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Radioluminescent nanomaterials have garnered significant attention
in the past decade due to their potential to perform X-ray mediated
photodynamic therapy (X-PDT). Many of these materials are assumed
to produce singlet oxygen based on a single assay. Herein we
demonstrate that multiple assays are required to confidently deter-
mine whether singlet oxygen or other reactive oxygen species are
being produced through type | or type Il PDT mechanisms. Rose
Bengal and Merocyanine 540 photosensitizers were loaded into
mesoporous silica-coated NaLuF4:Dy3",Gd3+ nanoparticles and the
combination of ABDA, DPBF, and NaNz assays along with electron
paramagnetic resonance were employed to determine that super-
oxide and hydroxyl radicals were exclusively produced from this
system under X-ray excitation. Knowledge of the correct PDT mech-
anism is crucial for informing what types of disease may be best suited
for treatment using PDT nanosystems.

Introduction

Radioluminescent (RL) phosphors have garnered significant
attention due to their ability to convert ionizing radiation into
UV, visible and NIR light. Bulk RL materials are widely used for
the detection of ionizing radiation, however, the development
of radioluminescent nanoparticles (RLNPs) has transformed
the potential applications of radioluminescent phosphors,
particularly with respect to biological applications.’™ The most
promising RLNP compositions utilize lanthanide ions as acti-
vators doped into various inorganic hosts such as oxides,
tungstates, aluminates, oxysulfides and fluorides, among
others.>® Lanthanide-doped nanoparticles based on a fluoride
host have attracted considerable attention due to their unique
properties, such as wide band gap, low phonon energy, and
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high chemical and radiation stability.>'* Thus, fluoride-based
lanthanide-doped nanoparticles have emerged as strong
candidates for achieving efficient 4f"-4f" emissions under
ionizing excitation."**?

The absorption of X-ray photons by lanthanide-doped
nanoparticles results in primary and secondary physical
processes, such as the photoelectric effect, Compton scattering,
Auger electron emission, X-ray fluorescence and pair produc-
tion, with varying cross-sectional dependencies on effective
atomic number of the material and/or incident X-ray energy.'>**
The multitude of complex processes that occur in RLNPs upon
their excitation with ionizing radiation have been demonstrated
to enhance medical treatments such as radiotherapy (RT) and
photodynamic therapy (PDT) due to the ability of X-rays and
excited secondary electrons to travel distances well beyond the
length of a single nanoparticle.” Thus, it is possible for a single
X-ray photon to excite activator ions in adjacent nanoparticles
or target molecules, such as photosensitizers for photodynamic
therapy. Furthermore, RLNPs containing high-Z elements, such
as Ag, Au, Hf, Lu, or Gd are known to promote the production of
reactive oxygen species (ROS) during RT due to their high X-ray
absorption cross sections which facilitate a strong reaction with
surrounding oxygen and water molecules.”>'® Recent studies
highlight the development of different RLNPs as energy medi-
ators for indirect activation of photosensitizers by using X-rays
as an excitation source for PDT, in a process now known as X-
PDT."™"7~** Conventional PDT utilizes light of a specific wave-
length to excite a photosensitizer molecule to its triplet excited
state and leading to the production of cytotoxic singlet oxygen
and other ROS, such as hydroxyl, hydrogen peroxides and
superoxide anion radicals. ROS and singlet oxygen are powerful
oxidants that can damage biomolecules such as lipids, proteins
and nucleic acids, making PDT a successful treatment for
superficial cancers, actinic keratoses, and macular degenera-
tion.*** In the newly developed approach, RLNPs are capable of
exciting photosensitizers and inducing the production of
singlet oxygen and other ROS in tandem with radiotherapy
treatments, which can penetrate deeply below surface tissues.
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Fig. 1 Schematic of the X-ray mediated photodynamic therapy (X-
PDT) process in which (1) a radioluminescent nanoparticle (RLNP) is
excited by X-rays. (2) Energy transfer from the nanoparticles excites
a photosensitizer to (3) the excited singlet state, after which it can
undergo intersystem crossing (4) to the excited triplet state and induce
either a type | or type Il PDT effect (5).

As previously discussed, the ability of X-rays and secondary
electrons to travel significant distances results in the potential
for excitation of multiple photosensitizers from a single ioni-
zation event, potentially improving the PDT effect by a signifi-
cant amount. ROS species can be produced by type I (i.e. O,
and H,0, and "OH) or type II (i.e. '0,) photochemical reactions
(Fig. 1). Most of the clinical applications relating to PDT are
based on type II PDT. However, the production of singlet oxygen
is highly dependent on oxygen concentration, and unfortu-
nately, the microenvironment in the majority of solid tumours
is usually hypoxic. Thus, the combination of a hypoxic envi-
ronment and simultaneous oxygen consumption during PDT
further intensifies oxygen tension, resulting in therapeutic
resistance.”®** One of the approaches being explored to
circumvent this problem is the use of nanomaterials and
photosensitizers capable of generating ROS species through
type I PDT, which is minimally dependent on intracellular
oxygen content.”

