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Abstract This chapter gives an overview of “ARGENT” (“Advanced Radiother-
apy, Generated by Exploiting Nanoprocesses and Technologies”), an ongoing inter-
national Initial Training Network project, supported by the European Commission.
The project, bringing together world-leading researchers in physics, medical physics,
chemistry, and biology, aims to train 13 Early Stage Researchers (ESRs) whose
research activities are linked to understanding and exploiting the nanoscale processes
that drive physical, chemical, and biological effects induced by ionizing radiation
in the presence of radiosensitizing nanoparticles. This research is at the forefront
of current practices and involves many experts from the respective scientific disci-
plines. In this chapter, we overview research topics covered by ARGENT and briefly
describe the research projects of each ESR.
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1 Introduction

Cancer remains a major health concern. Around 50 % of patients receive radiotherapy
as part of their cancer treatment. The main limitation of this treatment is the lack
of tumor selectivity, which causes severe side effects, and radioresistance. The most
promising developments to improve the performances of radiation-based therapies
are the use of fast ion-beam radiation (proton and carbon therapy) and nanoparticle-
enhanced therapies.

The new FP7 European multi-ITN (Marie Curie Action Initial Training Network)
project, named “Advanced Radiotherapy, Generated by Exploiting Nanoprocesses
and Technologies” (ARGENT), has been in progress since March 2014. This project
was built upon the strong foundations of the Nano-IBCT community and the “Nano-
IBCT” COST Action [1]. The main objective of the intersectoral and multidiscipli-
nary ARGENT ITN is to create a new generation of researchers and experts able
to develop and propose to society new tools and concepts for the improvement of
cancer therapy treatments.

ARGENT brings together world-leading researchers of different disciplines,
namely, physicists and medical physicists, chemists, biologists, medical doctors,
and small or medium-sized enterprises (SMEs), with the aim of understanding and
exploiting the nanoscale processes induced by ionizing radiation. The consortium
aims at training 13 Early Stage Researchers (ESRs) whose research activities are split
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“Preclinical Evaluation”. The ARGENT scientific objectives, which are the main
concerns of these work packages, are the following:

e to advance understanding of the physicochemical processes initiated by the inter-
action of various forms of radiation with biological matter in the perspective to
predict and control the effects of new treatments;

e to develop new nanodrugs able to direct and improve the application of these
nanoscale phenomena for best patient benefit;

o to further the understanding of how the effects of these nanoscale phenomena can
change clinical practice, and to evaluate the use of the new methods and tools
developed in this project for better patient outcomes.

The “Nanodosimetry” unit combines experimental and computational techniques
to answer the most fundamental questions regarding the mechanisms present in
radiation-induced damage in cells. A group of ESRs study biomolecules, nanoa-
gents and their mutual interaction when activated by slow and fast incident charged
particles. This approach is crucial for the optimization of the interactions of potential
nanodrugs with radiotherapy protocols.

The “Therapeutic Nanoagents” unit is composed of ESRs with a background in
chemistry, pharmacy, biology and medical physics. This multi-disciplinary approach
aims at synthesizing, characterizing and testing the properties and effects of potential
new generation nanodrugs able to amplify radiation effects and to improve diagnostic
performance. Cell uptake and localization of the nanoagents are also included to
complete the investigation. The combination of nanoparticles with medical radiation
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(X-rays and fast ions used in radiation therapy) is studied from molecular to cellular
scales, up to in vivo.

The “Preclinical Evaluation” unit combines their efforts to establish a link between
nanoscale interactions and clinical effects, through investigating how nanoscale
processes initiated by the interaction of radiation with living matter affect biological
responses. Combining advanced experimental, theoretical and modeling tools, this
team investigates nanoscale interactions for preclinical testing in cell-based models
and explores their clinical applicability. The major goal of this team in ARGENT is
to evaluate the use of the new methods and tools developed in the project for better
patient outcomes.

This chapter provides an overview and background on activities that are being
carried out within the ARGENT project. The chapter is organized as follows.

