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The features of obtaining a nanocomposite consisting of the CawWQ, core which is a
scintillation nanocrystal and a mesoporous SiO, shell (CaWO,@MPSIO,) are considered.
The results of the investigation of microscopic and optical parameters of CaWO,@MPSIO,
nanocomposite are presented. The mesoporous SiO, shell applied to the nanocrystal can be
used both as a host for the photosensitizer, and set the necessary distance between the
donor and the energy acceptor.

Keywords: Nanocomposite, CaWO,, Mesoporous SiO,, X-Ray Induced Photodynamic
Therapy.

PaccMoTpeHE! 0COGEHHOCTH TOJNYUYeHMs HAHOKOMIIOBUTA, cocToamero us aapa CaWO,,
IPeACTARIAIONIETO COOOH CIMHTUIIANMONHBIN HAHOKPUCTAT, U Mesomopucroii SiQ, oGomou-
Kn (CaWO4@MPSi02). IIpencraBieHsl Pe3yJabTATHl MCCICTOBAHUS MUKPOCKOIMYECKUX U OII-
TUYECKUX IIapaMeTPOB HAHOKOMIIOSUTA CaWO4@MPSi02. Hanecennada HA HAHOKPUCTAJLI Me-
somopucraa Si0, o6omouKa MOMeT MCIOIL30BATLCA KaK B KauecTBe XocTa A1a (oToceHcnOu-
JU3aTOPa, TAK U 34[aBaTh HeOoOXOAMMOE pACCTOSHUE MEXKAY [JOHOPOM U aKIeITOPOM
SHepruu.

CaWO,@MPSIO,: cunres Ta xapakrepucruka. K.I'yoenro, I.Becnanosa, II.Makcumuyxr,
ITI.Mameiiuenro, P.I'punvos, C.EQimosa.

PosrnsamyTo oco6amuBOCTi OTPEMaHHSA HAHOKOMIIOSUTY, IO cKiaagaersca 3 agpa CaWO,,
AKUA TpejcTaBaAe co0O0 CHUHTHUAANINHNE HamokpucTan Ta MesomopmucToi SiO, obomouru.
ITIpuBegeno pes3yabTaTH AOCHiAMKEeHb MiKPOCKONIUHMUX i ONTHUYHUX MMapaMeTpiB HAHOKOMIIO3M-
ty CaWO, y mesomopuctiit SiO, o6omouni. Hanecena Ha HaHOKPHCTAJ Me30IIOPHCTA 000JIOU-
Ka MO’Ke BMKOPHCTOBYBATHCA AK B SKOCTi xocTa nua#a (oToceHcmbinmizaTopa, Tak i sagaBatu
HeoOXifHy BificTaHL MiK JOHOPOM i aKIenmTOpoM eHeprii.

1. Introduction red light, which in the presence of tissue

oxygen leads to the production of free radi-

Photodynamic therapy (PDT) — method cals and reactive oxygen species (ROS) in-
of local activation of the photosensitizer cluding singlet oxygen (102) due to electron
(PS) accumulated in the tumor by visible or energy transfer from excited PS to oxy-
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gen molecules and substrate [1, 2]. It is
commonly accepted that singlet oxygen is
the predominant cytotoxic agent produced
during PDT [3, 4].

For deep cancer treatment, the light
should be within the near infrared NIR
range of 700-1100 nm, where most tissue
chromophores, including oxyhemoglobin, de-
oxyhemoglobin, melanin, and fat, weakly
absorb [5]. Unfortunately, most available
PS has absorption bands at wavelengths
shorter than 700 nm. Recently, to solve this
problem and enhance the PDT treatment for
deep cancers, a new concept has been pro-
posed by Chen and co-authors [6]. This mod-
ern approach is based on the use of scintil-
lation nanoparticles (ScNPs) as energy
transducers, which transform X-ray to
UV/visible photons, and act as an energy
source for PS molecules to activate PDT
[7—12]. One of the main advantages of
X-ray-induced photodynamic therapy (X-
PDT), unlike traditional PDT, is the absence
of restrictions on the depth of the excita-
tion light penetration into biological tissues
[13]. A typical mechanism for energy trans-
fer between ScNPs and PS is non-radiative
(Forster) resonance energy transfer (FRET).
In such systems scintillation NPs act as an
excitation energy donor, whereas PS mole-
cules as energy acceptors [14, 15]. To create
efficient ScNPs — PS complexes, potential
donor — acceptor pairs should meet one of
the main requirement, mainly, overlapping
the acceptor absorption spectrum with the
donor luminescence one [16].

