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A series of Ag/TiO, is prepared by the chemical deposition method using
silver nitrate and suspension of TiO(OH), following sonication and treat-
ment up 600°C. Silver nanoparticles are deposited on the surface and in-
side of TiO, nanoparticles depending on the Ag concentration. The Ag/TiO,
composites are characterized by x-ray diffraction, transmission electron
microscopy, scanning electron microscopy, Raman and photoluminescence
spectroscopies. The optical activity of Ag/TiO, with significant attenuation
of photoluminescence in the range of 480—600 nm, a shift of mode E, from
143 to 150 cm ™! and FWHM from 12 to 19 cm™! are revealed due to de-
creasing of TiO, crystallites. The optical activity is increased after loading
with Ag because metal particles offer electron traps to decrease the recom-
bination of holes and electrons, especially, with Ag loading of 8 wt.% . The
obtained results indicate lower toxicity of nanoparticles in the glycer-
ine + water suspension; regardless of the introduction of silver molecules in
amount of 4 or 8 wt.%, their CCs, values are of 50 ug/mL and 3.9-58.5
ug/mL for the MDBK and MDCK cells, respectively. Instead, TiO, nano-
particles in C,H,OH + 1.3-propanediol with the introduction of silver mole-
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cules are significantly more toxic for the MDBK cells compared to the pure
TiO,; their CC,, values are of 6.5 and 4 pg/mL.

Cepiro Ag/TiO, omep:KaHO METOAOM XEMiUHOTO OCAIKEHHA 3 BUKOPUCTAH-
HaM HiTpaTy cpibaa Ta cycmeusii TiO(OH), micas yabTpasBYKOBOTO Ta Tep-
moo0pobaenua g0 600°C. HanouacTuuku cpibya ocimaioTh K Ha IIOBEpPXHI,
TaK ycepeAwHi HaHouacTMHOK camoro TiO, B 3aje)XHOCTi Bif KOHIIEHTpaIii
Ag. Komnosutu Ag/TiO, 6yn0o oxapaxTepusoBaHo audpakxiiiero PeHTreHiB-
CBKUX IITPOMEHiB, IIPOCBIiT/IIOBAJILHOIO EJIEKTPOHHOI0 MiKPOCKOIi€lo, CKaHY-
BaJIbHOIO €JIEKTPOHHOIO MiKpocKomieio, PamaHOBOIO Ta (DOTOJTIOMiHECIIEHT-
HOI0 cneKTpocKomiamu. Ilokasano onrtmuny axtuBHicTs Ag/TiO, i3 3HaU-
HUM ocJyabjeHHAM doToaoMiHecieniii B miamasoni 480—-600 M, 3cyBoM
monu E, Bixm 143 mo 150 e ' i FWHM six 12 g0 19 cm ! BHacHifoK 3MeH-
meHHsa KpucraiaitiB TiO,. OnTmuHa aKTUBHICTH 3pocTae 3i 30iJMBITEHHAM
KoHmeHTparii Ag no 8 mac.% . Omep:kaHi pe3yJbTaTH CBiTuaTh PO MEHIIY
TOKCUYHICTL HAHOYACTHMHOK Yy CyCIeH3il riimepuH + Boma; HesaJle:XHO Bif
BBeJeHHSA MOJIEKYJ ApreHTymy B Kingbkocti 4 abo 8 mac.%, ix sHaueHHS
CC;, cramoBunu 50 mMir/miu i 3,9-58,5 mrr/ma gna kiaitua MDBK (Hupku
6urka) ta MDCK (Hupku cobaxu) BiamoBimuHo. HartomicTh HaHOYACTMHKH
TiO,, posunueni B C,H,OH + 1,3-nponanzgiosi npu BBeAeHHI MoJsieKya Apre-
HTYMY, OyJau 3HA4YHO Oinbm ToKcumuHmMU Aaa KiaitTuHa MDBK y nmopiBHaAHHI
3 yuctuM TiO,; ixui saauenna CC,, cranoBuau 6,5 Ta 4 MKI/MII.

