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Abstract—X-ray and gamma radiation can be used to expand the possibilities of photodynamic therapy in the
treatment of deep-lying tumors. One of the promising materials for converting X-ray radiation to optical radi-
ation is BaGdF5 nanoparticles doped with ions of rare-earth elements. It is shown that solvothermal synthesis
and a technique using microwave radiation lead to the production of BaGdF5:Eu nanoparticles with similar
characteristics; however, when using microwave radiation, the time of the synthesis decreases by at least an
order of magnitude. Microwave-synthesized doped BaGdF5:Eu nanoparticles are biocompatible and in
terms of size (6–14 nm) meet the requirements for the subsequent preparation of nanocomposites based on
them with the optical photosensitizers necessary for X-ray photodynamic therapy.
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INTRODUCTION
Morbidity and mortality in malignant neoplasms is

one of the most socially significant problems both in
Russia and abroad. According to the World Health
Organization (WHO), the total number of deaths from
cancer in the European Union (EU) were 1 283 101 in
2012 [1]. To date, the world has developed many
approaches such as oncology to treat this disease. The
traditional methods of treating malignant tumors are
surgery, radiotherapy, chemotherapy, or their combi-
nation. The disadvantage of these methods is the large
number of complications and high mortality rate.
Photodynamic therapy (PDT) appeared as an alterna-
tive treatment for cancer and is considered the least
invasive method compared to chemotherapy and radi-
ation therapy. Photodynamic therapy includes three
main components: a photosensitive substance (photo-
sensitizer, PS), oxygen, and light. Two components,
PS and light, are external factors. The third necessary
component of the photodynamic reaction is an endog-
enous factor: oxygen. The photosensitizer is injected
into the patient and then selectively accumulates in the
tumor. The next stage is the irradiation of the tumor
tissue with visible or near-infrared light of a certain
wavelength necessary for the activation of the PS,
which leads to the formation of the reactive oxygen
species (ROS) [2]. The active form of oxygen is a
group of highly active chemicals that alter some com-
ponents of the tumor’s stroma and ultimately destroy
the cancer cells [3] that have a higher level of oxidation

compared to normal cells [4]. It is well known that sin-
glet oxygen 1O2 is a key cytotoxic agent in PDT; how-
ever, it has been suggested that other free radicals may
play a major role in photodynamic cell damage [5].
Using PDT allows us to ensure the maximum number
of healthy cells, treat patients without surgical inter-
vention, and reduce the number of complications.
However, with all the advantages of PDT, its use for
the treatment of deep neoplasms is ineffective. The
problem lies in the difficulty of the radiation of the
optical range penetrating deep into the tissues. The
traditional visible light used in PDT (spectral range
400–700 nm) is limited to surface lesions and the pen-
etration depth of light does not exceed 1 cm. This leads
to the fact that during normal PDT only surface
tumors can be treated. Therefore, researchers are try-
ing to increase the efficiency of PDT, especially by
searching for new sources of deeper radiation [6].

In order to increase the depth of light penetration
and activate the PDT process in deep tissues, X rays or
gamma rays can be used as the radiation source [7].
This technique, called X-ray photodynamic therapy
(XPDT), has great potential for the treatment of
tumors of the internal organs. This therapy is carried
out according to the same scheme as PDT but it is
based on the use of X-ray nanoluminophores (scintil-
lating nanoparticles), which, under the influence of
ionizing (in this case, X-ray) radiation, emit light in
the visible region, which activates the conjugated PS
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through a f luorescence resonant energy transfer and
leads to the generation of ROS.

Most often, in the scientific literature, the use of
luminescent materials based on the radiation of rare-
earth ions for XPDT is found [8]. For example, rare-
earth f luoride nanoparticles (such as BaGdF5) are
most interesting and studied as the base material for
alloying with rare-earth ions (Eu3+, Sm3+, etc.). This is
due to the fact that BaGdF5 nanoparticles have a low
degree of toxicity, low phonon energy, multicolor tun-
able luminescence, and strong resistance to photo-
bleaching and photochemical decomposition [9]. This
material family has tunable luminescence characteris-
tics [10–12] and fairly good biocompatibility [13].
They are also capable of effectively converting ionizing
radiation into the visible or ultraviolet region due to
the stepwise multiphoton process that occurs in the
system of the energy levels of rare-earth ions that are
built into the crystal lattice of the main substance [14,
15]. In addition, the redox stability of the lanthanide
ions Ln3+ makes them suitable for use in biological tis-
sue cells [16, 17], including human red blood cells [18].
However, some researchers consider nanoparticles
based on NaGdF4:Eu3+ more promising for XPDT
[19].

