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Ag/TiO2 nanoparticles (NPs) were prepared by a simple chemical deposition method using silver ni-
trate and suspension of TiO(OH):. Silver NPs were deposited on the surface and inside of TiO2 NPs de-
pended on the Ag concentration. The Ag/TiO2 composites were characterized by X-ray diffraction, trans-
mission electron microscopy, scanning electron microscopy, and Raman spectroscopy. The cell viability was
assessed using an MTT (3-(4,5-Dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide) assay after NPs ex-
posure, since only viable cells have functional mitochondrial dehydrogenase enzymes that can reduce MTT
to formazan. The shift of the E; mode from 143 to 150 cm-! and FWHM from 12 to 19 cm -1 was stated due
to a decrease in TiO: crystallites. Optical activity increased after loading with Ag because metal particles
offered electron traps to reduce recombination of holes and electrons, especially Ag loading of 8 wt. %. A
Schottky barrier is formed in the Ag-TiO: contact region, which improves charge separation and thus slows
down the recombination of photogenerated electrons and photogenerated holes. The obtained results indi-
cate a lower toxicity of NPs in a glycerin + water suspension, regardless of the introduction of silver mole-
cules in an amount of 4 or 8 wt. %, their CCso values were 50 and 3.9-58.5 pg/ml for MDBK and MDCK
cells, respectively. The obtained Ag/TiO2 NPs due to their optical activity will be examined as an antifun-
gal material for the inhibition of bacteria and viruses in water.
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1. INTRODUCTION

Nowadays, the prevalence of viral infections in the
world and, in particular, the scale of the COVID 19
pandemic, has led to the rapid development of the anti-
virus industry, which, along with the development of
vaccines and personal care products, includes new
composite materials and devices capable of ensuring
the safety of transport and public spaces. Oxide semi-
conductors have attracted scientific interest for many
years because of the number of organic substances that
can be oxidized to CO2 and water at room temperature
with oxide catalysts in air, water under UV or visible
light illumination [1-9]. Contaminants are largely con-
verted into stable inorganic compounds, such as water,
carbon dioxide and salts, 1.e., they undergo mineraliza-
tion. UV light excites electrons from the valence band
into the conduction band; the resulting electron/hole
pairs can then migrate to the surface and initiate redox
reactions with adsorbed organics [6]. As such, TiO2
photocatalytic activity under Vis (>400 nm) can be
increased by doping; and numerous groups utilize met-
al ions, such as Fe, Ag, C-S, to hinder the recombina-
tion process [7-12]. A redshift of the UV absorption
edge was registered for Fe-doped anatase, resulting in
a significant decrease in its bandgap from 3.2 to 2.7 eV.
The photocatalytic destruction of the organic dye Saf-
ranin T over the prepared Fe-doped TiO2 under UV
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irradiation was investigated. The influence of various
energetically nonequivalent active sites on the surface
of anatase and rutile on their photoactivity was consid-
ered [3]. Ag-TiO2 was deposited on glass substrates
with different dopant concentrations (1, 3, 5, 7 and
10 %) and annealed at 550 °C [13]. The crystal struc-
ture and phase formation of Ag-TiO2 was examined
using XRD. HRTEM analysis of pure and 5 % Ag-doped
TiOz thin films revealed that the particles are spherical
with sizes around 23.8 and 11.6 nm, respectively. Ag-
doped TiO:2 nanoparticles (NPs) exhibit characteristic
photoluminescence (PL) corresponding to the visible
spectral range with excitation at 325 nm. The intensity
of luminescence emission decreases upon doping with
silver ions due to a decrease in the bandgap of TiO2
from 3.2 to 2.7 eV. Morphology-controlled rutile titani-
um (IV) oxide (TiO2) and anatase TiOz2 were usually
prepared by a hydrothermal method, and their surfaces
were selectively loaded with Au, Ag, and Au-Ag bime-
tallic NPs by photodeposition to obtain visible light-
responsive photocatalysts [14]. Ag-doped TiO2 has been
proven to increase the TiO:z activity in the visible re-
gion by the photoreduction method. Radiophotography
of wastewater has been reported as a cheap source of
Ag (I) that contains [Ag(S203)2]3- [6]. The effort to re-
place expensive AgNOs as an Ag precursor, as well as
to convert toxic [Ag(S203)2]3 in wastewater into more
valuable material, is proposed in this work. Considera-
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tion of synthesis methods and study of the optical and
photocatalytic activity of a nanocomposite with oxide
NPs, especially TiOz2-Ag (Au, Fe), are a very important
cytotoxicity test also for biosafety.

