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Abstract



Nanoparticles devoted to improve radiotherapy treatments are an efficient tool if they can
induce the formation of deleterious species in the tumor. Their interaction with radiation is
responsible for radical production but in spite of the numerous studies mostly with cells, no
consensus is reached about their formation mechanism. In order to gain in knowledge, we
applied a very sensitive test to quantify hydroxyl radicals and electrons produced when gold
atoms, organized as nanoparticles or as a salt in solution, are irradiated by keV and MeV
photons (X- and y- Rays). Crucial role of interfacial water is suggested to explain the high
quantity of radicals measured for nanoparticles. These experimental data were supplemented
by classical molecular dynamic simulation, revealing a specific organization of the water
hydrogen bonding network at the nanoparticle surface which could be a key component in the

mechanism of radical production by irradiated colloidal suspensions.

Introduction

Nanomedicine is one of the fastest growing areas in nanotechnology. In particular cancer
nanotechnology is steadily progressing: as cancer statistics are only improving slowly, there is
a need for new approaches. Liposomes, polymeric micelles, and nanoparticles (NPs) are the
most studied nanostructures. Among them, manufactured gold nanoparticles (GNPs) have been
constantly developed for biomedical applications, be it for diagnosis [1] or therapy [2]. The
enthusiasm aroused by their unique properties, among which spectroscopic and catalytic, and
the possible progress they could generate, lead some to talk about a new “Golden Age” [3].
Almost twenty years ago, Hainfeld was the first to use GNP to enhance radiotherapy in mice

[4]. This pioneering work opened perspectives in the search of new



radiosensitizers/radioenhancers to achieve better treatment outcomes. Since then, studies on
animals, cells and biomolecules have confirmed this effect with unexpected contradictory
results [5-7]. Basically, last decades have been less successful than expected as regards clinical
translation of GNP for radiosensitization. Among nanosized radiosensitizers, only two
candidates are in clinical evaluation, namely AGulX® (NH TherAguix, Lyon, France) and
NBTXR3/Hensify® (Nanobiotix, Paris, France), based respectively on gadolinium and
hafnium.

Given the wide panel of NP used, in terms of core nature, size, coating, not to mention of cell
lines and irradiation modalities, cross-comparison of data is not a walk in the park. But this
complexity also seems to arise from a fragmentary knowledge of the mechanisms at stage,
which is another obstacle to the design of an efficient radiosensitizing NP. Indeed, the main
rationale for developing metallic NP as dose enhancers, and the first explanation for their
radiosensitizing capacities, when irradiated with low energy keV photons, is their higher mass
energy absorption coefficient compared to water or soft tissues.

The first step of the interaction between GNPs and radiation relies on the physical dose which
represents supplementary energy absorbed by nanomaterials followed by electron ejections
(Auger and photoelectrons). According to Monte Carlo simulations, Auger electrons contribute
to low-range (~10 nm) dose enhancement, while electrons of higher energy (photo- or Compton
electrons) contribute to enhancement at a um scale (up to 30-40 um)[8]. These electrons are
the main cause of a secondary physico-chemical step in which they should interact with
surrounding water molecules leading to secondary radiolysis [9]. Among the main species
produced are very reactive radicals: solvated electrons, hydroxyl radicals (HO"), hydrogen
atoms (H"), and superoxide radical anions (O2") in the presence of oxygen. These species are
involved in the third step of the phenomenon which is their capacity to induce biological

damages, often measured as clonogenic cell death in cellular experiments or DNA double strand



breaks foci. Through a precise analysis of the literature and focusing on quantitative aspects,
we can wonder if there is a link between the dose enhancement calculated, the quantities of
radicals formed and the relative biological effectiveness (RBE). Indeed, when irradiation is
performed with MeV photons, physical dose enhancement was simulated to be negligible even
for high-Z NPs [10], while in vitro and in vivo dose enhancement findings have been reported
[11].

