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Abstract: We report on strong X-ray-induced hydroxyl radical (.OH) generation in an aqueous
solution containing UV light pre-treated GdYVO4:Eu3+ nanoparticles (L-GdYVO). The methods of
optical spectroscopy were used to detect .OH in the solutions. The complex nature of the mechanism
of .OH generation has been revealed and discussed. The experimental data obtained indicate that the
mechanism of .OH generation is associated with two main processes: (i) direct .OH generation with
the participation of thermalized h+ formed at X-ray irradiation, and (ii) X-ray-facilitated jumps of
h+ formed in the nanoparticles’ (NPs’) valence band at UV light pre-treatment and trapped in local
levels formed by random scattering potential. At the same time, for GdYVO4:Eu3+ nanoparticles,
which were not exposed to UV light before the X-ray irradiation (D-GdYVO), a strong radioprotective
effect ascribed to the electron-donation properties of V4+ ions was observed. Thus, depending
on the pre-treatment condition, we can change the redox properties of GdYVO4:Eu3+ NPs in an
opposite direction, which makes this nanomaterial a unique theranostic agent for radiation therapy
(RT) enhancement, allowing the problem of radiation therapy (RT)-resistant hypoxic tumours to
be overcome.
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1. Introduction

Radiation therapy (RT), i.e., the use of ionizing radiation for cancer treatment, has become one of
the first-line treatment modalities in oncology [1–4]. An estimated 60% of all cancer patients receive RT
during their course of illness, either alone or in combination with chemotherapy or surgery [3,4]. X-rays
or γ-rays used for RT can destroy cancer cells either by directly damaging the nuclear material (DNA)
or by ionization/excitation of the water component of the cells. In the latter case, water is sequentially
converted into a number of radicals and molecular products: hydrated electrons (e−aq), hydrogen atoms
(H.), hydroxyl radicals (.OH), hydroperoxyl radicals (HO.

2), hydrogen peroxide (H2O2), and hydrogen
molecules (H2) [5–8]. In addition, hydrated electrons are known to be strong reducing agents and can
reduce O2 dissolved in water to a highly reactive superoxide anion (O.−

2 ). However, despite the great
advances of RT, many challenges remain. One of them is normal tissue toxicity. As photons interact not
only with tumour tissues, severe side effects or even secondary cancers may be induced when healthy
tissues are damaged [7,9]. The second challenge is innate or acquired radioresistance in a number of
cancers (e.g., hypoxic tumours such as pancreatic cancer and glioblastoma) [9–11]. Solid tumours are
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known to be very heterogeneous and composed of different areas: regions saturated with oxygen and
oxygen-deficient, hypoxic ones. The hypoxic regions possess some resistance to radiotherapy due to
the lack of molecular oxygen required to form superoxide anions, one of the highly reactive oxygen
species (ROS) [9,10].

Several approaches were proposed to overcome these challenges, including fractionating the
radiation dose over time or over space, and the systemic administration of protective drugs to
neutralize the effect of free radicals in healthy cells [1,2,12]. Recently, a promising strategy based
on the application of nanoparticles (NPs) has been proposed to increase of RT efficiency [4,9,11–13].
The preferential accumulation of NPs in the tumour due to the enhanced permeability and retention
(EPR) effect can offer a solution for many challenges by (i) improving contrast enhancement for
image-guided RT; (ii) ensuring tumour-specific delivery of chemotherapeutic agents for combined
chemo-RT, and (iii) increasing the local dose of radiation using particles with high atomic numbers
(Z) [7,14]. The absorption of X-ray photons by high Z atom elements results mainly in the inner-shell
electron ejection (photoelectric effect) and Compton electron scattering. For keV energy photons
(typically < 100 keV), photoelectric absorption is the dominant interaction process [11–17]. Photoelectric
cross-section is known to be strongly dependent on Z as σpe ∝ Zn/E3, where E is the energy of the
incoming photon and Z is the atomic number of the atom being targeted, and n varies between 4 and 5
depending on the E value. Photoelectrons, Auger electrons, and secondary electrons formed at X-ray
irradiation may successively ionize surrounding biomolecules and hydrolyse water molecules within
the cells that induce more effective DNA damage in a nanoparticle-loaded biosystem [12–16].

