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Abstract: According to statistics, cancer is the second leading cause of death in the world. Thus, it is
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important to solve this medical and social problem by developing new effective methods for cancer
treatment. An alternative to more well-known approaches, such as radiotherapy and chemotherapy, is
photodynamic therapy (PDT), which is limited to the shallow tissue penetration (< 1 cm) of visible
light. Since the PDT process can be initiated in deep tissues by X-ray irradiation (X-ray induced PDT,
or XPDT), it has a great potential to treat tumors in internal organs. The article discusses the princi-
ples of therapies. The main focus is on various nanoparticles used with or without photosensitizers,
which allow the conversion of X-ray irradiation into UV-visible light. Much attention is given to the

synthesis of nanoparticles and analysis of their characteristics, such as size and spectral features. The
results of in vitro and in vivo experiments are also discussed.
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1. INTRODUCTION

It is known that cancer is one of the most serious and
dangerous diseases of our time, while cancer mortality is one
of the most socially significant problems worldwide. Moreo-
ver, according to the World Health Organization (WHO)
database [1], about 1 410 000 cancer deaths in the European
Union for 2019 were estimated [2]. Therefore, scientists are
trying to develop various techniques to fight this disease.
Nowadays, there are a lot of approaches for cancer treatment
available, such as surgery, radiotherapy, chemotherapy, im-
munotherapy, or hormone therapy that can be selected de-
pending on the type and stage of cancer. Unfortunately,
some of these therapies demonstrate a low selectivity for
cancer cells in the body and often high toxicity to normal
cells that can cause serious side effects. Thus, an unconven-
tional approach known as Photodynamic Therapy (PDT) was
developed as opposed to the conventional cancer treatments
listed above [3, 4]. The main limitation of PDT is the shal-
low tissue penetration (<1 cm) that can be overcome in deep
tissues with X-ray irradiation. There are several review arti-
cles on the topic of X-ray photodynamic therapy (XPDT).
Some of them are certainly informative and can help scien-
tists interested in this field of science to understand it more
precisely [5-7]. Moreover, some of the articles were written
several years ago [8-12], or they do not include all infor
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mation about nanomaterials, which are used in therapy [13,
14]. Thus, the present review article includes more recent
information about this topic.

2. PRINCIPLES
2.1. Photodynamic Therapy

Photodynamic therapy is an alternative method of treat-
ing cancer, some skin diseases, or infectious diseases based
on the use of photosensitive substances (photosensitizers)
and light of a certain wavelength.

The principle of therapy includes three main components:
photosensitizer (PS), light, and oxygen. The sensitizer is
most often injected into the body intravenously, and then it
accumulates in a tumor or other target tissues (cells) selec-
tively. After that, the tissues which were affected by the
pathological process are irradiated with light of a wavelength
corresponding to or close to the maximum absorption of the
photosensitizer. Nowadays, laser installations are used as a
light source, which can emit light of a certain wavelength
with high intensity.

The absorption of photons by the photosensitizer mole-
cules in the presence of oxygen leads to photochemical reac-
tions. When PS absorbs the energy upon irradiation, elec-
trons from the ground state are transformed into a short-lived
excited singlet state, which can be converted to the long-
lived excited triplet state. Then this excited triplet state of PS
can undergo two types of reactions. In the type I mechanism,
electron transfers to form radicals that in the presence of
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ambient oxygen cab produce Reactive Oxygen Species
(ROS), such as hydrogen peroxide (H,0,), hydroxyl radicals
(*OH) and oxygen radicals (*O,). Otherwise, in the type 11
mechanism, the triplet electron directly transfers the energy
to triplet oxygen (*0,) nearby to form highly reactive singlet
oxygen ('0,). Besides, these two reactions can occur simul-
taneously [5, 15-16].

Even though PDT is a promising method for treating tu-
mors, and it is less invasive compared to other treatment
methods such as surgery, radiation therapy, and chemothera-
py, but this approach has some limitations. Particularly, PDT
is limited to the shallow tissue penetration of visible light,
which reduces the efficiency of the destruction of tumors
located in deeper tissues. Nevertheless, different approaches
have been developed to overcome this difficulty. Some of
them use the tissue transparency window in the near-infrared
(700-1000 nm); in other words, it is an interval of wave-
length where light has its maximum depth of penetration in
tissue. The next way to remove the above-mentioned limita-
tions is to use the novel sensitizers, which will be conjugated
with luminescent nanoparticles [17-24], nanodots [25], or
MOFs [26-30]. Although these approaches improve the pen-
etration depth of exciting light, PDT still has limitations to
treating tumors under the skin or on the mucous membrane
of some internal organs.

For example, Mokoena et al. [31] synthesized Er’* and
Yb** co-doped Srs(PO4);OH phosphors powders with a
combustion method using urea as a fuel. Then the crystal
structure, particle morphology, and upconversion lumines-
cence of this material were analyzed. The XRD and SEM of
Srs (PO,);OH:Er’*, Yb*" showed that the powder was made
up of hexagonal nanospheres. Moreover, the schematic ener-
gy transfer diagram for Er’’/Yb’* was shown. The enhance-
ment of red emission from Er’" at ~660 nm was demonstrat-
ed: Yb*" was used as a sensitizer that gathered primary exci-
tation energy and transferred to Er’" enhancing its red emis-
sion. It is necessary to note that light energy in wavelengths
in the range of 600-900 nm (far-red to NIR) can penetrate
living tissues to a depth of about 8-10 nm and treat surface
wounds, cuts, scars, and cancerous cells. Thus, Sr;s
(PO4);OH:Er’", Yb*" phosphors powders can be used in light
therapy to activate photosensitizers for photodynamic thera-
py because of its red-emitting.

Recently, Tavakkoli et al. [32] synthesized LaF;: Ag lu-
minescent nanoparticles (NPs), analyzed them with XRD
and SEM, and then chemically conjugated LaF;: Ag with the
photosensitizer protoporphyrin (PpIX) using cysteine as a
mediator. Such nanomaterials were chosen because the emis-
sion spectrum of LaF;: Ag NPs and the absorption band of
PpIX are mostly overlapped with each other. In this way,
these NPs are used as a light source for PDT because they
activate PpIX and increase the quantum yield of ROS. It was
found that after irradiation with UV light, these NPs have a
long-lasted afterglow in a time interval of more than 40 min.
This property can help to deliver them without demanding
subsequent excitation to the deeply located tumors, exciting
the nanocomposites outside the body.