To address this question and in order to obtain a full description of the radiosensitization
phenomenon, we developed a protocol to quantify hydroxyl radicals and solvated electrons in
the presence of GNP [12]. In this work, we will present the experimental results obtained for
GNP of 6 nm of diameter regarding the production of radicals under low and high energy photon

irradiation, but also simulation results investigating water organization near the GNP surface.

Methods

Gold nanoparticle synthesis and characterization

Synthesis

Gold nanoparticles were prepared from KAuUCl, salt. A 0.125 mM solution was reduced with
tri-sodium citrate (0.04% m.w! final concentration) and tannic acid (0.05% m.w! final
concentration) at 60 °C. In order to get rid of most of reactants, the obtained nanoparticle
solution was washed at least three times by centrifugation at 190 000g for 30 minutes. At each
step, the supernatant and the tannic acid pellet were withdrawn. Only the gold nanoparticle

pellet was collected and resuspended in pure water.

Transmission Electron Microscopy (TEM)



Nanoparticles were observed on a JEOL JEM-1400 microscope operating at 120 kV. Images
were acquired using a postcolumn high-resolution (11 megapixels) high-speed camera (SC1000

Orius, Gatan), then processed with Digital Micrograph (Gatan) and ImageJ software.

Concentration determination

To determine the nanoparticle concentration, an absorption spectrum was recorded on an
Evolution 500 (Thermo Electron Corporation) spectrophotometer. Equation 1 was used to
obtain the molar extinction coefficient (in L.mol™~.cm™) from the volume (in nm?3) determined
by TEM measurements.

Log € =1.04 logV +5.18 Eq.l

Irradiation modalities

X-Ray photons provided by an apparatus adapted from a Diffractis 583 X-ray generator (Enraf
Nonius, Mo cathod) were non-monochromatic X-rays of 17.5 keV effective energy. Irradiations
were performed at 20 Gy.min! in a 0-15 Gy dose range.

Gamma ray photons (ca. 1.2 MeV) were produced with a panoramic gamma source (®°Co)
(IL60PL Cis-Bio International).

Dose determination was performed with the Fricke dosimeter quantifying the oxidation of
ferrous ions in ferric ions, considering G(Fe*) = 1.42 pmol.J* at 17.5 keV and G(Fe3*) = 1.61

umol.J? for y-rays [13].

Radical quantification
Coumarin assay was used to measure the hydroxyl radical production. 7-hydroxycoumarin
fluorescence quantification was performed on a Synergy H1 microplate reader (BioTek) at

25°C. Excitation wavelength was set at 326 nm and maximal emission intensity was quantified



at ca. 450 nm. Before fluorescence measurements, nanoparticles were removed from samples
by adding a NaCl solution (1 % w/v final concentration) to induce particle aggregation followed

by centrifugation to remove any gold aggregate from the solution (19 275 g, 10 min).

To quantify electrons, the same coumarin assay was employed but all samples were degassed
at least one hour with N.O before irradiation in order to transform electrons in hydroxyl radicals

according to equation 2.

€solv. + N2O +H20 = HO™ + HO™ + N2 Eq. 2

Simulation

Classical molecular dynamics and quantum and semi-empirical methods were already

described in Tandiana et al [14].

Results

In order to determine radicals produced when nanoparticles are irradiated, we decided to
consider small gold nanoparticles (GNPs). The choice of gold among the different metallic
nanoparticles has several motivations. Since the pioneering work of Hainfeld in 2004 [15], the
radiosensitizing properties of GNP have been demonstrated under a wide variety of
experimental conditions (size and coating of NPs, cell models, keV and MeV photons, heavy
ions, ...) [10-11, 16]. Most of the studies dealing with the physico-chemical mechanisms at
stage are focused on GNP, using plasmid DNA or other radical probes as targets [6, 17],

providing data in cell-free systems. GNP are also predominantly chosen as model nanoparticles