Among various high-Z nanomaterials investigated for RT enhancement, so called nano-radio-
enhancers (NRE), NPs on the base of gold [8,14,18], platinum [14], hafnium [13], and gadolinium [18–21],
are the most studied. All of these NRE were shown to increase the radiation dose and RT efficiency both
in vitro and in vivo due to the high Z-effect and a number of specific properties. However, it should be
noted that despite the above-mentioned advantages, NREs are still in the very early translational stages,
with nearly all efforts devoted to preclinical studies due to some significant drawbacks including long
blood half-life, accumulation in the liver, spleen, and other tissue, poor whole-body clearance, and skin
coloration (Au and Ag NPs) [7,22]. Among these NPs, gadolinium-based ones can be regarded as a
prospective theranostic agent, which could ensure both increasing RT efficiency and the monitoring
of the radiosensitizing agent within the tumour due to paramagnetic features of gadolinium ions
used for enhancing magnetic resonance imaging contrast [19–21]. For Gd-based NPs called AGuIX@,
low toxicity in animals and the possibility of intravenous administration were reported, allowing them
to be used in Phase I clinical trials in humans with brain metastasis [19]. Our recent studies revealed
the changeable pro-/anti-oxidant action of small 2 nm gadolinium–yttrium orthovanadate NPs doped
with Eu3+ ions (GdYVO4:Eu3+), i.e., the ability of O.−

2 and .OH generation or scavenging depending on
external conditions [23]. In an in vivo experiment, protective properties against X-ray-induced damage of
GdVO4:Eu3+ NPs were reported [24].

Moreover, effective dark .OH generation by water splitting via the hole-mediated reaction was
also detected [25], which shows the potential of GdYVO4:Eu3+ NPs for RT treatment of aggressive
hypoxic tumours as for .OH generation, the presence of molecular oxygen is not required.

In modern RT applications, high-energy beams of 2–25 MeV (“deep” X-ray) are commonly used,
which allows deep tumours (>2 cm in depth) to be reached [11,16,26]. However, it should be noted
that low-energy beams in the range of 40–100 keV (“superficial” X-rays) are used for skin cancer or the
treatment of other exposed structures (e.g., melanoma, basal cell carcinoma, squamous cell carcinoma,
keloid) [11,16,25]. Low-energy X-ray beams are reported to be used in RT/photodynamic “hybrid” therapy
using scintillation NPs and also in image-guided RT applications [16,26]. Gd2O3, Bi2O3, Au, and Fe-based
NPs and a variety of scintillation NPs containing lanthanide ions excited with the low-energy X-ray beams
were used in these applications (see reviews [16,26]).
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This paper extends our work on GdYVO4:Eu3+ NPs redox activity studies [23–25]. The effects
of X-ray irradiation and pre-treatment conditions on GdYVO4:Eu3+ NP redox properties in aqueous
solutions were studied.