In parallel with the above research, Sengar et al. [33]
synthesized and characterized YAG:Pr@ZnO@PpIX nano-
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composite, which consists of UV-emitting Y;.99Prg01Als01,
(YAG: Pr) nanoscintillator, zinc oxide (ZnO) and PpIX as a
photosensitizer. Upon direct and indirect photoactivation
with UV36snm and UVygpny this nanohybrid can produce both
Type I and Type II ROS, respectively. The preparation of
this nanomaterial includes three steps: synthesis of the Pr’'-
doped YAG (YAG: Pr) scintillating nanoparticles (ScNPs)
by the sol-gel method, then coating a thin layer of semicon-
ductor ZnO on the surface of YAG:Pr by atomic layer depo-
sition to give a core-shell structure YAG:Pr@ZnO, and con-
jugation of these nanocomposites with PpIX using ami-
nopropyl trimethoxy silane (APTMS) as a linker to form
YAG:Pr@ZnO@PpIX. The presence of efficient energy
transfer both from YAG: Pr to ZnO (at ~320 nm) and from
YAG:Pr@ZnO to PpIX (at 350-450 nm — the so-called Soret
region) was determined using photo- and cathodolumines-
cence analyses. It is necessary to note the fact that without
activation YAG:Pr@ZnO@PpIX nanocomposite showed
low toxicity in mouse melanoma cells, but upon photoactiva-
tion with UV36s5.m, the cytotoxicity increased significantly.

Another nanomaterial that may be used for PDT is quan-
tum dots (QDs), but the toxicity of such QDs and the low
overall efficiency of these hybrids are still problematic.
Thus, Charron ef al. [34] conjugated the photosensitizer
chlorin e6 and two types (sizes) of less-toxic InP/ZnS QDs
coated with a thin silica layer. The in vitro experiments were
conducted on the MDA-MB231 breast cancer cell line using
these QD/chlorin e6 hybrids. Then cancer cells were irradiat-
ed with UV light for 5 min (total irradiation dose 0.033
J/em?). The same cell viability was detected for QD/chlorin
e6 hybrid (concentration 26 nM) and the free photosensitizer
chlorin e6 (concentration 24 nM) alone. This may be because
the rate of production of singlet oxygen of the QD/chlorin e6
hybrid was lower compared with the free photosensitizer.

It is already known that carbon nanostructures have a
wide variety of promising applications in environmental,
energy, and biomedical fields. So, it may lead to a new gen-
eration of carbon-based nanomaterial PDT agents. Ge et al.
[35] found that a new PDT agent based on graphene quan-
tum dots (GQDs) exhibits good biocompatibility and can
produce singlet oxygen 'O, with a quantum yield of ~1.3,
which is the highest reported for PDT agents. This extremely
high 'O, quantum yield of the GQDs happens because of a
new 'O,-generating mechanism, which can be termed multi-
state sensitization. The GQDs were synthesized by hydro-
thermal treatment of polythiophene (PT2) which was used as
the carbon source.

2.2. X-ray Photodynamic Therapy

Another alternative approach relies on the use of scintil-
lating nanoparticles that upon exposure to ionizing radiation,
such as X-ray, emit luminescence in the visible region,
which, in turn, activates a conjugated photosensitizer
through Forster resonance energy transfer (FRET) and leads
to the generation of reactive oxygen species (Fig. 1). A step-
by-step algorithm of the therapy is presented in Fig. (2).

Some photosensitizers can be used alone, even for X-ray
irradiation without nanoparticles to treat malignant tumors.
For example, molecular modification of protoporphyrin IX
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Fig. (1). The mechanism of XPDT (NP — nanoparticle, PS — photosensitizer). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).
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Fig. (2). The scheme of in vivo XPDT experiment (NPs — nanoparticles, PS — photosensitizer). (4 higher resolution / colour version of this
figure is available in the electronic copy of the article).
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(MPpIX) can be used for deep cancer treatment upon X-ray,
which in turn can penetrate deeply into tissue. It was studied
by Homayone and co-workers in 2015 [36]. MPpIX was
prepared in the following way. Firstly, after conjugation with
3-aminopropyl triethoxysilane (APTES), the carboxylic acid
and the two nitrogen atoms in the core of PpIX molecule
were protonated. Then, folic acid (FA) and the APTES-
coated PpIX (MPplIX) were conjugated due to the chemical
bonding between FA and protonated PpIX. The results
showed that the coating of APTES on PpIX largely increases
its water dispersion, stability, and luminescence efficiency,
and under the same conditions, the cell uptake is higher for
MPpIX compared to PpIX. As a result, these factors increase
the generation of singlet oxygen. Homayone et al. detected
singlet oxygen in the MPpIX upon X-ray irradiation and
used for this purpose the p-nitrosodimethylaniline (RNO)-
imidazole (ID) method.

Certainly, nanoparticles that can be selected for conjuga-
tion with photosensitizer should follow some requirements.
Firstly, the nanoparticles must be easily attached to photo-
sensitizers, stable in biological environments, harmless, and
water-soluble. As it was pointed out by Chen et al. [37], na-
nomaterials are promising as potential carriers of photosensi-
tizers because they can be made hydrophilic, they possess
relatively large surface areas that can be modified with func-
tional groups, they can penetrate deep into the tissue through
fine capillaries and be generally taken up efficiently by cells.
In addition, there are currently a lot of methods for produc-
ing these nanomaterials. In order to be used as a PDT light
source, NPs selected for photosensitizer enhancement must
meet the following requirements: the nanoparticle emission
spectrum must match the photosensitizer’s absorption spec-
trum. The matching of the nanoparticle emission band with
the photosensitizer absorption band makes it possible to effi-
ciently activate the photosensitizers and, as a result, to gen-
erate ROS. Moreover, the nanoparticles must have high lu-
minescence efficiency, i.e., excitation by an X-ray beam
should result in strong optical emission by the nanoparticle.
Finally, the nanoparticles should be close to the photosensi-
tizers and have a large surface area to transfer photon energy.

