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Abstract—We study the photocatalytic activity of nanocomposites based on θ-phase alumina (Al2O3) with
different TiO2 concentrations for heterogeneous photocatalysis and biodestruction of pathogenic microor-
ganisms under action of LED radiation with a wavelength of 405 nm. It is found that all studied nanocom-
posites have photocatalytic activity. The maximum antibacterial activity (a decrease in the CFU of
Staphylococcus aureus 209 P to 86%) is observed for composites with a TiO2 concentration of 8 wt %, which
allows us to recommend this nanomaterial as a promising antimicrobial coating.
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INTRODUCTION
As is admitted by the world medical community,

the unnecessary use of antibiotics, which was enor-
mous during the COVID-9 pandemic, may have a
long-term complex effect on the resistance of infec-
tious bacterial agents to antimicrobial drugs [1]. The
effect of various modern nanomaterials is based on
fundamentally different antibacterial mechanisms and
thus do not allow bacterial cells to form resistivity to
these materials [2].

Among these mechanisms are photodynamic or
photocatalytic antimicrobial effects [3–9]. The pho-
todynamic antibacterial effect is based on the ability of
various endogenic or exogenic dyes (photosensitizers)
to produce in an irradiated biological medium free
radicals (reactive oxygen species (ROSs)), which
cause peroxidation of lipids, destruction of mem-
branes, and distortion of the DNA structure and
organelles of microorganisms [3, 4]. The photocata-
lytic antimicrobial mechanism is associated with the
transition of a valence electron under light irradiation
to the conduction band of the photocatalytic material,

which also leads to the formation of ROSs, mainly
hydroxyl radicals (·OH), which play the role of holes
in aqueous media and cause oxidation of biological
molecules [5–10]. Photocatalysis with the use of oxide
metals is more and more frequently used in antibacte-
rial therapy, because of which the search for new
promising nanocomposites (NCs) is an actual prob-
lem of modern science.

Aluminum oxide exists in several modifications,
the most widespread being α-, γ-, and θ-modifica-
tions, which differ from each other in density and band
gap width [11–19]. The θ-phase is most frequently
used in photocatalysis [7, 11, 13], while the properties
and photocatalytic efficiency of the other Al2O3 phases
are studied insufficiently. In contrast, TiO2 is used in
many industrial fields and in medicine, and its photo-
catalytic properties are rather well studied [10, 20–28].
Comparison of the antibacterial activity of pure
θ-Al2O3 and NCs with different concentrations of
nanodispersed TiO2 will make it possible to determine
the optimal composition and morphology of compos-
ites for their application.

BIOPHOTONICS
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MATERIALS AND METHODS

Nanocomposites

TiO2–Al2O3 composites with average concentra-
tions of single TiO2 nanoparticles of 8 (NC-1), 16
(NC-2), and 24 wt % (NC-3) were fabricated by the
method described previously in [29, 30]. At the first
stage, the initial samples of highly porous 3D mono-
lithic nanostructures consisting of aluminum oxyhy-
droxide (Al2O3· 3.6H2O) were grown at room tempera-
ture in a humid atmosphere by oxidation of aluminum
on the surface of a liquid mercury layer on high-purity
metal aluminum plates. Then, all samples obtained
were thermally treated in air at 1150°C for 4 h to
achieve the desired structural-phase state—θ-Al2O3
[31, 32]. At the second stage, TiO2–Al2O3 nanocom-
posites were formed. For this purpose, we used a sol–
gel reactor with an ultrafast micromixer at 20°C to
synthesize titanium oxoalkoxide nanoparticles with a
size of 5.2 ± 0.5 nm. The reactive medium contained
titanium tetraisopropoxide with  = 0.146 M and
water with a hydrolysis ratio H = / = 2.2. The
photocatalysts were obtained by repetitive cycles of
impregnation/drying of 3D matrices of θ-Al2O3,
which allowed us to control the total weight of sedi-
ment TiO2 nanoparticles. At the final stage, NCs were
thermally treated at 550°C for 4 h for crystallization of
TiO2 anatase domains. We have previously shown that
single TiO2 nanoparticles 5 nm in size deposited on an
aluminum oxide surface begin to crystallize in the
anatase phase at a temperature increased to 550°C,
while the rutile phase appears only at temperatures of
about 1100°C [33]. The presence of some amount of
amorphous TiO2 nanoparticles in the samples cannot
be excluded. It is noted that strong covalent bonds are
formed at the impregnation stage between hydroxyl-
ated titania and alumina centers. According to our
previous results [29, 30], the specific material area
(115 m2/g) does not depend on the degree of impreg-
nation by nanoparticles. The weight of sediment TiO2
nanoparticles was measured by the method of ammo-
nium sulfate (NH4SO4) decomposition into H2SO4;
for comparison, we used a θ-Al2O3 sample without
impregnation by titanium oxide.

