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Abstract: Infections mediated bymedical devices are a significant social and economic
problem. Rapidly developing resistance to traditionally used antibiotics makes the search
for new antimicrobial materials a serious contemporary challenge. Recently, the use of
nanoparticles and nanomaterials for biomedical research, such as Cu, TiO,, Ag, etc., has
gained more attention due to their unique properties. Nanomaterials are chemicals or
materials with at least one dimension of 1 to 100 nm. The thin TiO,:Ag:Cu films are
made by magnetron sputtering under different deposition conditions and with different
technological characteristics. They were tested on several bacteria with different cell wall
structure: Pseudomonas putida, Salmonella enterica, Bacillus cereus, Staphylococcus
epidermidis, Escherichia coli,allarranged in increasing order of resistivity to the film.
Inhibition of bacterial growth and propagation is determined by the Koch method and
the corresponding optical density measurements. The investigation of the toxicity of
nanomaterials is of global importance because of their safety concerns, based on the
ability to mechanically destroy live cells. The research and results have shown that some
of the nanostructured films have a significant bactericidal effect and might be useful in
the future.

INTRODUCTION

The use of conventional products and methods of disinfection has no
desired effect in hospitals and medical devices in many cases (Ozkaleli et
al., 2017) Recently, there has been an increasing interest in the application of
nanocomposite materials as antibacterial surfaces that combine mechanical
stability and biocompatibility. Different nanomaterials have a multi-purpose
mechanism of action on various microorganisms that pose a threat to human
health. Modern industrial technologies in material production provide control
of nanostructured dimensions and surface morphology of nanomaterials with
antibacterial activity (Allahverdiyev et al, 2011; Lee et al., 2015).As different
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organisms react differently to the same nanomaterials, it is extremely important
to select such material that is toxic to pathogens and not toxic to human tissues.

The development of modern biomedical nanotechnology is related to the
development of tissue-like structures and surfaces that favor the development
of cells in the multicellular organism, but not of pathogenic bacteria and fungi
(Chang et al, 2017; Song et al., 2016). Many modern antimicrobial agents owe
their activity to the presence of metal ions such as silver, zinc, titanium, copper
and their nanoparticles and oxides (Azadmanjiri et al, 2017; Fakhri et al., 2017;
Yousefi et al., 2017).

TiO, is widely used for research and in various fields such as modern oral
implants, textile impregnation, etc. (Yuranova et al, 2007; Zille et al., 2014). The
properties of TiO, could be improved by introducing suitable metals into the TiO,
structure (Dhanapandia et al, 2016;Zaleska et al.,2008). In addition, the presence
of an additive may increase the adhesion and mechanical resistance of the thin
film to substrates that play a key role in the reliability of the device (Sikong et
al., 2008).

The silver-doped TiO, has been extensively studied due to its wide use
in environmental remediation, catalytic oxidation reactions, antimicrobial
protection, and so on. (Zielinska et al 2010; Krejcikova et al 2012). Numerous
studies have shown increased activity in both oxygenation and antimicrobial
activity of TiO, in combination with Ag and Cu (K.D. Kim, 2006). Therefore,
this study is focused on the antibacterial activity of TiO, thin films doped with
Ag and Cu.

MATERIALS AND METHODS

The thin films used are made by the magnetron sputtering (rf Magnetron
sputtering) method.
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Fig. 1. High-frequency installation for radio frequency (RF) sputtering.
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Thin films are sterilized by irradiation for 30 minutes with ultraviolet light.
The thin films are then immersed in ethanol and burnt in the flame immediately
before use and cooled in sterile condense water on the inside of the petri dish
lid. Diffusion test for determination of TiO, thin film toxicity with other dopants
- 100 pL of bacterial suspension in exponential phase is spread on a solid
nutrientmedium with a content specific to the respective bacteria, and then the
sterilized and cooled thin film was layed on the surface of the medium. The plates
are incubated in a thermostat for 18-24 hours at 37 ° C for Escherichia coli, P.
aeruginosa and Bacillus cereus and 24 ° C for Pseudomonas putida. Thereafter,
the presence of sterile zones, measured in mm, is reported.