In addition, it is necessary to conduct a toxicopathologi-
cal evaluation of tissues to evaluate any risks and identify the
hazard of nanoparticles. For this purpose, Ostrowski et al.
[38] made a comparison of analytical methods for the visual-
ization of nanoparticles in tissues because it is often not
enough to use a single technique to solve all the problems
related to the cellular uptake or the distribution of nanoparti-
cles within the target cells and tissues. Thus, it can be more
beneficial to use a combination of different detection meth-
ods that can provide reliable information about histomorpho-
logic changes associated with the biodistribution of nano-
materials in the body. Significantly, a lot of imaging proce-
dures that can be used for localizing NPs in the body do not
permit a precise quantitative analysis of the number of NPs
in the tissues under study because of the limited resolution of
some analytical approaches. But for semiquantitative as-
sessment of the number of NPs in tissues can be obtained
using such approaches as a pixel analysis or counting fluo-
rescent spots.
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3. X-RAY-INDUCED SENSITIZERS USED IN XPDT

X-ray-induced sensitizers used in XPDT can be divided
into several groups, which are outlined below.

3.1. Nanoparticles without Photosensitizers

Recently, other samples, such as europium doped hafni-
um dioxide NPs, were shown to be perspective for the con-
version of direct X-ray to ROS. These HfO,:Eu nanoparticles
were prepared using a microwave hydrothermal route, then
structurally and spectroscopically analyzed with different
methods (for example, XRD, TEM, SEM, PL), and finally in
vivo experiments on mouse and rat were conducted by
Kaszewski et al. [39]. It was determined that the layer on the
surface appearing during the crystallization of nanoparticles
in the process is responsible for efficient photoluminescence.
Moreover, these HfO,:Eu NPs were found useable in biolog-
ical imaging of rodents’ tissues.

Sapre et al. [40] showed that the scintillator nanoparticles
of (Y 1«Pry)3Al5012 (YAG:Pr) with x = 0.01 can be very use-
ful in XPDT because of a very low biological toxicity of
yttrium, praseodymium, and aluminum. These nanoparticles
were synthesized with a sol-gel synthesis technique, which
included the hourly key step of calcination at 1400°C. It
should be noted that it was necessary to prepare the smooth
spherical YAG:Pr nanoparticles with 10-200 nm in diameter
to minimize blood vessel wall damage and to be able to ac-
cumulate in tumor via the enhanced permeability and reten-
tion (EPR) effect. Moreover, it was shown that YAG:Pr na-
noparticles can be coated with a thin, functionalizing silica
layer, but the photon emission spectra for the uncoated and
silica-coated particles are similar, except for the fact that the
silica coating acted as a barrier to light transmission reducing
the measured peak photon flux by about 25%. Thus, coating
YAG:Pr particles with silica will not adversely affect na-
noscintillator photon emission, and it may be used for intro-
ducing functional groups to the particle surfaces.

Moreover, an efficient scintillator based on NaYF,;:Gd
nanorods (NRs) doped with different concentrations of terbi-
um ions were synthesized by a facile hydrothermal approach
and then applied for optical bioimaging under X-ray irradia-
tion by Li et al. [41]. After in vitro experiments, optical im-
aging resulted that the NaYF,:Gd/Tb NRs can efficiently
emit green light under X-ray, and it should be noted that the
largest emission intensity was determined for sample doped
with 15% Tb. The in vivo experiments were conducted on
samples of pork tissue with different thicknesses that were
placed between the NaYF4:40% Gd/15% Tb NRs and the
soft X-ray irradiation. The X-ray light source has an operat-
ing voltage at 45 kV and the irradiation time is 1 min. It was
determined that the maximum penetration depth was esti-
mated to be approximately 6 mm under X-ray excitation (45
kV, 2 min). As for cytotoxicity analysis, the cell viability
was above 96% (the concentration of the NRs was 50
pg/mL) and slightly reduced with a further increase in the
concentration. However, the cell viability was still main-
tained around 85%, indicating the low cytotoxicity of NRs
even when its concentration was at a relatively high dose of
1000 pg/mL.
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A little bit earlier, Sadjadpour et al. [42] obtained that
ZnO nanoparticles alone exerted cytotoxicity upon X-ray
irradiation, making it useful for the treatment of deep can-
cers. Cytotoxic effects on T-47D and Dul45 cell lines were
determined for different concentrations of nanoparticles X-
ray irradiation (0.94 Gy, 70 kV, and 8 mA). It was deter-
mined that concentrations greater than 7.5 uM showed con-
siderable cytotoxic effects with or without X-ray irradiation,
while concentrations below 0.75 uM did not show any sig-
nificant cytotoxicity even under X-ray irradiation. It was also
observed that under X-ray irradiation, incubation of T-47D
and Dul45 cells with ZnO nanoparticles resulted in signifi-
cant cytotoxic effects, especially at the highest concentration
(60 uM). Thus, the viability of T-47D and Dul45 cancer
cells incubated with ZnO under X-ray irradiation reduced to
20% and 30%, respectively. Sadjadpour et al. also conjugat-
ed these ZnO NPs with porphyrin photosensitizers (MTCP
and CuMTCP) and demonstrated that none of the ZnO-
porphyrin conjugates caused hazard effects on cancer cells
after activation with X-ray in contrast with ZnO.

At the same time, another group of researchers synthe-
sized scintillating ZnO/SiO, core-shell nanoparticles, in
which due to the amphoteric properties of ZnO core, Gener-
alov et al. [43] coated with a silica layer to ensure chemical
stability in a biologically relevant environment. /n vitro ex-
periments were carried out on two human prostate adenocar-
cinoma cell lines — LNCaP and Dul45. It should be noted
that concentrations of the ZnO/SiO, nanoparticles were se-
lected so that cell toxicity does not exceed 20%. After incu-
bation, the cells were irradiated with 200 kVp X-ray. Nano-
particles disastrously affect cancer cells and reduce their
survival by about 2-fold for LNCaP and 1.5-fold for Dul45
cells.

3.2. Nanoparticles with Photosensitizers

It has already been mentioned that the conjugates of na-
noparticle and photosensitizer activated with X-ray (Fig. 2)
can be used either to supplement the radiotherapy for cancer
treatment or as an independent treatment approach. It was
found by Popovich ef al. [44] that protoporphyrin IX (PpIX)
and CeF;:Tb’ -based nanoparticles, which were modified
with SiO,, can be used for studying the luminescent proper-
ties of these conjugates. The nanoparticles were synthesized
via sol-gel methods and then modified with SiO, and PpIX.
To detect the generation of singlet oxygen, APF commercial
probe was used. Besides XRD and TEM analyses, radiolu-
minescence (RL) and photoluminescence (PL) emission
spectra were measured using the X-ray tube to evaluate the
luminescence characteristics of the material. Particularly, an
energy transfer from Ce*" to Tb’" ions and from Tb>* to PS
molecules was proven via RL analysis. Thus, studied conju-
gates may be good candidates for the application in XPDT.