One of the most effective PS is Protopor-
phyrin IX [17]. The maximum of its absorp-
tion spectrum is in the range of 400-
410 nm. Therefore, in order to ensure effi-
cient energy transfer in the complex
"ScNPs—PS", the nanoparticle should be
characterized by intense X-ray luminescence
in the same range. As one of the suitable
candidates, one can consider nanoparticles
of tungstates, in particular calcium tung-
state (CaWOy,). This is due to the good bio-
logical compatibility of this material [18],
intensive luminescence of CaWOQO, [19], and
overlapping of its luminescence spectrum
with the absorption spectrum of PS, as Pro-
toporphyrin IX [17].

The second basic requirements for the re-
alization of non-radiative excitation energy
transfer from the ScNPs to the PS mole-
cules is the distance between the energy
donor (ScNPs) and the energy acceptor (PS
molecules), which is governed by the FRET
pair spectral overlap and is usually in the
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range of 1-10 nm [16]. There are currently
various strategies for ScNPs binding with
PS molecules, including physical PS load-
ing, covalent conjugation, direct SeNPs sur-
face coating and mesoporous silica coating
loaded with PS [20].

In this paper, we report the synthesize
and characterization of CaWO4@MPSi02
nanocomposite, consisting of a CaWO,
ScNPs core and a mesoporous SiO, shell,
which can be used both as a host for the PS
molecules and to set the required distance
between ScNPs core and loaded PS.

2. Experimental

2.1. Materials

Calcium chloride (CaCl,, Khimlabreaktiv,
Ukraine), ammonia water 25 mas. %
(NH4OH, Khimlabreaktiv, Ukraine), citrate
sodium crystalline hydrate (NasCit*5H,0,
Khimlabreaktiv, Ukraine) were analytical
reagents and used as received.

Tetraethyl orthosilicate (Si(OCyH5)y,
TEOS, 98 %), cetyltrimethylammonium bro-
mide (CH3(CH5)15N(Br)(CH3);, CTAB, 95 %),
sodium tungstate hydrate (Na,WO,-2H,0,
99 %) were purchased from Sigma-Aldrich
(USA) and used as received.

2.2. Instrumentation and charac-

terization

Synthesized CaWO,@MPSiO, nanocompo-
site was characterized by scanning electron
microscopy (SEM, JSM-6390LV, (JEOL
Company, USA), operated at 15 kV and
Ultra-High Resolution Scanning Electron
Microscopy (MAIA3 TESCAN, Czech Repub-
lic, EU), operated at 15 kV) and transmis-
sion electron microscopy (TEM, JEM-2100F
(JEOL Company, Japan)) operated at
200 kV, equipped with an Oxford CCD cam-
era.

The X-ray diffraction pattern was meas-
ured with a PANalytical X’Pert Pro X-RAY
diffractometer. The data were analyzed
using the Program X’Pert HighScore Plus
(Version 2.2e), which allowed comparisons
with the ICCD X-ray diffraction pattern da-
tabase (PDF Release-2, 2009).

Zeta-potential of the CaWO,@MPSIO,
nanocomposite was measured with a Zeta-
PALS analyzer (Brookhaven Instruments
Corp., USA) operated in a phase analysis
light scattering mode.

The photoluminescence and excitation
spectra were recorded by means of automatic
spectrofluorimeter based on the Ilattice
monochromator MDR-23. The photomulti-
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Fig. 1. TEM images of the amorphous agglomerates CaWO, (a) and SEM images of the CaWO,

nanocrystal (b).

plier Hamamatsu R9110 operating in the
photon counting mode had been used for
luminescence spectra registration. The
Xenon-lamp coupled with monochromator
MDR-206 had been used as the photolumi-
nescence excitation source.

