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ARTICLE INFO ABSTRACT

Keywords: X-ray photodynamic therapy (XPDT) is one of the growing methods for the treatment of deep tumors. Substituted

XEOL ) calcium tungstate CaWOy is one of the potential phosphors for a wide range of photosensitizers. In our work, we

icheehte studied the possibility of replacing Ca?* with Tb®" in the scheelite structure and also the effect of the synthesis
ungstates

Size distribution

method on the particle size distribution. It was found that the synthesis and subsequent morphological differ-

ences between the samples lead to different intensities of luminescence. This can be used to improve the char-
acteristics of composites for XPDT.

1. Introduction

Photodynamic therapy (PDT) is one of the promising methods for the
treatment of tumors [1-4]. The advantages of this therapy are high
selectivity for cancer cells and relatively safety without long-term side
effects for the organism. But its implementation requires some special
conditions, taking into account the tumor environment - a type of
photosensitizer, radiation with a suitable wavelength for it, and the
efficient production of reactive oxygen species (ROS) [4-7]. The
advantage of X-ray PDT compared to the conventional method is its
ability to affect deep tumors due to the significantly higher penetration
capability of X-rays compared even with red lasers, which are known to
have a greater penetration into tissue among all visible light [8,9]. In
XPDT, it is also important to select a luminophore with a suitable
wavelength of luminescence to activate a photosensitizer. The well-
known pairs of luminophore photosensitizers are discussed in detail in
reviews [10,11]. It can be noted that among inorganic phosphors there
are not many compounds known in which optical luminescence can be
excited by irradiation with X-ray or gamma radiation. Among the
described in the literature, not all of them are used in the treatment of
tumors because of the complexity of synthesis, including in the nano-
scale state.

Calcium tungstate is well known as a scintillator, but it has a very
broad peak with a low intensity [12-15]. For doped calcium tungstates
with a scheelite structure, X-ray excited optical luminescence (XEOL)
spectra with europium and terbium are described [16]. These phosphors
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have two emission regions corresponding to the WO4% anion and
lanthanide cation. The wider radiation area makes it easier to find a
suitable photosensitizer. Doped samples have the following advantages:
1) Eu®* and Tb®* ions show intense red and green radiation, respec-
tively, 2) their luminescence spectra consist of narrow bands [16].

The toxicity of complex compounds of terbium (III) and europium
(II) is low [17]. They have been reported to have antibacterial prop-
erties [18]. The low cytotoxicity of Eu(Ill) is also confirmed in studies
[19,20] using a suspension of Brassica napus plant cells. Cells were
exposed to a solution of Eu (III) with a molar concentration of 0 to 200
uM, - about 75% of europium was immobilized by plant cells with the
preservation of their vital functions. Europium hydroxide nanorods,
which exhibit proangiogenic properties (promoting the growth of new
blood vessels) properties, have shown a nontoxic nature in laboratory
mice [21]. However, lanthanides, especially terbium (III) and europium
(II), can replace calcium in their body structures and also react with
calcium-binding proteins instead of calcium, [22] which can have
negative consequences.

The synthesis of these materials can be carried out by the following
methods: solid-state, sol-gel, coprecipitation, microwave-assisted, etc.
[13,14,23-25]. The method of synthesis can significantly affect the size
of particles, their morphology, and surface properties. All of these as-
pects are crucial for scintillating nanoparticles. For example, it is known
that the luminescence intensity is significantly dependent on particle
size [26]. These parameters can change the processes of charge transfer
and lead to the appearance of quantum effects on the nanoscale state.
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This relationship is usually not linear. Therefore, the purpose of this
work was to study the influence of the different synthesis routes on the
grain size distribution and the XEOL spectra of Tb®>*-doped tungstates.

2. Experimental
2.1. Methods of synthesis

2.1.1. Microwave-assisted synthesis

As starting materials, we used CaCly, NagWO4-2H50, TbCl3-6H20,
and PEG-1000, and all were of analytical grade. CaWO,:10 %Tb>"
nanocrystals were prepared by the microwave-assisted method as
described in [27]. All reagents were placed in a quartz tube and dis-
solved in 10 ml of distilled water. The mixture was then vigorously
stirred for 10 min to ensure that all reagents were evenly dispersed. Then
the sealed quartz tube was put into the CEM Discover microwave
reactor. The reaction was held for 30 min at 110° C and the microwave
power output was 100 W. The maximum pressure was 274 kPa. The
precipitates were then cooled to room temperature and subsequently
collected, washed with distilled water and ethanol three times. The
precipitates were then dried in a drying oven at 60° C for 24 h.