Ma et al. [45] showed that X-ray irradiation can be used
to excite conjugates of ZnS:Cu,Co afterglow nanoparticles
with photosensitizer tetrabromorhodamine-123 (TBrRh123),
and as a result, it caused the generation of singlet oxygen for
PDT cancer treatment. Moreover, these ZnS:Cu,Co nanopar-
ticles show long-lasting afterglow, which constantly acts as a
light source for photodynamic therapy (PDT) activation.
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Efficient energy transfer from ZnS:Cu,Co nanoparticles to
TBrRh123 also has been proven because the absorption
spectrum of the TBrRh123 photosensitizer overlaps
ZnS:Cu,Co luminescence and afterglow spectra. As for in
vitro studies, it was revealed that a high dose of X-ray irradi-
ation is preferred, but that an X-ray dose of 3 Gy is already
enough because it starts to cause apparent hazard effects on
the PC3 cell. In addition, upon X-ray irradiation, the cell
metabolic activity was 93% with ZnS:Cu,Co alone, 92%
with TBrRh123, and 40% with ZnS:Cu,Co-TBrRh123 con-
jugates. Thus, the preliminary in vitro experiments on pros-
tate cancer cells resulted that X-ray-activated ZnS:Cu,Co-
TBrRh123 conjugates are very effective for cancer cell de-
struction.

It was also found that the recently invented copper—
cysteamine complex (Cu-Cy) nanoparticles can be activated
directly by X-ray to produce singlet oxygen [46]. The RNO-
ID method was used for the detection of singlet oxygen irra-
diated at different X-ray doses. Singlet oxygen production
was also measured using ZnO nanoparticles and photosensi-
tizer protoporphyrin IX (PpIX) in the same amount and un-
der the same conditions for comparison with Cu—Cy nano-
particles. It was determined that ZnO nanoparticles had the
lowest quantum yield of ROS, and Cu—Cy nanoparticles
have the highest one in comparison with all the others. In
addition, Cu-Cy particles can produce singlet oxygen upon
the activation by UV, and the efficiency is similar to that of
PpIX. Due to that, these Cu—Cy nanoparticles may be used
as a new type of photosensitizer that can be activated by both
light and X-ray, and therefore, it can enable PDT for skin
cancer and deep cancer treatment. Furthermore, the cell via-
bility gradually reduced from ~95% to ~70% when the Cu—
Cy concentration increased from 0.1 pg/mL to 200 pg/mL.
Therefore, these nanoparticles have low toxicity at these
concentrations. Recently, the same copper-cysteamine (Cu-
Cy) nanoparticles were synthesized and used for XPDT
without additional photosensitizer by Shrestha et al. [47].
Moreover, these nanoparticles were conjugated to a pH-low
insertion peptide (pHLIP) to obtain active targeting to low
pH tumors in the future. Cu-Cy nanoparticles were used in
therapy for CRL-2116 cell lines. Experiments were conduct-
ed on mice irradiated 30 min after injection of particles with
an X-ray irradiation dose of 5 Gy (90 kVp, 30 mA). It was
shown that pHLIP-conjugated Cu-Cy nanoparticles reduced
tumor size in both male and female mice, probably because
of pHLIP that bound Cu-Cy directly to a cell and thus con-
tributed to the enhancement effect.

Abliz et al. [48] reported on a novel non-invasive meth-
odology of utilizing “soft” energy diagnostic X-rays to indi-
rectly activate a photo-agent for photodynamic therapy
(PDT). Some photosensitizer such as photofrin II (Photo II)
was activated via X-ray induced luminescence from Gadolin-
ium Oxysulfide (20-micron dimension) particles doped with
Terbium (Gd,0,S:Tb). Photodynamic agents, for example,
Photo II, that are utilized in PDT processes, have a remarka-
ble property to become preferentially retained within the
tumor’s micro-environment. Strong suppression (about >
90% relative to controls) in the cellular metabolic activity of
human glioblastoma was obtained due to the therapy, which
included such steps as the addition of clinically relevant con-
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centrations of 20 pg/ml Photo II with Gd,0,S:Tb particles
and 120 kV diagnostic X-ray irradiation for 15 minutes.

Furthermore, liposomes have been well established as an
effective drug delivery system because of its simplicity of
synthesis and unique properties. Deng et al. [49] reported X-
ray-activated liposomes in combination with gold nanoparti-
cles and verteporfin (VP) as a photosensitizer. The singlet
oxygen is generated due to the 6 MeV X-rays induced ver-
teporfin, and, as a result, it destroys the liposomal membrane
and causes the release of cargos from the liposomal cavity.
This release strategy has the capacity for in vitro destruction
of genes and enhanced efficacy of killing cancer cells. Be-
sides, the toxicity of liposomes doped with gold nanoparti-
cles and VP was analyzed. It was found that no significant
change was observed in the viability of PC12 cells treated
with liposome (concentrations up to 50 uM).

Chen and co-workers [50] investigated an effective non-
invasive approach by using a combination of Tb’'-doped
LaF; scintillating NPs (LaF;: Tb) with sizes approximately
25 nm and photosensitizer (meso-tetra (4-carboxyphenyl)
porphyrin (MTCP)) followed by activation with soft X-ray
irradiation for 1 min (10 mA and 80 kV). The experiment
was conducted on a 9L glioma cell line. The results showed
that the cell viability was decreased when cells were irradiat-
ed with X-ray. Particularly, the viability of 3T3 fibroblast
cells significantly reduced from 77% to 28% when LaF5: Tb-
MTCP groups were excited by X-ray. In addition, NPs have
good dispersibility in aqueous solution, high biocompatibil-
ity and therefore, the cytotoxicity effect was not obviously
assumed. A proof of concept as a non-invasive way to treat
brain cancer in the future was demonstrated. Another group
of researchers, Elmenoufy et al. [51], also studied these
highly stable in colloid and biocompatible LaF;:Tb NPs con-
jugated with Rose Bengal photosensitizer (RB) that could
generate a reasonable amount of '0,. It was determined that
the amount of 'O, induced by ScNPs—RB nanocomposites
was much higher than ScNPs or RB alone.