Sections 2-9 are devoted to experimental and theoretical studies of the properties
of nanoparticles (NPs) proposed for radiation therapy applications and their interac-
tion with cells. Section 2 introduces the idea of using NPs in radiation therapy and
outlines different types of the systems used in ARGENT. Section 3 gives an overview
of different techniques for the NP synthesis and characterization. Section 4 is devoted
to functionalization of NPs by different ligands aimed for a better localization of NPs
in tumors. Section 5 is devoted to the computational modeling of NPs and the inves-
tigation of their properties. Section 6 presents an overview of the NP toxicity studies.
This problem is of crucial importance because the biological response induced by
NPs is governed by physical and chemical properties that impact important cellular
processes. Section 7 describes recent studies of the structure and stability of blood
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proteins upon interaction with NPs. Section 8 provides a description of the cell lines
which are used within ARGENT to perform experimental studies with different in
vitro models. Section9 describes the methods for measuring the NP uptake into
different cells and makes an overview of preliminary results of the corresponding
experiments.

The physical and chemical phenomena appearing due to interaction of biomole-
cular systems with ionizing radiation are the main topic of the research described
in Sects. 10-13. Section 10 gives a background for particle track simulations along
with a deeper discussion of the computer codes used in the project. Section 11 is
devoted to the computational simulation of nanoscale shock waves induced by fast
heavy ions traversing biological media. This mechanism of radiation damage may
affect the distribution of free radicals and other reactive species formed after irradia-
tion. The production of free radicals and the oxygen effect are described in Sect. 12.
Section 13 describes experimental and theoretical methods for analyzing the effects
of secondary species formed due to radiation on biomolecules and water.

Sections 14—16 are devoted to experimental and theoretical studies of the inter-
action of NPs with ionizing radiation and the impact of nanoscale phenomena on
the resulting biological damage. Section 14 describes experimental studies of elec-
tron emission from ion-irradiated metallic NPs; the emission of low-energy sec-
ondary electrons induced by ionizing radiation is currently considered as one of the
main mechanisms underlying the radiosensitizing properties of NPs. The impact of
nanoscale processes on biodamage complexity is covered in Sect. 15. It describes
some results obtained up to date towards the understanding of the physicochemi-
cal processes initiated by the interaction of various forms of ionizing radiation with
biological matter. Section 16 describes the various modes of experimentation and
pre-clinical trials to be undertaken by the ARGENT group—using both photon and
ion radiation in vitro and in vivo. These studies should allow us to define optimal
treatment protocols that are able to improve tumor treatment whilst decreasing the
side effects on healthy tissue.

Finally, Sect. 17 briefly summarizes the different aspects covered in the chapter.

2 Exploration of Nanoparticles for Radiation Therapy
Applications

Nanoparticles (NPs) represent the diverse set of colloidal structures that encompasses
metals, inorganic materials (e.g., carbon or silica), peptides, proteins, bio- or synthetic
polymers or hybrid compounds in conjugated or unconjugated forms. Although many
different shapes have been reported, the spherical model has been widely studied
and often discussed in this context with the expected size range of 10-100 nm.
Nanoparticles having this size can be expected to be preferentially accumulated in
the cancerous tissue owing to the widely cited phenomenon “Enhanced Permeation
and Retention (EPR) Effect” [2].
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Different aspects need to be taken into account when developing new NPs, such
as the composition, size and shape, as well as surface coating and charge. These
parameters can influence the uptake by cells, their biological response and interaction
with radiation.

Metallic NPs composed of elements with high atomic number (high-Z elements)
have been widely investigated because of strong electron emission after interaction
with ionizing radiation, which is more pronounced as compared to small metal-
containing molecular agents, good biocompability, an easy surface functionalization
by attachment of ligands, and the possibility of synthesis in a wide range of sizes
[3-9]. The use of NPs for radiosensitization was first demonstrated by Hainfeld
et al. [10] using 1.9nm gold nanoparticles (AuNPs) delivered systemically prior to
irradiation in mice exhibiting mammary carcinomas. Other metal-based NPs made of
platinum and silver have also been successfully used to radiosensitize cells although
they are not as easily functionalized as gold, and silver has less biocompatibility
and more toxicity [3, 6, 11-14]. Another choice is gadolinium which is used mainly
for its contrast properties for magnetic resonance imaging (MRI). Gadolinium is
toxic for cells and therefore must be chelated onto a core of another material such as
polysiloxane or gold, thus reducing its cytotoxicity [15, 16] (see Sect.3).

