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? School of Life, Health Background: A wide range of nanoparticles (NPs), composed of different elements
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Open University, Mitton and their compounds, are being developed by several groups as possible radiosensitis-
Keynes, UK ers, with some already in clinical trials. However, no systematic experimental survey of
Fulllist of author information the clinical X-ray radiosensitising potential of different element nanoparticles has been
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article made. Here, we directly compare the irradiation-induced (10 Gy of 6-MV X-ray photon)

production of hydroxyl radicals, superoxide anion radicals and singlet oxygen in aque-
ous solutions of the following metal oxide nanoparticles: Al,O;, SiO,, Sc,05, TiO,, V,0s,
Cr,0;3, Mn0O,, Fe;0,, CoO, NiO, CuO, Zn0, ZrO,, MoO;, Nd,0;, Sm,0;, Eu,0;, Gd, 05,
Tb,0,, Dy,0;, Er,0; and HfO,. We also examine DNA damage due to these NPs in unir-
radiated and irradiated conditions.

Results: Without any X-rays, several NPs produced more radicals than water alone.
Thus, V,0s NPs produced around 5-times more hydroxyl radicals and superoxide
radicals. MnO, NPs produced around 10-times more superoxide anions and Tb,O,
produced around 3-times more singlet oxygen. Lanthanides produce fewer hydroxyl
radicals than water. Following irradiation, V,O5 NPs produced nearly 10-times more
hydroxyl radicals than water. Changes in radical concentrations were determined by
subtracting unirradiated values from irradiated values. These were then compared with
irradiation-induced changes in water only. Irradiation-specific increases in hydroxyl
radical were seen with most NPs, but these were only significantly above the values of
water for V,Os, while the Lanthanides showed irradiation-specific decreases in hydroxyl
radical, compared to water. Only TiO, showed a trend of irradiation-specific increase in
superoxides, while V,0s, MnO,, CoO, CuO, MoO5 and Tb,0;, all demonstrated significant
irradiation-specific decreases in superoxide, compared to water. No irradiation-specific
increases in singlet oxygen were seen, but V,0Os, NiO, CuO, MoO; and the lanthanides
demonstrated irradiation-specific decreases in singlet oxygen, compared to water.
MoO; and CuO produced DNA damage in the absence of radiation, while the highest
irradiation-specific DNA damage was observed with CuQ. In contrast, MnO,, Fe;0, and
CoO were slightly protective against irradiation-induced DNA damage.

Conclusions: Beyond identifying promising metal oxide NP radiosensitisers and radio-
protectors, our broad comparisons reveal unexpected differences that suggest the
surface chemistry of NP radiosensitisers is an important criterion for their success.
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Background

Water radiolysis by ionising radiation results in the formation of several species, mainly:
e aqy 'OH, 'H, H;0%, OH™, "O,H, H,0, and H,. These products react with one another
to form secondary species such as O,, 'O,~ and 'O, with many additional short-lived
intermediates (reviewed in Le Caér 2011). Water radiolysis products range from highly
oxidising (e.g. "OH, H,0, and O,) to highly reducing (e.g. 'H, ‘e, and 'O,"). These
reactive species damage biological molecules and contribute around 60% of the biologi-
cal damage due to X-ray radiotherapy (Saenko et al. 2013; Zhang et al. 2016; Jayakumar
et al. 2014; reviewed in Baskar et al. 2014). Although each clinical X-ray irradiation ses-
sion only lasts for a few minutes, the radical-mediated damage can induce prolonged
metabolic oxidative stress that continues to damage cells long after irradiation (Azzam
etal. 2012).

Theoretical studies (McMahon et al. 2016; Hwang et al. 2017; Haume et al. 2016;
Roeske et al. 2007) and experimental studies (Retif et al. 2015; Liu et al. 2018) have dem-
onstrated that X-ray-induced radical formation can be greatly increased in the vicinity
of nanoparticles of high atomic number (Z) elements, their oxides or sulphides [e.g. Ag:
Liu et al. (2016); Gd: Luchette et al. (2014), Lux et al. (2018); Hf: Marill et al. (2014); Pt:
Muhammad et al. (2018); Au: Haume et al. (2016), Rahman et al. (2014); Bi: Algethami
(2015), Sahu and Cates (2017)], which have large X-ray absorption cross sections and
produce a shower of secondary electrons when irradiated. For this reason, high atomic
number nanoparticles have been the focus of nanoparticle radiosensitiser research,
some of which are being clinically evaluated (Liu et al. 2018), such as the Gd NP, AGuIX
(Lux et al. 2018) and the Hf NP, NBTXR3 (Marill et al. 2014), both of which are currently
in Phase II clinical trials (NCT03818386 and NCT03589339).