Another good example is conjugates of CeF; nanoparti-
cles with the VP photosensitizer that was studied by Clement
et al. [52]. These CeF; nanoparticles were synthesized using
a simple co-precipitation route and then conjugated with the
photosensitizer via mixing in a rotator at room temperature
for 6 h. During X-ray exposure (45 kV/40 mA), this compo-
site nanomaterial is able to generate singlet oxygen that was
measured using a SOSG fluorescent probe. It happens be-
cause of the CeF; nanoparticle emission spectrum (peaking
at around 340 nm upon irradiation with 8 keV X-ray) that
with 30% overlaps with the Soret absorption band of an opti-
cal absorption spectrum of VP. Moreover, the viability of
pancreatic cancer cells treated with the CeF;-VP conjugate is
reduced so that 32% of the cells were killed at 6 Gy radiation
dose.

It was revealed by Kas¢akova et al. [53] that a liponano-
particle based on GdEuC,, micelles incorporating hypericin
as a photosensitizer in their hydrophobic core provides X-ray
induced singlet oxygen production. It is necessary to point
out that this approach can be used for different types of
liponanoparticles or other photosensitizers. For example,
liposomes that are already widely used in medical applica-
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tions and can be easily adapted to various biological purpos-
es can also be used in this therapy. The main advantage of
using micelles is that its micellar structure can integrate
highly hydrophobic molecules such as typical photosensitiz-
ers to sites of interest, overcoming their poor water solubili-
ty. Upon X-ray irradiation of the Hyp-GdEuC, micelles, the
characteristic Eu’" luminescence in the visible region was
detected. I It was observed that increasing Hyp concentration
in the micelle causes a decrease of Eu’" luminescence. This
fact gives evidence of an energy transfer from europium to
the hypericin following by X-ray excitation. Analysis of sin-
glet oxygen generation using mass spectrometry with meth-
oxyvinylpyrene (MVP) as a singlet oxygen probe showed
that upon X-ray irradiation, singlet oxygen production in-
creases with increasing Hyp concentration in the Hyp-
GdEuC;, micelles.

Bulin et al. [54] presented another biocompatible nano-
hybrid system, including a terbium oxide nanoscintillator
coated with a polysiloxane layer (Tb,0;@SiO,) and a PS
(porphyrin), in which energy is transferred. These
Tb,0;@Si0, NPs were prepared by a two-step synthesis.
Firstly, Tb,O; was formed in diethylene glycol (DEG), and
after that, the polysiloxane shell formation was caused by
hydrolysis—condensation of appropriate silane precursors.
The diameter of the synthesized core is about 3 nm, while
the average size of the core—shell particles is about 10 nm.
The production of singlet oxygen under X-ray radiation was
pointed out using two commercial probes: the singlet oxygen
sensor green (SOSG) and the 3'-p-(aminophenyl) fluorescein
(APF). It was determined that an enhancement of the number
of formed 102 in solution is related to the increase of X-ray
dose.

Recently, Zhang et al. [55] presented another efficient
NPs-PS nanocomposite of B-NaGdF,:Tb*" spherical-like
nanoparticles with Rose Bengal PS. It can be a promising
platform for in vivo XPDT in deep tumors because upon X-
ray irradiation spectrum of NPs emission excellent overlaps
with RB absorption. It should be noted that the as-prepared
NaGdF,:Tb*" NPs are hydrophobic, so they are not suitable
for biomedical application. Thus, the NPs surface was modi-
fied with an amino group using 2-minoethylphosphonic acid
(AEP) to obtain biocompatibility and water-dispersity. NPs-
RB conjugate will generate singlet oxygen via FRET under
X-ray irradiation, particularly the X-ray tube was set to 80
kV and 0.5 mA level. The best XPDT efficacy during in vivo
experiments was obtained for the experimental group irradi-
ated for 90 min (1.17 Gy) that caused over 80% of cell death.
Similar to the above-mentioned nanocomposite was studied
by Zhang et al. [56]. According to their research, the [-
NaLuF,:Tb*" spherical NPs were coupled with RB photosen-
sitizer via covalent bonding. The NPs surface was modified
with hydrophilic decoration by the ligand-exchanged method
to obtain the biocompatibility of such a nanocomposite. It
was also shown that the excitation spectrum of f-
NaLuF4:15% Tb>" NPs perfectly overlaps with the absorp-
tion spectrum of RB at 545 nm upon X-ray excitation. It was
also found that the NPs and NPs—RB are water-soluble and
noncytotoxic since the viability of HepG2 cells incubated
with different concentrations of NPs or NPs—RB was about
95%. These results prove that NPs and NPs—RB are water-
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soluble and noncytotoxic. Compared to the above-mentioned
research, this synthesized NPs—RB nanocomposite showed
significant antitumor efficiency up to 80 + 12.3% with a total
X-ray dose of only 0.19 Gy.

Pogovich et al. [57] synthesized and characterized Lu-
AG:Pr’’@Si0,-PpIX nanocomposite with an average diame-
ter of about 30 nm, which consists of LusAlsOp:Pr*" core
(LuAG:Pr’), silica (SiO,) shell and protoporphyrin IX
(PpIX) as a photosensitizer. The preparation of this nano-
material includes three steps: photo-induced precipitation of
the LuAG:Pr’* core, sol-gel approach for amorphous silica
coating, and a biofunctionalization by attaching the PpIX
molecules. It was shown that the absorption spectrum of
PpIX and the emission spectrum of LuAG:Pr’* overlap with
each other in both the Soret band (around 400 nm) and Q-
bands (between 500 and 650 nm). This suggests an energy
transfer from Pr’* to the photosensitizer molecules. As a re-
sult, the singlet oxygen was generated in the system, and this
process was monitored by the APF chemical probe that is
sensitive to the singlet oxygen presence.

Another novel nanocomposite material that can be useful
in XPDT was synthesized by Prochazkova et al. [S8]. It is
based on a scintillating ZnO:Ga core that is coated with the
SiO; shell facilitating a functionalization by a protoporphyrin
PpIX layer as a photosensitizer. An overlap between the ab-
sorption spectrum of PpIX and RL spectrum of ZnO:Ga
proves an efficient energy transfer between the nanoparticle
core and the PpIX outer layer in the functionalized sample.
Using the APF chemical probe, it was also demonstrated the
ability of ZnO:Ga@SiO,-PpIX nanocomposite to generate
singlet oxygen. Furthermore, it was noted that the modifica-
tion of ZnO:Ga core by doping with Mg or Cd ions would
increase the efficiency of energy transfer between the core
and photosensitizer and, as a result, also the singlet oxygen
generation [59].