Therefore, this study aims to determine the effect of
Ag on the surface structure, spectroscopic features
(light irradiation at 488 nm) and cytotoxicity of Ag/TiOz
series prepared by deposition method using silver ni-
trate and TiO(OH)z suspension.

2. EXPERIMENTAL

A raw material for obtaining the sample was a sus-
pension of hydrated titanium dioxide TiO(OH)2 (meta-
titanic acid), which is a product of the intermediate
stage of processing of titanium concentrates and slags
at the plant "Sumykhimprom". Nanosized particles of
TiO2 modified with silver were obtained in aqueous
solutions of TiO(OH)2 by adding alkali NaOH to form
anatase modification with a range of silver concentra-
tions from 0 to 8 wt. %. The number of samples: TiO2,
ATO4 (4 wt. % Ag), ATO8 (8 wt. % Ag). Mira 3 Tescan
with EDX (Oxford INCA x-act) was used to study mor-
phology and for elemental analysis. The particle shape
and size were found with high-resolution TEM (JEM
1400). A transmission electron microscopy (TEM) study
of the morphological features of nanoparticles was con-
ducted. The samples of nanoparticles dried at room
temperature were analyzed using a TEM JEM-1400
(Jeol, Japan) at an accelerating voltage of 80 kV. Elec-
tron diffraction of nanoparticles was performed on
TEM with the same accelerating voltage, with the in-
troduction of a field aperture and removal of an objec-
tive aperture. Raman spectroscopy spectra of powders
(Horiba Jobin-Yvon T64000) were used to study the
structural properties of silver-doped TiO2 powders us-
ing an Ar-Cr laser at 488 nm. IR spectroscopic studies
of the samples were performed using a Fourier spec-
trometer FSM-1201. The culture of MDCK (Madin-
Darby canine kidney cell line) cells was obtained from
L.V. Gromashevskogo Institute of Epidemiology and
Infection Diseases of NAS of Ukraine (Kyiv, Ukraine).
Cells were cultured in 45 % Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma, USA) and 45 % RPMI-1640
(Sigma, USA) with 10 % (v/v) fetal bovine serum (FBS,
Sigma, USA) and 100 U/ml gentamycin. Cell viability
was assessed using an MTT (3-(4,5-Dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide) assay after NPs
exposure, since only viable cells have functional mito-
chondrial dehydrogenase enzymes that can reduce
MTT to formazan [13]. The viability (%) of the treated
cells was defined as the percentage of absorbance com-
pared to control untreated cells (100 % viability). The
percentage of cell viability under the condition of NPs
action was calculated as in work [15].

3. RESULTS AND DISCUSSION

The morphology of TiO2/Ag materials was analyzed
by TEM and SEM. Fig. 1 shows that Ag NPs on a TiO2
support are dispersed and deposited in a homogeneous
layer. After loading Ag (4 wt. %), the sizes of TiO2 par-
ticles decreased to 13-20 nm. "Ball-shaped" particles of
silver with a developed crystalline structure in TiO:2
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were observed. The results show that TiO2 can be pre-
sent in the tetragonal phase. Ag and TiO:z have differ-
ent work functions (@TiOz2 = 4.2 eV, @Ag = 4.6 eV) and,
hence, when silver is in contact with TiOs, electrons
will transfer from TiO2 to silver. So, these electrons
transfer to silver, and loads on the surface of silver will
be scavenged by the electron acceptor, thus decreasing
the recombination between electron and hole, thereby
silver atoms act as electron traps. Thus, the existence
of a silver atom in Ag/TiO2 can facilitate the transport
of more holes to the surface and enhance the optical
and bactericidal activity. Ag particles on TiO2 act as
electron-hole separation centers.

! 100pm !

Fig. 1 — Structure of doped TiO2: SEM (a) and TEM (b). Scale
for the TEM image is 50 nm
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Fig. 2 - Raman spectra of TiO2-Ag nanocomposites

There is a high-frequency shift and an increase in
the half-width of the Eg (1) band at 142 cm—1! and Eg (2)
band at 196 cm — !, while the Big band at 636 cm~1 and
A1g/B1g band at 513 cm—! show a low-frequency shift
and a significant increase in the half-width in the
Raman spectra of silver-doped nanopowders (Fig. 2). A
wide complex band in the range of 220-300 cm —! is due
to the processes of multiphonon scattering [16]. Since
in the Raman spectra all oscillations move mainly oxy-
gen atoms, the introduction of silver atoms changes the
local coordination of oxygen around Ti**. Doping with
silver to maintain charge neutrality creates oxygen
vacancies in the TiO:z lattice. If the silver ion replaces
the Ti** ion during doping, the bonds of the Ti—-O-Ti
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complex will be distorted and new bonds of Ag—O-Ti or
Ag—0O-Ag complexes will be formed. According to the
calibration curve [17], we found that the average size of
anatase crystallites for doped powders is 10 and 8 nm
at a silver content of 4 and 8 wt. %, respectively. It is
well known, doping with metal ions in an optimal con-
centration prevents the growth of nanocrystallites.