for Monte Carlo simulations[18-19]. Finally, contrary to other radiosensitizers such as
AGuUIX®, which is a nanosized platform gathering ca 15 individual gadolinium atoms, GNP
are “real” nanoparticles in which collective effects can manifest. In this work, we decided to
focus on ultrasmall (<10 nm) GNPs. Such NPs have been proved to be promising in biomedical
applications, especially for cancer diagnosis and therapy as recently reviewed [20]. They
present more effective renal clearance than their larger counterparts, minimizing any potential
side effects related to gold accumulation. This is of utmost importance as, contrary to the
accepted dogma of gold inertness, biotransformation of GNP was recently demonstrated in
fibroblasts [21]. Ultrasmall GNPs show higher tumor tissue permeability and the smaller (2-6
nm) were shown once to be able to penetrate into the nucleus [22]. We also decided to
investigate non-intentionally coated NPs as previous works from our group and others
demonstrated that coating can decrease the quantity of radicals inducing cell component
damages [23-25].

Whatever the nanoparticles considered, the first compulsory step is to obtain a very precise
characterization of the nano-objects considering size, morphology and concentration. Hence,
after synthesis, we first visualized the nanoparticles with electron microscopy (Figure 1). The
representative transmission electron microscopy (TEM) image in Figure 1A shows that the
prepared GNPs exhibit spherical morphology and display a narrow size distribution in the range
3-9 nm with a mean of 6.1 £ 0.8 nm. Each synthesis was controlled by TEM, to determine the
mean diameter and infer the molar extinction coefficient of the plasmon band (2.2 10’ L.mol-
! cm for a 6.1 nm synthesis for example). This allows to control and verify the concentration

of the suspension before irradiation experiment.
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Figure 1 : A-Representative TEM image of the gold nanoparticles used in this study. B-Size
distribution after diameter measurement of 412 objects. The mean and standard deviation of the
population are indicated.

To quantify hydroxyl radicals in vitro, we adapted a protocol to make it compatible with the
presence of nano-objects[12]. This protocol is based on the coumarin probe oxidation.
Coumarin reacts with HO® with a constant rate of 1,05.10'° L.mol™.s [26] to give several
hydroxylation products among which 7-hydroxycoumarin (7-OH coumarin) is strongly
fluorescent. In a typical experiment, nanoparticle solutions are irradiated in the presence of 0.5
mM of coumarin at different irradiation doses (0-15 Gy), GNP are removed and supernatant
fluorescence spectrum are recorded. Plotted as a function of the dose, fluorescence intensity at
450 nm always presents a linear evolution, as can be seen on Figure 2A. A calibration curve
allows to convert 7-OH coumarin fluorescence signal into concentration. The slope of the linear
fit represents the formation yield of 7-OH coumarin, or G-value, usually expressed in mol.J™.
For concentrations below ca 20 ug/mL, G(7-OH coumarin) increases proportionally to the GNP
concentration. This increase is then reduced and reaches a plateau for higher concentrations.
This behavior, typically observed for radiolytic studies, testifies first for competition reactions
i.e. hydroxyl radical scavenging by coumarin is in competition with other reactions such as HO*
recombination which is favored at high nanoparticle concentrations. It could also arise from
GNP scavenging behavior as already evoked [27]. To convert G(7-OH coumarin) into G(HO"),
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we extrapolated the formation yield of 7-OH coumarin to a concentration of 0 nM of GNPs

(i.e., water alone) for which G-values are tabulated [28].
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Figure 2 : Hydroxyl radical overproduction. A-Raw data obtained in a typical experiment. The
fluorescence of 7-OH coumarin is plotted as a function of the irradiation dose. B- Comparison of
hydroxyl radical yields between gold and water for different modalities. Red dots: 6 nm GNP irradiated
with non monochromatic 17keV X-rays; Blue triangles: 6 nm GNP irradiated with y-rays (1.2 MeV);
Black squares: KAuCl, solution (salt) irradiated with y-rays (1.2 MeV).