2.1.2. Microwave-assisted synthesis with methionine

The synthesis is similar to the previous one. The difference is the
initial preparation of complexes of Ca?t and Tb*" with methionine as
complex agent as described with other ions [28].

2.1.3. Co-precipitation synthesis

We used CaCly, NayWO04-2H0, TbCl3-6H0, and s ethyl-
enediaminetetraacetic acid disodium salt (EDTA-Nay) as the starting
materials, and all of them were of analytical grade. Sodium tungstate
was dissolved in water and stirred for 30 min at 80 °C. Calcium and
terbium chlorides were dissolved in a separate flask in an equal amount
of water and also stirred for 30 min at 80 °C. The chloride solution was
added dropwise with heating and stirring to the tungstate solution and
mixed for 30 min. The substance was washed 3 times with distilled water
and ethanol. They were dried for 24 h at 60 °C. Then samples were
calcined for 5 h at 400 °C.

2.1.4. Ultrasonic-assisted synthesis

We used CaCly, NagWO4-2H20, and TbCl3-6H,0 used as the starting
materials, and all were of analytical grade. The CaWO4:10 %Tb>*
nanocrystals were prepared using the ultrasonic-assisted method
described in [23]. In a typical procedure, 0.0167 mol of CaCl, and TbCl3
were dissolved separately from NayWO4-2H50 in deionized water (DI)
by continuously stirring until the transparent solution was prepared.
After that, two solutions were added to the chamber of Sonics Vibra-Cell
Processor VCX750 and the ultrasonic probe (10 mm diameter; Ti-horn)
was immersed with the frequency of pulsed ultrasound waves (con-
ducted in the 2 s mode, and a pause in the 1 s mode) at 50 kHz and 40 W/
cm?. White precipitate particles were washed with distilled water
several times and then with absolute ethanol before drying at 60 °C for
24 h.

2.2. Characterization

The X-ray diffraction (XRD) of the synthesized nanoparticles was
measured by the D2 PHASER diffractometer (Bruker AXS Inc., USA)
using Cu Ka = radiation (A = 1.5406 10\) at 30 kV and 10 mA. For the
measurements, we used a low-background cuvette and the following
conditions: 20 range — 5°-60°, step size — 0.01°.

The elemental composition was analyzed using X-ray micro-
fluorescence spectrometer M4 Tornado 2D (Bruker, USA) with XFlash
430 detector. The analysis was carried out in a multipoint regime for 20
points with measurement time at one point 10 s.

X-ray excited optical luminescence (XEOL) signals were collected
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using Cary Eclipse fluorimeter (Agelent, USA) and an X-ray tube as a
source of ionizing radiation. The fluorimeter emission slit was set to 10
nm and the gate time of 0.1 s per point was utilized. The samples in a
powder form were deposited on the plastic holder forming a thin layer
with a thickness of 0.4 mm. The X-ray tube was operated at 35 kV and
1.6 mA.

3. Results and discussion
3.1. X-ray diffraction (XRD)

The results of the XRD analysis show that the samples obtained in the
reaction with methionine have characteristic diffraction peaks of two
phases: scheelite and methionine. Other samples are single-phase, and
all phases can be associated with a scheelite-type structure. However,
taking into account the different intensity and width of the peaks
observed, it is possible to assume the different crystallinity of the sam-
ples.Fig. 1

The FW1/5M—-FW4/5M method was used to assess the degree of
crystallinity of the samples, crystallite sizes, and grain size distribution
[29]. This method has several advantages over the conventional
Scherrer method [30]. The width of the each peak, in addition to the
crystallites size, is also influenced by the instrumental errors of the
diffractometer. As a consequence, when only one peaks FWHM is used,
these errors affect the result. The FW1/5M -FW4/5M method uses the
two widths of each peak and their ratio, so instrumental errors can be
concealed [31]. But the only significant factor that depends on the
crystallite size is retained, the change in the width of the peak at the base
and the apex. Measurement of two widths of the same peak makes it
possible to calculate, in addition to the average grain size < R>, also the
size variance o. These parameters are sufficient to draw a grain size
distribution (GSD) curve that is much more informative than a single
medium < R > parameter. The direct calculation of the average particle
size and dispersion is performed using the following formulas described
in [29]. The calculated average particle size and size dispersion are
presented in Table 1. The particle size distribution is shown in Fig. 2.