Some of the physical properties of NPs heavily influence their biological com-
patibility, effect and range. In this section, we detail some of the main properties
that can be controlled in the synthesis process and the choice of NPs used within the
ARGENT project.

2.1 Effects of Nanoparticle Size on the Uptake

The size of NPs used for radiosensitization not only affects how they interact with
the biological system, but also how they interact with the radiation source. Moreover,
biodistribution and the route of elimination from the body are also dependent on the
NPs size.

Avoiding accumulation of NPs in non-targeted organs such as the heart and liver
is a major concern as it may potentially cause long-term side effects; therefore,
non-biodegradable NPs should be designed to be rapidly eliminated from the body.
Elimination is mainly achieved through renal clearance, which has been demonstrated
for NPs smaller than 6nm [17-19].

Although experiments have a tendency to point to a maximum cell uptake of NPs
between 20 and 60 nm [20-23], smaller NPs can accumulate in cancer tissues due to
porous blood vessels near tumors [19]. Smaller NPs can diffuse further into tumor
tissue and, therefore, present a more even distribution in larger tumors than larger
NPs. This may counteract the fact that the actual cell uptake is less than that of larger
NPs [20, 23]. Moreover, if the NPs are small enough, they can enter a cell directly
by diffusion through the cell membrane [24].
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In regards to the interaction between NPs and radiation, the latter interacts mostly
with the interior of the NPs; therefore, if the NP size is increasing, the dose deposition
of radiation in the medium from this interaction decreases [4]. Carter et al. [8] found
that the production of low-energy electrons was larger for 3 nm NPs than for 6 nm NPs
exposed to X-rays, and Lin et al. [25] found improved cell killing in their theoretical
study of the X-ray and proton irradiation for 2nm AuNPs compared to sizes up to
50 nm.

2.2 Effects of Nanoparticle Charge on the Uptake

The bi-lipid membrane of a cell is negatively charged, which has led to the suggestion
that positively charged NPs might exhibit improved uptake due to electrostatic forces
[20, 26-29]. However, the optimal charge on NPs for cell uptake is still unclear [26].

da Rocha et al. [30] simulated the uptake of differently charged NPs into cells and
found that passive uptake (diffusion) was favored for neutral or slightly negatively
charged NPs while for positively charged NPs endocytosis mediated uptake was
dominant. Positively charged NPs have also been shown to interfere with certain cell
functions, such as ion transport, and to perturb the membrane potential due to the
stronger interaction between the positive NPs and the negative membrane [20, 26].
Furthermore, in vivo studies show that a positive charge of the NPs is associated with
opsonization and therefore quicker elimination from the bloodstream [18]. However,
this can be circumvented by properly coating the NP, as discussed below.

2.3 Active and Passive Targeting

To specifically target tumor tissue, the coating of NPs is an indispensable tool and
can be used in mainly two ways: passive targeting and active targeting [31], which
are discussed below.

Passive targeting relies on EPR and the fact that tumor tissue tends to see higher
uptake of macromolecules (e.g., NPs) from the bloodstream due to the presence of
leaky vasculature and reduced lymphatic clearance from the tumors compared to
healthy tissue [17]. The abnormal blood vessel growth near tumors, induced by these
cells’ growth mechanisms, create pores in nearby healthy blood vessels [32]. The
size of the pores can be as large as 200—1000 nm which allows NPs to extravasate the
blood vessels and accumulate in the tumor. In addition, tumor tissue has subnormal
lymphatic clearance, which means that anything that is absorbed tends to be retained
for longer [32].

