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ARTICLE INFO ABSTRACT
Keywords: Metals and metal oxides have subpar antibacterial activities compared to those of small-molecule antibiotics, yet
A. Composite materials there are hopes that with proper compositional and structural adjustments this gap might be bridged. In this
A. Inorganic materials study, titanium dioxide (TiO2) nanoparticles were mechanically activated and combined with particulate silver

B. Precipitation
B. Mechanochemical processing
C. Microstructure

through simple reduction process elicited by UV irradiation and assisted with the ultrasound. The resulting
powders in various combinations (Ag vs. no Ag, activated vs. non-activated) were characterized using a range of
experimental techniques and assessed for their antibacterial activities. The preparation procedure presented in
this work prevails over the disadvantages of many chemical routes, most critically by avoiding the use of toxic
substances. The mechanical activation did not reduce the particle size or crystallinity of TiO2 nor did it
consistently alter the bandgap, yet it enabled the doubling of the amount of silver incorporable into the material.
Further, while both mechanical activation and the addition of silver in the amount not exceeding 0.5 wt%
produced barely detectable structural changes in the material, they both augmented its antibacterial activity. The
precursor TiO, powder produced no inhibition zone against any of the four bacterial species tested, while the
mechanical activation of TiO; led to the formation of distinct inhibition zones against each of the four bacterial
species tested. The addition of silver to activated TiO, further widened the inhibition zones and it also imparted
the antibacterial activity to non-activated TiOy. The boost in the antibacterial activity achieved by the short
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mechanical activation was of a similar magnitude as the boost obtained after the addition of silver. The anti-
bacterial activity was not different for different species when no silver was added to the system. However, with
the addition of silver, species selectivity was obtained, as the composites were more effective against the two
Gram-negative species (Escherichia coli and Klebsiella pneumoniae) than against the two Gram-positive ones
(Staphylococcus aureus and Bacillus subtilis). The antibacterial activity increased with the addition of silver in the
broth assay, but it was mediocre compared to that detected in the agar assay, attesting to the poor dispersability
of the powders and their best performance when the bacterial cells migrate to the composite surface than vice
versa. The findings of this study give hope that with appropriate microstructural or compositional alterations, the
antibacterial activity of metal oxide powders and inorganic materials in general can be made comparable to that

of small-molecule antibiotics.

1. Introduction

The astonishing ongoing progress in medicine allows for more
effective treatments of most known diseases than it was possible only a
few decades ago. On the other hand, the less developed regions are still
dealing with high morbidities caused by bacterial and viral infections.
Another serious threat to global public health that the modern society is
facing comes in the form of the growing resistance of many pathogens to
antibiotics [1-4]. According to the data acquired by the European
Antimicrobial Resistance Surveillance Network (EARS-Net), the highest
levels of resistance to antimicrobials were found in the countries of
Southern and Eastern Europe [5]. To solve this problem, the World
Health Organization (WHO) has been emphasizing the importance of
finding suitable alternatives to traditional antibiotics for infection
treatments [6].

Inorganic metal oxides have attracted a large scientific interest, not
only as materials with a variety of applications in high technologies, but
also as materials that could potentially address the health issues caused
by the microbial resistance to antibiotics [7-10]. The antimicrobial
performances of 3d and alkaline earth metal oxides, such as ZnO
[11-13], MgO [14-16], Fey03 [17-19], TiOy [20-23], and CuO
[24-27], have been thoroughly studied in the past few years. Titanium
dioxide (TiO) stands out among other metal oxides owing to its
prominent catalytic activity, chemical stability, low cost, and mostly low
to nil toxicity. Photocatalytic properties of TiO; are responsible for its
antibacterial performance since the production of photoactivated reac-
tive oxygen species (ROS) has been shown to cause the decomposition of
the bacterial outer membranes, leading to phospholipid peroxidation
and cell death [28]. Here, the main disadvantage of TiO5 is a broad
bandgap of approximately 3.2 eV, which limits its application to the UV
region of the solar spectrum [29,30]. Since the UV region is a minor
component of the solar spectrum, changing the band structure to in-
crease the visible light sensitivity of TiO, is a strategy that could increase
the antibacterial efficacy and enlarge the scope of application for TiO5 as
an antimicrobial. Recently, Pavlovi¢ et al. demonstrated that even short
mechanical activation can exceptionally increase the visible light
sensitivity of TiO, and enhance its antimicrobial activity [31].
Furthermore, mechanical activation, when sufficiently short, ensures
that the formation of potentially adverse structural features, such as
lattice defects, is avoided [32].