In the present study, we describe a novel RLNP nano-
composite system which produces type I PDT reactions under X-
ray irradiation. Sub-20 nm NaLuF,:20% Gd**, 3% Dy** RLNPs
were coated with mesoporous silica and loaded with the Rose
Bengal (RB) and Merocyanine 540 (MC540). ROS production
following X-ray irradiation of the RLNP-PS systems were evalu-
ated using two different commercially available probes, 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA) and 1,3-
diphenylisobenzofuran (DPBF). ABDA is a fluorescence probe
which is specific for singlet oxygen detection, while DPBF is
known to react with singlet oxygen, superoxide, hydrogen
peroxide, and nitrogen radicals, among others.*® It is however,
worth noting, that DPBF is known to have a higher detection
sensitivity for singlet oxygen detection than ABDA.*® Thus, it is
common that results obtained from a DPBF probe experiment
alone are assumed to correlate to singlet oxygen production.?”?®
In contrast, electron paramagnetic resonance (EPR) spectros-
copy in combination with spin traps can be used to unambig-
uously determine what species are produced.”® Furthermore,
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Fig. 2 (A) TEM image of NalLuF,:20% Gd**, 3% Dy**@mSiO, nano-
particles. (B) Size distribution of mesoporous silica coated nano-
particles indicating a size of 11.1 + 1 nm. (C) Powder X-ray diffraction of
the nanoparticles matches the diffraction patterns of NaLuF,4 (PDF-00-
027-0726) and NaGdF, (PDF-00-027-0699) hexagonal phases. (D)
The radioluminescence emission spectrum (black trace) of the RLNPs
overlaps well with the absorbance of RB (pink trace) and MC540 (red
trace).

introduction of sodium azide, an efficient scavenger of singlet
oxygen, can be used to confirm the presence or absence of
singlet oxygen in the system.

Herein, we demonstrate that it is unlikely that singlet oxygen
is the primary ROS produced by the RLNP-PS system in the case
of both MC540 and RB. These results highlight the importance
of investigating nanoparticle-based PDT systems with multiple
probes to ensure an accurate and reliable determination of the
PDT mechanism, which can significantly impact the environ-
ments in which the system may be more efficient.

Prior to conducting in vitro and in vivo studies it is primor-
dial to firmly characterize the reaction pathway in order to
thoroughly understand how PDT actually works, so that the
modulation of its effect can be achieved to maximize the ther-
apeutic outcome. It is only in completely understanding the
processes involved that ideal nanomaterials and conditions can
be determined for each application.

Results and discussions

Physical characterization of RLNPs and PS loading

B-NaLuF4:20% Gd**, 3% Dy** were synthesized following a re-
ported co-precipitation synthesis method with slight modifica-
tions.* Transmission electron microscopy (TEM) images reveal
the as-synthesized nanoparticles display narrow size distribu-
tion and excellent monodispersity with an average diameter of 9
+ 1 nm (Fig. 2A, B and S1A, Bt). As shown in Fig. 2C, powder X-
ray diffraction confirmed that the RLNPs are hexagonal phase,
and no other phase or impurities were identified. The RLNPs
were coated with mesoporous silica in order to facilitate
photosensitizer loading. Silica coating was confirmed by FT-IR

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy, which exhibits the typical Si-O-Si stretching
vibrations (Fig. S2AT).

The N, adsorption/desorption isotherm (ESI Fig. S2B7) for
the silica-coated nanoparticles can be classified as type IV with
a hysteric loop according to the IUPAC classification scheme for
mesoporous materials, thus confirming mesoporous silica was
coated onto the nanoparticles.

The Brunauer-Emmett-Teller (BET) surface area and average
pore size of RLNP@mSiO, were 214.94 m> g ' and 8.32 nm
respectively, suggesting that a large amount of photosensitizer
can be loaded due to the high surface area and mesoporous
structure. The size of the RLNPs increased from 9 + 1 nm to 11
+ 1 nm after silica coating, implying a shell thickness of 1 nm
(Fig. 2A). Radioluminescence spectroscopy was performed with
an unfiltered X-ray beam (Au target) operating at 50 kVp, 80 pA
(Fig. 2D). The chosen X-ray energies, in combination with the
high Z.; material NaLuF, were chosen for their potential to
provide efficient ROS production.” As shown in Fig. 2D, the RL
emission spectrum of B-NaLuF4:20% Gd**, 3% Dy’* exhibited
the distinct 4f"-4f" transitions from Dy** ions from the “Fo,
excited level to the °H; (J = 15/2 and 13/2) levels, located at 484
and 573 nm, respectively. The absorption spectrum of the PS
overlaps well with the emissions from Dy**. Thus, it is expected
that following X-ray excitation of RLNPs, RB and MC540 would
be activated via an energy transfer process to produce ROS.