In the body, specialized opsonin proteins found in blood serum tend to adsorb
onto the surface of any foreign substance, labeling it for clearance from the body [7].
To take advantage of the random uptake during passive targeting, a protracted blood-
stream circulation time is required. It has been shown that NPs coated with the
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molecule poly(ethylene glycol) (PEG) reduces opsonization, thereby increasing the
NP circulation time by effectively giving it a “stealthy” nature [17, 33]. The mecha-
nism for the reduced opsonization has been linked to a repelling force from the PEG
molecules when opsonins attempt to adsorb and cover the NP [34, 35]. The uptake
dynamics of NPs changes when they become covered by opsonins [36]. The reduced
interaction granted by a PEG coating thus ensures that uptake properties are more
controllable [34, 37].

Active targeting involves the attachment of molecules on the NPs for which suit-
able receptors exist on the surface of cancer cells. One example is the growth factor
Her2, which is overexpressed in a large portion of human breast cancers. By attaching
the antibody anti-Her2, NPs can be specifically targeted towards these cells [38].

Another, more general, kind of targeting exploits the higher and faster proliferation
of cancer cells compared to healthy cells. The increased growth of cancer cells
requires more glucose for their metabolism, therefore glucose-coated NPs tend to
have a higher interaction with cancer cells [39—41].

It is also possible to combine passive and active targeting by coating NPs with
a combination of PEG and a targeting molecule. However, this requires carefully
balancing the two coating molecules: too much PEG will reduce the effect of the
targeting molecule, whereas too much targeting molecule will reduce the circulation
time [38]. Furthermore it has been shown that the length of the PEG molecules should
not exceed the length of the targeting molecules to avoid hindering their interaction
with their targeted receptors [42].

2.4 Nanoparticles Used in ARGENT

ARGENT industrial partners, Nano-H and Chematech, have developed 3 different
NPs, named Au@DTDTPA, Au@DTDTPA-Gd and AGuIX (see Fig.1). Au@DT-
DTPA are gold-based NPs with a ~2.4nm core coated by dithiolated diethylenetri-
amine pentaacetic acid (DTDTPA), presenting ~6.6 nm of total diameter (Fig. 1a).
These NPs have shown encouraging experimental results in combination with ioniz-
ing radiation (see Sect. 16). To improve the imaging and possibly the radiosensitiz-
ing potential, the Au@DTDTPA NPs were chelated with gadolinium ions (Fig. 1b).
The Au@DTDTPA-Gd50 NPs (50 ions of gadolinium per NP) promote a contrast
enhancement in MRI and the gadolinium ions do not change the size of the particles
since there is no change in the spectrum of the gold NPs colloid [18]. These NPs
have shown promising results with low toxicity, theranostic (therapeutic + diagnostic)
properties, and easy excretion from the body [18, 43].

AGulIX (Activation and Guidance for X-ray Irradiation) are ultrasmall (under
5nm) NPs that are made up of a polysiloxane core grafted with Gd** DOTA (1, 4,7,
10-tetra-azacyclododecane- 1-glutaric anhydride-4, 7, 10-triacetic acid) chelates and
primary amines (Fig. 1¢). The AGuIX NPs can also be used for theranostics as they
can be imaged by both MRI and CT scan [19]. Experimental studies performed by
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gadolinium
chelates

Fig. 1 Au@DTDTPA (a), Au@DTDTPA-Gd (b) and AGuIX (c) nanoparticles which are studied
experimentally within the ARGENT project. Figures are adapted from Refs. [16, 19]

ESRs within the ARGENT project are mostly carried out with these three types of
NPs. Small platinum NPs with the size of less than 5nm are also tested; a radioen-
hancement effect produced by these NPs was demonstrated earlier [3].