2. Materials and Methods

2.1. Synthesis of GdYVO4:Eu3+ NPs and Their Characterization

Gadolinium–yttrium orthovanadate NPs doped with europium ions GdYVO4:Eu3+ (GdYVO)
were synthesized by the method reported in our previous paper [24,27]. First, 10 mL of aqueous
solution of 0.01 M lanthanide chlorides (99.9% Acros Organics, Geel, Belgium) was prepared by mixing
7 mL of GdCl3, 2 mL of YCl3, and 1 mL of EuCl3. Then 8 mL of 0.01 M sodium citrate solution (99%,
Acros Organics, Geel, Belgium) was added, and then 8 ml 0.01 M Na3VO4 was flowed drop-wise
(pH = 13) to the obtained mixture. The mixture was intensively stirred using a magnetic stirrer to obtain
a transparent solution and then heated in a water bath for 30 min at 100 ◦C. Then the solution was
cooled, and the excess of ions was removed by dialysis against water for 24 h. The obtained aqueous
colloidal solution containing GdYVO NPs was characterized by transmission electron microscopy
(TEM), Fourier-transform infrared spectroscopy (FT-IR), X-ray powder diffraction analysis (XRD),
dynamic light scattering (DLS) analysis, and UV-vis optical spectroscopy.

To obtain TEM images of synthesized GdYVO, a TEM-125K electron microscope with a 100 kV
electron beam (Selmi, Ukraine) was used. For sample preparation, 200 mesh carbon-coated Cu grids
(Electron Microscopy Sciences, Hatfield, PA, USA) were used. A 5 µL drop of the colloidal solution
was deposited to a grid and the solvent allowed to evaporate.

A FT-IR spectrum was obtained on a Perkin-Elmer Spectrum One B FT-IR spectrometer
(PerkinElmer, Inc., Waltham, MA, USA) in the range of 4000–400 cm−1 using KBr pellets. To obtain
GdYVO powder, the colloidal solution was dried at 80 ◦C.

An X-ray diffraction pattern of GdYVO was obtained with a Siemens D500 X-ray diffractometer
(Siemens, Berlin, Germany).

Hydrodynamic diameter and ζ-potentials of synthesized GdYVO NPs were measured using a
ZetaPALS/BI-MAS analyser (Brookhaven Instruments Corp., Holtsville, NY, USA) operated in the
phase analysis light-scattering mode.

UV-vis absorption spectra were obtained using a Specord 200 UV-vis spectrometer (Analytik Jena,
Jena, Germany).

2.2. Measurement of ·OH Generation in Aqueous Solutions under X-Ray Irradiation

For the detection of ·OH generation in the solutions with/without GdYVO NPs, an ·OH-specific
probe 1,2-Benzopyrone (coumarin, Sigma-Aldrich) was used [28]. The route of OH detection is based
on the formation in a solution of fluorescent product of the coumarin oxidation (7-hydroxycoumarin),
which could be registered by the appearance of a new fluorescent band with a maximum at 460 nm.
First, a stock solution of coumarin (0.1 mmol L−1) in bi-distilled water was prepared. Then necessary
amount of the coumarin stock solution was mixed with the colloidal GdYVO NP solutions (dark-stored
or UV light pre-irradiated) to reach final coumarin and NP concentrations of 0.1 mmol L−1 and 1 g L−1,
respectively. The obtained solutions containing GdYVO NPs and coumarin were placed in plastic cuvettes
(10 × 10 mm) and irradiated from the open part by X-ray radiation using an ISOVOLT 160 Titan E device
with a tungsten anode for different time intervals (10, 20, or 30 min). The voltage on the tube was 30 kV
(20 mA). The distance from the X-ray tube to the irradiated samples was 25 cm. The absorbed dose rate
in air of 0.0143 Gy/min was estimated using the free software Rad Pro Calculator Version 3.26, taking an
irradiated field of 1 × 1 cm2. The absorbed doses are 0.14, 0.28, and 0.42 Gy for 10, 20, and 30 min of X-ray
irradiation, respectively.
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Then the solutions were poured into quartz cuvettes, and fluorescence intensities (exc/em
325/460 nm) were measured on a Lumina spectrofluorimeter (Thermo Scientific, Madison, WI, USA).
To estimate ·OH generation, the relative intensity of the maxima centred at 460 nm was analysed.