Key words: Ag/TiO,, irradiation, Raman spectra, photoluminescence, de-
fects, optical activity, cytotoxicity.
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1. INTRODUCTION

Titanium dioxide was used as a photocatalyst and has attracted sci-
entific interest for many years [1-3]. Heterogeneous photocatalytic
oxidation is a promising technique for the complete oxidation of
dilute organic pollutants in the waste gas stream. Many organics,
bacteria, virus can be oxidized to CO, and H,O at room temperature
with TiO, catalysts in the air when illuminated with UV or near-UV
light. The UV light excites electrons from the valence band to the
conduction band. The resulting electron/hole pairs can then migrate
to the surface and initiate redox reactions with adsorbed organics.
Nowadays, different kinds of methods, including shape, size, and
facet control, element doping have been developed to effectively en-
hance the photocatalytic performance through increasing the broad
absorption of sunlight, prolonging the lifetime of photoinduced car-
riers, and enhancing the optical activity and photocatalytic stability
of TiO,. For example, via shape control, doping with metal or non-
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metal elements, dye-sensitization, and construction of heterostruc-
tured photocatalyst systems by combining them with plasmonic
metals (i.e., Ag, Au, Pd, Pt) or other semiconductors [4—10]. Noble
metal nanoparticles (NPs) can show SPR (surface plasmonic reso-
nance), which can be tailored by engineering the shape, size, and
surroundings [7—10]. Therefore, noble metal NPs cannot only
strongly absorb visible light but also can serve as an electron sink
and source of active reaction sites [11].

Morphology-controlled rutile titanium (IV) oxide (TiO,) and ana-
tase TiO, usually prepared by a hydrothermal method and their sur-
faces were selectively loaded with Au, Ag, and Au—Ag bimetallic
nanoparticles (NPs) by photo-deposition to obtain visible light-
responsive photocatalysts [12].

The authors [13—14] note that when doped with metals (rare
earth) elements, it is possible to shift to the visible region, but the
photocatalytic activity decreases, especially in the UV range. For
the electronic interaction, nitrogen is good because electrons can
pass for the dopant of the orbitals 2p or 3p to the 3d orbital Ti, and
the width of the forbidden band decreases.

TiO, powders doped with Ag, Fe enhanced the photocatalytic and
bactericidal activity [15—18]. For example, Ag concentration from
2.46 to 6.0 wt.% showed increasing of bacteriophage virus inactiva-
tion rate 7 times. Therefore, the duration of the disinfection pro-
cess reduced from 5 to 0.75 min [15]. Der-Shing Lee, Yu-Won Chen
have shown the optimum Ag loading (2 wt.%) for excellent meth-
ylene blue destruction under UV-light irradiation [18].

The bactericidal effect on bacillus Kochi has been studied using
TiO,—Ag—SiO, photocatalyst [17]. The synthesized composite charac-
terized by a higher surface area 164 m®g™ in comparison with P25.
Thus, the ability to inactivate composite photocatalyst occurs over a
wide spectral range of UV irradiation with an intensity of 2.5
mV-cm 2. However, the high absorbance of visible light does not al-
ways increase the photocatalytic activity. Sometimes, cation doping
leads to a certain number of defects in TiO,, which can act as cen-
tres for the recombination of charges.

Ag-TiO, were coated on glass substrates with different dopant
concentrations (1%, 3%, 5%, 7% and 10%) and annealed at 550°C
[19]. The crystalline structure and phase formation of Ag—TiO, was
examined using XRD. The HRTEM analysis of pure and 5% Ag-
doped TiO, thin films was revealed that the particles are spherical
with sizes around 23.8 and 11.6 nm, respectively. The Raman spec-
trometer was also used to identify the phase formation and vibra-
tional modes in the prepared silver-doped TiO, coatings. Ag-doped
TiO, nanoparticles show characteristic photoluminescence (PL) cor-
responding to the visible spectral range with excitation at 325 nm.
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The intensity of luminescence emission decreases with doping of
silver ions due to decreasing bandgap TiO, from 3.2 to 2.7 eV.