A new method based on LiLuF,:
Ce@SiO,@Ag;PO,@Pt(IV) nanoparticles (LAPNP) is pre-
sented by Wang et al. [60]. The synthesis technique consists
of LiLuF4:Ce scintillating nanoparticles preparation follow-
ing by their coating with SiO,, loading their surface with
Ag;P0O,4 semiconductor nanoparticles as the photosensitizer,
and finally modifying these structures with a cisplatin pro-
drug Pt (IV). This cisplatin prodrug is used to increase the
yield of hydroxyl radicals (-OH) by increasing the separation
of electrons and holes in photosensitizers. The fluorescence
spectrum of LiLuF4:Ce and the absorption spectrum of
Ag;P0O,4 were characterized, and it was shown that upon X-
ray irradiation (80 kV), the fluorescence peaks of LiLuF,:Ce
occurred at 305 and 325 nm, and for Ag;PO,, the absorption
peak occurred at 295 nm. However, the absorption of
Ag;PO4 and the fluorescence of LiLuF,:Ce were still com-
patible. Also, the ability of LAPNP to produce -OH upon
irradiation with hard rays (6 MeV) in solution was measured.
During the in vitro experiments conducted on HeLa cells in
the presence of 6 MeV X-ray, it resulted that LAPNP pro-
duced -OH efficiently in cancer cells and caused more DNA
damage compared with the same NPs without PS. Besides,
the analysis of change in the tumor volumes was carried out.
It was found that after irradiation, the growth of the tumors
treated with LAPNP and X-ray was suppressed.
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Ahmad et al [61] studied the scintillating
CeF5:Gd™,Tb*>" nanoparticles for use as a viable clinical tool
in the treatment of deep-seated tumors. These theranostic
NPs were coated with mesoporous silica and then loaded
with Rose Bengal as a photosensitizer (CGTS-RB). The gen-
eration of singlet oxygen in tumors located deep within the
tissue could be done with a single X-ray dose of 3 Gy. As for
toxicity, the CGTS-RB nanoparticles were accumulated
mostly in the liver, spleen, and lungs and these collections
were gradually cleared within 30 days. Also, no organ dam-
age or inflammation was observed, therefore, it was con-
cluded that CGTS-RB NPs had no short- or long-term in vivo
toxicities. Moreover, 4T1, Renca, and Mgc803 cell viability
after X-ray irradiation of 1 Gy reduced to 90%, 84%, 82%,
and 53%, 49.6%, and 50% for the CGTS and CGTS-RB
groups, respectively. Thus, it is indicated that XPDT treat-
ment was four times more lethal to cells than radiotherapy
treatment alone. Besides, it was revealed that a single dose of
6 Gy or even 3 Gy CGTS-RB had the highest treatment effi-
cacy and using CGTS-RB had a considerably better curative
effect than CGTS NPs alone.

It was shown by Wang et al. [62] that conjugation of
scintillator SrALO4:Eu”" (SAO: Eu) and a photosensitizer
MC540 co-loaded mesoporous silica nanoparticles (MC540-
SAO:Eu@mSiO,) can produce singlet oxygen 'O, under X-
ray radiation. It should be noted that all the components,
such as MC540, SAO:Eu, and SiO,, have no toxic effect
without irradiation. As for in vitro studies, after injection to
H1299 cells and the applied radiation (with 50 kV X-ray at
0.83, 1.67, 3.33, and 5 Gy), cell viability was reduced to 31.4
+2.3%, 19.6 = 4.6%, 18.6 £ 7.4%, and 17.5 + 5.6%, respec-
tively. As for in vivo experiments, after X-ray radiation (50
kV) for a dose of 5 Gy, the tumor growth was monitored by
bioluminescence imaging (BLI), and it was revealed that the
BLI signals were significantly suppressed in X-PDT treated
animals. It is necessary to note that the MC540-
SAO:Eu@mSiO, nanoparticles are decayed after the end of
treatment and efficiently cleared from the hosts.

Recently, Chen et al. [63] used to treat tumors in internal
organs a photosensitizer, 2, 3-naphthalocyanine (NC), and
LGO:Cr nanoparticles. This nanocomposite was encapsulat-
ed into mesoporous silica nanoparticles and, thus, formed
nanoscintillators about 100 nm in size. To obtain effective
accumulation into H1299 lung cancer tumors after intrave-
nous therapy, it was necessary to PEGylate and conjugate
these nanoparticles with cetuximab. Analysis of the X-ray
luminescence from LGO:Cr confirmed the fact that nanocon-
jugates were able to effectively accumulate in lung tumors.
The 102 production was analyzed both in a PBS solution
with singlet oxygen sensor green (SOSG) and in vitro with
H1299 cells upon X-ray irradiation (0—4 Gy). In these cases,
using NC with X-ray, LGO:Cr@mSiO, with X-ray or X-ray
alone caused an increase of luminescence slightly. As for the
combination of NC, LGO:Cr@mSiO,, and X-rays, it led to a
significant, time-dependent increase of fluorescence intensity
that indicates efficient production of 'O, by these nanoparti-
cles both in solution and in the cells. Notably, there was no
detectable cell viability drop when the cells were treated with
NC-LGO:Cr@mSiO, nanoparticles alone and X-ray alone.
On the other hand, the treatment with a combination of NC-
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LGO:Cr@mSiO, and X-ray led to efficient cell death. Par-
ticularly, it was determined that the cell viability was re-
duced to 46.4 £ 7.4% (50 pg/mL of NC-LGO:Cr@mSiO,
and 2 Gy irradiation).

Song et al. [64] took into account the fact that according
to some research, high-dose X-ray irradiation inevitably has
a hazardous effect on normal tissues and, thus, they reported
a strategy for cancer treatment by using low-dose X-ray-
activated persistent luminescence nanoparticle (PLNP) as an
excitation source. They synthesized W(VI)-doped
ZnGa,04:Cr PLNPs that showed stronger persistent lumines-
cence intensity and longer persistent luminescence time
compared to the traditional ZnGa,O,4:Cr PLNPs. It should be
noted that even after stopping the X-ray irradiation, the per-
sistent luminescence signal was still detected within 6 hours.
After that, PLNPs were conjugated with Zn(II) phthalocya-
nine tetrasulfonic acid (ZnPcS4) as the photosensitizer. The
results of in vitro experiment showed that ZGO:Cr/W-
ZnPcS4 nanoplatform (after 2 min X-ray irradiation, 0.09
Gy/min) caused a considerable cell-killing effect. Thus, after
2 min excitation, the reduction in viability of HeLa cells to
about 40%. Additionally, the increased concentrations of this
nanoplatform led to decreased cell viability. As for in vivo
experiments, this nanocomposite was activated with X-ray
irradiation (0.09 Gy/min), and monitoring of fluorescence of
the ZGO:Cr/W-ZnPcS4 nanoplatform showed that it is still
increased and gradually remained unchanged (more than 40
min) while the persistent luminescence decayed. Also, it was
determined that the tumor growth was significantly inhibited
within 1 week and effectively suppressed in about 16 days in
the experimental group treated with a combination of
ZGO:Ct/W—-ZnPcS4 nanoplatform and X-ray due to the
high-efficiency production of '0, from the nanoplatform.
Furthermore, pycnosis and karyolysis of cancer cells were
observed in this experimental group confirming that the ma-
lignant tissues were obviously damaged after XPDT treat-
ment. Thus, Song ef al. demonstrated that low-dose (2 min,
0.09 Gy/min) X-ray irradiation can be used to activate the
ZGO:Cr/W—ZnPcS4 nanoplatform and cause a significant
inhibitory effect on tumor progression in both in vitro and in
vivo experiments. In addition, the low toxicity of nanoplat-
form under research was revealed after confirmation of the
absence of obvious damage to the organs after PDT treat-
ment using histological analysis of major organs.