The X-ray luminescence has been excited
by an X-ray generator "REYS" (U = 25 kV,
I =37 uA), and registered using the MDR-
23 grating monochromator with the
Hamamatsu R9110 PMT in the photon
counting mode.

All measurements were carried out at
room temperature.

3. Results and discussion

3.1. Synthesis and characteristics of
CaWQy4 nanoparticles

CaWO, amorphous nanoparticles were
obtained by the colloidal method [21]. First,
10 mL of sodium citrate (C (NajCit) =
0.225 M) was mixed with 10 mL of calcium
chloride solution (C (CaCly) = 0.300 M).
Then 10 mL of sodium tungstate (C
(NaWO,) = 0.45 M) was poured into the
mixture under vigorous stirring. The result-
ing mixture was heated with constant stir-
ring in a water bath to 65°C. The resulting
slurry of amorphous calcium tungstate
CaWO, was placed in a dialysis bag (mo-
lecular weight of 12,000 Da and 2.5 nm
pore diameter) and the dialysis was con-
ducted at room temperature for 5 h, chang-
ing the distilled water every hour to a value
pH ~ 7,0. Then the suspension was evapo-
rated on a water bath for powdered amor-
phous calcium tungstate CaWO,. Obtained

30

TEM images show CaWO, amorphous ag-
glomerates of about 300 nm size (Fig. la),
which are composed on CaWO, nanoparti-
cles of about 10-20 nm size. These particles
do not possess luminescence. To obtain re-
quired crystal structure and subsequently
luminescent properties, amorphous CaWO,
particles were coated with thin SiO, solid
shell and annealed at high temperature.

For this purpose, 0.05 g amorphous
CaWO, were treated with 20 mL ethanol
under ultrasonication for 830 min. Then the
particles were well dispersed in a mixture
of 20 mL ethanol, deionized 10 mL water,
and 0.5 mL concentrated ammonia solution.
Then 0.03 mL TEOS was added dropwise to
the solution. After being stirred for 4 h at
room temperature, the products were sepa-
rated, dried at 50°C overnight and anneal-
ing at 900°C for 2 h. As a result, the
CaWO, nanocrystals were obtained (see.
Fig. 1b).

XRD analysis was used to study the crys-
tal structures of the CaWO, nanoparticles.
XRD pattern of the CaWO, nanocrystals ex-
hibits the characteristic reflections of
scheelite (Fig. 2).

3.2. Synthesis and characteristics of
CaWO,@MPSiO; nanocomposite

To cover the obtained CaWQ, nanocrys-
tals with mesoporous silica layer, we use
the procedure described in [22], where
spheres with the Fe30, core with surface
area 676 m2g 1l and total pore volume
0.46 cm3.g71 at a nanocomposite particle
size of 500 nm were obtained.

Functional materials, 25, 1, 2018
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Fig. 2. XRD analysis of CaWQ, nanocrystals.

| a

Fig. 3. SEM (a) and TEM (b) images of the CaWO,@MPSiO, nanocomposite and SEM images of the
blank SiO, (c).

For deposition of the mesoporous SiO,
shell 0.02 g of CaWO,@solid SiO, were re-
dispersed in a mixed solution containing of
0.075 g CTAB, 20 mL deionized water,
0.30 mL concentrated ammonia solution and
15 mL ethanol. The resulting solution was
stirred for 30 min. Then, 0.20 mL TEOS
was added dropwise to the solution with
vigorous stirring. After reaction for 4 h,
the product was centrifuged, washed re-
peated with ethanol and distilled water.

Finally, the CTAB templating agents
were removed using an acid extraction proc-
ess: the synthesized CaWO,@MPSIiO, nano-
composite (residual sediment) were sus-
pended in a solution of 25 mL ethanol and
1.25 mL HCI with a concentration 2 M. The
suspension was vigorously stirred for 48 h,
and the products were centrifuged, washed
with ethanol and distilled water in se-
quence, and dried at 50°C for 2 h.