Considering the methods of synthesis and study of nanocomposite
properties with oxide NPs, especially of TiO,—Ag (Au), has not yet
received information on the effectiveness of their use. The reason
for all would be to use expensive isopropoxide (butoxide), precur-
sors. Using cheap TiCl, as the precursor of TiO, does not allow ob-
taining the composite system with the required properties due to
the complexity of the control of the hydrolysis process, the difficul-
ties associated with the removal and the highly reactive reaction by-
products (HCl). However, methods of surface modification of TiO,
in the synthesis of composites in most cases do not cause difficul-
ties and apply industrial processes.

Therefore, the modification of TiO, with Ag has attracted inter-
est for optical and photocatalytic applications. The silver ion-doped
TiO, attracts much attention due to its outstanding photocatalytic
activity and antibacterial activity. However, the withdrawal of na-
nosize powder catalyst particles from the liquid suspension is diffi-
cult. This leads to the formation of secondary pollution and can be
catalyst loss activity.

The present paper focuses on the surface structure, cytotoxicity,
spectroscopic features (light irradiation 325, 488 nm) of Ag/TiO,
series prepared by chemical deposition method using silver nitrate,
and suspension of TiO(OH),. The effect of Ag-loading at 4 wt.% and
8 wt.% on the microstructure, Raman and photoluminescence prop-
erties are studied and discussed.

2. EXPERIMENTAL
2.1. Synthesis of TiO,/Ag

The raw material for obtaining the sample was a suspension of hydrat-
ed titanium dioxide TiO(OH), (metatitanic acid), which is a product of
the intermediate stage of processing of titanium concentrates and
slags at the plant ‘Sumykhimprom’. The suspension was heated at
600°C with a heating rate of 5°C/min to obtain TiO, powder. Nanosize
particles of titanium dioxide modified with silver were obtained in
aqueous solutions of TiO(OH), by adding alkali to form anatase modifi-
cation with a range of silver concentrations from 0 to 8 wt.% . Samples
number TiO,, ATO4 (4 wt.% Ag), ATO8 (8 wt.% Ag).

2.2. Characterization

The crystalline nature and phase formation of Ag—TiO, powders are
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known using powder x-ray diffractometer (DRON 3M) with cobalt
anode tube. Mira 3 Tescan with EDX (Oxford INCA x-act) was used
to study morphology and elemental analysis. The particle shape and
size are found with high-resolution transmission electron microscopy
(TEM JEM-1400). TEM study of the morphological features of nano-
particles was conducted. The obtained suspensions were mixed ac-
tively for 5 min. The drops of the finished suspensions were placed
on copper grids coated with a formvar film, which was reinforced
with carbon. The samples of nanoparticles dried at room tempera-
ture were analysed using a TEM JEM-1400 (Jeol, Japan) at an accel-
erating voltage of 80 kV. Electron diffraction of nanoparticles was
performed on TEM with the same accelerating voltage, with the in-
troduction of a field aperture and removal of an objective aperture.
Raman spectroscopy, photoluminescence emission spectra of powders
(Horiba Jobin-Yvon T64000) was used to study the structural prop-
erties of silver ions doped TiO, powders using Ar—Cr laser at 488 nm
for Raman and He—Cd laser at 325 nm for PL.

2.3. CYTOTOXICITY ASSAY

MTT-assay was used for the analysis of cell viability [19]. The
MDCK cells (Madin—Darby canine kidney cells) obtained from the
Institute of Epidemiology and Infectious Diseases Named after L. V.
Gromashevsky of the Academy of Medical Sciences of Ukraine and
the MDBK cells (Madin—Darby bovine kidney cells) obtained from
the tissue culture collection of the Institute of Virology of the Bul-
garian Academy of Sciences were used.

Cells were maintained in sterile plastic falcon (Sarstedt, Germa-
ny) in a growth medium composed of 45% DMEM (Sigma, USA),
45% RPMI 1640 (Sigma, USA) and 10% foetal bovine serum (Sig-
ma, USA) heat inactivated at 56°C, with antibiotic gentamycin (100
ug/mkL) (Sigma, USA).