The amount of loaded PS was determined using UV-vis
absorption spectroscopy and BET analysis. The average
surface loading was determined to be 1.062 x 10> molecules
RB per cm?, and 5.658 x 10'* molecules MC540 per cm®. The
decreased loading amount for MC540 is expected since MC540
is a larger molecule than RB and will occupy more surface
area.’"*?

Control studies

Suspensions of RLNPs (2 mg mL ™) loaded with MC540 or RB in
50/50 v/v DMSO/H,0 or DMSO/D,O were evaluated using DPBF
and ABDA. DMSO/D,0 and DMSO/H,0 were chosen as solvent
systems to accommodate the stability of the nanoparticles as
well as solubility of DBPF, which is insoluble in neat water.>
Furthermore, D,O was used as a solvent system to increase the
lifetime of singlet oxygen, thus allowing for more likely detec-
tion of singlet oxygen if it were formed. It has been demon-
strated that the X-ray energy deposited to an aqueous
suspension of nanoparticles is mostly deposited to the solvent
during the primary interaction phase.” The energy attenuated
by the water molecules then results in secondary production of
Auger electrons and secondary X-rays, which can then interact
with the nanoparticles; this has been implicated in a decreased
type II photodynamic effect in nanoparticle-facilitated X-PDT
applications.” Thus, to facilitate as much primary energy
deposition to the nanoparticles as possible, the irradiated
nanoparticle suspension had a depth of 0.5 cm to prevent total
attenuation of X-rays by the solvent near the surface of the
sample. Additionally, the suspension was stirred during irra-
diation to increase the homogeneity of the dose deposited to the
entire contents of the sample. All samples were irradiated for
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a total of 5 minutes, with UV-Visible absorption spectra
measured at 30 second intervals during the irradiation.
Control experiments were performed on solutions of MC540
and RB under X-ray excitation with and without DPBF or ABDA
as a ROS or singlet oxygen probe to evaluate the possibility of
direct photosensitization of MC540 and RB, as well as the
potential for PS or DPBF/ABDA degradation under ionizing
radiation. Neither PS nor the DPBF or ABDA solutions alone
exhibited degradation during the 5 minute irradiation experi-
ments, as evidenced by the minimal changes in the absorption
maxima of both PSs and probes (Fig. 3A and B). A slight
decrease in the DPBF absorption was observed for the MC540
and RB samples without nanoparticles present, indicating
a small degree of ROS production during X-ray excitation, likely
due to the radiolysis of water. It has been previously demon-
strated that MC540 and RB do not exhibit direct photosensiti-
zation upon irradiation with X-rays due to the mismatch in
excitation energy required to form the excited triplet states of
these molecules, in line with our observations.**** Finally,
a solution of RLNPs@mSiO, without any photosensitizers was
irradiated with X-rays in the presence of DPBF or ABDA, and
a small decrease in both DPBF and ABDA absorbance was
observed. Thus, the RLNPs@mSiO, alone appear to induce ROS
and singlet oxygen production, likely due to the radiolysis of
water during the irradiation of all the samples with X-rays.
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Fig. 3 (A) Graph of the UV-Visible absorption maxima of control
samples vs. time illustrating the difference in absorbance after 5
minutes (300 seconds) of X-ray irradiation. Amax DPBF: 416 nm, Anax
ABDA: 400 nM, Amax RB: 565 nm, Amax MC540: 553 nm. (B) Percent
decrease of Amax Of each sample after 5 minutes of X-ray irradiation.
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Based on the control results, any decrease in absorbance of
DPBF or ABDA during the actual experiments had to be more
than 15% for the results to be considered significantly different
(Fig. 3B).

Finally, the stability of the RB and MC540-loaded RLNP
systems were evaluated for 48 hours and no appreciable leakage
was observed over this time course (sub-5% release after 48
hours). Thus, it can be expected that efficiency of energy
transfer between the nanoparticles and photosensitizers would
remain unchanged during the duration of the experiments
(Fig. S51).