3 Synthesis and Characterization of Nanoparticles
for Cancer Treatments

3.1 Synthesis Methods

“Metal based nanoparticles for biomedical applications” is a very wide field of
research including many different structures published in literature. Therefore, a
very wide range of synthesis methods have been introduced to date, as summarized
in Fig. 2. Generally, the first step is the synthesis of a metal or a metal oxide core. The
second step is usually the formation of a coating around the core for biocompatibility.
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Fig. 2 Illustration of various methods for synthesizing and coating some inorganic nanoparticles
used for radiosensitization in cancer therapy

3.1.1 Methods for Synthesizing Metal Cores

For noble metals, such as gold (Au) or platinum (Pt), the most common methods
are the reduction of respective salts by different reductants to create metal particles
[3, 44]. Gold nanoparticles (AuNPs) can be synthesized from HAuCly mainly by
three methods depending on the targeted size [44]. The first method to produce AuNPs
was proposed by Turkevich et al. [45, 46]; this produces NPs in the range from 15
to 150nm using citrate as a reducing agent. Ultrasmall AuNPs of less than 10nm
can be achieved from the method described by Brust-Schiffrin [47] with NaBHy
as reductant and alkylthiols as stabilizers. The AuNP coated by DTDTPA, one of
the nanoparticles commonly used in the ARGENT project (see Fig. 1a), is an exam-
ple of this method [48]. Bigger NPs might be achieved with the Perrault method
which utilizes hydroquinone to slowly reduce Au(IIl) onto small AuNP seeds [49].
Pt nanoparticles (PtNPs) are classically synthesized from K,PtCl; using hydrogen
gas as the reducing agent [50]. Different kinds of polymers such as sodium poly-
acrylate, polyvinylpyrrolidone (PVP) or ethylene glycol are used to stabilize the
solution [51]. Porcel et al. [3] have applied a radiolytic reduction method using y -
rays to synthesize ultrasmall PtNPs of ca. 3 nm; these NPs are studied in ARGENT
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as radiosensitizers. In the cited work, radiolytic reduction of platinum complexes
was performed in an aqueous solution, containing or not different polymers used as
a coating [3].

3.1.2 Methods for Synthesizing Metal Oxide Cores

For other heavy metals, e.g., for gadolinium (Gd), oxide cores are mostly created
from their salts [52]. Gd, O3 particles are usually produced by reacting GdCl; or
Gd(NOs3); with sodium hydroxide in polyethylene glycol (PEG) or diethylene glycol
(DEG). This method called “polyol approach” takes advantage of the high viscosity
and high boiling temperature of polyols to prevent the aggregation of particles and
induce thermolysis of hydroxide into oxide [53, 54].

3.1.3 Methods for Coating Metal Based Nanoparticles

It is almost impossible to use metal NPs in biological medium without a biocom-
patible coating, due to the fact that metal oxides like Gd,O3 can be easily dissolved
in water to produce toxic Gd®* ions. Even with inert and biocompatible materials
such as Au or Pt, a coating layer might offer higher colloidal stability which leads
to longer shelf life and stealth effect which prevents protein adsorption, macrophage
clearance and finally liver accumulation [55]. Normally, AuNPs are naturally coated
with a layer of citrate or alkylthiols after the synthesis based on the Turkevich or Brust
method, respectively. However, these layers are either quite weakly bonded (citrate)
or hydrophobic (alkylthiols) and therefore not biocompatible. The most commonly
used material for coating is PEG [56]. On AuNP, mercaptopolyethyleneglycol (PEG-
SH) can be readily used [57]. A wide range of macromolecules, i.e., natural and
synthetic polymers or dendrimers, have also been used as thiol derivatives to coat
AuNP [56]. In the case of metal oxides, silane precursors can be used to form stable
chemically bonded silica coating layers on their surfaces [54, 58]. Other polymers,
e.g., oleic acid or PVP have also been reported to form stable coatings on Gd;0Oj3
surface [59].

In some studies, the coating layer may provide other functionalities. For example,
in Au@DTDTPA NPs, the gold core is coated by a layer of dithiol DTPA, a strong
chelator which can be used later to incorporate Gd** or radioisotopes such as '''In
or *Tc in order to turn the particle into an efficient MRI contrast agent and gamma
emitters for scintigraphy [18].