For the study, the attached cells were trypsinizated for 3—5 min,
and then cells were counted and distributed in 96-well plate with
density 30.000-50.000 cells in each well. The plate was incubated
for 24 h at 37°C in a 5% CO, atmosphere to allow the cells to attach
to the bottom of the well. After 24 h of growing, monolayer of the
MDBK and MDCK cells in 96-multiwell plates were incubated with
TiO, nanoparticles (NPs) at concentrations of 100, 10.0, 1.0, and
0.1 pg/mL. Nanoparticles were diluted in growth medium for cell
cultures. Control cells were incubated with fresh medium lacking
NPs for 72 h. A total of 20 pL of MTT solution 3-(4.5-
dimethylthiazol-2-yl)-2.5-diphenyl tetrazolium bromide (Sigma-
Aldrich, USA) was added to wells and cells were incubated at 37 °C
and 5% CO, for 3—4 h, then the medium was removed and 150 uL
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of 96% ethanol was added. The plates were read using a Multiskan
FC (Thermo Scientific, USA) with a 538-nm test wavelength. The
percentage of cell viability under the condition of TiO, NPs action
was calculated using formula:

% of cell viability (or mitochondrial activity) =.A4/B-100,

where A is the mean optical density of the studied samples at a cer-
tain concentration, and B is the mean optical density of the control
cell samples. NPs concentration, at which cell viability was inhibit-
ed by 50% (CC;,), was estimated in comparison to the control cells
not treated with NPs.

3. RESULTS AND DISCUSSION
3.1. XRD Analysis

X-ray diffraction (XRD) patterns used to examine the phase identi-
fication and structural properties of the Ag—TiO, powders. Figure 1
shows the XRD pattern of Ag doped TiO, powders. The observed
XRD patterns of all Ag-TiO, series well matched with standard
JCPDS File No: 894921. XRD results clearly show that the Ag—-TiO,
powders revealed the formation of a tetragonal anatase. The TiO,
powders showed several diffraction peaks at 20=25.34°, 37.83°,
48.11°, 53.94°, 55.15°, 62.79° were indexed as (101), (004), (200),
(105), (211), respectively, which close to values [20]. In our obser-
vation, the diffraction pattern of Ag—TiO, powders exhibit, no oth-
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Fig. 1. XRD patterns of TiO,—Ag
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er peaks related to the brookite or rutile phase, which indicates that
the powders are in a single anatase phase. In case of lower amount
of Ag doped TiO, (4 wt.%), no extra peak assigned to Ag was
founded, feasibly due to highly dispersion. However, at higher
amount of Ag (8 wt.%) doping, the weak diffraction signal is ap-
peared at 20 =38.15°, 44.38°, 64.45°, and 77.32° corresponding to
metallic Ag (JCPDS #89-3722) having a cubic crystalline structure
with parameter lattice a =4.0862 close to [21]. When the doping of
Ag, a strain is induced in the TiO, crystal lattice due to the occur-
rence of ionic radii mismatch, the ionic radii of Ag" (1.26 A) being
greater than Ti*" (0.68 A) permits only a little amount of Ag" going
into the periodic crystal lattice of TiO, by replacing the Ti*' ions
[20] changing of the lattice periodicity. In addition, the parameter
FWHM at 20 =25.3° is decreased from 0.4101 to 0.3815 (Table 1)
may be due to defects contribution on the surface of TiO,.

3.2. EDX

The EDX method (Fig. 2) found that the content of elements for
pure TiO,: Ti—54.25 wt.%; 0—43.93 wt.%, S—0.5 wt.%. The S
content can be explained as follows, the raw material TiO(OH), syn-
thesized by a specific technology of the plant ‘Sumykhimprom’ in
sulphuric acid. Therefore, even with repeated washing powder, the
sulphur residue is in the raw material. The content of elements for
doped TiO,: Ti—46.27 wt.%; 0—49.69 wt.%, S—0.14 wt.%, Ag—
3.3 wt.%. There is also an amount of carbon. The results obtained
by the EDX method indicate the non-stoichiometry of oxide na-
nopowders (Ti/O < 2).