The growth inhibition experiment is performed in a sterile 6-well plate.
A series of two replicates for bacterial controls, 3 for the thin film films under
examination and blank control with a medium and a thin film without bacteria are
prepared, the amount of nutrient medium and inoculum in all variants remaining
constant. Each hour the optical density is measured, and consecutive ten-fold
dilutions are made at 2 hours to count the amount of bacteria in the controls and
samples. Each dilution is done in two replicates. The control is inoculum with a
clean glass instead of a thin film. Optical density measurements is determined
with a Specol 11 (DDR) Spectrophotometer at A= 450 and 610 nm every 60
minutes tillthe 24 hours.

RESULTS AND DISSCUSIONS

Thin films TiO,: Cu: Ag with a thickness of 60 nm and a spray area of 7850
mm?2 of titanium dioxide, SAg = 60 mm?, SCu = 100 mm?, were selected to
detect growth inhibition of microorganisms. Selected bacteria are of different
taxonomic affiliations.

The thin film of TiO,: Ag: Cu was made in the Central Laboratory for Solar
Research and New Energy Sources at the Bulgarian Academy of Sciences
precisely by the Magnetron sputtering (rf Magnetron sputtering) method. All
experiments were performed in three replicates, standard deviations were inflicted
on the graphs.

The microorganisms used are bacteria of different taxonomic nature:
Escherichia coli 3548 (gram-negative bacteria), Pseudomonas putida 1090 (gram-
negative bacteria), Bacillus cereus 1177 (gram-positive bacteria), Staphylococcus
epidermidis 3486 (gram-positive bacteria), Salmonella enterica 4333 (gram-
negative bacteria).

Figure 2 shows the growth of B.cereus in the presence of a thin film of
TiO,:Ag:Cu; SAg=60 mm?, SCu=100 mm®.
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Fig. 2. Development of B.cereus in the presence of thin film of TiO,: Ag: Cu.
A) The Koch method; B) Optical density measurements

The growth curves in the presence of thin TiO,: Ag: Cu films are on figure 2,
where the dense line represents the bacterial amount in the control without TiO,:
Ag: Cu, and the dotted line represents the amount of surviving cells in the TiO,,
Ag: Cu film sample, both in logarithmic scale. The inhibition in dynamics was
determined by the Koch method (Figure 2A), respectively, the optical density
measurements (Figure 2B). Standard deviations were inflicted on the graphs.

Both methods used show a similar growth curve - rapid bacterial destruction
within 4 hours in the presence of thin film. Koch's 24-hour studies show that there
are no surviving cells, suggesting the bactericidal effect of the thin film on the

vegetative cells and spores of Bacillus.
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Fig. 3. Growth of S. epidermidis in the presence of thin films TiO,: Ag: Cu
A) The Koch method; B) Optical density measurements.
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The effect of the tested films on another Firmicutes bacterium, such as S.
epidermidis,are shown in Figure 3A (Koch method) and 3B (optical density
measurement). Standard deviations were inflicted on the graphs.In this case,
delayed cell death is observed up to 8 hours and no survival is observed after
24 hours. The result may be due to irregular clumps of cells and surface biofilm,
as well as its lower growth rate (0.2), compared to that for Bacillus (0.4),
characteristic of this bacterium. As it is well known, cells in biofilm are more
resistant to environmental factors.
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Fig. 4. Growth of P.putida in the presence of thin films TiO,: Ag: Cu
A) The Koch method; B) Optical density measurements.

Figure 4 shows the bactericidal effect of the same thin TiO,: Ag: Cu films on
P. putida growth determined by the cultivation method (Figure 4A). The results
obtained from the optical density measurements at A = 610 nm are shown in
(Figure 4B). Standard deviations were inflicted on the graphs. The bactericidal
effect on the Pseudomonas strain is the fastest and the result is visualized by a
scanning electron microscope (JOEL JSM 5510) as destruction of bacterial cells
at two optical magnifications in Figure 5 (A and B). The dark areas around the
bacteria show the organic matter leaked out of the damaged cells and burned by
the electron beams. Damage to the cell membrane leads directly to cell leakage
that causes cell death. This demonstrates the mechanical destruction of the cells
caused by the nanoparticles released by the film and the chemical destruction
by reactive oxygen species (ROS), formed on the surface of the film- during
theinteraction with bacteria, as has been found by other authors Sondi and
Salopek-Sondi (2004), Zavilgelsky et al. (2011).
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Fig. 5. View of P.putida cells on thin TiO2: Ag: Cu film by scanning electron microscope
with different magnifications: A) 2500 times;B) 5000 times.
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Fig. 6. Growth of S.enterica in the presence of thin films TiO2: Ag: Cu
A) The Koch method; B) Optical density measurements.