IR spectra analysis of the studied samples showed
that the first sample was characterized by the manifes-
tation of absorption bands of Ti—O oscillations with
frequencies of ~ 504 and 664 cm -1 (Fig. 3, spectrum 1).
For IR spectrum 2 of the sample, a shift of the absorp-
tion frequencies of Ti—O oscillations to the long wave-
length direction was observed (Fig. 3, spectrum 2). The
shift of characteristic oscillations of the Ti—O bond to-
wards lower frequencies when modifying anatase with
silver is caused by distortions of the symmetry of the
coordination environment of Ti*" and is a sign of the
presence of silver cations in the crystal structure. A
change in the shape of oscillations of the Ti—O absorp-
tion band and the manifestation of an absorption band
with a frequency of ~ 895 cm —! characterize the distor-
tion of the titanium-oxygen octahedron. Frequencies
~ 1110 and 1188 cm ! characterize surface oscillations
of functional groups (—OH) and are related to the dop-
ing method (Fig. 3, spectrum 2). There is a further
change in the shape of the absorption bands for ana-
tase due to loading of the sample with 8 wt. % of Ag
(Fig. 3, spectrum 3). The content of hydroxyl groups in
TiO2 surface samples (IR analysis) is important for
antimicrobial and photocatalytic properties because in
the process of UV irradiation, OH groups on the defec-
tive surface of TiO2 are active due to hole capture with
the subsequent formation of *OH radicals for the de-
struction of toxic organic substances or pathogens. Be-
sides, the presence of silver provides an efficient pro-
cess of photogeneration of electrons, their transfer from
the conduction band of Ag to TiO2 with the subsequent
formation of a Schottky barrier, which inhibits the rate
of recombination of photogenerated charges.
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Fig. 3 - IR spectra of TiO:z (1),
TiO:z + 8 % Ag (3) powders

TiOz +4 % Ag (2) and

EDX analysis of the synthesized samples also con-
firmed the presence of Ag. For example, the elements
content: Ti— 46.27 wt. %, O — 46.69 wt. %, S — 0.14 wt. %,
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Ag— 3.3 wt. % (sample ATO4). There is also a certain
amount of S as a dopant for high optical and photocata-
lytic activity, as in work [18].

Modern medicine begins to actively use nanotech-
nology in clinical diagnostics, targeted drug delivery,
cancer treatment by hyperthermia, and other fields
[13-15]. Nevertheless, the toxicity of nanostructured
materials is an open issue due to several factors: high
reactivity, intrinsic toxicity of the material, and non-
specific interactions with biological objects, that are
determined by particle shape, size and structure. Bio-
compatibility, toxicity and ability to penetrate cells are
the main criteria that determine the effectiveness of
NPs in medicine [17-19]. Determination of the cytotoxi-
city of synthesized titanium dioxide (TiO2) with differ-
ent percentages of argentum (Ag) is an integral compo-
nent of any drug development process. The research
was carried out using an MTT assay.
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Fig. 4 — Viability of MDCK cells cultivated on different sam-
ples of TiO2 and TiO: with Ag (ATO4 and ATOS8) in glycerin +
water

As shown in Fig. 4, the composition of TiO2 without
Ag, with 4 and 8 wt. % Ag in glycerin + water is less
toxic to MDCK cells as compared to TiO2 NPs in
C2H50H+1,3-propanediol. Thus, these samples do not
decrease the cell viability at a concentration from 0.1 to
10 pg/ml. Inhibition of mitochondrial activity is detect-
ed only at a concentration of 100 pg/ml, the percentage
of life ranged from 8 to 33 %. At the same time, for
MDCK cells, the CCso index of TiO2 diluted with
C2H50H+1,3-propanediol was 2.5 times lower com-
pared to the glycerin + water suspension. The obtained
results indicate lower toxicity of NPs in the glycerin +
water suspension, regardless of the introduction of sil-
ver molecules in an amount of 4 or 8 wt. %, their CCso
values were 50 and 3.9-58.5 ug/ml for MDBK and
MDCK cells, respectively. MTT data [19] showed that
Ag-doped TiOz NPs (synthesis from titanium isopropox-
ide) dose-dependently reduced the viable number of
cells in the concentration range 25-200 pg/ml. Besides,
cell viability decreases with increasing concentration of
Ag dopant (> 4 %). On the other hand, pure TiO2 NPs
did not reduce the viability of HepG2 cells. So, oxida-
tive stress could be one of the potential mechanisms of
toxicity induced by Ag-doped TiOz NPs in human liver
cancer HepG2 cells.