Doping is one of the most effective methods for solving the bandgap
problem in metals [33-35]. Noble metals, especially silver, present a
particularly favorable choice of dopants for this purpose [36-39]. It is
well-known that silver, itself, shows pronounced antimicrobial proper-
ties [40-42]. The antibacterial activity of silver, moreover, is strongly
affected by the particle size [43]. If the particles are smaller than 10 nm,
silver ions are easily released, and are mainly responsible for the anti-
microbial activity. In contrast, for larger silver particles (>20 nm), the
antibacterial activity becomes increasingly dominated by the particle
effects, considering that silver can bind to the bacterial cell membrane
and damage it. Moreover, silver-thiol interactions in bacterial proteins
cause the inactivation of respiratory enzymes. However, in spite of their
prominent bactericidal activity, the application of bare Ag nanoparticles
is questionable due to their toxicity to human cell lines [44-47], an

effect that could be potentially mitigated through the formation of
appropriate composites. Since Ag has a synergistic effect on TiO3, many
TiO9/Ag composites were developed as advanced antimicrobial agents
[29,30,48-52]. Among the many reported synthesis procedures [48,49,
51,53], a simple physical reduction of silver cations over the TiO5 sur-
face stands out due to its simplicity and eco-friendly character. Simul-
taneously, the relatively mild conditions under which this chemical
transformation is made to occur ensures that the desirable microstruc-
tural features of the material are preserved. The scientific community
reports have drawn attention to such composites due to their significant
antimicrobial activity and negligible toxicity to normal cells and tissues.
Even when it is present at a very small concentration, silver reduces the
TiO, bandgap, decreases the recombination of the charge carriers, and
thus improves the sensitivity to visible light. Additionally, the antibac-
terial activity is also augmented by the capability of silver to destroy the
bacterial cell wall.

The present study deals with the synthesis of an antimicrobial ma-
terial based on nanocomposites containing anatase and silver nano-
particles. The anatase powder was mechanically treated using a short
activation time in attempt to improve its antimicrobial activity. Further,
the deposition of silver nanoparticles over the anatase surface, pristine
and ball-milled, at a relatively low net concentration was conducted by
employing a simple physical reduction of silver cations. Such a physical
method enabled the optimization of the silver content, ensuring the
avoidance of potential health hazards tied to the silver toxicity at higher
concentrations. Moreover, and contrary to many chemical reduction
methods, the photoreduction method applied was chosen to minimize
the number of hazardous substances usually involved in such treat-
ments. The synthesized materials were characterized with the use of X-
ray powder diffraction (XRPD), the Fourier-transform infrared (FT-IR)
spectroscopy, scanning electron microscopy (SEM) coupled with elec-
tron dispersive spectroscopy (EDS), and transmission electron micro-
scopy (TEM). The silver content in the hetero-composites and the
kinetics of its release were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES). The measurements of optical
absorption properties were also performed. Anatase, the mechanically
activated anatase, as well as hetero-nanocomposites containing these
two forms of TiO, were investigated for their antibacterial activities
against four distinct bacterial strains, two of which were Gram-positive
and two of which were Gram-negative.