3.1.4 Methods for Synthesizing Silica Cores

Instead of metal and metal oxide cores, other authors have created silica nanoparticles
(SNPs) and coated them with metals, for example gold as in Auroshell® [60], or
functionalized them with different chelators which strongly coordinate metals [61].
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There are two main methods used to synthesize SNPs, namely the Stober method and
water-in-oil microemulsion [62]. The former is based on the hydrolysis-condensation
reaction of a silane precursor catalysed by bases, e.g., ammonia in mixtures of water
and alcohol to form polysiloxane 3D networks [63]. This technique is simple and
easy to scale up but unable to create homogeneous SNPs under 10 nm. However,
recently, different terminating approaches have been introduced to achieve ultrasmall
SNPs [64, 65]. The microemulsion approach is basically the Stober process carried
out in tiny water droplets separated by oil and surfactants. Although this method is
believed to be able to produce homogeneous small SNPs, it suffers from a complicated
and time-consuming purification procedure to get rid of the oil and surfactants [66].

Gadolinium-based AGuIX NPs (Fig. 1c) are produced from an original top-down
approach starting from a conventional Gd, O3 NP coated with a silica layer function-
alized by DOTA, a macrocycle chelator which is very stable and commonly used
for Gd**. The presence of DOTA, a thin silica coating layer and an acidic synthe-
sis solution accelerate the dissolution of Gd, O3 core, break down the silica coating
layer into pieces and allow Gd>* ions to be chelated by DOTA finally leading to
the stable AGulX NP [61]. A description of the AGulX structure and properties by
different analytical tools as well as an exploration of the synthesis and functional-
ization of these NPs are the main topics of the ESR research project “Development
of lanthanides based nanosensitizers for theranostics”, carried out by Vu-Long Tran
in Lyon, France. His project is supervised by Francois Lux and Olivier Tillement
(University Lyon I) and Cédric Louis (Nano-H).

3.2 Characterization Techniques

As with synthesis methods, a very wide range of characterization techniques have also
been developed and adapted in order to control the quality of the NPs. Some of these
techniques are classified and briefly described below according to the characteristics
of the particles they are able to characterize.

3.2.1 Determination of Particle Size and Shape

The size of NPs can be determined by several techniques. The most straightforward
method is scanning/transmission electron microscopy (SEM/TEM) which offers
direct observation of the size of particles. However, this technique requires compli-
cated equipment and sample preparation [67]. Meanwhile, the most commonly used
method is dynamic light scattering (DLS) which deduces the diffusion coefficient of
the particles in the solution from the correlation function of scattering light intensity
over time. Then, the hydrodynamic radius of the particle, which is the radius of a
hypothetical hard sphere that has the same diffusion coefficient as the particle, can
be calculated from the Stokes-Einstein equation [68]. Another optical spectroscopy
technique that is used to measure particle size is small angle X-ray scattering (SAXS).
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This method allows determination of the radius of gyration which is defined as the
root-mean-square distance of all elemental scattering volumes from their center of
mass weighted by their scattering densities [67]. Diffusion ordered nuclear magnetic
resonance spectroscopy (NMR DOSY) can also be described as a method for size
determination. This technique utilizes an encoding/decoding process of the nuclear
magnetization by spin-echo pulses to probe translational diffusion so that the result
will be a 2D plot of diffusion coefficients and chemical shifts of studied nuclei e.g.
'H, 3C or S [69, 70]. Through diffusion coefficients, hydrodynamic diameter can
be inferred again from the Stokes-Einstein equation. However, this method cannot
be used to study paramagnetic materials such as Gd because they can dramatically
shorten the relaxation time and broaden the width of chemical shift peaks so that it
makes the encoding process impossible to achieve. In reality, several methods need
to be exploited in order to have a precise idea about the size of particles [71]. Some
of the above techniques might be used also to determine their shape. SEM/TEM can
undoubtedly reveal the morphology of particles. Also, the ratio between radius of
gyration and hydrodynamic radius can give an idea of the particle morphology [67].

3.2.2 Determination of Overall Elemental Composition,
Mass and Morphology

Another level of control highly demanded in the case of NPs is the knowledge of ele-
mental composition and crystallinity. The former can be investigated with standard
methods such as