In this paper, we present a new method for the syn-
thesis of X-ray nanophosphors for XPDT based on
BaGdF5 nanoparticles using a microwave reactor, and
the possibility of doping this material with a rare-earth
element Eu3+ is also studied. The characteristics of the
obtained nanoparticles, including their cytotoxicity,
was studied in detail.

MATERIALS AND METHODS

Starting materials: gadolinium (III) chloride
GdCl3, europium (III) chloride EuCl3, ethylene gly-
col, barium chloride dihydrate BaCl2 ⋅ 2H2O, polyeth-
ylene glycol (PEG, M = 1500 g/mol), and ammonium
fluoride NH4F.

The synthesis was carried out using two methods.
The solvothermal method was adapted from the work
[20]. Based on it, in this study, a new microwave syn-
thesis of this material was developed. Details of the
synthesis of samples of X-ray nanophosphors are pre-
sented in Table 1.

In order to obtain BaGdF5:Eu-ST and
BaGdF5:Eu-MW samples 0.9 mmol (237.2 mg) of
gadolinium (III) chloride and 0.1 mmol (25.8 mg) of
europium (III) chloride were dissolved in 20 mL of
ethylene glycol under ultrasound (10 min). Then,
1 mmol (244.2 mg) of barium chloride dihydrate was
added to the resulting solution, and the resulting mix-
ture was stirred for 30 minutes. After this, 1.5 g of PEG
was added to the mixture and sonication was per-
formed for 15 min. A solution of 5.5 mmol (203.7 mg)
of ammonium fluoride in 10 mL of ethylene glycol was
separately prepared. The mixture was thoroughly
mixed and sonicated for 30 minutes.

Further, in the case of the synthesis of the
BaGdF5:Eu-ST sample, the resulting suspension was
transferred into a Teflon glass of a steel autoclave, her-
metically closed, and incubated for 24 h at a tempera-
ture of 200°С.

In order to obtain a sample of BaGdF5:Eu-MW,
the resulting suspension was transferred to a Teflon
ampoule and placed in a CEM Mars6 microwave
oven. The reaction mixture was heated to 200°C for
20 min, then kept at this temperature for 2 h. The used
power of the microwave reactor was 600 watts.

The resulting precipitates were washed thrice with
distilled water by centrifugation and then dried at
60°C.

X-ray powder diffraction data were obtained using
a D2 Phaser diffractometer (Bruker, United States).
The shape and size of the particles were studied using
transmission electron microscopy (TEM) using a Tec-
nai G2 Spirit BioTWIN microscope (FEI, United
States). The elemental composition was monitored
using an M4 Tornado 2D X-ray microfluorescence
spectrometer (Bruker, United States).

The cytotoxicity and the effect of the studied nano-
materials on the oxidative status of cells were analyzed
on the human cells of the HeLa and K562 lines. The
cells were cultured in 24-well plates (SPL Life-
sciences, South Korea) in a GlutaMax DMEM
(Thermo Fisher Scientific, United States) medium
supplemented with 10% fetal bovine serum (GE
Healthcare, United Kingdom), 50 IU/mL penicillin,
and 50 μg/mL of streptomycin (Thermo Fisher Scien-
tific, United States). The cells were incubated at 37°C
and 5% carbon dioxide in a Sanyo MCO-18AC incu-
bator (Panasonic, Japan). The condition of the culture

Table 1. Details of the synthesis of samples of X-ray nanophosphors

ST, solvothermal method; MW, microwave.

Sample designation Synthesis method
Synthesis conditions Precursor molar ratio

time, h t, °C Ba Gd Eu

BaGdF5:Eu-ST SТ 24 200 1 0.9 0.1
BaGdF5:Eu-MW МW 2 200 1 0.9 0.1
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was evaluated using an inverted Premiere MIS-9000
microscope (C&A, China).

To analyze the cytotoxicity of the materials on the
HeLa cells, a trypan blue test was performed with an
assessment on a Countess II FL automatic cell viabil-
ity analyzer according to the manufacturer’s protocol
(Thermo Fisher Scientific, United States). During the
experiment, the stock solution of the nanomaterial in
the saline was introduced into the culture medium to
the final concentration of 50 μg/mL. In the control
group, instead of the solution of the nanomaterial, the
saline was administered. Incubation in both groups
was performed for 24 h.