3. Results and Discussion

The as-synthesized GdYVO exhibits spherical-like particles with about a 2 nm diameter (Figure 1a).
Their crystalline phase was determined using XRD to be a tetrahedral zircon-type structure of GdVO4
(JCPDS, no. 72-0277, Figure 1b). The FT-IR spectrum of the GdYVO powder confirms the crystal
structure of synthesized NPs, revealing a strong absorption peak at 792 cm−1 and a weaker one
at 445 cm−1, which correspond to stretching vibrations of V–O and Re(Eu)–O bands, respectively
(Figure 1c) [29,30]. The broad band at the range of 2900–3700 cm−1 belongs to the water O–H stretching
vibrations. Note that for GdYVO NP stabilization in aqueous solution, the synthesis routine includes
the addition of a stabilizer, sodium citrate. Peaks at 1391 cm−1 and 1570 cm−1 in the FT-IR spectrum
are associated with symmetrical and asymmetrical vibrations of carboxylate groups of the stabilizer.
The weak peaks at 1072 and 1259 cm−1 belong to vibrations of the C–O citrate bond, whereas ones at
2928 cm−1 and 2865 cm−1 are associated with the vibrations of CH groups of the carboxylate group
shells at the surface of GdYVO [31,32].
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Figure 1. TEM image (a), XRD pattern (b), FT-IR spectrum (c), and absorption spectrum (d) of
synthesized GdYVO.

Negatively charged carboxylate groups of a citrate ion stabilizer impart a negative charge to
the surface of GdYVO NPs (ζ–potential is −20.94 ± 1.27 mV) and, consequently, high stability of
the synthesized colloidal solution. The hydrodynamic diameter (dh) of GdYVO is determined to be
25 ± 1.3 nm. The higher value of NP size as compared with the data obtained with TEM microscopy is
due to hydrate and stabilizer ion shells at the surface of NPs.
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Figure 1d represents the absorption spectrum of GdYVO, with a characteristic asymmetric broad
band within the 250–350 nm spectral range associated with a charge transfer from oxygen to the
vanadium ions in VO3−

4 groups of the GdYVO crystal lattice [33,34]. GdYVO belongs to the direct
gap semiconductors family; the band gap energy (Eg) was estimated to be 4.25 eV using Tauc’s
relationship [23]. That means that at high energy excitation (E > Eg), in GdYVO a charge separation
could be created with a generation of e- in the conduction band (CB) and h+ in the valence band
(VB), which could participate in a variety of redox reactions with a formation of ROS, mainly .OH
generation by the h+-mediated H2O splitting reaction and O.−

2 production via the e−–mediated O2

reduction [23,25].
3O2 + e− → O.−

2 (1)

H2O + h+
→

.OH+H+ (2)

The VB of vanadate nanocrystals was found to be mainly composed of oxygen 2p orbitals [35].
Small ReVO4 NPs were reported to possess a large amount of oxygen vacancies VO and conjunct V4+

ions [36–38]. A large amount of such VO forms random scattering potentials (RSPs), which could
serve as h+ traps above the top of VB and hinder h+ jump movement to the surface of NPs [23,25,39]
and consequent participation in the water splitting reaction (2). Recently, we have reported that h+

formed at NP UV light irradiation and trapped on such localized levels can be stored up to 4 days
and is responsible for dark .OH generation [24]. Note that .OH generation by UV light pre-treated
GdYVO NPs in dark conditions is very effective and comparable to that observed at direct NP UV
irradiation [25].

At the same time, in GdYVO NPs a competitive ROS scavenging mechanism occurs and is
associated with V4+–VO–V4+ complexes as well [23]. Electrons stored in V4+ ions as a result of VO

formation can participate in ROS neutralization, in particular, hydroxyl radicals:

V4+ + .OH + H+
→ V5+ + H2O. (3)

The ROS scavenging mechanism was shown to be dominant in the first stage of GdYVO UV
irradiation and then depleted due to V4+ oxidation [40].