The influence of thin TiO,: Ag: Cu films on S. enterica growth is presented
in Figure 6A (Koch method) and 6B (optical density measurements). Standard
deviations were inflicted on the graphs. The optical density decreases very rapidly
as early as the first hour, while live S. enterica cells are established by the Koch
method for 90 minutes and are below 10 live cells per ml of culture medium.
They are presented only till the eighth hour for clarity. The bactericidal effect of
the investigated thin films on the bacteria, represented by Gracilicutes, S. enterica
and Pseudomonas sp. is faster than Firmicutes, which implies a higher sensitivity
of these bacteria to the nanocomposite material.

75



lg CFU/ml

=
= a2
1 |

¢
¢

8 ’I'
A
\ o ’
N i I"'E E‘n}*' Eo
il - o
4 4 "‘-I--«E" ]
u ¥
2 4 g )
0 T T T T T T T T T —* Lal
e“g@*‘»“f‘ﬁ‘#@"“b“@g,& R T - R R
3wt 017 = === saMplE Time lh] =t control  ==®==zample Time [h]
A B

Fig. 7. Growth of E. coli in the presence of thin films TiO,: Ag: Cu
A) The Koch method; B) Optical density measurements

The same thin film has only a bacteriostatic effect on E. coli. High growth
retention was observed from the beginning to the 3rd hour of the experiment. The
results presented in Figure 7 (A-Classic Method of Cultivation) clearly show this.
Standard deviations were inflicted on the graphs.

At the 24 hours of the experiment, good growth of E. coli was observed. By
contrast, all other bacterial strains are completely deactivated.

The average growth rate of controls (test bacterial strains without
nanomaterials) was calculated from the exponential phase as 0.404; 0.279; 0.214;
1, 472 and 0.283, respectively, for B.cereus, S.epidermidis, Pputida, S.enterica
and E. coli.

The bacteriostatic effect and adaptation of E. coli to the tested nanomaterials
can be explained by the ability of this bacterial species to activate special transport
pumps for the export of nanoparticles or ions from the cell. This fact is a possible
stress-response mechanism, as other researchers have reported (Stoyanov et al.,
2003). They have discovered that E. coli is able to control the copper and silver
content in the cells and also the disposal of these ions from the cytoplasm of its

cell.
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Fig. 8 Development of E. coli in the presence of a 80 nm thin film with deposition area
SAg 190 / SCu 180 mm?.
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The curve in Figure 8 shows the bacterial death after the 8th hour despite
the dark conditions in which it was placed. Therefore, the bactericidal effect in
this case is due not so much to the illumination but to the toxic effect of metals
deposited on the film of titanium dioxide - copper and silver. A decrease in the
number of cells was observed up to 24 hours. This nanostructured film has a
100% bactericidal effect on E. coli since no bacterial growth has occurred at 24 h
at 37 °C. The area of TiO, is greater than that of Ag 39 times more, and 42 times
that of Cu. Obviously, in this case, the major toxic metal nanoparticles for the
bacteria are the deposited copper and silver. The results obtained are of interest
for the future deepening of the research with these nanocomposite thin films.

CONCLUSIONS

From our research and the results obtained, it can be concluded that some of
the nanostructured films have a significant bactericidal effect and might be useful
in the future.

Thin films composed of TiO,: Ag: Cu of 60 nm thickness and 7850 mm’
titanium dioxide spray area; of silver SAg = 60 mm?, of copper SCu = 100
mm? have a pronounced bactericidal effect against B.cereus to the 4th hour and
against S. epidermidis at 8 hours. The bactericidal effect against Pseudomonas
was demonstrated at 30 minutes and in S. enterica at the 90th minute of the
experiment. Scanning Electron microscopic images detected cell membrane
damages and leaking of the cell content. The bactericidal effect of 60 nm film
TiO, Ag: Cuon S. enterica and Pseudomonas sp. is faster than S. epidermidis and
B.cereus, which means that these bacteria are more sensitive to the nanocomposite
material. Unlike E.coli, all other bacterial strains are completely deactivated by
the 24th hour.

The amount of copper and silver added in the tested films is essential. The
sensitivity of the bacteria to TiO,: Ag: Cu films of 60 nm SAg = 60 mm’, SCu
= 100 mm?is in the following order: Pseudomonas putida, Salmonella enterica,
Bacillus cereus, Staphylococcus epidermidis, E. coli.
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