However, NPs of many lower atomic number element oxides have been shown to be
effective radiosensitisers, such as: Al (Roth et al. 2011), Si (David Gara et al. 2012; Gen-
eralov et al. 2015; Zhao et al. 2016), Ca (Chu et al. 2013), Ti (Morrison et al. 2017), Fe
(Khoei et al. 2014), Cu (Jiang et al. 2019), Zn (Generalov et al. 2015), Zr (Carrasco-Flores
and LaVerne 2007). This suggests that other, physico-chemical and chemical processes,
likely involving the nanoparticle surface, contribute to the overall pool of X-ray-induced
radicals.

What is missing, however, are systematic experimental comparisons of these different
element NPs as radiosensitisers. Most in vitro studies have been limited to comparing
small ranges of elements, or more often to different compounds or surface functionali-
sation of a single element NP. Experimental differences, such as X-ray energy and dose,
and concentration of nanoparticles further impede comparisons (Hwang et al. 2017;
Rahman et al. 2014; Retif et al. 2015). Recent proposals have been made to standardise
these parameters (Retif et al. 2015; Schuemann et al. 2019), but it will take time for these
to become routinely adopted.

Only two studies have been published using a broad range of NPs, both with gamma
radiation. Petrik et al. (2001) compared hydrogen production from adsorbed water on a
wide range of 28 different element metal oxide powders (Petrik et al. 2001). Chelnokov
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Table 1 NP diameters measured by TEM and DLS

NP TEM TEM DLS DLS Supplier
Mean dia (nm) Mode dia Median dia (nm) Poly-dispersity quoted TEM
+SD (nm) +SD dia (nm)

AlLO; 49438 14 7814432 0.21 <50

Sio, 46 £45 13 424 £364 0.25 10-20

Sc,0; 50+34 13 430+78 0.04 <80

TiO, 61443 14 439+£315 0.17 21

V,0s 47+ 36 13 717 £401 0.39 <80

Cr,04 56+£51 13 99+55 0.16 60

MnO, 64+55 14 25+6 0.57 50

Fe;0, 49440 15 805336 0.14 50-100

CoO 46439 14 71£15 047 50

NiO 58+44 19 375+£283 0.23 <50

CuO 40429 16 132+£59 023 <50

Zn0O 44 £30 13 3534238 0.27 <100

710, 50+£32 26 155+£31 0.59 40

MoO, 3021 13 20347 0.06 13-80

Nd,O, 64151 15 227 £131 053 30-45

Sm,04 40144 13 41431 0.69 15-45

Eu,0;4 69+ 56 13 842 0.54 10-100

Gd,04 26+37 13 67+24 1.00 10-100

Tb,0; 107£108 13 1073 £340 0.10 10-100

Dy,05 42430 14 9384301 0.18 30

Er,O; 64467 13 333+41 0.01 10-100

HfO, 105+84 18 74£13 0.69 61-80

Integer values +SD
et al. (2014) compared solvated electron production from six different element NPs
(Chelnokov et al. 2014).

Because of the difficulties in comparing radiosensitisers across studies, we have per-
formed a survey of a broad range of 22 different metal oxide NPs, to examine their intrin-
sic ability to generate reactive oxygen species and damage plasmid DNA under control
and irradiated conditions using clinically relevant megavoltage X-ray photons (10 Gy of
6-MV X-rays).

Metal oxides, rather than pure metals, were chosen because nearly all of the transition
metal elements we use are unstable in water and react to become oxides. We find that
some metal oxides increased radiation-induced radical formation (V,O;, for hydroxyl
radicals; TiO, for superoxides) while others were radioprotective. For instance, the lan-
thanide oxides produced far fewer hydroxyl radicals than irradiated water only. Irradia-
tion-induced DNA damage was greatest with CuO NPs.

Results

NP characterisation

Transmission electron microscopy (TEM) and dynamic light scattering (DLS) were
used to measure, respectively, the core and hydrodynamic size distributions of the NPs
(Table 1; Additional file 1: Figure S1, Additional file 2: Figure S2). By TEM, the most
frequent diameter (mode) of each NP lay in a narrow range between 13 and 26 nm.
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Hydrodynamic diameter was generally similar or larger than the corresponding TEM
value, suggesting some aggregation in solution.

X-ray diffraction (XRD) confirmed the crystal phase identity of all NPs, except Eu,04
and Gd,O; for which there was no close match in our database (Additional file 3: Figure
S3).

Radical formation

Three fluorogenic probes were used to detect different types of radical: coumarin-3-car-
boxylic acid (CCA) detects hydroxyl radicals, dihydroethidium (DHE) detects superoxides
and singlet oxygen sensor green (SOSG) detects singlet oxygen. Tables of raw fluorescence
data, fluorescence-to-molarity calibration curves and corrected molarity data for 2.5 mM
NPs with different concentrations of oxidised probes are presented in Additional file 4,
while the corrected molarity data are also presented graphically in Figs. 1, 2, 3.