3.3. TEM

The morphology of materials such as shape and particle size is ana-
lysed by TEM. Figure 3, a—c show the morphologies of the Ag/TiO,
samples. Ag nanoparticles on TiO, support were dispersed and the
sizes of Ag nanoparticles were 35—40 nm. There was no clear corre-
lation between Ag loading and Ag particle size because Ag particles
were very homogeneously distributed. Moreover, the sizes of TiO,
initial particles were 20—30 nm. After loading of Ag, the sizes of
TiO, particles decreased to 13—20 nm. A ‘ball-shaped’ particles of
silver with developed crystalline structure in TiO, (diffraction elec-
trons) were observed.

The results in Figure 4 show that TiO, can be present in tetrago-
nal phase (defected state), and Ag phase with a cubic crystalline
structure (sample ATOS8), which correlate with XRD results.
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TABLE 1. The structural parameters of TiO,, and Ag/TiO, powders.

Sample 20 FWHM d, A Phase
TiO, 25.32 0.3895 3.5170 *
36.93 0.5045 2.4339
37.79 0.4968 2.3806 *
38.58 0.4422 2.3335
48.04 0.4245 1.8940 *
53.91 0.6804 1.7007
55.06 0.4757 1.6680 *
62.16 0.5637 1.4934
62.72 0.5476 1.4813 *
68.82 0.5391 1.3642
70.31 0.6221 1.3390 *
74.03 0.4632 1.2806 *
75.07 0.5369 1.2654 *
76.01 0.7301 1.2520 :
ATO4 25.34 0.3831 3.5151 *
36.93 0.4868 2.4341 :
37.84 0.5308 2.3777 *
38.55 0.4492 2.3355 *
48.08 0.4309 1.8925 *
53.95 0.5664 1.6997 *
55.10 0.4767 1.6667 *
62.13 0.6087 1.4941 :
62.68 0.7564 1.4822 *
68.84 0.6463 1.3638 *
70.39 0.4573 1.3376 *
74.04 0.5725 1.2804 :
75.08 0.6040 1.2652 *
76.03 0.6777 1.2518 )
ATOS8 25.31 3.5185 0.3676 *
36.92 2.4348 0.4257 )
37.80 2.3799 0.3955 *
38.12 2.3609 0.1922 +
38.57 2.3341 0.2670 *
44 .32 2.0437 0.2485 +
48.05 1.8937 0.3689 *
53.88 1.7017 0.4026 #
55.08 1.6674 0.4144 *
62.10 1.4947 0.5067 #
62.71 1.4816 0.4412 *
64.44 1.4459 0.1512 4
68.76 1.3653 0.5403 *
70.29 1.3392 0.4155 %
74.01 1.2808 0.4600 *
75.08 1.2652 0.5057 %
76.04 1.2516 0.3850 *
77.36 1.2335 0.1786

Note: ATO—argentum titanium dioxide, “—anatase, +—Ag.
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Fig. 3. TEM images of pure TiO, (a), ATO4 (b), and ATOS8 (c¢) powders.

The hydroxyl group content on the TiO, surface samples is im-
portant for antimicrobial and photocatalytic properties because in
the process of UV irradiation OH groups on the defective surface of
TiO, are active due to hole capture with subsequent formation of
*«OH radicals for the destructive of toxic organic substances or
pathogens. Besides, the presence of silver provides an efficient pro-
cess of photogeneration of electrons, their transfer from the con-
duction band Ag to the TiO, with the subsequent formation of the
Schottky barrier, which inhibits the rate of recombination of photo-
generated charges.