Flow cytometry was performed on the K562 cells.
The cells were incubated with nanomaterial analo-
gously to the cytotoxicity experiment, but for one
hour. The analysis was performed on a CytoFlex f low
cytometer (Beckman Coulter, United States) using the
following molecular probes:

—CellRox Green: probe for ROS mitochondria
and nuclei;

—CellRox Orange: probe for cytosolic ROS;
—7-AAD: control dye for detecting analysis of a

population of living cells.
All the dyes were used in accordance with the man-

ufacturer’s recommendations (Thermo Fisher Scien-
tific, United States). At least 10 000 events were ana-
lyzed in each sample. The analysis included only
events morphologically characterized as live singlets of
moderate granulation—with gating on channels FSC-A,
SSC-A, FSC-H, and 7-AAD.

The signal from the molecular probes was normal-
ized by the direct light scattering channel.

DISCUSSION
X-ray diffraction. As can be seen from the profiles of

powder X-ray diffraction, the synthesized samples of
BaGdF5:Eu-ST and BaGdF5:Eu-MW are single-
phase materials with a structure similar to the pub-
lished data. The broadening of the peaks is due to the
small particle size. Using the Jana2006 program for
the BaGdF5:Eu-ST and BaGdF5:Eu-MW samples,
the unit cell parameters were calculated at 5.930 (3)
and 5.9431 (19) Å, respectively. These values were less
than parameter a = 6.023 Å declared in the literature
for BaGdF5 [21]. This explains the fact that with the
partial replacement of Gd3+ by Eu3+ a shift of the
peaks to the high-angle region is observed, which in
turn corresponds to a decrease in the unit cell param-
eter.

Thus, the use of the standard solvothermal method
and the method using microwave radiation leads to the
formation of nanoparticles that resemble each other in
their structural data; however, the time of the synthe-
sis using microwave radiation is more than an order of
magnitude shorter than in the standard solvothermal

approach, which corresponds to the previously
obtained results for the synthesis of other classes of
nanoparticles [22, 23].

The results of electron microscopy. The obtained
materials BaGdF5:Eu-ST and BaGdF5:Eu-MW are
spherical particles 4–14 nm in size (Figs. 2a, 2b),
which fully complies with the requirements for the
production of nanocomposites for the XPDT based on
them, which should combine the nanoluminophores
and PS nanoparticles [24, 25]. The size distribution of
the nanoparticles was estimated using the TEM data;
moreover, 760 BaGdF5:Eu-ST particles and 1140
BaGdF5:Eu-MW particles were analyzed (Figs. 2c,
2d). As a result, it was found that the BaGdF5:Eu-ST
nanoparticles are characterized by dispersion in the
range of 4 to 8 nm with the predominant fraction of
6 nm, and the BaGdF5:Eu-MW nanoparticles, in
turn, are 6–14 nm in size with the predominant frac-
tion of 10 nm. Thus, the synthesized nanomaterials are
suitable in size for the subsequent synthesis of nano-
composites for XPDT.

Results of X-ray fluorescence (XRF) analysis.
The ratio of metals fused in the synthesis of
BaGdF5:Eu-MW is Ba : Gd: Eu → 1 : 0.9 : 0.1. The
ratio determined using XRF was 1 : 0.9 : 0.08. The
deviations from stoichiometry are apparently related
to the difference between the ionic radii of gadolinium
and the introduced europium ions (the radii of the
Gd3+ and Eu3+ ions are 0.0938 and 0.0947 nm, respec-
tively).

The results of the analysis of the cytotoxicity of the
materials. Using the method for assessing the integrity
of membranes with trypan blue staining, the toxicity of
the synthesized nanomaterial in the experiment was
determined in vitro on the malignant human cells of
the HeLa line (Fig. 3).

The study found that the sample [BaGdF5:Eu-
MW] increased the HeLa cell culture’s viability by 8%
(p = 0.002).

The results of the analysis of induction by nanomate-
rials of generating ROS in cells in vitro. Analysis by the
CRO (Fig. 4) and CRG (Fig. 5) channels was carried
out with normalization by cell size (FSC channel, the
area under the curve; the nCRO and nCRG parame-
ters, respectively) and only in the region of the positive
signal of the target probes (CRO+ and CRG+ gates,
respectively), i.e., with analytical compensation of the
autofluorescence. The use of such an algorithm makes
it possible to increase the analytical sensitivity and
specificity of the method and compensate the differ-
ences between the signal level and the actual func-
tional parameters of cells of a different size.