2. Material and methods
2.1. Material

All chemicals, including titanium dioxide (TiO > 99.0% anatase)
and silver nitrate (AgNO3 > 99.0%),were obtained from Sigma-Aldrich
(p.a. quality) and were used without additional purification. Deionized
water was used in all experiments.

2.2. Synthesis

To enhance the antimicrobial activity, the commercially available
(Sigma-Aldrich, 99.8%) TiO, powder (sample 1) was mechanically
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activated in a planetary ball mill (Retsch PM;0oCM) for 10 minutes, at
500 rpm, in a ZrOg jar with ZrO balls that were 10 mm in diameter (the
powder-to-ball ratio was 1:10), yielding sample 2. Mild milling condi-
tions were chosen to prevent the negative effects related to prolonged
activation times, such as lattice defects. For each sample, the deposition
of silver was performed following the same procedure. TiOy in the
amount of 1.5 g of was dispersed in 50 mL of a 1 wt % AgNOs solution for
24 h. The obtained suspensions were ultrasonically treated for 8 h, while
being exposed to UV radiation (Carl Roth GmbH, Karlsruge, Germany,
Hue9.1), using the Sankyo Denki (Tokyo, Japan) UV B lamp with the
emission maximum of 312nm and the flux of 7.7 J/m?. After the
filtration, the precipitates were dried at ambient temperature and pul-
verized in the agate mortar, thus yielding samples 3 (TiOy/Ag) and 4
(TiO; activated/Ag).

2.3. Characterization

An Ultima IV Rigaku diffractometer equipped with CuKy; » radiation
was used for X-ray powder diffraction experiments. The generator
voltage and the generator current used were 40 kV and 40 mA, respec-
tively. The 20 range between 10° and 120° was used in a continuous scan
mode with a scanning step size of 0.02° and a scan rate of 5°/min, using
D/TeX Ultra high - speed detector. The phase composition of the syn-
thesized materials, the unit cell parameters and the size-strain values for
anatase, as well as the phase abundances for anatase and rutile calcu-
lated by the relative intensity ratio (RIR) method, were obtained with
the use of the PDXL2 integrated X-ray powder diffraction software (Ver.
2.8.4.0; Rigaku Corporation) [53].

The morphology and the elemental composition of the synthesized
powders were determined using the SEM (JEOL JSM-6390 LV) coupled
to electron dispersive spectroscopy (EDS, Oxford Instruments X-MaxN).
The accelerating voltage in the SEM was in the range of 20-30 kV. The
TEM analysis was conducted on a JEOL JEM-1400 Plus Electron mi-
croscope, with a voltage of 120kV and a LaBg filament, at a magnifi-
cation of 40,000x. ImageJ software was used for particle size
distribution analysis.

To determine the silver content in the composites, the samples were
prepared for ICP-OES analyses by dissolving 0.01 g of each sample in a
hot solution consisting of 5 mL of concentrated nitric acid and 5 mL of
water for 1h. After cooling, the solution was filtered into a 25mL
volumetric flask. The silver ions release experiment was performed by
preparing a dispersion of each sample (¢ = 0.002 g/mL) in deionized
water. The obtained dispersions were kept at the ambient temperature
for 24 h. The solution was collected after centrifugation and processed
furtherly for ICP-OES measurements. The silver content was determined
using an iCAP 6500 Duo ICP (Thermo Fisher Scientific, Cambridge,
United Kingdom) optical emission spectrometer and analyzed with the
iTEVA operational software. The solutions for calibration were prepared
using Multi-Element Plasma Standard Solution 4, Specpure® (Alfa Aesar
GmbH and Co KG, Germany). For each sample, the measurements were
carried out in triplicates. The relative standard deviation was lower than
0.5%.