Based the experimental facts stated above, in our experiments with X-ray irradiation, we use
two groups of GdYVO NPs: (i) GdYVO NPs, which were kept in the dark before the experiment in
order to deplete h+ localized levels (marked as D-GdYVO) and (ii) GdYVO NPs, which were UV light
pre-treated for 1, 2, or 4 h (marked as L-GdYVO).

Figure 2 plots the mass attenuation coefficient for GdYVO and indicates that at the X-ray
irradiation conditions used (V = 30 kV), the dominant process in X-ray interaction with the matter is
the photoelectric effect; GdYVO contributes to the photoelectric effect by attenuating low-energy
X-ray photons. Such an interaction finally gives rise to the generation of e− and h+ in CB and
VB, respectively.

Figure 3 depicts .OH generation at X-ray irradiation (20 min, 0.28 Gy) in aqueous solutions
containing GdYVO NPs. Let us emphasize that according to general principles, at X-ray irradiation
of an aqueous solution, the main part of incident high-energy quanta will be absorbed by water,
causing its radiolysis with a generation of .OH as a main product [6] (see column 1, Figure 3a,b).
However, the addition of GdYVO NPs changes remarkably the patterns of .OH generation in the
solution. Moreover, the observed effects depend strongly on NP pre-treatment conditions (columns 2,
3 in Figure 3). In the solution containing D-GdYVO, the amount of .OH detected after 20 min of X-ray
irradiation is about 40% smaller than that in pure water solution. Based on our previous data, this effect
could be explained by the elimination of .OH (reaction (3)) generated in the solution as a result of
both water radiolysis and water splitting on the surface of D-GdYVO NPs via reaction (2). The small
size of GdYVO NPs with a high amount of V4+–VO–V4+ and a large surface area for .OH adsorption
ensures the high efficiency of this process (Figure 3, column 2). Although an .OH generation process in
D-GdYVO at X-ray irradiation is also expected, the ROS scavenging mechanism is dominant.
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(control), column 2—D-GdYVO; column 3—L-GdYVO; 4—L-GdYVO, which did not undergo X-ray
irradiation; column 5—.OH generation in L-GdYVO without the contribution of dark .OH generation.

At the same time, in the solutions containing L-GdYVO, the amount of .OH is found to be larger
as compared with that in solutions without NPs. Moreover, L-GdYVO UV light pre-irradiation time
affects directly the amount of .OH formed in the solution after 20 min X-ray irradiation (Figure 3a,b
column 3). To explain this phenomenon, let us consider the main processes associated with ROS
generation or scavenging, which take place during L-GdYVO X-ray irradiation.

(i) Note that in L-GdYVO NPs, the radical scavenging mechanism cannot be dominant or noticeabl,
because as it was shown earlier [38], UV light irradiation of NPs causes V4+ oxidation to V5+ via
reaction (3).

(ii) Dark .OH generation (i.e., generation of .OH with the participation of h+ stored during UV
light pre-irradiation of L-GdYVO) should be also taken into consideration. To address this item,
the same portion of L-GdYVO was left on the table without X-ray irradiation, and then the amount of
.OH formed in that solution in the same time interval (20 min) was analysed (Figure 3, column 4).

(iii) X-ray-induced .OH generation in L-GdYVO via reaction (2). One of the possible ways of
excited energy dissipation excepting photoelectrons, Auger electron and secondary electron formation
is known to be a thermalization of charge carriers. Electrons are concentrated at the bottom of the CB,
whereas holes “float” to the top of the VB and, consequently, are able to participate in ROS production
reactions. To separate the X-ray-induced .OH generation in L-GdYVO, we have subtracted column
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4 from column 3 (Figure 3). Thus, column 5 in Figure 3 represents the amount of .OH generated
as a result of L-GdYVO X-ray irradiation without a contribution of dark .OH generation occurring
simultaneously. Figure 3b shows that the time of L-GdYVO UV light pre-treatment sufficiently affects
the amount of generated .OH during the same X-ray irradiation interval. UV light pre-treatment during
4 h gives about a 4 times higher amount of .OH as compared with that for 1 h of UV light pre-treatment,
while the amount of dark-generated .OH increases not sufficiently (Figure 3a,b, columns 4,5).