We plotted in Figure 2B the ratio of the G-values for hydroxyl radicals with and without gold,
allowing an easier comparison with water radiolysis. We compared three conditions, i) when
gold is irradiated as a salt (KAuCls), ii) when the same amount of gold is organized into a
nanoparticle, iii) when the irradiation is performed with low (X-Rays) or high energy photons
(y-Rays). As expected, X-ray irradiation of 6 nm nanoparticles induces a significant radical
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production increase as the efficiency to produce HO" is doubled compared to water radiolysis
for X-rays for 15 pg.mL™* GNP. As discussed below, tens of keV are expected to be the most
efficient energy for gold enhancement considering only the difference in mass absorption of
gold versus water (Figure 3). Nevertheless, under our conditions, the impact of the irradiation
modality (X versus y-rays) is negligible. Indeed, gamma rays (1.2 MeV) irradiation gives
similar results which is unexpected from energy absorption prediction. Also, we compared the
impact of nanoparticles with an equivalent amount of gold atoms (KAuCls). For this salt, G-
values for HO" are comparable to the one for water alone within the error bars as shown in
Figure 2B. This clearly illustrates the fact that though equivalent numbers of gold atoms are
present in the solution, nanoparticular organization is crucial for reactivity with ionizing

radiations and radical production.
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Figure 3: Ratio of the mass-energy absorption coefficients between gold and tissues (ref NIST)

In addition to hydroxyl radicals, the coumarin assay can be adapted to quantify solvated

electrons by saturating the atmosphere with N2O. As a N2O-saturated solution corresponds to

25 mM of dissolved N2O at 1 atm and 25°C [29] and given the rate constant of this reaction (k=

9.10° L.mol.s [30]), the pseudo-one order kinetics leads to an electron capture in a few ns.

Hydroxyl radicals are then produced and attack coumarin (Eq. 2). To extract the quantity of
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electrons produced in the solution, we compared the 7-hydroxycoumarin detected under N.O
and N2. Actually, oxygen was previously shown to impact the quantity of radical production
[31], it is thus necessary to compare both systems with equivalent oxygen concentrations.
Figure 4 represents the G-values for hydroxyl radicals for both atmospheres in the presence of
GNP irradiated with X-rays. As for larger nanoparticles [31], the evolution of G(HO") as a
function of the GNP concentration presents a linear increase for low concentrations (0-10 nM;
0- ca 15 pg/mL), and then reaches a plateau. Under N2 atmosphere, up to three times more HO’
are quantified in the presence of 6 nm GNP. Under N.O atmosphere, where 7-hydroxycoumarin
fluorescence represents the contribution of HO™ and solvated electrons converted into HO", a
doubling of G(HO") compared to N2 is observed whatever the GNP concentration. Thus for 6
nm GNP, as for 32 nm GNP [31], equivalent concentrations of hydroxyl radicals and solvated
electrons are produced, corroborating the fact that nanoparticle irradiation induces additional

radiolysis responsible for higher radical production.
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Figure 4: Hydroxy-coumarin quantification for GNP X-irradiated under different atmospheres.
In light of all these results, we can conclude that both hydroxyl radicals and electrons arise from

specific properties of the solvent at the nanoparticle interface. Therefore, we proposed that a
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specific water organization at the nanoparticle surface could be responsible for the high radical
quantities produced. This hypothesis was tested for larger nanoparticles by adding a low
concentration of NaCl as it could perturb this organization. The impact of salt was significant
and induced a decrease in radical overproduction [31]. For smaller nanoparticles, another
approach can be provided by simulation. We were interested in classical molecular dynamics
which is known to be a useful tool for probing the structural organization of the first water
solvation layer around the GNP [32]. Based on force fields, atomic-level simulation allows to
vary the shape and size of the GNP, and to include ions, solvent molecules, and molecular
ligands to represent the chemical environment. Here we illustrate the relevance of molecular
dynamics simulations by comparing the solvation of a small nanoparticle, a cluster of 55 Au
atoms (i.e. 1 nm in diameter), and a larger NP of 887 Au atoms (i.e. 3 nm in diameter). The size
difference between the two GNPs will be considered sufficient to observe a size effect on the
organization of the first solvation layer. All simulation conditions are similar to those used in
[14]. Both GNPs were solvated in a water box using the rigid SPC/E model [33] to represent
the water molecules. The GNP structure was considered as rigid to preserve the 3D
organization. The water-gold interactions were considered using a dedicated force field [32]. In
order to analyze the organization of the first water layer around the GNP, it is necessary to
characterize its orientation relative to the surface. To do this, we have defined two angles, a
and B, with respect to the GNP's center of mass. First, the angle a is defined by the dipole
moment of the water molecule and the vector based on the center of mass and the oxygen atom.
Second, B is defined as the angle between the normal of the water molecule and the vector
between the GNP’s center of mass and the oxygen atom. Three configurations of the orientation
of a water molecule on the surface have been set up: (i) a flat configuration corresponds to a
within 80° to 120° and j either below 30° or above 150°, (ii) an up configuration is defined for