Zeta potentials of the TiO2 and TiOy/Ag samples were measured at
room temperature in a disposable zeta cell (DTS 1060) of Nano ZSg,
(Malvern, UK) apparatus. The measurements were performed under
optimal scattering conditions applying 10 mg/L of each sample in
deionized water. The measurements were started after the equilibration
time of 5 min. UV-Vis spectroscopy data for all the investigated samples
were collected on a Shimadzu UV - 3600 spectrophotometer. The UV-
Vis spectra were obtained with the Shimadzu Integrating Sphere
Attachment ISR- 3100 in the wavelength range of 250 nm to 900 nm
with 1 nm resolution and medium averaging. The direct optical bandg-
aps were determined by creating the Tauc plot.
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2.4. Antibacterial activity

The antibacterial activity was tested against two Gram-negative
bacteria, namely Escherichia coli (ATCC 25922) and Klebsiella pneumo-
niae (ATCC 10031), and two Gram-positive bacteria, namely Staphylo-
coccus aureus (ATCC 6538) and Bacillus subtilis (ATCC 6633), using the
agar-well diffusion [54] and broth microdilution methods [55].

In the agar-well diffusion method, 90 mm diameter Petri dishes
containing 22 mL of the nutrient agar (HiMedia, Mumbai, India) were
seeded with 100 pL bacterial suspensions and the medium was allowed
to solidify. The direct colony method was used for the preparation of
bacterial suspensions. Suspension turbidity was conducted by compar-
ison with 0.5 McFarland’s standard and the inoculum size was adjusted
s0 as to deliver a final inoculum of 10® colony forming units (CFU) per
mL. A well with a diameter of 8 mm was then punched carefully using a
sterile cork borer and 100 pL suspension of each test substance (30 mg/
100 pL H,0) was added to each labelled well. Amikacin in the amount of
30 pg/100 pL Hy0 was used as a positive control, whereas 100 pL water
served as a negative control. The same procedure was repeated for
different microorganisms. After the inoculation of the organisms, com-
pounds and controls, the plates were incubated for 24 h at 37 °C. Zones
of inhibition were recorded in millimeters.

In the broth microdilution method, the minimum inhibitory con-
centration (MIC) for all the samples was determined by the Clinical and
Laboratory Standards Institute (CLSI) reference method [56]. The
96-well microtiter plates were prepared by dispensing 100 pl of Muel-
ler-Hinton broth into each well. Stock solutions of tested compounds
(100 pL in 10% DMSO, 2 mg/mL) were pipetted into the first row of the
plate, and double diluted by using the multichannel pipette. The direct
colony method was used to prepare suspensions of bacteria in sterile
0.9% saline, and their turbidity evaluation was conducted by compari-
son with the 0.5 McFarland’s standard. Finally, 10 pL of bacterial sus-
pension (10° CFU/mL) was added into each well. The growth conditions
and the sterility of the medium were checked, for each strain. The
negative control was 10% DMSO, while erythromycin served as the
positive control. All plates were placed in an incubator at 37°C for
24 hours. The bacterial growth was visualized by adding 10 pL of the
0.6% solution of resazurin. Wells where resazurin changed the color
from blue to pink indicated viable bacterial cells. The MIC was defined
as the lowest concentration of the tested compound at which no color
change occurred.

3. Results and discussion

The XRPD patterns of TiOy and TiO; /Ag composites are presented in
Fig. 1. The diffraction peaks of pure TiO2 powders were similar to those
of TiO4 /Ag composites. All patterns contained diffraction peaks related
t0(101),(004),(200),(105),(211)and (2 04) planes of the anatase
phase [30]. The relatively sharp peaks of anatase indicated a compara-
tively high level of structural order. The weight percentage of the rutile
phase did not exceed 3% in any of the samples, as can be seen in Table 1.
Mechanical activation preserved the biphasic nature of the material with
the dominant presence of anatase, while structural defects were avoided.
Interestingly, Pavlovi¢ et al. obtained a material with a significantly
higher rutile amount (25%) than the one observed here, using the same
activation time during the milling process [31]. This disparity appears to
have been caused by the different powder-to-ball ratio used in this work,
which has obviously led to dissimilar phase composition.

