 

no enhancement is expected due to the low Z of iron. Other studies have evaluated 

the potential of iron oxide NPs as radiosensitizers, but none have systematically 

evaluated the effect of different concentrations, and most used simpler analytical 

methods, such as MTT assays [109]. From our findings, the radiosensitization effect of 

SPION-DX seems to reach a saturation point, where similar values of sensitization 

enhancement with respect to concentration were found above 50 µg/mL. In addition, 

fold changes in a/b ratios kept values bellow 1, despite the shoulder decreasing with 

increasing concentration. According to the LPL model, this indicates that the presence 

of SPION-DX induced a greater proportion of repairable cell damage. 

For GNPs, cell survival was dependent on NP concentration, where the 

radiosensitization effect increased with increasing treatment concentration. This 

correlates with the statistically significant increase of elemental cellular uptake 

observed. NPs also affects the shape of SF curves, where higher concentrations of 

GNPs led to increasingly steeper curves. From this, we may assume that the presence 
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of NPs is inducing an increase in lethal damage, preventing the repair from being 

successfully performed. In addition to these findings, our immunofluorescence assay 

revealed that the presence of GNPs during irradiation increased residual DSBs. NMA 

results corroborate such findings, where cells irradiated in the presence of NPs 

presented morphologies related to nuclear damage and mitotic catastrophe. Such 

alterations were observed in the mechanisms of DNA damage and repair, even though 

the NPs were located in the cytoplasm. We can assume two mechanisms to explain 

this effect, the first is based on the hypothesis that NPs induce a large production of 

ROS, which form a cluster of complex DNA damage, saturating the repair mechanisms. 

A second plausible hypothesis is that NPs inhibit DNA repair processes, leading to an 

increase in residual DSBs. 

GNPs were also effective when combined with different types of radiation to 

induce an enhancement in U87 cell killing. In addition, it was evident that the NPs 

increased α/β ratios for all radiation types. When comparing the different photon 

energies, gamma rays induced the most significant decrease in cell survival, when 

compared to 6 MV X-rays. Such findings indicate that dose enhancement induced by 

GNPs decreases with increasing photon energy, which can be explained by the 

contribution of photoelectric effect for low energy photons. The coating was also found 

to be important, as GNP-naked treatments were more effective in increasing radiation-

induced cell death when compared to PEG-coated particles. This may be attributed to 

the reduction of the production of LEEs and hydroxyl radicals due to the presence of a 

layer of PEG around GNPs. 

It is also interesting to note that the NP-induced radiosensitization was not as 

pronounced for the radiosensitive cells as for the radioresistant ones. One may assume 

that, as radiosensitive cells are already susceptible to radiation-induced death, the 

presence of NPs produces more damage than is actually needed to kill the cells, 

generating an overkill-like effect. 

From our findings the complex nature of NP-enhanced radiotherapy was 

demonstrated, highlighting the dependence of radiosensitization mechanisms on NP 

design, treatment concentration, type of radiation and investigated cell line. Due to 

such complexity, future studies are needed to elucidate the exact mechanism of action 

in a biological system. 
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  FUTURE STUDIES 
 

Although important experimental correlations were observed between NP type, 

concentration and coating, and their sensitization capacity, further studies are needed 

to better understand the mechanisms involved. First, it is necessary to expand the data 

already collected, exploring other cell lines, including different types of cancer and 

normal tissue cells. It is also important to investigate other designs of NPs, evaluating 

different combinations of elemental material and coating. Furthermore, it is necessary 

to elucidate the precise mechanisms of radiosensitization at the molecular and cellular 

levels, including the potential impact on cellular signalling, quantification of ROS, and 

further DNA damage/repair assays. 

We shall also comment on the limitations of monolayer cell cultures which may 

not reflect the complexity of tumor/normal tissue environment [200], such as cell-cell 

and cell-matrix interactions, which contribute to essential cellular functions in 

proliferation, differentiation and survival [201], [202]. Hence, future in vitro studies 

should be conducted using organoids ( ideally with patient-specific cell lines), as this 

captures the true intratumor heterogeneity and tumor microenvironment [202], [203]. 

In addition, comparing the response of tumor-derived organoids with the response of 

normal tissue organoids or possibly even co-cultures are needed to establish the 

therapeutic window and improve our knowledge on the mechanisms involved in the 

radiosensitizing effect of NPs.  

Furthermore, future in vivo studies must be performed to investigate drug 

metabolism, pharmacokinetic screening, biocompatibility, physicochemical properties 

and NP stability in a complex biological model. Concerning GBM treatments, we must 

consider the central nervous system (CNS) environment, which will influence cell 

response. For example, GBM cell lines have been shown to exhibit metastatic 

behavior, whereas brain tumor metastasis does not occur in vivo [204]. Therefore, it is 

relevant to study the effect of NPs on GBM radiotherapy in a confined CNS 

environment. Besides, the blood brain barrier (BBB) is an important factor that needs 

to be taken into account. For that, a more advanced NP formulation using a coating 

that allows crossing the BBB may be needed. Otherwise, intratumoral injection of NPs 

may be a realistic option for a faster clinical translation.  
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In view of the complex interdisciplinary nature of the radiossensitization effect, 

the clinical transition will require the strengthening of collaborations between 

multidisciplinary scientific teams and medical/pharmaceutical partners. This will enable 

to bridge the regulatory gap, one of the main obstacles to current developments of 

nanomedicine.  
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