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of the greater porosity of tumour neo-vessels [5]. Indeed, solid
tumours are characterized by an important and fenestrated vascu-
lature which is associated, in addition, with a poor lymphatic
drainage. These characteristics induce an EPR (Enhanced Perme-
ation and Retention) effect, responsible for NP’s targeting and
accumulation in tumours [6]. However this “passive” targeting is
jeopardized [7] by NP rapid uptake in liver and spleen [8] upon intra-
venous (i.v.) route, which reduce their uptake in the tumour.

Tumour targeting can be improved by coupling NP to tumour
specific antibodies or ligands [9]. Even if some results are contra-
dictory, it seems that a NP coating with targeted antibody may
facilitate tumour cell internalization of NP via a receptor-mediated
endocytosis. As an example, a Canadian group synthetized a Human
Epidermal Growth Factor Receptor-2 (HER2)-targeted gold NP (GNP)
by conjugating trastuzumab (Herceptin) to 30 nm GNP [10]. HER-2
can be over-expressed at the surface of some breast cancer cells.
The authors described, at both, in vitro and in vivo levels, the NP
accumulation in the tumour cells and their radio-sensitizer effect.
Other gold nano-probes, presenting a high specificity for avp3
integrin positive cells, showed a pretty good accumulation in tumour
site, as described by MRI [11].

Another way to target efficiently the site is to administrate the
intra-tumour (i.t.). Assessing the HER2-GNP formulation de-
scribed above, the authors describe that i.t. is more efficient for GNP
uptake within the tumour than i.v. injection. Surprisingly they de-
scribe that HER-2-GNP administrated in i.v. route were more
extensively sequestered by liver and spleen than non-targeted GNP,
which circulated longer, allowing higher tumour uptake [12].

Moreover, NP are cleaned by the immune system. In order to
prolong their effect, a polyethylene glycol (PEG) coating could be
required [13]. However a compromise must be done during the
NP design because the radio-sensitizer effect requires a minimal
coating.

Intrinsic radio-sensitizer power of a nano-technology
Physical aspect

It has been reported a long time ago that the biological effects
of a localized irradiation were increased in the presence of high Z
material nearby the irradiated targeted volume. The densely packed
metal particles can selectively scatter and/or absorb the high energy
radiations. From a biological point of view, it was observed that there
were increased chromosomal damages in lymphocytes of patients
undergoing iodine injection for angiography [14]. High-Z atoms in-
teract with ionizing radiations by producing secondary particles:
diffused photons, photoelectrons, Auger electrons, Compton elec-
trons, and fluorescence photons [1]. For low energy photons
(<60 keV), there is a pre-eminence of the photoelectric effect: all
the energy of the incident photon is transferred to an electron from
an internal atomic orbital which is ejected. Then, an electronic shell
rearrangement leads to the emission of a fluorescence photon or
an Auger electron. The fluorescence photons have a low attenua-
tion. The Auger electrons generate a focal ionization of high-
density in the neighbouring tissue, on a distance of almost 10 nm.
The energy that is produced by photoelectric effect depends on the
atomic number (Z) [15] and on the incident photon energy (E), ac-
cording to the (Z/E)? ratio.

For higher energies, the main interaction is an inelastic diffu-
sion, also called Compton effect: a high-energy incident photon
ejects an electron from the peripheral atomic shell, which diffuses
with a lower energy. When energies are still increased (>MeV,
which is the energy range used in radiation therapy), there is a
pair production: the energy of the incident photon is totally trans-
ferred to an electron and a positron. This effect varies with Z2.

Thus, the differential between gold atoms (Z=79) and water mol-
ecules (Z=7.4) is much lower for MeV energies than with keV
photons producing a photoelectric effect. Consequently, most of
the available pre-clinical studies combining NP and radiation therapy
have used keV photons to take the optimal advantage of the pho-
toelectric effect. However, this energy range is not relevant for
therapeutics (with the noticeable exceptions of brachytherapy and
contact therapy).

Biological aspect

In parallel with this “physical” interaction characterized by a sec-
ondary diffusion of energy on metallic particles’ surface which
induces an increase of DNA damages, some studies suggest the im-
plication of biological pathways.

Indeed, few studies demonstrated an increase of apoptosis
[16-18], necrosis [19,20] and autophagy [21] when irradiated cells
were in contact with NP. In vivo, histological observation and im-
munohistochemical analysis have been carried out to illustrate the
same conclusion about increased apoptosis occurrence [22,23]. The
mechanisms involved in the generation of reactive oxygen species
(ROS) upon X-rays in the presence of NP sound a particularly in-
teresting path. The GNP-induced enhancement of -OH and O,-~
generation was confirmed [24]. Oxidative stress is induced by NP
and the endogenous ROS production is associated with NP’s cyto-
toxicity [20,25-28]. Another biological effect has brought up in a
recent study. The authors have described that their tumour targeted-
GNP induced catastrophic vascular damage at the tumour site during
radiation therapy. This NP vascular effect is associated with a higher
cytotoxicity [29]. The impact of NP on the cell-cycle has been de-
scribed as another possible pathway of NP radio-sensitizer effect
[30]. Many experiments have compared the radiation-induced DNA
damages in the presence or absence of NP. Most of the time, studies
measure the number of DNA double-strand breaks because these
DNA lesions are particularly lethal. Thus, the authors described high
number of DNA damage when radiations are associated with NP
[10,31-34].

If it seems clear that these biological effects act in addition to
the physical properties of NP and thus highly participate to their
radio-sensitizer power, biological mechanisms remain unclear and
should be investigated in the next few years.

Nanos’ team
Gold nanoparticles (GNP)

GNP have been the most studied NP because of their many ad-
vantages: high bio-compatibility, high penetration within the tumour
and low clearance. GNP preferentially accumulate in tumours and
are easily quantifiable for pharmacokinetics analyses. Numerous
studies have described that GNP increase DNA damages and there-
fore the anti-tumour effects of ionizing radiations. A Monte Carlo-
based model has been generated to predict the GNP radio-sensitizer
effect [35]. Because classical dosimetry is not applicable to NP-
enhanced radiation therapy, new methods have been recently
developed [36]. An interesting study in a murine model of glio-
blastoma xeno-grafts suggested that radiations induce a modulation
of the blood-brain barrier leading to an increased uptake of GNP.
Thus, the accumulation of GNP in the cerebral tumour site could
improve the radiation benefits on overall survival [37].

Gadolinium nanoparticles (GBN)

Gadolinium is nowadays a NP of interest, especially because it
has the particularity to be easily viewed through magnetic resonance
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