The main reflection of anatase, (1 0 1), was shifted to somewhat
higher diffraction angles in the mechanically activated samples (Fig. 2).
Because higher diffraction angles correspond to shorter distances be-
tween lattice planes, it can be inferred that compaction primarily
occurred during the activation and not amorphization, given that the
latter effect is most commonly paralleled with an increase in the bond
lengths [57]. This is also corroborated by the diffractometric analysis,
which showed no broadening of the diffraction lines to result from the
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Fig. 1. XRPD patterns of the synthesized powders.

activation (Fig. 1). Likewise, the incorporation of the silver phase led to
a shift of the reflections originating from anatase to higher diffraction
angles (Fig. 2). The (2 0 0) reflection at ~ 45° 26 and the (2 2 0)
reflection at ~ 65° 20, corresponding to Ag, could not be clearly
distinguished, the reason being the good dispersion of Ag particles in the
TiO5 matrix [58] and also the relatively low amount of Ag in the com-
posites. Furthermore, the (1 1 1) silver peak at approximately 38° 20
overlaps with the more intense (0 0 4) anatase peak [30,58]. As ex-
pected, the crystallite size of the anatase phase in mechanically acti-
vated samples was reduced relative to that in mechanically untreated
samples (Table 1).

Surface morphology of the investigated powders was studied with
the use of SEM, as shown in Fig. 3. For all four powders, a similar
morphology was observed. The SEM micrographs for pure and silver-
modified TiO, powders confirmed the presence of coexisting spheri-
cally shaped and polygonal particles. As a consequence of the high
surface activity due to low particle size, all of the synthesized particles
formed agglomerates. The presence of silver was observed in the EDS
maps of TiOy/Ag composites (Fig. 4), confirming that the modification
of the TiO5 matrix with silver was successful. A closer inspection of the
EDS maps of the composites revealed that silver is uniformly dispersed
across the entire surface or TiO2 nanoparticle agglomerates. A homo-
geneous distribution of silver on the TiO, matrix is expected to be largely
owing to the use of ultrasound during the synthesis procedure [59].

TEM images, along with the corresponding size distribution charts,
are presented in Fig. 5. There is no obvious difference in particle size and
shape between samples 1 and 2, which differ in terms of whether TiOy
was activated or not. This implies that activation in the planetary ball

mill did not affect gross morphological characteristics of TiO particles
significantly, just as it did not affect crystallinity (Fig. 1). In both cases,
the average particle size was in the 100-120 nm range. On the other
side, the introduction of silver had a notable influence on the particle
size distribution. As we recently described in the report of a study
dealing with hetero-nanocomposites containing iron oxide and silver
nanoparticles [59], the reduction process led to the formation of silver
nanoparticles larger than those comprising the metal oxide substrate.
Further, as can be seen from size distribution charts for samples 3 and 4,
the use of ultrasound during the chemical reduction caused the shift of
the average particle size to a somewhat lower value (=~ 80 nm). This size
reduction effect was clearly due to deagglomeration caused by the
ultrasound.

The silver content was determined by ICP-OES for TiO»/Ag and TiO,
activated/Ag composites. The amount of 0.26 wt% was observed for
TiOo/Ag, while mechanical activation process led to a considerably
higher amount of silver in the composite: 0.49 wt%. As per the prepa-
ration protocol specifics described earlier, a hypothetic 100% efficiency
of capture of silver from the solution and into the solid phase would
yield the amount in the composite of around 3.3 wt%. One order of
magnitude lower amount of silver in the composites attests to the limited
transformation of silver ion solutes into the precipitate on TiO. The
mechanical activation, however, is expected to roughen the topmost
atomic layer of the particle surface, if not increase the specific surface
area, explaining the doubling of the amount of silver incorporable in the
powder after this activation. The silver ions release from the structure
was not confirmed because the silver amount was under the limits of
detection.
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Table 1

Phase composition of the synthesized materials. Next to the phase name, the
crystal system and the space groups are presented, alongside the unit cell pa-
rameters, the crystallite sizes and the lattice strains for anatase, including the
corresponding PDF card numbers from the ICDD database. Phase abundances
are calculated by the RIR method.