Ag and TiO, have different work functions, (®TiO,=4.2 eV,
®Ag=4.6 eV) and hence, when silver is in contact with TiO,, elec-
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Fig. 4. Electron diffraction of pure TiO, (a), ATO8 (b) powder.

trons will transfer from TiO, to silver. These electrons transfer to
silver, and loads on the surface of silver will be scavenged by the
electron acceptor, thus decrease the recombination between elec-
trons and holes; thereby, silver atoms act as electron traps. The
electron-hole recombination is the main reason for low efficiency of
TiO, photocatalysts [20—24]. Therefore, the existence of silver atom
in Ag/TiO, can facilitate the transport of more holes to the surface
and enhance the optical activity. The Ag particles on TiO, act as
electron-hole separation centres. The photo-generated electrons
transferred from the TiO, conduction band to metallic silver parti-
cles on TiO, are thermodynamically possible, because the Fermi lev-
el of TiO, is higher than that of silver metals [23, 24]. The Schottky
barrier is formed at the Ag-TiO, contact region, which improved
the charge separation and thus retards the recombination of the
photo-generated electrons and holes. The photogenerated electrons
accumulated on the surface of Ag have a good fluidity and can be
transferred to oxygen molecules, which is absorbed on the surface
of Ag.

3.4. Raman

Figure 5 shows the Raman spectra of Ag doped TiO, powders. The
powders showed several Raman bands located at 142 cm™ (E,), 196
cm' (E), 396 cm™ (By), 513 cm™ (A, + By,), and 636 cm (E,),
which is close to [25]. The strong and sharp Raman peak located at
142 cm™, which denotes the formation of the anatase phase [21,
25]. In our observation, the Raman spectra of Ag—TiO, powders ex-
hibit no other peaks for the brookite/rutile phase, which confirms
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Fig. 5. Raman spectra of TiO, (1), ATO4 (2), ATO8 (3) powders.

that all powders are in a single anatase phase (correlation with
XRD). The peak intensities found to decrease whereas the width of
peak increases because of the lattice distortion and presence of de-
fect levels. The most intense band E, (1) is shifted in the high-
frequency side from 142 to 149 cm™, while its half-width (FWHM)
increases from 11 to 19 cm™. Lattice deformation, defects and crys-
tallite size have a strong influence on the shear, expansion of peaks
and the intensity of Raman peaks [26].

According to the calibration curve [27], we obtained that the av-
erage size of anatase crystallites for doped powders is 10 and 8 nm
at a silver content of 4 and 8 wt.%, respectively. As well known,
the doping with metal ions in the optimal concentration prevents
the growth of nanocrystallites [28]. The decrease in the size of TiO,
particles when replacing Ti*" ions with Ag" ions is associated with
the passivation of the boundaries of TiO, grains by doping impurity
ions, which leads to a violation of structural symmetry, and hence
to reduce nanoparticle sizes [29]. TEM images of the samples are
confirmed too. The doping by the silver to maintain charge neutral-
ity creates oxygen vacancies in the TiO, lattice. If the silver ion re-
places the Ti*" ion during doping, the bonds of the Ti—O-Ti complex
will be distorted and new bonds of the Ag—O-Ti or Ag—O—-Ag com-
plexes will be formed. Therefore, the disruption of Ti—O-Ti bonds
and the formation of new Ag—O bonds will affect the combination-
active modes and will lead to the expansion and shift of the bands
for Raman TiO, doped with silver.

There is a high-frequency shift and increase in the half-width of
the E, (1) band at 142 cm™ and E, (2) band at 196 cm™', while the
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B,, band at 636 cm™ and A,, /B,, at 513 cm™' show a low-frequency
shift and a significant increase in half-width in the Raman spectra
of silver-doped nanopowders. A wide complex band in the range of
220-300 cm™ is due to the processes of multiphonon scattering
[30]. Since in the Raman spectra all oscillations move mainly oxy-
gen atoms, the introduction of silver atoms changes the local coor-
dination of oxygen around Ti*".