3.3. Metal Nanoparticles

The gold nanotriangles (AuNTs) were introduced as a
possible X-ray radiotherapy sensitizer. Thus, Bhattarai et al.
[65] prepared AuNTs and functionalized them with mPEG-
SH of various molecular weights. After analysis of this na-
nomaterial, they performed in vivo biodistribution and tumor
growth delay experiments to determine if PEGylated AuNTs
(pAuNTs) accumulated in a U87MG tumor or not. Besides, a
substantial amount of gold was detected in tumors compared
to the muscle, brain, heart, and blood, even within 24 h after
injection. In the experiment, cells were treated or internal-
ized with pAuNTs for 24 h and then irradiated with X-ray
(250 kV). This approach was significantly more effective at
reducing the surviving cell population compared to radio-
therapy alone at 4 Gy and 6 Gy. It was also demonstrated
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that pAuNTs alone do not cause tumor growth inhibition.
Moreover, the average volume of tumors in the experimental
group (with a combination of radiotherapy and pAuNTs) was
significantly smaller than that of mice in the group with ap-
plied radiotherapy only. This fact translated to a trend to-
wards improved survival of mice treated with pAuNTs and
X-ray. Thus, the survival rate of mice was 0%, 20% and 30%
for the experimental groups treated with vehicle alone, radio-
therapy alone, and a combination of radiotherapy and
pAuNTs, respectively. Thus, pAuNTs could be used as an
effective radiosensitizer.

Much earlier, the photosensitizing and radiosensitizing
effects of 5-aminolevulinic acid (SALA)-conjugated gold
NPs about 34 nm in size were investigated in a study by Mo-
hammadi and co-workers [66]. Experiments were conducted
on the Mel-Rm cell line. It should be noted that gold NPs
alone, as well as the conjugate of SALA and gold NPs, were
found to be toxic on the cell line in the applied concentra-
tions. After incubation of the drugs, the different experi-
mental groups were irradiated independently with X-ray
treatments at 2, 4, 6, 8, 10, 12, and 16 Gy radiation doses (X-
ray tube with 100 kVp). Also, radiation sensitivity of the cell
types of the Mel-Rm cell line was obtained using beams of
gamma rays at a dose of 30 Gy and showed significant dif-
ferences in cell survival for this treatment group compared to
the control group. In X-ray treatments, any effective en-
hancement treatment was obtained in the presence of a con-
jugate. Particularly, for cells with (SALA)-conjugated gold
NPs, a significant difference between the control group and 4
and 6 Gy dose groups was determined, while groups with
another radiation dose showed a slight decrease in cell sur-
vival. This can be explained by the fact that the Mel-Rm cell
line is radiation-resistant or the X-ray dose for this cell line
was insufficient. Moreover, it was determined that cell sur-
vival was 30% and 60% in the experimental groups treated
with conjugate and gold NPs, respectively.

3.4. Hybrid Nanoparticles

As already mentioned, dense inorganic nanoparticles
could be used as promising radiosensitizers because these
scintillating nanoparticles can transfer energy to conjugated
photosensitizers to enhance the production of ROS and pro-
vide UV-visible emission. For example, Bekah et al. [67],
using a hydrothermal method, synthesized LaF; nanoparti-
cles with surface modification with alendronate and followed
by doping with cerium, terbium, or both (LayCe,Tbg,F3-
PEG). Then, PEG and such photosensitizers as chlorin e6 or
Rose Bengal were conjugated to these NPs. To analyze X-
ray induced scintillation, NPs within a B16 cell were placed
inside an X-ray machine (150 kV and 20 mA), and then it
was determined that NPs have good spectral overlap with
chlorin e6 or Rose Bengal photosensitizer molecules. Results
of using composite nanomaterial for demonstration radiation
dose enhancement in B16 melanoma cells were shown to be
successful. Additionally, it was determined that the free pho-
tosensitizers and the conjugated nanoparticles accumulated
preferentially in the cytoplasm. Moreover, the results of cy-
totoxicity that was conducted on B16 cells revealed that the
nanoparticles exhibited less than 10% toxicity up to a con-
centration of approximately 5 mg/mL (42 uM).
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Zou et al. [68] studied the use of LaF;:Ce®" luminescent
nanoparticles as an intracellular light source for photody-
namic activation in prostate cancer cells. These nanoparticles
were synthesized with a wet-chemistry method in dimethyl
sulfoxide (DMSO). The spectroscopic data showed success-
ful encapsulation into the PLGA microspheres of
LaF3:Ce3+/DMSO nanoparticles and LaF3:Ce3+/DMSO/PpIX
nanoparticles. Compared with the LaF;:Ce’’/DMSO nano-
particles, the fluorescence intensity of the LaF3:Ce3+ is de-
creased in the LaFs:Ce’’/DMSO/PpIX conjugates. Thus, it
was found that under X-ray irradiation, the
LaF;:Ce’"/DMSO/PpIX/PLGA conjugate induced cell kill-
ing, while the microspheres without PpIX did not enhance
the radiation effects; for example,
LaF;:Ce’ /DMSO/PpIX/PLGA decreased the viability of
PC3 cells almost to 60%. X-ray irradiation (90 kV and 5
mA) was performed at a dose rate of 0.5 Gy/min. As for tox-
icity, the results showed that the nanoparticles and the parti-
cle-PPIX nanocomposites are acceptable for applications.
However, it was revealed that the LaF3:Ce3+/PPIX—containing
microspheres were found to be 20% more toxic to the cells
compared to the LaF5:Ce’*-containing microspheres.