Samples Phase
anatase
4;/amd o rutile
a= 3.7842(4)°A Pd/mnm
. c=9.511(2) A
Tio, V-136203) 4> FPF#
PDF # 01-075-1748
00-021-1272 313 %
96.9(3) %
Crystallite size
[A] 556(8)
Lattice strain 0.033(8)
[%]
anatase
14;/amd 2 rutile
a= 3.7834(5)BA Pdy/mnm
TiO, activated ;iglgé(;(;() 41)\ a3 PDF #
PDE # 01-075-1748
00-021-1272 26 %
97.4(2) %
Crystallite size
[A] 484(8)
Lattice strain 0.03(1)
[%]
anatase
14;/amd .
a—37839z) A e Ag
. ¢ = 9.509(1) A P45/mnm Fm-3m
TiOy / Ag V= 136.142) i3 PDF # PDF # 01-087-0717
PDF # 01-075-1748 Near the limit of
00-021-1272 2.9(1) % detection
97.1(1) %
Crystallite size
[A] 519(8)
Lattice strain 0
[%]
anatase
I4;/amd .
a = 3.7826(5) A ;‘:‘ie :g 3
TiOjactivated/ ¢ = 9.507(2) A 2/mnm mam
Ag V = 136.03(4) Fe PDF # PDF # 01T0§7—0717
PDF # 01-075-1748 Near t_-he limit of
00-021-1272 3.0(2) % detection
97.0(2) %

Crystallite size
[A] 484(11)
Lattice strain 0.04(1)
[%]

All of the investigated samples had similar negative values of zeta
potential at neutral pH (Table 2), which is in accordance with the
literature data for such systems [61-63]. However, the main obstacle for
the confidence of deducing surface charges from the zeta potential
values was agglomeration due to their ultrafine nature. Most bacteria
exhibit negative zeta potentials when the pH is higher than 2 [64] and
positively charged particle are therefore frequently favored as antimi-
crobials over their negatively charged counterparts. Here, however, it is
worth reckoning that silver nanoparticles are typically less negatively
charged than metal oxides [65], which allows for this electrostatic
interaction with the bacterial surface to be slightly more favorable. Still,
many studies have reported on an enhanced antimicrobial activity of
slightly negatively charged nanoparticles [60,62], implying that chem-
istry and microstructure are more significant determinants of antibac-
terial activity than the surface charge.

To estimate the bandgap of the synthesized materials, Tauc plots
were constructed and the typical extrapolation was performed. No
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Fig. 2. The anatase (101) peak shifting to higher diffraction angles due to both
mechanical activation and silver nanoparticle deposition.

significant changes were made to the bandgap of TiO, by either the
mechanical activation or the addition of silver. Typically, mechano-
chemical treatments increase the number of defects in the surface layer
of the material, such as Ti>* and oxygen vacancies in TiO,, leading to the
narrowing of the bandgap [66]. The fact that the bandgap did not
significantly change after the mechanical activation concurs with the
earlier observed lack of reduced crystallinity (Fig. 1) and no evident
morphological changes to the particles (Fig. 5) folllowing this
activation.

In summary, as expected in an ideal scenario, mechanical activation
influenced neither the microstructure nor the morphology, nor the
bandgap. However, the milling process did lead to the doubling of the
amount of silver incorporated into the anatase.