Evaluation of 'O, and ROS production using ABDA, DPBF and
sodium azide assays

Evaluation of singlet oxygen production of the RB-
RLNP@mSiO, system using ABDA as a probe revealed an ABDA
absorbance decrease of 2% and 1.5% for the RB-RLNP@mSiO,
system in DMSO/H,O (sample RAH) and DMSO/D,O (sample
RAD), respectively after 5 minutes, which could not be consid-
ered significant (Fig. 4A and B). In contrast, evaluation of the
ROS production using the DPBF probe resulted in a 68%
decrease in absorbance for the sample RDH, and a 11%
decrease in the DPBF absorbance for the RDD sample (Fig. 4C
and D). Similar results were obtained for experiments per-
formed with MC540-loaded RLNPs@mSiO,. Experiments
utilizing ABDA as a probe indicate insignificant singlet oxygen
production for the MC540-RLNPs in DMSO/D,O (MAD) and
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DMSO/H,0 (MAH) as evidenced by a sub-0.5% decrease in the
ABDA absorbance (Fig. 4A). However, using the DPBF probe,
again resulted in a large percent decrease in DPBF absorbance
(Fig. 4B). A 60% decrease in the DPBF signal was observed in the
DMSO/H,0 sample (MDH), and a 14% decrease in the DMSO/
D,O (MDD) sample. The substantial decrease in DPBF signals
for both PS-RLNP systems, after only 5 minutes of X-ray irradi-
ation, represents a significant improvement in ROS or singlet
oxygen generation over several other reported systems when
considering their singlet oxygen probe assay results (Fig. S7A
and BY)."*® The significantly larger decrease in the DPBF
absorbance in both samples, relative to ABDA, can be attributed
to two possibilities. First, DPBF is known to be more sensitive as
a singlet oxygen probe and could thus be more efficient at
detecting singlet oxygen.*® Second, singlet oxygen may not be
the primary ROS produced, as evidenced by the insignificant
decrease in ABDA absorbance, which is singlet oxygen-specific.

To determine if singlet oxygen was being produced, the
experiments were repeated with the same concentrations of PS-
loaded nanoparticles, and DPBF, but with 20 mM NaN;
included in the solution. Sodium azide is a well-known singlet
oxygen scavenger;>*® if singlet oxygen is produced by the
nanoparticles, the rate of DPBF quenching should decrease and
subsequently the absorbance should decrease to a lesser extent.
No significant change in the rate or percentage of DPBF
absorbance decrease was observed with and without NaN; for
both PS-RLNP systems, as shown in Fig. 5A and B.
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(A) Graphical depiction of absorbance maximum of MC540-RLNPs + ABDA in DMSO/H,O (MAH), MC540-RLNPs + ABDA in DMSO/D,0O

(MAD), RB-RLNPs + ABDA in DMSO/H,O (RAH) and RB-RLNPs + ABDA in DMSO/D,0O (RAD) as a function of irradiation time. (B) Percent decrease
in absorbance of ABDA as a function of irradiation time of the samples in (A). (C) Graphical depiction of absorbance maximum of MC540-RLNPs +
DPBF in DMSO/D,0O (MDD), MC540-RLNPs + DPBF in DMSO/H,O (MDH), RB-RLNPs + DPBF in DMSO/H,O (RDH) and RB-RLNPs + DPBF in
DMSO/D,0 (RDD) as a function of irradiation time. (D) Percent decrease of DPBF absorbance as a function of irradiation time of the samples in
(C). All samples were irradiated with 50 kVp, 80 pA X-rays (Au target, unfiltered) for a duration of 5 minutes.
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and without 20 mM sodium azide as a function of irradiation time.

Thus, it can be confidently concluded that the lack of ABDA
quenching with either PS-NP system is because no appreciable
amount of singlet oxygen is being produced in either case. Both
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systems were found to exhibit the photodynamic effect through
a type I mechanism. Additionally, it is worth noting that the RB
and MC540 absorbance signals decreased as a function of
irradiation time when the same experiment is performed with
a direct excitation of 532 nm (Fig. S6A and Bf). The production
of singlet oxygen is known to cause irreversible photobleaching
of RB and MC540.***” Importantly, no decrease in the RB and
MC540 signals were observed during the X-ray excitation
experiments, indicating no photobleaching occurred (ESI
Fig. S4A and BY). The type I photoreactions that occur with RB to
form superoxide anions also result in the formation of RB
radical anions which undergo reversible reactions to regenerate
neutral RB molecules.® The lack of degradation of RB or MC540
during the X-ray experiments is further evidence that the type I
reaction is favored under these conditions.>®