For the hydroxyl radical probe CCA, the graph (Fig. 1a) is dominated by V,0;, which
shows high hydroxyl probe fluorescence, even without irradiation.

After subtracting the non-irradiated control values for each sample (‘real’ values,
Fig. 1b), V,O; still demonstrates the largest irradiation-induced increase in hydroxyl rad-
icals. Most of the other NPs show modest irradiation-induced increases in hydroxyl rad-
icals, similar to water. However, the lanthanides: Nd,O3, Sm,0;, Eu,0,, Gd,053, Tb,O.,
Dy,0; and Er,0O do not show any hydroxyl radical formation even following irradiation,
suggesting this group of NPs participate in reactions that destroy hydroxyl radicals or
inhibit their formation, resulting in no net increase in hydroxyl radicals.

For the superoxide anion probe DHE, the highest values are for MnO,, and V,O;, both
of which show high superoxide probe fluorescence even in the absence of irradiation
(Fig. 2a).

After subtracting the non-irradiated control values for each sample (Fig. 2b), most NPs
show similar irradiation-induced superoxide values to water only. One possible excep-
tion is TiO,, which appears to show a slightly higher irradiation-induced production of
superoxides than water. More significantly, although V,0;, MnO,, CoO, CuO and Tb,0O,
show greater superoxide generation overall (Fig. 2a), after subtracting the non-irradiated
value they show less irradiation-induced superoxide than water (Fig. 2b), suggesting
that irradiation makes less difference for these NPs as they are already actively generat-
ing these radicals, or that possibly these NPs might participate in reactions that destroy
superoxides or inhibit their formation. MoO, shows considerably lower superoxide radi-
cal formation than water after irradiation, also suggesting that it inhibits superoxide for-
mation and/or destroys already produced superoxide radicals.

For the singlet oxygen probe SOSG, the graph is dominated by Tb,O,, which shows
high probe fluorescence in the absence and presence of irradiation (Fig. 3a). There is also
suggestion that MoOj; again shows lower radical production than water with or without
irradiation.

After subtracting the non-irradiated control values for each sample (Fig. 3b), nearly
half of the NPs show similar irradiation-induced singlet oxygen values to water-only:
AlLO,, SiO,, Sc,05, TiO,, Cr,0,, Fe;0,, CoO, ZrO, and HfO,. The remaining NPs all
show a tendency for less irradiation-induced singlet oxygen production than water;
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Fig. 1 Hydroxyl radical production. a Hydroxyl radical concentrations for unirradiated control (left side) and
10 Gy-irradiated (right side) NPs. Data are shown for three independent experiments (run 1, run 2, run 3). b
Data from a replotted as real’values (10 Gy irradiated value minus 0 Gy control) & SEM. Dotted line shows the

irradiation-induced increase due to water only. **** denotes P<0.0001 significant difference, compared to no
NP (zero)

significantly lower in the cases of MoO; and V,O; in particular, as well as for NiO, CuO,
Nd,0,, Eu,05, Gd,0,, and Dy,05. Tb,O, shows less irradiation-induced singlet oxygen
production than water, although its absolute value is higher than water as it is so active
on its own.

To help summarise the reactive oxygen species (ROS) data, the radiation-induced
increase in each ROS is presented as a stacked bar chart (Fig. 4a). Because many of the
metal oxide NPs contain very different atomic proportions of their metal element (e.g.
CuO NPs are 50% Cu, while MoO3; NPs are 25% Mo), we have replotted these data to
normalise ROS values by stoichiometry to the metal proportion of each NP (Fig. 4b).

It is clear that superoxide is the main ROS produced by most irradiated NPs. The two
exceptions are V,05 and MoQj,, where hydroxyl radicals are the majority ROS. For each
NP, singlet oxygen makes a very minor contribution.
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Fig. 2 Superoxide anion radical production. a Superoxide radical concentrations for unirradiated control (left
side) and 10 Gy-irradiated (right side) NPs. Data are shown for three independent experiments (run 1, run
2,run 3). b Data from a replotted as 'real’ values (10 Gy irradiated value minus 0 Gy control) &= SEM. Dotted
line shows the irradiation-induced increase due to water only. **** ** and * denote, respectively, P <0.0001,
P<0.01 and P<0.05 significant differences, compared to no NP (zero)

Hole scavenger
High-energy X-rays eject electrons from nanoparticles, leaving behind reactive holes
with picosecond lifetimes that, unless already at the NP surface, are unlikely to take part
in any reactions (Drescher et al. 2002). However, ejected electrons undergo subsequent
collisions, sequentially lowering their energies to low eV levels (McMahon et al. 2011)
where electron—hole (e”/h%) pairs can be formed in the metal oxides (Rodnyi 1997). If
these migrate to the NP surface before recombining, they can participate in reactions
with surface-adsorbed oxygen to generate superoxides from electrons and hydroxyl radi-
cals from holes (Le Caér 2011; Sahu and Cates 2017).