As a result, the obtained
CaWO,@MPSiO, nanocomposite of spherical
shape with the average sphere diameter d ~
500 nm and with a minimum spread in size
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is presented in Fig. 3a, b. Zeta-potential of
the synthesized CaWO,@MPSiO, nanocom-
posite is +8.1240,01 mV. The slight posi-
tive charge of the obtained nanospheres is
governed by the residual of positively
charged surfactant CTAB molecules using
as a templating agent.

Also, we have prepared blank sample
SiO, by the same procedure only without a
scintillation core for comparison with
CaWO,@MPSiO, nanocomposite. Obtained
SEM images show SiO, sphere (Fig. 3c).

XRD analysis showed that the obtained
CaWO,@MPSiO, nanocomposite consists of
the CaWOQO, core, the solid SiO, shell, and
the mesoporous SiO, shell. Roentgenogram
showed reflexes from all phases (Fig. 4).

3.3 Optical properties of the
CaWO4,@MPSiOs nanocomposite

Figure 5a shows the excitation and lumi-
nescence spectra of the obtained
CaWO,@MPSiO, nanocomposite. The excita-
tion spectrum of the synthesized nanocom-
posite (Fig. ba, curve 1) consists of the sin-
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Fig. 4. XRD analysis of the CaWO4@MPSi02 nanocomposite.
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Fig. 5. Photoluminescence properties of obtained samples (a): curve I — excitation spectrum for
emission A,,. = 440 nm of the CaWO4@MPSi02 nanocomposite, curve 2 — emission spectrum of the
CaWO‘.'@MPSiO2 nanocomposite under excitation A, . = 260 nm, curve 3 — emission spectrum of

blank SiO, under excitation A,,, = 260 nm; emission spectrum of the CaWO,@MPSiO, nanocompo-

site under X-ray excitation (b), T = 293 K.

gle band centered at about 250 nm. This
band corresponds to electron transfer from
2p oxygen orbitals to the 5d tungsten orbi-

tals.
The luminescence spectrum consists of

the broad emission band centered at about
435 nm (Fig. ba, curve 2), which is due to
electronic transitions of the charge-transfer
type between tungstate and oxygen within
the anion complex WO42‘ in CawoO, [28,
24]. The shape of the band and the position
of its maximum coincide with the lumines-

cence band of a bulk crystal [25].
In should be noted that the blank SiO, do

not possess luminescence in the spectral
range (Fig. 5a, curve 3).

32

For X-PDT applications, it is necessary
that the core of the nanocomposite be char-
acterized by intense X-ray induced lumines-
cence. The luminescence spectrum of the in-
vestigated CaWO,@MPSIO, nanocomposite
under X-ray excitation at rocom temperature
is a broad band with a maximum at 435 nm
(Fig. 5b). This band is associated with the
CaWO, host lattice. It is corresponds with
radiative relaxation of excitation of anion
complex WO,2~ with electron transfer from
5d W to 2p O [26].

4. Conclusions

CaWO,@MPSiO, nanocomposite with size
d =500 nm were synthesized and charac-
terized by various techniques.

Functional materials, 25, 1, 2018
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XRD analysis showed that the obtained
CaWO0,@SiO, nanocomposite consists of the
CaWO, core, the solid SiO, shell, and the
mesoporous SiO, shell. Roentgenogram
showed reflexes from all phases.

The photo- and X-ray-luminescence spec-
tra of the resulting nanocomposite with
maximum A = 485 nm correspond to the lu-
minescence of crystalline calcium tungstate.

Obtained nanocomposite can realize the
necessary conditions for energy transfer
from the X-ray-induced nanoparticle to the
PS. The experimental results indicate high
potential of the CaWO,@MPSiO, nanocom-
posite as carriers for encapsulation of or-
ganic dye molecules, for instance, PS PPIX,
used in PDT.
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