The appearance of structural defects because of doping, which
leads to a distortion of octahedra of crystal structure TiO4, the oc-
currence of oxygen vacancies, Ti*" ions, surface states, must be ac-
companied by changes in radiative recombination due to changes in
the electronic structure within the bandgap. This primarily refers
to the recombination of autolocalized excitons at TiO4 centres and
radiation associated with different F-centres due to the presence of
oxygen vacancies [31]. The location of the radiation bands, as well
as changes in their positions and intensities, depend on the size of
TiO, nanocrystals and the concentration of the doping impurity,
which determine the type and density of donor and acceptor centres
on the oxide surface and, as a consequence, photoluminescence spec-
tra [32].

3.5 PL Spectra

Figure 6 shows the photoluminescence analysis of Ag/TiO, doped
series. The addition of silver atoms leads to a significant (15 times)

Intensity, arb. un,

L L 1 L 1 L 1 L 1 L 1 L
350 400 450 500 550 600 650
Wavelenght, nm

Fig. 6. PL spectra of TiO, (1), ATO4 (2), ATOS8 (3) powders.
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quenching of photoluminescence. For TiO, powder with 8 wt.% sil-
ver atoms, it has a more pronounced character than with an Ag
content of 4 wt.% . This attenuation of the photoluminescence in-
tensity indicates a general decrease in the mutual recombination of
photoinduced charge carriers. The doping by silver atoms causes not
only general damping of the PL intensity but also a shift and de-
crease in the band intensity in the region of 480-490 nm, which
corresponds to the recombination of autolocalized excitons due to
distortion of the TiOg; octahedron.

The latter is possible both due to the displacement of Ti and O
atoms due to substitution by a much larger Ag atom and due to a
change in their ionic state, which is manifested in the interatomic
bonds in the TiOz octahedron. The nature of TiO,; distortions, in
turn, affects the possibility of autolocalization of excitons and,
thus, the increase in the probability of photogenerated charges com-
ing to the surface, which can further improve the photocatalytic
reactions involving TiO,. In addition, there is a redistribution of
intensity between the bands due to the recombination of autolocal-
ized excitons and the radiation of F-centres. The high-frequency
shift of all these lines may be due to changes in the size of the
nanocrystallites, which is confirmed by the results of Raman spec-
troscopy. The oxygen vacancies in the TiO, lattice are a kind of in-
trinsic defect, which creates intermediate energy states within the
bandgap of titania. These oxygen vacancies act as photoinduced
electron (¢) and hole (k") pair recombination centres. Therefore,
this emission has occurred from the recombination of e /h" pair via
oxygen vacancies.

Thus, oxygen vacancies form both in the volume of nanocrystals
and on their surface, it is possible to form several localized elec-
tronic states for anatase. In addition, it should also be noted that in
the process of photochemical transformations the formation of new
donor and acceptor levels. Thus, the energy electron structure with-
in the bandgap in nanocrystalline doped Ag/TiO, samples can be
complex. Therefore, it contributes to the sensitization of semicon-
ductor nanoparticles to visible light, thus, improves the relaxation
of electronic excitation, and therefore complicates the understand-
ing of the nature and dynamics of photochemical transformations
necessary to create conditions that reduce losses of photogenerated
charge carriers.

3.6. Cytotoxicity of Suspensions with Powders TiO,—AG

Determination of the cytotoxicity of titanium dioxide (TiO,) with
different percentages of argentum (Ag) is an integral component of
any drug development process. The research was carried out using
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Fig. 7. The effects of the TiO, NPs in glycerine + water suspension (a) and
in a C,H,OH + 1,3-propandiol suspension (b) on the viability of the MDBK
cells.

the MTT-assay.

It was shown that TiO, NPs in glycerine + water suspension pos-
sess significant cytotoxicity at concentrations of 100 pg/mL, as
MDBK cells viability decreased by more than 84% (Fig. 7, a). How-
ever, at a concentrations of 10.0+0.1 pug/mL, they were non-toxic
because reduced cell viability by a maximum of 15% . TiO, NPs with
Ag (4-8 wt.%) in C,H,OH + 1.3-propanediol suspension at a concen-
tration of 100 and 10 pg/mL were toxic for MDBK cells, as they
suppressed their viability by 65-91% (Fig. 7, b).