It was mentioned previously that lanthanide-doped fluo-
ride (e.g., LaF3:Ce3+, LaF3:Tb3+) or CeF; nanoparticles have
been used as radioluminescent sources for common photo-
sensitizers such as porphyrins or Rose Bengal. A new type of
sensitizer has recently been studied by Kirakci et al. [69].
The octahedral molybdenum cluster compound (n-
BuyN),[Moglg(OOC-1-adamantane)s] is suggested to be an
efficient sensitizer of singlet oxygen upon X-ray excitation.
Its high proton number that increases the interaction proba-
bility with X-ray and relevant photophysical properties (in
the solid-state or the form of NPs) is the advantage over por-
phyrins. It was noted a concept that makes energy transfer
from the nanoscintillator to the photosensitizer unnecessary
because this compound can act as a nanoscintillator and sen-
sitizer of singlet oxygen at the same time. It can help to de-
lete energy losses occurring during energy transfer. Recently,
Kirakcei et al. [70] also prepared other nanoparticles made of
the octahedral molybdenum cluster compound (n-
BuyN),[Moglg(OCOCF;)¢] and demonstrated that under X-
ray irradiation by a soft X-ray source with a peak energy of
100 keV, this nanocomposite can directly produce singlet
oxygen molecules. The results of in vitro experiment showed
that after incubation of HeLa cells with nanoparticles (8
pg/mL) for 2 hours, a decrease in cell viability of 32% was
observed at 1 Gy and 2 Gy, and 59% at 4 Gy compared to
irradiated cells in the absence of nanoparticles.

The new theranostic scintillator nanoparticle composite
NaLuF4:Gd(35%),Eu(15%)@NaLuF,:Gd(40%)@NaLuF,:G
d (35%),Tb(15%) in a core—shell-shell arrangement was
studied by Hsu et al. [71]. After all the modifications, ScNP-
PAH-RBPEG-FA was prepared for research. The main prop-
erty of this nanomaterial is the ability to emit several wave-
lengths upon X-ray radiation. The ScNPs can emit visible
light at 543 nm (from Tb*") to cause the death of cancer cells
(MDA-MB-231 and MCF-7) by stimulating the Rose Bengal
photosensitizer, and this composite can also emit light at 614
and 695 nm (from Eu’") for luminescence imaging. Thus, a
nanocomposite of these scintillator nanoparticles and appro-
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priate photosensitizers such as RB and biomarker derivatives
can generate 'O, molecules and can be applied for targeted
PDT of deep tumor tissue. In addition, results of the analysis
of 102 generation by the SCNP-PAH-RBPEG-FA and ScNP-
mSiO,-PAH-RB-PEG-FA without and with the mSiO, layer
under X-ray excitation showed that a significantly higher
percentage of 'O, was produced for the SCNP-PAH-RB-PEG-
FA without the mSiO, layer (up to 10 Gy X-ray dose). In vitro
experiments showed that 31% MDA-MB-231 and 21% MCF-7
cancer cells were killed at a radiation dose of 5 Gy.

Liu et al. [72] reported another hybrid NPs. The ROS-
responsive polymers, poly (thiodiethylene adipate) (PSDEA)
and PEG-PSDEA—-PEG, were synthesized, and they formed
the polymeric NPs, which were encapsulated a nonpolar
camptothecin analog, a free drug SN38, for treating malig-
nant tumors with X-ray irradiation. The results clearly
demonstrate the effective response of the SS-NPs (the SN38-
loaded ROS-responsive NPs) in mediating drug release to
the X-ray irradiation at the doses of both 10 and 15 Gy (the
cell viability reduced to 30% and 20%, respectively). Thus,
the use of combined SS-NPs and X-ray treatment showed
essentially full inhibition of tumor growth similar to the free
SN38 and X-ray approach, indicating the effective drug re-
lease upon the activation of SS-NPs by X-ray irradiation.

Recently, Clement et al. [73] showed that an X-ray-
induced PDT system where poly (lactide-co-glycolide)
(PLGA) polymeric nanoparticles (NPs) incorporating ver-
teporfin (VP) as a photosensitizer can be used to generate
cytotoxic singlet oxygen. To enhance cellular uptake, the
surface of PLGA-VP NPs was successfully conjugated with
folic acid (FA). In this research, a combination of normal
(CCD 841 CoN) and cancer cells (HCT116) was used to test
cell viability after treatment with conjugates and various
doses of 6 MeV X-ray. It was determined that normal cells
were not visibly affected by X-ray radiation, while the via-
bility of cancer cells was reduced with different doses; for
example, it decreased by 78% at 4 Gy radiation. Clement et
al. showed that X-ray irradiation (4 Gy) alone can kill 22%
of the cancer cells, whereas a combination of radiation with
FA-PLGA-VP constructs in these cells can kill about 67%.
Thus, according to in vitro experiments, this FA-PLGA-VP
nanocomposite effectively reduces HCT116 cells in the
presence of 6 MeV X-ray radiation.

CONCLUSION

PDT is a promising method of cancer treatment, but nev-
ertheless, it has such limitations to the application as penetra-
tion depth. To overcome this limitation, X-ray can be used
because it can easily penetrate human tissue. Thus, the use of
X-ray to excite PDT has been a promising prospect for long-
er than 10 years.

After the analysis of all articles from the references, it
can be noted that a lot of prospective studies have been car-
ried out on the rare-earth-element based NPs-PS nanocom-
posite because rare-earth-element-based scintillating NPs
have tunable emission wavelengths. Moreover, hybrid and
metal NPs have also been studied as a basis for XPDT. All
studied NPs were in size from 10 nm to 200 nm, thus they
could penetrate cell membranes. In addition, to obtain a good
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biodistribution and promising cell uptake, NPs were coated
with such biocompatible materials as PLGA and PEG.

A lot of research has been done over the past 10 years,
and it was determined that several NPs-PS nanocomposites
may exhibit anticancer activity in in vitro and in vivo exper-
iments. However, XPDT methods still need to be improved
to obtain lox toxicity, accurate tumor targeting, and higher
therapeutic effects for tumor tissues located more deeply
within the body using lower doses of radiation. Thus, alt-
hough NPs are still in the initial stages of clinical trials, it is
hoped that further studies in this field will contribute to suc-
cessful clinical trial translations.
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