Thus, the generation of antimicrobial agents based
on metal oxide TiO2 doped with low concentrations of
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noble elements is characterized by low toxicity and pro-
longed action and is most often used to create compo-
site nanomaterials. Generally, this type of composite
systems demonstrates a synergistic effect compared to
the activity of individual oxides.

4. CONCLUSIONS

In summary, an experimental study of Ag/TiO2
nanocomposite samples shows the following in the
phase formation processes: carrying out redox reactions
of oxidation of Ti (IIT) precursor species into TiO2 (ana-
tase), respectively, accompanied by the reduction of
silver cations on the oxide surface in the form of silver
clusters. The crystalline phase of Ag-TiO2 was con-
firmed by IR and Raman analysis. The average size of
pure and 8 wt. % Ag doped TiO2 particles was deter-
mined to be 25-30 and 13-15 nm, respectively, using
TEM images. The optical activity of Ag/TiOz with a
shift of the mode E; from 143 to 150 cm ! and FWHM
from 12 to 19 cm~! was stated due to a decrease in
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Hanouactuaku (HY) Ag/TiO2 Oyso oTpuMAaHO IPOCTUM METOJOM XIMIUHOTO OCAPKEHHS 3 BUKOPHUCTAH-
HaM HiTpaTy cpibsa ta cycmensii TiO(OH):. YacTturknu cpibna ocamkyBaay K HA IMOBEPXHI, TAK 1 B CAMEX
gactuakax TiOz B 3asmesxnocti Bix xoHueHtparii Ag. Kommosutu Ag/TiO:2 Gysin oxaparrtepm3oBaHi peHTTe-
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HIBCHKOIO TU(PAKITIEI0, IIPOCBIT/IIOUO00 eJIEKTPOHHOI MIKPOCKOITIEH, CKAHYIOUOK €JIEKTPOHHOK MIKPOCKOIT1-
€10, PAMAHIBCHKOI0 Ta (POTOJIIOMIHECIIEHTHOIO CHEKTPOCKomiern. KINTHHHA KUTTE3TaTHICTD OIIHIOBAJIACH 34
nmomomoroo anaimidy MTT (3-(4,5-numernaTiaszon-2-im)-2,5-nudeniarerpasostio 6pomin) miciasa smausy HY.
Tlokaszano onruuny axrusHictb Ag/TiO2 31 sacyBom momu Eg Big 143 1o 150 em -1 ra FWHM Bixg 12 1o 19 ecm-!
BHACTIIOK 3MeHIeHHs KpucTaaitTie TiOz. Onruuna akTUBHICTE 3pocTae 31 30L/IBIIEHHSM KOHIIEHTpAIll Ag
o 8 mac. %. Y 3omi kourakry Ag-TiO: yreoproersest 6ap'ep HloTTki, 110 mokparitye po3momisi sapsamy 1 Takum
YMHOM YIIOBLJIBHIOE PEKOMOIHAIII0 )OTOreHePOBAHUX eJIeKTPOHIB Ta doToreHepoBanux aipok. Orpumani pe-
3yJbTaTH CBIIYATH IIpo MeHIry TokcuuHicTh HY y cycmensii ruritiepus + Bojia, HE3aJIEIKHO Bl BBEIEHHS MO-
JIeKyJI cpibiia B KibKocTi 4 a6o 8 mac. %, ix smavenuss CCso cramoBuym 50 ta 3,9-58,5 MKI/MII /1A KIIITUH
MDBK (auprn 6uka) Ta MDCK (aupku cobaru) Binmosiguao. Haromicrs HU TiOg, posunneni 8 C:Hs0H+
1,3-mpomamIiosi Ipy BBEIEHHI MOJIEKYJI cpibsia, Oyiau sHauHo 0iabmr TokcrmauuMu it Kiaitua MDBK y mo-
piBHsaHHI 3 yuctuM TiOs, ix 3Havenns CCso cranoBuym 6,5 ta 4 mrr/mit. Onep:rani HY Ag/TiO: BHacainok
IX OIITUYHOI aKTUBHOCTI OYIyTh JOCIIKEH] K IPOTUIPUOKOBUN MaTepias IJisd IHri0yBaHHsa 6akTepiil Ta Bi-
pyciB y Bosi.

Knrouosi cnoea: Ag/TiOz, BunpominoBauus, Pamaniscekuit, Jlederrn, Onrnuyna akrusHicts, [lutoTorcu-
ynicts, MTT.
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