The antibacterial assays demonstrated that the mode of interaction
between the particles and the bacterial cells is an important determinant
of the antibacterial activity. This was concluded based on the different
activities that emerged from the agar and the broth assays performed to
assess these activities. Thus, in the agar assay, the commercial, non-
activated TiO, displayed no inhibition zones and, therefore, had nil
antibacterial activity. The mechanical activation of this powder, how-
ever, led to the inhibition zones that were 2-3 times lower than those of
the positive controls, yet still considerable. The addition of silver to
activated TiO5 further increased the inhibition zones and it also
imparted the antibacterial activity to non-activated TiO, which it would
not have had in the absence of silver. Still, the higher activity of acti-
vated TiOy supplemented with silver than that of non-activated TiO,
containing silver demonstrates that both mechanical activation and the
addition of silver are positive contributors to the antibacterial activity in
TiO4. The antibacterial activity was not different for different species
when no silver was added to the system. However, with the addition of
silver, species selectivity was obtained, as the composites were more
effective against the two Gram-negative species than against the two
Gram-positive ones (Table 3).

In the broth assays, the results were less indicative of the effects of
mechanical activation or phase composition than they were in the agar
assay. The antibacterial activity was also markedly less pronounced than
in the agar assay. This difference must be due to the limited dispers-
ability of the particles, which preconditions their coming into contact
with planktonic bacteria and exerting an effect of them. Because of this
lower activity, as indicated by the typical MIC values of 0.25 mg/mL
(Table 4), the effects of activation could not be delineated and the
activation per se produced no measurable effect on the antibacterial
activity. The addition of silver, however, did manage to considerably
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Fig. 3. SEM micrographs for all the synthesized samples — a) TiO»; b) activated
TiOy; ¢) TiO2/Ag; d) activated TiO2/Ag.
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lower the MIC against some species, such as Bacillus subtilis for both non-
activated and activated TiOg, and Klebsiella pneumoniae for activated
TiOs. In each of these cases, the antibacterial activity doubled with the
addition of silver. Unlike in the agar assay, no clear Gram-negative vs.
Gram-positive selectivity was obtained in the broth assay.

The mechanism of action is expected to be dominated by the
attachment of the particles to the microbial cell walls, rather than by the
silver ion release and their entrance to the bacterial cells to destroy
them. This can be concluded from the fact that a considerably higher
antibacterial activity was obtained in the agar assay than in the broth
assay. Consequently, migration of the bacteria onto the surface of the
material can be expected to represent a far more favorable condition for
the interaction than the diffusion of the particles to the bacterial cells,
especially since the diffusion of nanoparticles is comparatively slow.
Contrary to an earlier developed composite of silver nanoparticles with
TiO4 [67], where an increase in the antibacterial activity was paralleled
by an increase in the Ag ion release rate and an increased electron donor
surface energy, in the systems investigated here the release of silver ions
was not detected by ICP-OES. Furthermore, when the small silver par-
ticles are localized on the surface of TiO,, the release of silver ions en-
ables the bacterial growth inhibition [68], while in our case silver
particles were much larger and partially incorporated in the structure,
thus limiting their action through ion release effects.

4. Conclusions

Compositional and structural optimization of metal and metal oxide
materials presents one of the most prospective paths for bringing the
antibacterial activities thereof closer to those exhibited by small-
molecule antibiotics. In this study, commercially available TiO5 nano-
particles were mechanically activated and combined with silver through
a simple physical reduction assisted with the ultrasound. This eco-
friendly approach offers a considerable advantage compared to stan-
dard chemical procedures owing to its simplicity and avoidance of toxic
substances. The resulting powders in various combinations (Ag vs. no
Ag, activated vs. non-activated) were characterized using a range of
experimental techniques. It was shown that mechanical activation did
not reduce the particle size or crystallinity of TiO5 nor did it consistently
alter the bandgap, yet it enabled the doubling of the amount of silver
incorporable into the material. The uniform distribution of silver across
the volume of the composite is thought to have been due to the appli-
cation of ultrasound in the silver deposition stage.