To assess the possible role of X-ray-induced e”/h™ pairs in superoxide formation by
NPs, we repeated the superoxide assay in the presence of the hole scavenger 10 mM for-
mic acid (Puangpetch et al. 2011; Tan et al. 2003), or a pH-matched 10 mM nitric acid
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Fig. 3 Singlet oxygen production. a Singlet oxygen concentrations for unirradiated control (left side) and
10 Gy-irradiated (right side) NPs. Data are shown for 3 independent experiments (run 1, run 2, run 3). b Data
from a replotted as ‘real values (10 Gy irradiated value minus 0 Gy control) £ SEM. Dotted line shows the
irradiation-induced increase due to water only. ¥*** *** ** and * denote, respectively, P<0.0001, P<0.001,
P<0.01 and P<0.05 significant differences, compared to no NP (zero)

control. If e~/h™ pairs are important players in our experiments, then we expect the hole
scavenger to increase the lifetime of the electrons, thus promoting superoxide formation
at the NP surface.

Considering the non-irradiated control values, some differences between nitric acid
and formic acid conditions are observed for CuO and Tb,O,, with CuO showing higher
superoxides in formic acid and Tb,O, showing less superoxide in formic acid. Similar
results were observed for these metal oxides with irradiation. After irradiation, MnO,
also shows less superoxide formation in formic acid compared to in nitric acid. It is not
clear why superoxide formation is lower in formic acid for these metal oxides.

After subtraction of the non-irradiated results, only Fe;O,, CoO, NiO and ZnO dem-
onstrated irradiation-dependent increases in superoxide radical generation in the pres-
ence of formic acid, compared with nitric acid (Fig. 5b).



Guerreiro et al. Cancer Nano (2019) 10:10

a o5 All ROS summary

N Superoxide
1 singlet oxygen

[ | Hydroxyl

2.0

Radicals uM

ST gF>6s588238AN82EFE08FAOTE
N
b 10+ Stoichiometry corrected
9 -
8 = )
0 superoxide
[ [ Singlet oxygen
6 = [ | Hydroxyl

Radicals uM

j

= 0 9O = c O O > C o T T QO > > =
T b gF>56£¢8z238 N8 EQZSELEALE

Fig. 4 a Stacked bar chart summarising the irradiation-induced (real’) change in overall radical production
for each NP. b Data from a replotted to normalise the proportion of metallic element atoms, based on each
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DNA damage assay
Plasmid DNA normally exists as a tightly wound supercoil. Single-strand breaks allow
the supercoil to relax to an open circle which demonstrates slower migration on an elec-
trophoretic gel. We therefore quantified DNA damage in the presence of NPs by meas-
uring the proportion of relaxed circular DNA (Fig. 6).
In the absence of irradiation, MoO; and CuO caused the greatest damage to DNA.
These NPs also demonstrated the greatest DNA damage following irradiation (Fig. 6a—c).
When the DNA damage due to non-irradiated controls was subtracted from
each irradiated value, it became clear that most NPs produced only slightly more
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Fig. 5 a Superoxide formation in the presence of pH 3.5 10 mM nitric acid or pH 3.5 10 mM formic acid
hole scavenger. Left side shows unirradiated controls and right side shows 10 Gy irradiated. N=3 and all
values =+ SEM. b Data from a replotted as real’ values (10 Gy irradiated value minus 0 Gy control) = SEM

irradiation-specific DNA damage than water (Fig. 6d). Only CuO performed signifi-
cantly better than water in terms of irradiation-specific DNA damage (Fig. 6d).

Discussion

The ability of nanoparticles to act as X-ray radiosensitisers has generally been viewed
as a physical process, due to the increased absorption of X-rays, followed by ejec-
tion of secondary electrons (photoelectric effect) and fluorescence photons that then
interact with water or biomolecules to produce radiolysis products, which include
damaging radicals (Kuncic and Lacombe 2018). For this reason, the emphasis of
NP radiosensitiser research has been on high atomic number elements, due to their
expected greater interaction cross section with X-ray photons.
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P<0.01 significant differences, compared to the respective no NP (zero) control
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A theoretical study by McMahon et al. (2016), based on physical processes, com-
puted the energy deposition within 1 um around a series of X-ray-irradiated pure ele-
ment 20 nm NPs in water (Z=14, Si to Z=80, Hg). When all energy outputs are added
together (Auger electrons, photoelectrons, Compton electrons, fluorescence, electron
impact), the total energy deposition from 6-MV X-ray photons was relatively flat across
all the elements studied (Fig. 3c, d in McMahon et al. 2016), implying that the choice of
element makes little difference to the amount of ROS produced at these energies.