Increasing the X-ray irradiation time while keeping constant the time of UV light pre-treatment
also enhances the amount of .OH generated in the solutions containing L-GdYVO (Figure 4, column 3).
Moreover, the X-ray-induced .OH generation is enhanced 3 times with 30 min of X-ray exposure,
whereas the amount of dark-generated .OH increases again not sufficiently (Figure 4, columns 4 and 5,
respectively).
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2—D-GdYVO; column 3—L-GdYVO; 4—L-GdYVO, which did not undergo X-ray irradiation; column
5—.OH generation in L-GdYVO without a contribution of the dark .OH generation.

This fact cannot be explained only by “direct” .OH generation via reaction (2) with the
participation of thermalized h+ formed at X-ray irradiation because as it was shown in Figure 3,
the amount of hydroxyl radicals is increased with X-ray irradiation time, but by different UV light
pre-treatment regimes.

(iv) We assume that one more mechanism is responsible for X-ray-induced .OH generation in
L-GdYVO NPs. The presented data indicate that this mechanism appears to be associated with the h+

formed in the NPs’ VB at UV light pre-treatment and trapped in local levels formed by RSP [39]. X-ray
irradiation and an excess of energy released during h+ thermalization can activate trapped holes and
facilitate their jump movement towards the surface of NPs, increasing, consequently, the amount of
generated .OH . Note that the .OH generation by the mechanism associated with X-ray-facilitated h+

jumps is more effective than direct .OH generation with the participation of thermalized h+ because
as seen in Figure 4a–c, column 2, in D-GdYVO NPs .OH scavenging is dominant even after 30 min
(and longer) of X-ray exposure, and X-ray-induced .OH generation, which is expected to occur also in
these NPs, does not become noticeable.

To separate the contribution of X-ray-facilitated h+ jump effects, we have subtracted the amount
of .OH generated as a result of water radiolysis in the solutions containing D-GdYVO (Figure 4a–c,
column 2) from the total X-ray-induced .OH generation (Figure 4a–c, column 5). Thus, Figure 5
represents the contribution of all processes observed in aqueous solutions containing D-GdYVO and
L-GdYVO NPs.

It is worth mentioning again that the total amount of OH generated in the aqueous solution
containing L-GdYVO NPs at X-ray irradiation is much higher than that in the control solution
representing X-ray-induced water radiolysis (Figure 4a–c, columns 1 and 3), which directly points to
the potential of L-GdYVO NPs as NREs for RT.
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4. Conclusions

The obtained experimental data show that a preliminary treatment of GdYVO NPs with UV
light is an effective tool allowing their redox properties to be changed drastically. GdYVO NPs that
were UV light pre-treated (L-GdYVO) revealed strong .OH generation during further X-ray exposure,
whereas GdYVO NPs, which were kept in the dark (D-GdYVO), showed radioprotective action.
The mechanism of D-GdYVO radioptotective action (.OH scavenging) is ascribed to the presence of
V4+–VO–V4+ complexes in the crystal lattice of GdYVO. Electrons stored in vanadium ions participate
in the neutralization of .OH formed at both water radiolysis and water splitting via reaction with the
h+-mediated reaction.

The mechanism of X-ray-induced .OH generation in L-GdYVO is more complicated; two processes
could be separated: (i) direct .OH generation with the participation of thermalized h+ formed at X-ray
irradiation, and (ii) X-ray-facilitated jumps of h+ formed in the VB at UV light pre-treatment and
trapped in local levels formed by RSP.

Thus, depending on the pre-treatment condition, we can change the redox properties of GdYVO in
an opposite direction, which makes this nanomaterial a unique theranostic agent for RT enhancement,
allowing the problem of RT-resistant hypoxic tumours to be overcome.
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