As shown in Figure 8, a, the composition of TiO, without Ag,
with 4 wt.% and 8 wt.% Ag in glycerine + water were less toxic on
the MDCK cells compare to mnanoparticles of TiO, in the
C,H;OH + 1.3-propandiol. Thus, these samples do not decrease the
cell viability at a concentration from 0.1 to 10 pg/ml. The inhibi-
tion of mitochondrial activity detects only at a concentration of 100
ug/ml, the percentage of life were at range from 8 to 33%.
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Fig. 8. Viability of the MDCK cells cultivated on the different samples of
TiO, and TiO, with Ag in glycerine + water (a) and at C,H,OH + 1,3 pro-
pandiol (b).

Our results on the MDCK cell line clearly show that TiO, with 8
wt.% Ag in the C,H,OH + 1,3-propandiol was highly toxic at a con-
centration of 10 and 100 pg/ml. The inhibition of cell viability was
97% (Fig. 8, b). Other samples, TiO, without Ag and TiO, with 4
wt.% Ag were toxic only at a high concentration of 100 ug/ml.
Thus, the inhibition of mitochondrial activity was 96%. It should
be noted that in minimal dilution inhibition of cell viability de-
creased to the control sample.

Using the linear regression model in Microsoft Excel (predictor
function) [32] and dose-dependent values of the NP cytotoxicity, it
was estimated that for MDBK cells the CCx, indexes of TiO, NPs
regardless of the solvent equalled 50 ug/mL (Table 2), while, for
MDCK cells, the CC;, index of TiO, diluted at C,H,OH + 1.3-
propandiol was lower in 2.5 times as compared with glycer-
ine + water suspension. The obtained results indicate lower toxicity
of nanoparticles in the glycerine + water suspension, regardless of

TABLE 2. NPs concentration, at which cell viability was inhibited by 50%.

Solvent—glycerine + water

Type of cells TiO, ATO4 ATOS8
CC;, (for the MDBK cells), pg/mL 50 50 50
CC;, (for the MDCK cells), pug/mL 42.8 39 58.3
Solvent—C,H,0OH + 1.3-propandiol
CC;, (for the MDBK cells), pg/mL 50 6.5 4
CC;, (for the MDCK cells), pg/mL 17.4 36.9 2.3
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the introduction of silver molecules amount of 4 or 8 wt.%, their
CC;, values were 50 pg/mL and 3.9-58.5 ug/mL for the MDBK and
MDCK cells, respectively. Instead, TiO, nanoparticles in
C,H,OH + 1.3-propanediol with the introduction of silver molecules
were significantly more toxic for the MDBK cells compared to the
pure TiO, NP, their CC,, values were 6.5 and 4 pug/mL.

4. CONCLUSIONS

Nanopowders Ag/TiO, successfully obtained by chemical deposition
technique. The effect of Ag concentration on the structural, mor-
phological, cytotoxicity and optical properties, PL emission behav-
iour has been systematically studied. The crystallite size decreased
with cumulative concentrations of Ag doping. The crystalline phase
of the Ag—-TiO, was confirmed using XRD, and Raman analysis. The
average size of pure and 8 wt.% Ag" doped TiO, particle was de-
termined to be 25-30 and 13-15 nm, respectively, using the TEM
images. The optical activity of Ag/TiO, with significant attenuation
of photoluminescence in the range of 480-600 nm, a shift of mode
E, from 143 to 150 cm™' and FWHM from 12 to 19 cm™ was stated
due to decreasing of TiO, crystallites to 8 nm. As a result of the
cytotoxicity studies, it was shown that the type of solvent depends
on the toxicity level of the studied nanoparticles for the cell cul-
tures. Thus, the studied nanocomposites in C,H;OH +1.3-
propanediol increases the inhibition of cell viability compared to
nanoparticles in glycerine + water. In addition, it was determined
that increasing the concentration of silver leads to increased cyto-
toxicity for cell cultures. The results obtained made it possible to
determine CC;, values, which are the primary test for subsequent
antiviral activities.
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