However, experimental data from Sicard-Rosselli et al. (2014) and Gilles et al.
(2018) demonstrated that many more hydroxyl radicals (Gilles et al. 2018; Sicard-
Roselli et al. 2014) and solvated electrons (Gilles et al. 2018) are produced from X-ray
irradiated Au NPs than can be explained purely by physical processes, such as the
photoelectric effect. They proposed that additional radicals are produced via reac-
tions of secondary electrons with interfacial water molecules, that become stretched
due to their adsorption to the Au NP and therefore require much less energy for H-
OH bond radiolysis than bulk water (255 kJ/mol instead of 460 kJ/mol) (Liu 2013).
This water distorting effect is not restricted to Au NPs: water molecules form similar
structured layers up to 2 nm thick around any NP (Zobel 2016; Zobel et al. 2015) and
this is where most radiolytic reactions are expected to occur.

Moreover, nanoparticles will inevitably come into contact with excited water (H,0%)
and ionised water (H,0%, e™,q), formed during the first 10~*° s of irradiation, plus the
physico-chemical reaction products of these species, produced during the subsequent
107 s, such as "OH, 'H, H;O0" and OH™; and downstream products such as H,0,
(reviewed in Le Caér 2011). Because of their high surface area and specific surface chem-
istries, nanoparticles could catalyse many more reactions from these intermediates and
thereby increase the overall concentration of radicals.

This mismatch between theory and experimental observations for Au NPs prompted
us to consider if a broad range of metal oxide NPs, well known for their catalytic proper-
ties, but hitherto not considered as radiosensitisers because of their low atomic number,
might be good radiosensitisers. We therefore experimentally compared the radical form-
ing ability and DNA damage of 22 different metal oxides using clinically relevant 6-MV
energy X-rays.

Two previous studies have compared the behaviour of several metal oxides under
gamma irradiation. Chelnokov et al. (2014) measured yields of solvated electrons, rela-
tive to water, following radiolysis of concentrated metal oxide NP aqueous solutions in
low oxygen conditions. Six of those NPs are in common with our study: Al,Os, SiO,,
ZnO, Nd,0,, Sm,0;, and Er,O; (Chelnokov et al. 2014). At the lowest NP concentra-
tions tested (600 mM) Chelnokov found modest increases in solvated electrons for
Sm, 05 (1.2-fold) and Er,O; (1.4-fold), but no change for the other NPs tested. In nor-
moxia, solvated electrons react with dissolved oxygen to give superoxide radicals, but
we found no significant increases in superoxide for Sm,0O,, and Er,0,. However, because
Chelnokov’s experiments were performed under argon, they are not directly comparable
with ours.

Petrik et al. (2001) examined hydrogen production from a thin layer of adsorbed water
on 28 different metal oxides during high dose gamma irradiation (0.1-1.5 M Gy), only
14 of which are in common with our study and are compared here. Hydrogen is mostly
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produced during water radiolysis from reactions of solvated electrons with water; but
can be produced via reactions involving hydrogen radicals that generate hydroxyl radi-
cals as a by-product (H,0*— ‘OH+ 'H, then 'H+ H— H,). Thus, a tentative link
could be made between hydrogen production in that study and our measurements of
hydroxyl radicals. Petrik et al. found an increased hydrogen yield relative to water with:
Zr0O,, Nd,0;3, Sm,0,, Eu,05, Gd,0;, Er,O5 and HfO,. Oxides that decreased hydrogen
production relative to water were: MnO, and CuO. The other oxides Petrik et al. tested
(Al,O,, SiO,, TiO,, Cr,0,, NiO and ZnO) showed no difference in hydrogen production.

We find no significant irradiation-induced changes in hydroxyl radicals for any of
these metal oxides. Indeed, our trend of decreased hydroxyl radicals for the lanthanides
is opposite to the increased hydrogen production data of Petrik et al.

Therefore, either the hydrogen radical-mediated pathway is such a minor player in the
overall reactions that it is easily swamped by independent reactions and/or there are
fundamental differences in the experimental designs. To address the second point, the
most obvious difference is that Petrik et al. exposed metal oxides to water vapour, to
form a thin adsorbed layer, whereas we irradiate NPs in solution. Our protocol therefore
allows two additional sets of reactions to occur. Firstly, energetic secondary electrons
ejected from NPs can travel further in bulk water and participate in more reactions than
is possible in a thin adsorbed layer of water. Secondly, NPs can migrate through bulk
water, coming into contact with radiolytically produced hydrogen peroxide and meta-
stable radiolysis species, which they catalytically convert into various radicals (Le Caér
2011; Lousada et al. 2013). Moreover, for some of these catalytic reactions, the NP sur-
face is not necessarily required. Metal ions released from NPs, such as V>, readily par-
ticipate in Fenton-like catalytic reactions with hydrogen peroxide to generate hydroxyl
radicals and hydroperoxide radicals (Du and Espenson 2005).