As can be seen from the data obtained, the most uniform particle size
distribution can be obtained using the ultrasonic-assisted method: the
smallest relative distribution width and the particle size are not more
than 40 nm. In other cases, despite the possibility of obtaining more
nanosized particles of the order of 5-20 nm in the bulk, the distribution
shows the presence of larger particles of the order of 60-100 nm (Fig. 2).
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Fig. 1. X-ray diffraction pattern of CaWO4:x%Tb>" synthesized by: a) co-
precipitation method; b) microwave-assisted method; ¢) microwave-assisted
with methionine (methionine peak is marked by a star; d) ultrasonic-
assisted method.



E.A Mukhanova et al.

Table 1
The results of processing diffraction patterns by the FW1/5M—FW4/5M method
for samples with different synthesis conditions.

Method of synthesis Size Size dispersion, ¢ Relative
average, [nm] width,
<R> [nm] 6/ <R>

Co-precipitation 28.4 21.1 0.74

Microwave-assisted 24.5 9.1 0.37

Ultrasonic-assisted 19.0 6.3 0.33

Microwave-assisted with 20.0 11.5 0.58
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Fig. 2. Grain size distribution for samples of CaWO,:x%Tb>" obtained by
different methods.

Therefore, to obtain a product with a more uniform microstructure, the
ultrasonic method of synthesis is preferable.

3.2. X-ray fluorescence (XRF)

The elemental composition of the synthesized materials determined
by X-ray fluorescence (XRF) analysis is presented in Table 2. As can be
seen, in three synthesis methods, it is possible to achieve the substitution
of calcium for terbium by 10 mol%, with a slight calcium deficiency in
the structure. Along with the absence of any side products traces
observed from XRD and single-phase character of the materials, XRF
data confirms that terbium is embedded in the scheelite structure. The
only synthesis method where complete substitution has not been ach-
ieved is microwave synthesis using amino acids as a complexing agent to
prevent rapid precipitation. In this case, it was possible to achieve the
substitution of only 3 mol% calcium. Perhaps this is due to the formation
of strong complexes of terbium and amino acids in solution. Thus, the
molar ratio of the elements in the formula is 0.75: 0.1: 1 in the first three
cases and 0.77: 0.03: 1 in the case of methionine.

Table 2
Elemental composition of the samples with formula CaWO,:Tb>" measured by
XRF.

Methods of synthesis Elemental composition, at.% by XRF

Ca Tb w
Co-precipitation 40.56 5.16 54.28
Microwave-assisted 41.11 5.06 54.91
Ultrasonic-assisted 38.80 6.37 54.83

Microwave-assisted with methionine 43.73 1.66 56.61
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3.3. X-ray emission optical luminescence (XEOL)

XEOL spectra are shown in Fig. 3. We will start the discussion from
the signal observed for the MW-synthesized sample. The XEOL spectrum
characterized by the four bands typical for Tb>* ion, which are observed
due to 4f%-4f% transitions: >D4 — “F¢ (A = 490 nm), °Dg — "Fs (A = 545
nm), °Dy4 — ’F4 (A = 585 nm), and °D3 — "Fg (A = 621 nm). While the
broad maximum observed in the blue range of the spectra is associated
with the 5d-2p emission of the WO4%" group [32]. As it has been recently
demonstrated by Guo et al. [32], due to the intrinsic electronic transition
of heavy W (npg-nd), the WO4%* groups being coupled with RE elements
can serve as efficient X-ray scintillator. However, in our case the
decrease in the WO,2 broad peak intensity observed for MW-methionine
and ultrasonic synthesis is accompanied by the decrease in green Tb>*
luminescence, thus it cannot be associated with more efficient tungstate
host — Tb®* energy transfer. Therefore we suggest that the observed loss
of intensity is associated with particle size and morphology obtained in
different syntheses. Moreover, in the case of the MW-methionine sample
the lower Tb®" luminescence is expected due to a substantially lower
amount of Tb in the structure as obtained from XRF analysis (See
Table 2). While almost zero intensity in the WO42' luminescence range is
rather surprising and might be related to very small particle sizes.