Electron paramagnetic resonance studies

To further understand the type I reactions occurring in both PS-
RLNP systems, EPR spectroscopy was carried out. EPR spec-
troscopy allows qualitative determination of ROS formation and
identification of ROS species through the use of a diamagnetic
spin trap that forms relatively stable spin adducts with para-
magnetic parameters that depend on the nature of the trapped
radical.” The spin trap 3,3,5,5-tetramethylpyrroline-N-oxide
(TMPO) can react selectively with superoxide to produce a spin
adduct designated TMPO-OOH.*® A dispersion of RB-RLNPs or
MC540-RLNPs in DMSO/H,0 was exposed to X-rays, and the
EPR spectra were subsequently recorded. The obtained spectra
exhibit a characteristic 1:1: 1 : 1 quartet signal having hyper-
fine splitting constants (hfsc, ax = 14 G, ays = 6.5 G), indicating
the generation of the TMPO-OOH adduct for both systems
(Fig. 6A and B).* Aiming to confirm the presence of other
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Fig. 6 Electron paramagnetic resonance studies of (A) RB-RLNPs with TMPO or DMPO and the corresponding simulated adducts. (B) MC540-

RLNPs with TMPO or DMPO and the corresponding simulated adducts.
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reactive oxygen species, a second set of EPR experiments were
carried out using the 5,5-dimethyl-pyrroline N-oxide (DMPO)
spin trap. DMPO was chosen as it is used to identify oxygen-
centered radicals, e.g. superoxide anion, peroxyl, alkoxyl, and
hydroxyl radicals; the resulting spin adducts of each species
have distinct spectral signals.*>** The interaction of the short-
lived superoxide anion radicals with DMPO yields the DMPO-
OOH adduct (Fig. 6A and B). The spectrum obtained from spin-
trapping experiments with DMPO reveal signals that can be
attributed to the DMPO-OOH adduct, confirming the results
from the TMPO experiment. The hyperfine coupling constants
(en =13.2 G, ayp = 11.0 G, and ay, = 0.8 G) are consistent with
previously reported values for the DMPO-OOH adduct.*?
Additionally, we confirmed hydroxyl radical generation in
the RB-RLNP system. As shown in Fig. 6A, the spectra also
feature signals that can be assigned to the formation of the
DMPO-CH; adduct (with hyperfine constant ay = 16.4 mT, aug
= 23.4 mT). The production of DMPO-CHj; adduct is initiated
by hydroxyl radicals, which rapidly react with DMSO (eqn (1)
and (2)), thus confirming the generation of hydroxyl radicals.*

(CH3),SO + OH' — CH;(OH)SO + "CH, (1)
"CH; + DMPO — ‘DMPO-CH; )

The EPR studies clearly demonstrate that RB-RLNPs are
capable of producing both OH" and O, upon X-ray irradiation.
Production of OH' and O, radicals can be explained by the
cascade of Compton, photo, and Auger-electrons that are
produced by the interaction of X-rays with lanthanide-doped
RLNPs.”" The electrons then react with an acceptor ie. PS,
water, DMSO, and oxygen, inducing ROS generation.

Superoxide radicals can be transformed to hydrogen
peroxide, singlet oxygen and oxygen via intracellular superoxide
dismutase-mediated reactions. Then the accumulation of
hydrogen peroxide in cancer cells further undergoes a Fenton
reaction and converts into more chemically reactive and highly
toxic hydroxyl radicals.** Thus, O,"" generating nanosystems
are appealing candidates for hypoxic PDT.

Conclusions

Herein, we developed NaLuF,:20% Gd**, 3% Dy*>* RLNPs coated
with mesoporous silica and loaded with the Rose Bengal or
Merocyanine 540 for X-ray-induced ROS generation. Further-
more, significant ROS production was detected through the
DPBF assay in only 5 minutes of irradiation time, illustrating
the efficiency of the system. A combination of ABDA, DPBF,
sodium azide and EPR assays were used to confirm these find-
ings. DPBF and ABDA are probes which are commonly used to
determine the efficiency of a PDT system. Even though DPBF is
more sensitive to singlet oxygen than ABDA is, it is not selective
for singlet oxygen. Thus, using only a DPBF assay to prove
singlet oxygen generation can lead to misinterpreted results.
EPR, however, can be used to identify the type of PDT mecha-
nism and the radical species produced. The EPR results confirm
that hydroxyl and superoxide anion radicals were the main ROS
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species produced. This study provides the demonstration that
RB and MC540 loaded NaLuF,:20% Gd**, 3% Dy’* RLNPs
systems have great potential for use in activating photodynamic
therapy in hypoxic environments. With this in mind, studies to
validate the X-ray activated PDT effects of the RLNP nano-
systems are underway.
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