In addition to physicochemical characterization, the powders were
assessed for their antibacterial activities. Both mechanical activation
and silver addition in a rather moderate amount not exceeding 0.5 wt%
augmented the antibacterial activity of anatase. The precursor TiOy
powder produced no inhibition zone against any of the four bacterial
species tested, while the mechanical activation of TiO led to the for-
mation of distinct inhibition zones against each of the four bacterial
species tested. The addition of silver to activated TiO; further widened
the inhibition zones and it also imparted the antibacterial activity to
non-activated TiOy. The highest activity, naturally, was observed for
silver-supplemented activated TiO,, for which it was on average only
twice lower than that of the positive control. The antibacterial activity
was not different for different species when no silver was added to the
system. However, with the addition of silver, species selectivity was
obtained, as the composites were more effective against the two Gram-
negative species (Escherichia coli and Klebsiella pneumoniae) than against
the two Gram-positive ones (Staphylococcus aureus and Bacillus subtilis).
The antibacterial activity also increased with the addition of silver in the
broth assay, but it was mediocre compared to that detected in the agar
assay, attesting to the poor dispersability of the powders and their best
performance when the bacterial cells migrate to the composite surface
than vice versa. The absence of any detectable amount of release of silver
ions was used to attribute the mechanism of antibacterial action of the
composite to the direct interaction of the nanoparticles with the
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Fig. 4. EDS maps for TiO, /Ag composites — a) TiO, /Ag; b) activated TiO»/Ag.
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Table 2 Table 4
Mean values of zeta potential for TiO, and TiO»/Ag samples measured under the MICs (mg/mL) of the investigated samples.
standard conditions in deionized water. Escherichia Klebsiella Staphylococcus Bacillus
Sample Mean value RSD [%] coli pneumoniae aureus subtilis
TiO, -35.7 5.3 + Control 0.03 0.03 0.06 0.06
TiO,, activated -38.6 6.9 TiO2 0.25 0.25 0.25 0.25
Ti02/Ag -36.6 5.4 Ti02 0.25 0.25 0.25 0.25
TiO, activated/Ag -31.8 6.9 activated
TiO, / Ag 0.25 0.25 0.25 0.125
TiO,
activated / 0.25 0.125 0.25 0.125
Table 3 Ag
Zones of inhibition (mm) of the investigated samples.
f;;ihemhm fﬁ;ﬁﬁae z;arizlowcm f:l:t’illlgs with appropriate microstructural alterations, the antibacterial activity
of inorganic materials in general can be made comparable to that of
+ Control 20 26 18 26 small-molecule antibiotics. Future studies will continue to explore the
TiO, / / / / e e . . . .
TiO, structural modifications in metal/metal-oxide composites in search of a
activated 9 9 9 more superior antibacterial performance.
TiO, / Ag 11 10 9 9
TiO, Declaration of Competing Interest
activated / 12 14 11 11
Ag

bacterial cell wall and the intracellular compartments. Overall, the fact
that the boost in the antibacterial activity achieved by short mechanical
activation of a metal oxide powder was of a similar magnitude as the
boost obtained by the addition of silver is promising, as it gives hope that
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Prime Novelty Statement

Titanium dioxide nanoparticles were mechanically activated and
combined with particulate silver through chemical precipitation assisted
with the ultrasound. The mechanical activation did not reduce the
particle size or crystallinity of titanium dioxide nor did it consistently
alter the bandgap, yet it enabled the doubling of the amount of silver
distributed over the material. The uniform distribution of silver across
the volume of the composite was achieved thanks to the application of
ultrasound in the silver deposition stage. Both mechanical activation
and silver addition in a rather moderate amount not exceeding 0.5 wt%
augmented the antibacterial activity of the material. Although metals
and metal oxides have subpar antibacterial activities compared to those
of small-molecule antibiotics, there are hopes that with proper compo-
sitional and structural adjustments, as well as through the careful choice
of the synthesis procedure, this gap might be bridged.
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