Electron donation to singlet oxygen can generate superoxide anions (Saito et al. 1983)
and, perhaps because of this, we find a partial correlation in our data between radia-
tion-induced superoxide and singlet oxygen levels. Thus, the lowest levels of superoxide
and singlet oxygen compared to non-irradiated values are seen with: V,05;, CuO, MoOs,
Tb,O,. Although MnO, does not fit this pattern, being very low with superoxide, but
only slightly lowered with singlet oxygen. However, no strong correlation exists between
high levels of superoxide and singlet oxygen.

Although superoxides can produce hydroxyl radicals via Fenton-like electron reduc-
tion of hydrogen peroxide (Richmond et al. 1981), our data show no consistent correla-
tion between radiation-induced superoxide and hydroxyl radical levels.

Regarding the correlation of ROS levels to DNA damage, we summarise our data in
Table 2.

Our data suggest that TiO, and V,0; NPs are worth further investigation, because of
consistent increases in both ROS and DNA damage. However, various surprises should
also be explored. Notably, Sc,0;, ZnO, Nd,0;, Sm,0;, Eu,05, Dy,0O5 and especially
CuO, produced more irradiation-induced DNA damage than expected from their total
irradiation-induced ROS output.

CuO NPs cause DNA damage in vivo (Atha et al. 2012). Specifically, copper ions form
adducts with DNA that cause structural distortions (Abdelhamid et al. 2018) and poten-
tiate ROS-mediated damage (Cervantes-Cervantes et al. 2005). CuO is therefore likely
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Table 2 Summary table of total irradiation induced: ROS, DNA damage and e /h* pair
formation

NP ROS DNA damage e~/h™ pair

V50, ++ +

TiO, + +

Al,O4 -

Sc,04 - +

Cr,05 -

Fes0, - ++
Zn0O - + ++
210, —

Eu,04 - +

Gd,04 -

HfO, -

SiO, —

CoO —— - ++
NiO - ++
Nd,O; —— +

Sm,04 —— +

Dy,04 - +

Er,0, ——

MnO, - -

Cuo - ++

MoOs —_—

Tb,0, ———

Ranked from high to low ROS and for similar levels of damage, ranked in element order. Change from control:
+/—=10-25%; ++/——=25-50%; +++/———=>50%

to potentiate irradiation-induced DNA damage, without itself producing ROS and this
could explain the mismatch between our DNA damage and ROS data for CuO.

The extent of NP-DNA interaction is likely to be an important variable for all the
other NPs studied, since the radiation dose deposited near the NP increases exponen-
tially as the NP surface is approached. Thus, in the interaction of 2 nm AuNPs with
6-MV X-ray photons, the dose can be enhanced several 1000-fold within 10 nm of the
Au surface (McMahon et al. 2011). It is therefore likely that the binding of NPs to DNA,
especially if these interactions physically destabilise DNA, will result in much greater
irradiation damage. Conversely, NPs that do not make close contact with DNA will likely
result in less DNA damage than predicted from their ROS output.

Of course, many of the NPs we have tested are far too toxic in their current formula-
tion to be considered for direct translation to preclinical studies. NPs can be toxic via
multiple parallel mechanisms (reviewed in Sukhanova et al. 2018; Huang et al. 2017).
These include: physical damage to membranes and organelles, disruption of membrane
channels and biochemical reactions (Taggart et al. 2016), activation of death pathways
(Tzelepi et al. 2019) and generation of ROS stress (Manke et al. 2013). In addition to
their toxicity, many rare earth metal oxides also present fire and explosion hazards (Rim
et al. 2013).

Of the two NPs we have identified as good radiosensitisers (V,0O5 and TiO,), only
TiO, is of sufficiently low toxicity to consider following up. Indeed, some advances have
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already been made using radiosensitisers based on TiO, NPs (Nakayama et al. 2016;
Morrison et al. 2017; Townley et al. 2012).

We consider that the future of NP radiosensitisers most probably lies in the combina-
tion of high Z elements with catalytic oxides: using the photoelectric effect of high Z
elements to feed secondary electrons into the catalyst. These composite NPs could be
made as complex oxides, as has been done with Bi,WOy (Sahu and Cates 2017); aggre-
gate mixtures, or core—shell arrangements. For instance, improved radiosensitisation
has been reported using lanthanide-doped TiO, (Townley et al. 2012) and ZnO NPs
(Ghaemi et al. 2016), ZnO-SiO, nanocomposites (Generalov et al. 2015) and Au-Bi,S,
heterostructures (Wang et al. 2019).