a less than or equal to 70° (whatever the value of B), (iii) a dangling configuration corresponds
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to both a and B within 70° to 110°. Figure 5 shows the distribution of the o and B angles for
which the colors highlight the configurations. The first observation is the high proportion of the
up configurations during the simulation. These configurations correspond to interactions with
the second solvation sphere by hydrogen bonds. As we change from the small to the large GNP,
the flat/up ratio decreases from 0.86 to 0.62. This is the first sign of a reorganization of the
hydrogen-bonding water network at the gold surface. Next, we observe a significant increase
in the number of dangling bonds as the size of the GNP increases (from 7% to 17% with respect
to the number of water molecules in the first shell). The analysis of such a local property on the
GNP surface, combined with other macroscopic property calculations, led to the conclusion
that GNPs used in the simulations of a size close to that of the experiments provide access to a
surface large enough to induce a different organization of the water hydrogen bonding network

[14].

13



f (] \ L]
b, Augs et .,
150+ & .
| | .. * - .
~ o
[] T .
e 100~ Ty . )
: - L - -
= " 1 .
. a " .
50 . K
u -
., ° -t
"l
0 ‘ | ‘
0 50 100 150
a
: 553
7o SFPT
’:i%}t&gs s, Aussr . J\)fy Y
of Fortye & i
150 et IS N, T
E IR T A S
e '.~.' . .
. .-‘.: il o o . . ° S _ o
S g " 'f'. P . s
100 o A W % . 2o o
(-} n -. L\. * & . .
u g L] H.. - é . ® A .
] -.lf -:} l‘:’o. ... A
n = P ‘..o"l ot . .¢l
50— <" ] .’ '.- . . -~
% « ™o &® ? .tf’
o ofe 008
q.S%&MQQC J
eg;fgﬁ
0 ‘ Lt |
0 50 100 150

Figure 4: Distribution of a and p angles for Auss (top) and Auss? (bottom). Up configurations in purple,
flat configurations in green, and other configurations in black. As inserts, Auss and Augsy GNPs are
represented without the explicit representation of the solvent.

Discussion

One of the objectives of this work was to discuss the relation between energy absorption and

the radical production in solution, when small GNPs were irradiated by low or high energy

photons, with a special focus on hydroxyl radicals. Indeed, in radiobiology, a major role in

driving indirect damage is attributed to hydroxyl radicals, which are considered the most

powerful oxidant among the water radiolysis products. It should be noted that electrons with

very low energy could also be responsible for direct cell component damages and they could

play arole in NP radiosensitization as recently reviewed [34]. Real time, in-situ detection would
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be the grail but given the short half-lives of such species and the huge absorption of gold
colloidal solutions, this remains very challenging. Several techniques exist to quantify reactive
oxygen species [35-36], but in this field, indirect detection of HO" with EPR or fluorescent
probes are the most common. One advantage is that the resulting products have a longer life
time, allowing post-mortem analysis. Even when analyzing acellular NPs suspensions, attention
should be paid to the specificity of the probe. For example 2,7-dichlorofluorescein diacetate
(DCFDA) and its derivatives are unspecific to ROS or nitrogen species, dihydroethidium reacts
with both hydroxyl and superoxide radicals. In addition, assays need to be optimized and NP-
probe interferences need to be understood and taken into account [37] as they can quench both

fluorescence and EPR signals.