In the quantitative analysis, the median signal level
was used as a numerical parameter—as the most rep-
resentative parameter with the potential qualitative
and quantitative effects of the nanoagent on the phys-
iological parameters of the cells.
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Fig. 1. (Color online) X-ray powder diffraction profiles of synthesized BaGdF5:Eu-ST and BaGdF5:Eu-MW samples. For com-
parison, the BaGdF5 profile from the PDF-2 database is shown (no. 24-0098).
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Fig. 2. (Color online) TEM images of BaGdF5:Eu-ST and BaGdF5:Eu-MW samples (a, b); particle size distribution of
BaGdF5:Eu-ST and BaGdF5:Eu-MW according to TEM (c, d).
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As can be seen from the nature of the histograms in
the CRO channel (ROS cytosol levels), the control
and experimental groups have some differences in the
character of the effect on individual cell populations:
the histogram peaks in the experimental group are
narrower, with the characteristic shift in the cell pop-
ulations towards an increase in the signal.

The CRG channel study confirmed the qualitative
differences observed between the study groups in the
CRO channel; in this case the differences were much
more pronounced.

The quantitative analysis showed that the studied
groups really have pronounced differences in the
parameters of the oxidative status of the model line

Fig. 3. (Color online) The viability of HeLa cells in the
control and after exposure to synthesized nanoagents at
the final concentration of 50 μg/mL for 24 h. Error bars
correspond to standard deviation. * are statistically signifi-
cant differences, p = 0.002.
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Fig. 4. (Color online) Examples of histograms of the distribution of cells by nCRO+ signal intensity (normalized by cell size ROS
cytosol levels) of K562 cells in the control and after exposure to synthesized nanoagents at the final concentration of 50 μg/mL
for 1 h.
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Fig. 5. (Color online) Examples of histograms of cell distribution by nCRG+ signal intensity (normalized to cell size ROS levels
of mitochondria and nuclei) of K562 cells in the control and after exposure to synthesized nanoagents at the final concentration
of 50 μg/mL for one hour.
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cells, primarily in the generation of ROS in the
nucleus and mitochondria (Table 2).

Although the differences in the production of ROS
in the cytosol only approached the threshold of signif-
icance, in the DNA-containing organelles, the pro-
duction of ROS increased by about 60%.

As a result of the cytotoxicity studies, the prospects
for the further use of BaGdF5:Eu-MW nanoparticles
were established even without a coating. Moreover,
the nanoagent was not simply not toxic but it statisti-
cally significantly increased cell viability by almost
8%. As a rule, such a picture is observed upon stimu-
lation by the active agent of the protective cascades of
the cell.

In this respect, the ROS-inducing ability of the
nanoagent was studied by f low cytometry. During this
experiment, the K562 cells were incubated for one
hour together with the nanoparticles—this is the stan-
dard induction time of the primary ROS wave under
the action of redox-active agents. As a result of the
study, it was found that a slightly increased ROS
induction in the cytosol was indicative of the ability of
the studied nanoagent to stimulate cell defense sys-
tems against the background of a significant increase
in the ROS of the DNA-containing organelles. Such a
picture testifies to the classical variant of differential
activation of a cell’s defense systems. Moreover, this
difference in physiological activity is interesting in that
the cytosolic protective systems of the cells respond
much more weakly than is actually required due to the
lower degree of the ROS induction of the cytosol and
the much more limited spectrum of the sensors of the
ROS in the nucleus and mitochondria compared to
cytosol. As a result, such agents are capable of causing
effective damage to the DNA of the nucleus and mito-
chondria and causing cell death by various mecha-
nisms—from metabolic catastrophe to necrosis and
autoschisis—against the background of the introduc-
tion of additional damage to the DNA of cells even in
the case of the intensified work of their antioxidant
systems.

Thus, the ability described for BaGdF5:Eu-MW to
induce the generation of the ROS in DNA-containing
organelles after penetration into cells is one of the
most important parameters of nanoparticles for bio-

medical applications. Information on this property of
the synthesized nanoagent allows, on the one hand, to
develop a protocol for the early adaptation of non-
malignant body cells (different from malignant ones in
their ability to respond to prooxidant changes in the
oxidative status) and, on the other hand, to use the
identified properties as an additional therapeutic
modality in XPDT.

CONCLUSIONS
The application of the standard solvothermal

method and the technique using microwave radiation
leads to obtaining BaGdF5 nanoparticles 6–14 nm in
size that resemble each other in their structural data.
However, when using microwave radiation, the time of
the synthesis is reduced by at least an order of magni-
tude. According to their dimensional characteristics,
these nanoparticles comply with the requirements for
the subsequent production of nanocomposites based
on them for XPDT. The synthesized BaGdF5:Eu-MW
nanoparticles are completely biocompatible and do
not have a material negative effect on the viability of
the HeLa and K562 cell lines.
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