As with all catalysts, it will be important to consider ways to prevent ‘fouling’ of the
catalytic surface by ligands or serum proteins in vitro, since we and others have previ-
ously shown that the presence of a ligand shell on AuNPs greatly decreases irradiation-
induced ROS production (Gilles et al. 2014; Grellet et al. 2017).

Conclusions

We find large variations in the formation of three types of radical species in solutions
of metal oxide NPs. In general, the largest irradiation-induced increases are seen for
superoxides, where TiO, produces an additional 1.6 uM superoxide upon irradiation;
this being some 0.2 uM more than water only. A more impressive increase is seen for
hydroxyl radicals using V,0s, demonstrating an additional 1.8 uM hydroxyl radicals
upon irradiation; 1.6 uM more than water only. However, bulk radical formation per
se does not predict the extent of radiation-induced DNA damage in the presence of
these NPs. Thus, although TiO, and V,0; both produce more irradiation-induced
DNA damage than water, CuO produces nearly 8% more DNA damage even though
it shows one of the lowest irradiation-induced increases in radicals. Therefore, other
factors that probably involve intimate DNA-NP interactions, such as DNA destabi-
lisation and highly localised increases in radical concentration near the NP surface,
likely predominate.

In summary, when considering NP radiosensitisers, it is perhaps worth remember-
ing the old phrase ‘don’t judge a book by its cover’ Theoretical predictions of energy
output and biological damage are currently based on physical principles and need to
be expanded to take account of subsequent chemical reactions on and near the NP
surface.

Also, the purely catalytic nature of many NPs, within a ‘sea’ of radiolytic reactants
needs to be considered in order to obtain a fuller picture of the intrinsic radiosen-
sitising ability of a NP. These physical/chemical considerations then need to be put
into a biological context. How well are they taken up by cells and is there any selec-
tivity towards cancer cells? Once the NPs are in a biological medium of proteins and
sugars, does this alter their ability to produce ROS and damage cancer cells? We
know that our results pose more questions than they answer, but if this leads to a
deeper understanding of radiosensitisation theory and allows for rational choices of
the best nanoparticle materials, then this is ultimately a good thing.
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Methods

Nanoparticles

The following nanoparticles were obtained from US Research Nanomaterials:
Cr,05 (US3060, 60 nm, >99%), MnO, (US3319NMP, 50 nm, 98%), CoO (US3051,
50 nm, 99.7%), ZrO, (US3600, 40 nm, >99%), MoO4 (US3330, 13—-80 nm, 99.94%),
Nd,O; (US3350, 30-45 nm, 99.9%), Sm,0; (US3450, 15-45 nm, 99.95%), Eu,O,4
(US3543, 10-100 nm, 99.99%), Gd,04 (US3240, 10-100 nm, 99.9%), Tb,O, (US3455,
10-100 nm, 99.99%), Dy,O5 (US3080, 30 nm, >99.9%), Er,05 (US3140, 10-100 nm,
99.9%) and HfO, (US3245, 61-80 nm, 99.99%).

The following nanoparticles were obtained from Sigma-Aldrich: Al,O, (544833,
<50 nm, 99.8%), SiO, (637238, 10-20 nm, 99.5%), TiO, (718467, 21 nm, 99.5%),
Fe,O, (637106, 50-100 nm, 97%), NiO (637130, <50 nm, 99.8%), CuO (544868,
<50 nm, 82.6%) and ZnO (721077, <100 nm).

Sc,05 was obtained from American Elements (SC-OX-02-NP, <80 nm, 99%).

V,0; was obtained from Nanoshel (NS6130-03-399, <80 nm, 99.9%).

TEM

Samples were prepared by drop-coating films of the NP solutions on electrostatically
discharged carbon-coated copper TEM grids and visualised on a JEM-1400 model EM
instrument (JEOL, USA) operated at an accelerating voltage of 80 kV and x30,000 mag-
nification. Size histograms were measured from 20 TEM images per nanoparticle type
at x3000 magnification using the Analyze Particles feature of Image] software (version
1.52; NIH) and are reported as the mean and median values.

DLS
The hydrodynamic diameter of 2.5 mM NPs in 3% PBS pH 7.4 was measured using a
Nanotrac Flex particle size analyser, with Flex 11.1.0.5 software (Microtrac).

XRD

Samples were analysed using a Siemens D5005 XRD with a long fine focus copper X-ray
tube energised at 40 kV and 40 mA, running conventional Bragg—Brentano geometry.
Most runs were 0.5 s/step, with some at 8 s/step. Crystal phases were determined from
XRD spectra using QualX2 software (Altomare et al. 2015) (version 2.24; Institute of
Crystallography CNR, Bari, Italy) and PowCod database 1901.