Considering metallic nanoparticles as new therapeutic sensitizers, the first rationalization of
their effect was dose enhancement. Dose enhancement by NP is based on their mass attenuation
coefficient (u/p) representing their energy absorption capacity. These values tabulated by the
NIST indicate higher energy absorption by high-Z elements (Figure 3) and can allow us to
calculate the quantitative enhancement prediction. For 6 nm diameter gold nanoparticles, there
are about 6670 gold atoms per nanoparticle, assuming a particle density of 59 atoms.nm.
Taking the mass energy absorption coefficients for gold and water at 20 keV (65.22 cm?.g™* and
0.5503 cm?.g™* respectively), the extra X-ray energy absorption for a sample containing 20
ug/mL of these nanoparticles (equivalent to a mass fraction of 20.10° ) is given by: 20.10° x
65.22 / 0.5503 = 2.103. For bigger nanoparticles, the maximum expected is few percent, for
example 2.5 % for 32 nm GNP [12]. Some proportion of this energy will then leave the
nanoparticle in the form of photo- and Auger electrons, holes and lower energy photons. Some
of the energy will be retained inside the nanoparticle as electrons loose energy by scattering
from other atoms in the nanoparticle on their way. From Figure 2, it appears clearly that this

higher energy absorption cannot account for the measured radical production as for a
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concentration of 15 nM of GNP (20 pg/mL of gold), the quantity of radicals is multiplied by a
factor 2, far from the 0.2 % calculated. This was also documented in other studies where 3 nm
nanoparticles induce a radical quantity 2000 x higher than the absorption energy prediction [38]
and Monte Carlo simulation of free radical production stated that 1mg.mL™ of GNP should
induce a dose deposition enhancement between 6 and 14% depending on their size and on the
photon energy [39] confirming that high Z element energy absorption is not the only process
responsible for radical overproduction. Also, comparing the gold and tissue or water mass
energy absorption coefficients, it can be expected that no radical overproduction will be found
for gamma rays. But, for 6 nm as for larger GNPs, noticeable equivalent hydroxyl radical and
solvated electrons overproduction was measured. In addition, we compared GNP radical
production with gold salt (KAuCls) for equivalent gold concentration. From Figure 2, we can
conclude that there is a huge effect of the nanoparticle structure as we were not able to evidence
any radical overproduction for gold salt though we measured a huge increase for equivalent
gold atoms organized in a nanoparticle. Thus, the regular arguments still evoked in the present

literature have to be tackled cautiously.

As physical dose increase could only contribute weakly to radical production, other
mechanisms must be considered. This is especially true when considering other radiosensitizing
NPs such as nanodiamonds [40-41], for which no difference in absorption coefficients exist, or
NPs of many lower atomic number element oxides [42]. Different hypotheses are proposed in
the litterature, which are not mutually exclusive or universal. NPs could act as electron or hole
donor as described in semiconductors in photocatalysis [35]. Some NPs could present catalytic
surfaces or dissolution of ions, allowing Haber-Weiss and Fenton reactions [43]. It has to be
noted that for some systems, NPs reactivity occurs without irradiation. For example V20Os NPs

generate per se 1.5 uM of hydroxyl radicals and an additional 1.8 uM after 10 Gy [42]. It was
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also proposed that some NPs could act as an electron relay, facilitating the transfer between
electron donors and acceptors independently of irradiation [44], or could lower the ionizing
potential of surrounding water molecules. We propose that this could be achieved through a
different organization of water molecules in the vicinity of the NP surface, as investigated in
this paper, that could impact their structural and electronic properties [14]. This hypothesis was
challenged for larger nanoparticles by the addition of a low quantity of NaCl that should disturb
water organization at the nanoparticle surface. Salt concentration being correlated with a
decrease of hydroxyl radical, we consider that interfacial water plays a crucial role in radical

production.

Conclusion

A first progress to decipher the mechanism of radical production by irradiated nanoparticles
was to focus on the physico-chemical step i.e. reactive species quantification. In this study, we
showed that gold atoms become efficient to generate radicals only when they are organized as
nanoparticles. Coupling experimental data with simulation approach, we were able to evidence
that water network at the nanoparticle surface has a specific organization that could be

responsible for high quantity radical production.
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