Intensive WO4% luminescence has been also observed for the sample
obtained by co-precipitation. Interestingly that compare with MW syn-
thesis, this sample demonstrates the substantially higher intensity of the
main Tb®" lines (green luminescence). Moreover, for this sample blue
emission of Tb>* has been also observed, which appears as a sequence of
well-defined peaks overlapped with broad WO,?" feature. These peaks
might be associated with the transition from 5D3 to’F 7levels [33-35]. As
recently reported by Linganna and co-workers [35] the observed emis-
sion from the D3 level might be related to slow non-radiative relaxation
from °D3 to °D4 accompanied by the cross-relaxation of Tb>*. The higher
intensity of the typical green Tb®" luminescence and the appearance of
blue Tb®* emission components assume the higher crystallinity of the
particles obtained by the co-precipitation method and likely higher
symmetry of the luminescence Tb sites.

To sum up, the effect of different synthesis methods, we can declare
that those methods which yield a large variance in the particle sizes
exhibit a higher intensity of the XEOL signal. Hence within the methods
considered in this work microwave and coprecipitation methods are
preferred due to higher scintillating efficiency.

As can be seen from the graph, the samples obtained by the copre-
cipitation method have the highest intensity, and those obtained by
synthesis with methionine have the least intensity. However, the last

—— co-precipitation 5Dy —» 7F
MW
(= MW-methionine

ultrasonic

XEOL intensity (a.u.)

T T T T T T T
300 350 400 450 500 550 600 650 700
wavelengths (nm)

Fig. 3. XEOL spectra collected for samples obtained by different synthesis
routes. The peaks which correspond to Tb®>" luminescence are marked on the
plot, while the broad maximum in the range 350-500 nm is associated with
WO,4% luminescence.
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sample should be excluded from the general comparison because it is
multiphase and differs in the content of Tb®". Its low intensity is
apparently related to the low content of Tb®" in the composition.

The remaining three samples can be compared in terms of the effect
of different synthesis routes using the average calculated particle size
from the Table 1 as a parameter. In this case, a fairly simple correlation
is obtained: The larger the average particle size, the higher the intensity
of the XEOL spectra. On the other hand, as can be seen from Fig. 2, the
particle size distribution is not exactly the same for different syntheses,
and we consider it important to discuss it. In the case of synthesis by
coprecipitation, we have the largest dispersion in size from 3 to 100 nm,
and both smaller and larger particles can enhance the radiation and
possibly have a joint effect. On the other hand, the sample with the
lowest intensity has the lowest particle size dispersion from 3 to 37 nm.
That is, particles with very similar sizes contribute to the observed
averaged signal. In the case then intensity of XEOL spectrum is inter-
mediate i.e. microwave synthesis, the particle size distribution is also
intermediate. Since the average particle size is a somewhat arbitrary
value, it seems to us that more universal parameters can be used to assess
the effect of particles dimension on spectra - the size range and its
dispersion. The exact dependence of the effect of sizes less than 10 nm
and more than 100 nm can be obtained in further experiments on XEOL
measurements of particles separated with narrow size distribution
peaking at different values and obtained by the same synthesis method.

If we summarize the data on the effect of the synthesis method, then
we can say that methods that give a large grain size give a high intensity
in the spectra. Hence microwave and coprecipitation are preferred.

4. Conclusion

This paper has shown that the size of the crystallites and the GSD for
CaWO04:10 %Tb3 + influence the intensity of the XEOL spectra. These
data can be used for a more precise search for materials for X-PDT. The
main advantage of lanthanide-substituted calcium tungstate is the
combination of luminescence not only from terbium cations. This
combination allows one to increase choice of the photosensitizer. The
results of this study also underline what methods of synthesis allow us to
obtain particles with different size distributions. Ultrasonic-assisted
methods are preferable to synthesize nearly monodispersed particles.
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