Bacterial Culture and Photoirradiation Technique

We studied an archival S. aureus 209 P strain from
the collections of the Tarasevich State Institute of
Standardization and Control of Biomedical Prepara-
tions (Moscow, Russia). We used 24-h cultures grown
on the universal nutrient medium GRM-agar (Obo-
lensk, Russia).

As a radiation source, we used an experimental
setup based on a cw light-emitting diode (LED) with a
wavelength of 405 nm and a line halfwidth of 10 nm.
The power density on the object was 17 mW/cm2, and

TiC
WC TiC

the exposure times were 5, 10, 15, and 30 min (irradi-
ation energy density was 5.1, 10.2, 15.3, and
30.6 J/cm2, respectively).

The experimental scheme, which was previously
described in [19], was adapted to work with NCs. A
bacterial suspension 1 mL in volume was added into a
polystyrene plate well with an average diameter of
10 mm containing the studied materials in the form of
plates 8 mm in diameter and 2 mm thick. The obtained
mixture was kept in dark for 30 min. Then, the suspen-
sion was irradiated during 5, 10, 15, or 30 min. After
irradiation, the culture with a volume of 0.2 ml was
poured into Petri dishes with a dense nutrient
medium.

The results were estimated by calculating the num-
ber of colony forming units (CFU) 24–48 h after incu-
bation at 37°C. As a reference, we used the colony-
forming ability of unirradiated bacteria in the absence
of NCs.

RESULTS AND DISCUSSION
At the first stage, we estimated the toxicity of NCs

in dark depending on the incubation duration (Fig. 1).
It is found that the interaction of Al2O3 samples with-
out TiO2 with bacterial cells during 30–120 min leads
to an insignificant (no more than 17%) decrease in the
number of CFUs. Incubation of the S. aureus 209 P
suspension in the presence of this sample prolonged to
150 min caused a slightly more pronounced decrease
(to 34%) in the number of these microorganisms.

A similar dynamics of the bacteria population was
observed for samples containing 8 and 24 wt % of
TiO2. The most pronounced toxic effect on S. aureus
209 P was demonstrated by the NC sample containing
16 wt % of TiO2, namely, we observed a 58% decrease
in the number of CFUs in the case of incubation for
30 min and a 84% decrease in the case of incubation
for 180 min.

For proper estimation of the photocatalytic activity
of NCs, it was necessary to determine the sensitivity of
the microorganisms under study to the 405-nm LED
radiation alone. It was shown that a decrease in the
number of S. aureus 209 P bacteria is 25% after 15-min
irradiation and 31% after irradiation for 30 min. The
sensitivity of the bacterial structure to the action of the
LED radiation at 405 nm is explained by the fact that
staphylococcus cells contain endogenous porphyrins
[3, 34, 35], which have the absorption maximum in
the violet range of the visible spectrum (400–415 nm).
Violet radiation with a power density of about
100 mW/cm2 exerts a bactericidal effect [35], while
radiation with a power density of 30–70 mW/cm2 sup-
presses the population of bacteria by no more than
30%, which was also noted in our previous works [20,
21, 28]. The use of a decreased radiation power density
makes it possible to selectively affect target cells
related to NCs by activating photocatalytic processes
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without considerable direct destructive effect on
microorganisms.

In the course of investigation of the photocatalytic
properties of the NCs, it was found that they have a
high antibacterial activity with respect to S. aureus 209
P (Fig. 2).

The photocatalytic activity of our samples also
depended on the presence of TiO2. Irradiation for
30 min together with the action of Al2O3 NCs without
TiO2 caused a decrease in the number of bacteria by
83%, while the suppression of the bacterial growth in

the presence of TiO2 with concentrations of 16 and
24 wt % reached 53% and 75%. The most intense sup-
pression of the growth of bacterial populations (by
86%) was achieved for the NC sample containing 8 wt %
of TiO2. In all cases, the decrease in the number of
S. aureus 209 P CFUs was dependent on the radiation
dose.