Hydroxyl radical probe
5 mM stock of coumarin-3-carboxylic acid (CCA) powder (Sigma-Aldrich) was pre-
pared in 6% PBS pH 7.4.

Singlet oxygen probe
Singlet oxygen sensor green (SOSG) was purchased from ThermoFisher. From a 5 mM
methanolic stock, a working solution of 1 uM was prepared in 6% PBS pH 7.4.
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Superoxide anion probe
Dihydroethidium (DHE) was purchased from ThermoFisher. From a stock of 20 mM
DHE in DMSO, a working solution of 50 uM was prepared in 6% PBS pH 7.4.

Radical measurement

Experiments were run a minimum of three times independently and each time contain-
ing technical triplicates. Fifty microlitres of probe working solution was added to 50 pl of
5 mM NP in deionised water in black-walled 96-well plates (Cellstar, Greiner), produc-
ing a 2.5 mM NP working solution. After irradiation, the fluorescence of each well was
measured using a FLUOstar Optima plate reader (BMG Labtech), according to the type
of probe: CCA at Ex 390 nm/Em 450 nm, SOSG at Ex 485 nm/Em 520 nm, and DHE at
Ex 485 nm/Em 590 nm (Zhao et al. 2003).

Radical probe calibration curves

Each NP could potentially alter the fluorescence of the probe solution. Therefore, for
each probe, 50 ul serial dilutions of the fully oxidised fluorescence molecule in 6% PBS
were mixed with 50 pl 5 mM NP solution and the fluorescence measured as already
described.

For CCA calibration, 7-hydroxycoumarin-3-carboxylic acid (7OH-CCA, Sigma-
Aldrich) was used. For SOSG calibration, 0.5 uM SOSG was reacted with 6% H,0, and
2% NaOCIl. For DHE calibration, 1.5 pM DHE was reacted with 0.5 mM xanthine in 0.9%
NaCl and 10 mU/ml xanthine oxidase (Sigma-Aldrich). We report the molarity of each
radical species, assuming an equimolar reaction between each probe and its cognate
radical.

Hole quenching
Fifty microlitres of 5 mM NP solutions were mixed with 50 pl of 50 uM DHE in either
10 mM formic acid pH 3.5 as a hole scavenger (Puangpetch et al. 2011; Tan et al. 2003)
or 10 mM nitric acid pH 3.5 as a control.

Samples were irradiated in 96-well plates, as described and fluorescence measured at
Ex 485 nm/Em 590 nm, as described.

Plasmid DNA damage assay

Plasmid pBR322 was extracted from bacteria using Qiagen plasmid midi kits and kept
as a 50 ng/pl stock in 10 mM Tris—HCI, pH 8.5. Ten microlitres of plasmid DNA were
mixed with 10 pl of 5 mM NP solution in 96-well plates. Solutions were either left
untreated or irradiated with 10 Gy of 6-MV X-rays, as described below. Five microlitres
of each sample were mixed with 5-pl loading dye (Purple, New England Biolabs) and
loaded onto 1% agarose electrophoresis gels containing 0.2 pg/ml ethidium bromide with
a running buffer of Tris—borate—EDTA with 0.2 ug/ml ethidium bromide. A 1 kb DNA
ladder was also used (Quick-load Purple Plus, New England Biolabs). Gels were run at
110 V for 1 h and then photographed using a G:Box Chemi XX6 gel documentation
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system (Syngene), ensuring that no image pixels were saturated. DNA band intensities
were quantified using the Gel Analysis feature of Image] software (version 1.52; NIH).

X-ray irradiation

Plates were sandwiched between two blocks of 10-cm solid water shielding (Gammex)
to simulate the location of a deep tumour and X-rays were deposited within the liquid
in each well by beam shaping, using a treatment plan based on CT scans of the plates.
Plates were irradiated with 10 Gy of 6-MV X-rays at a dose rate of 5 Gy/min using a clin-
ical linear accelerator (Versa HD, Elekta) at GenesisCare, Milton Keynes. The radiation
field was 25 x 25 cm and previous calculations with a similar linear accelerator machine
have shown that this field size, with 10 cm depth of water and 6-MV photons will pro-
duce a broad polychromatic energy spectrum from 0 to 6 MV, with the majority of the
photon energies below 1 MeV (Konefal et al. 2015).

Statistical analysis
Data from three independent experiments were compared to the no NP control using
one-way ANOVA with Dunnett’s multiple comparisons (GraphPad Prism v6 software).

Supplementary information
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curves using different concentrations of oxidised probes.
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