Despite the fact that the photocatalytic properties
of Al2O3 are poorly studied, it is known that this mate-
rial has some advantages over other metal oxides. Pure
Al2O3 has a low cytotoxicity compared to such materi-

Fig. 1. Change in the amount of CFUs of S. aureus 209 P in the presence of Al2O3 nanocomposites with increasing incubation
duration: (Al2O3-blank) θ-Al2O3 nanocomposites; (NC-1) nanocomposites containing θ-Al2O3 and 8 wt % of TiO2 nanoparti-
cles; (NC-2) nanocomposites containing θ-Al2O3 and 16 wt % of TiO2 nanoparticles; and (NC-3) nanocomposites containing
θ-Al2O3 and 24 wt % of TiO2 nanoparticles.
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Fig. 2. Change in the amount (%) CFUs of S. aureus 209 P due to photocatalytic activity of Al2O3 nanocomposites: (405 nm)
irradiation by a violet LED; (Al2O3-blank) violet radiation and nanocomposites containing θ-Al2O3; (NC-1) violet LED radia-
tion and nanocomposites containing θ-Al2O3 and 8 wt % of TiO2 nanoparticles; (NC-2) violet radiation and nanocomposites
containing θ-Al2O3 and 16 wt % of TiO2 nanoparticles; and (NC-3) violet LED radiation and nanocomposites containing
θ-Al2O3 and 24 wt % of TiO2 nanoparticles.
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als as CeO2, TiO2, and ZnO. In particular, comparison
of the dark toxicity to human cells revealed that ZnO
is most toxic, while Al2O3 turned out to be nontoxic
even in the case of long-term action [11]. However,
study of Al2O3/ZnO NCs [12] showed that they have a
higher toxicity than each individual material [12].

Investigations show that pure Al2O3 nanoparticles
also have a low photocatalytic activity upon irradia-
tion. Namely, it was shown for seven strains of micro-
organisms that Al2O3 had the lowest antibacterial
activity among the studied Al2O3, CuO, Fe3O4, and
ZnO nanoparticles [13].

To increase the photocatalytic activity, Al2O3 are
doped with other materials, which makes it possible to
achieve the optimal band gap and minimize the loss
due to the recombination of photoinduced charges.
The Al2O3/TiO2 composites belong to the most active
photocatalysts. Although the optimal ratio of these
oxides has not yet been determined, many investiga-
tions clearly prove an increase in the photocatalytic
activity [14, 29, 30]. For example, study of the antimi-
crobial photocatalytic activity of Al2O3/TiO2 compos-
ites revealed biodestruction of Escherichia coli micro-
organisms and a higher production of ROSs [15] in
comparison with individual components. Apart from
titanium dioxide, Al2O3 is doped with other elements,
such as silver, nickel, silicon, and nitrogen. Antimicro-
bial photocatalytic action of these materials on some
enteropathogenic bacteria and viruses was shown in
several works [16–19].

Our study showed that θ-Al2O3 is promising as a
photocatalytic antibacterial material. Pure Al2O3 NCs
demonstrated a rather low dark toxicity and a suffi-
ciently high photocatalytic activity, which makes them
applicable for targeted destruction of microorganisms
under action of light.

It was shown in some studies that doping of TiO2
nanoparticles with various metals and metal oxides, as
well as doping of nanomaterials with hydrogen or
nitrogen, shifts their absorption spectrum to the visi-
ble region [21, 22, 36–38]. This allows activation of
photocatalytic processes not by UV radiation, which
negatively affects all living cells, but by radiation with
a wavelength in the range of 390–470 nm, which
selectively affects only the “bacterial cell–nanoparti-
cle” system.

Other factors contributing to the catalytic ability of
nanoparticles are their size, band gap width, and light
diffusion in the material [38–40]. In our study, the
highest photoactivity was demonstrated by composites
with the lowest concentration of TiO2 nanoparticles
(8 wt %). The presence of 5-nm anatase TiO2 nanopar-
ticles in a dense branched network of ∼140-nm Al2O3
wires may increase the total reactivity of the material
due to light scattering. We may suggest that the men-
tioned concentration of TiO2 nanoparticles is favor-
able for this process. In addition, an excess concentra-

tion of TiO2 nanoparticles also can lead to quenching
of generated radicals (ROSs) [10].

Comparing the data obtained with the results of
previous studies [28, 29], we can assert that the smaller
size of TiO2 nanoparticles (5 nm versus 25–100 nm) is
responsible for more pronounced suppressive action
on staphylococcus cells. It is also necessary to note
that sintering of TiO2 nanoparticles at temperatures
exceeding 900°C (in the case of our NCs, up to
1115°C) decreases the band gap from 3.43 to 3.14 eV
[38], which enhances the photocatalytic properties of
materials for visible radiation.

The data obtained are of scientific and practical
interest because they open the possibility of using vio-
let LEDs for controlled suppression of bacterial popu-
lations; the photocatalytic activity of created NCs
depends on some parameters and characteristics of
their nanoparticles, which makes it possible to control
the photocatalytic properties of NCs.
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