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This work has demonstrated the possibility of obtaining dispersed nanocompositions
based on aluminium oxide and metallic silver. The compositions can be obtained in a
single reaction cycle using precursors in the form of aqueous solutions containing
aluminium and silver nitrates and an organic component: polyvinyl alcohol, polyvinyl
pyrrolidone, glycine, glycerol. Electron microscopy and X-ray studies have shown that
silver nanoparticles are in contact with the surface of alumina aggregates containing
phases of hydrated aluminium oxide, a-Al203, low temperature modifications of
aluminium oxide. The absence of photocatalytic activity of the samples in the
degradation reactions of methyl orange dye is shown. At the same time, the obtained
samples of compositions possess antibacterial properties acceptable for practical
application. The samples obtained from precursors with polyvinyl alcohol and
polyvinylpyrrolidone, subjected to a final heat treatment at a temperature of 850 0C for
8 hours, had the best characteristics in this respect during experiments on cultures of
Escherichia coli (E. coli).
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INTRODUCTION
Currently, much attention worldwide is focused on the research of nanosized
silver particles [1-5], which possess high bactericidal properties, as well as on the
development of methods for nanoparticle production [5-9]. Such nanoparticles can be
used as external and local disinfectants, including as components of various
compositions with organic and inorganic materials, and can also be introduced into the



internal environments of the organism. Factors such as size and morphology have a
significant influence on the targeted antibacterial properties of silver nanoparticles and
their interaction with living environments; this correlation is also being actively
researched at present [2]. Variation in physical and chemical methods and conditions
for obtaining nanoparticles leads to significant differences in the shape of such particles.
The biomedical use of silver nanoparticles is not limited to the above; they can also be
applied in the field of spectroscopic studies of biological objects [7, 10].

One of the relatively simple to implement and controllable methods for obtaining
oxide nanostructured materials [11, 12] of various compositions and structural types,
including those containing metallic silver nanoparticles [13], is synthesis in combustion
reactions of nitrate-organic precursors [14-22] (Solution Combustion Synthesis — SCS).
Therefore, in this work, the possibility of obtaining nano-sized silver particles by this
method was studied. To prevent self-aggregation of silver nanoparticles, it was decided
to use a carrier. Ceramic particles were chosen as the carrier because they are not
inferior to other pharmaceutical carriers (metals, natural and synthetic polymers) in
many respects and have several advantages [23]. Thus, solid particles can easily move
through various body systems, such as blood vessels, digestive tract, pass through cell
membranes, etc., delivering drugs no worse than their polymer analogs [24]. Ceramic
particles have a large surface area to volume ratio, which ensures high drug loading, its
gradual release, and prolonged action [25]. The unique properties of such carriers
include resistance to biodegradation, stability in the human body with changes in pH
and temperature, and biocompatibility [23]. Additionally, the production process of
ceramic particles is easier, less expensive, and faster. Advances in nanotechnology
allow the production of high-purity ceramic particles with a large surface area to
volume ratio, as well as control over particle size, shape, and porosity [26].
Nanostructured aluminum oxide meets all the above requirements. It possesses
properties such as chemical inertness in the body environment, resistance to oxidation
and corrosion, mechanical strength, stability, low toxicity, and biocompatibility,
making it a promising carrier for drugs, including antibacterial ones [26]. There are
many methods for obtaining nanostructured aluminum oxide [27-29]. Moreover, it is
possible to obtain a composite that includes silver nanoparticles and aluminum oxide
in one cycle using the combustion synthesis method, which significantly simplifies the
technology and saves time. Additionally, aluminum oxide-silver nanocompositions are
considered as fillers for antibacterial fabric fibers and as antibacterial preparations.
Consequently, obtaining such a hybrid system through a simple and accessible method
will expand the possibilities for biomedical use of composites that include silver
nanoparticles. The synthesis of aluminum oxide in a dispersed state in combustion
reactions was studied by us earlier [30]. The obtained powders contained phases of
partially hydrated aluminum oxide with the composition Al ,,O s-H ,O and (Al.0 ;).
‘H , O (akdalite) [30] and were used as a nano-sized additive to reduce the sintering
temperature of technical ceramics based on aluminum oxide. It should be noted that
aluminum oxide is a biocompatible material used, for example, in dentistry and other



fields of medicine. Available data on the cytotoxicity of aluminum oxide particle
aggregates, particularly in relation to tumor cells, mainly concern systems where its
thin nanosheets are present [31, 32].

The purpose of this work is to study the possibility and features of synthesizing
aluminum oxide-silver nanocompositions in a single reaction cycle, as well as to
investigate the influence of the composition of the initial nitrate-organic precursors on
the morphology and bactericidal properties of the resulting silver-containing
nanocompositions.

EXPERIMENTAL PART

For the synthesis of aluminum oxide—silver nanocompositions, initial aqueous
solutions containing aluminum nitrate AI(NO3)3 -9H2O, silver nitrate AgNO3 (both
“ch.d.a.” qualifications), polyvinyl alcohol (PVA, medium molecular weight 11/2
GOST 10779-78, viscosity of 4% aqueous solution at room temperature) were used as
precursors. 11 sDr (0.011 Pa s), the amount of residual acetate groups 2%, molecular
weight 44,000), polyvinylpyrrolidone (PVP, molecular weight 40,000, Sigma-Aldrich,
PVP40, CAS 9003-39-8), glycine grade “H. H.” and glycerin qualification “H. D. A.".
The precursor was designed to produce a composition containing 90% by weight. %
aluminum oxide and 10% by weight % metallic silver. The stoichiometric ratio of the
organic component and nitrates was calculated based on gorenje reactions (1)—(8) with
the formation of nitrogen, carbon dioxide, and water vapor as gaseous products

2AINOs)+ 3(CoH40) = ALO+ 6CO-+ 3N+ 6H.O, (1)
10AgNO:+ 6(C;H,0) = 10Ag + 12CO+ 5N+ 12H,0, Q)
62A1(NO,).+ 30(C;HNO) = 31ALO+ 180CO+ 108N+ 135H,0,  (3)
62AgNO+ 12(C,H,NO) = 62Ag + 72CO.+ 37N+ 54H.0, )
6A1(NO3)3+ 10C.H;NO,= 3A1,0,+ 20CO,+ 14N, + 25H20, (5)
6AgNO.+ 4C;HNO= 6Ag + 8CO,+ 5N+ 10H.0, ©6)
14A1(NO3)3+ 15CH;O:= 7AL,O,+ 45CO,+ 21N+ 60H20, (7)
14AgNO3+ 6C.H;O,= 14Ag + 18CO,+ 7N+ 24H,0. (8)

When writing reactions and in calculations, molecular oxygen from the air was
not taken into account, since these combustion reactions can proceed in its absence due
to the internal oxidizer in the precursor (nitrate). In addition, even when conducting the
reaction in air, the portion of the precursor that is not on the surface and tightly adheres
to the reactor walls does not have access to the oxygen in the surrounding air. Therefore,
to describe such redox reactions (combustion of precursors) with an internal oxidizer
and "fuel," various degrees of formalized reactions can be used [33], in which the nitrate
part of the acidic composition is accounted for as nitric acid. To prepare the precursors,



two working solutions were prepared separately, containing nitrates of the
corresponding metals and an organic component. Metal nitrate solutions were prepared
by dissolving pre-calculated weights based on the combustion reaction in distilled
water. Solutions of polymeric components (PVA or PVP concentration 5 and 10 wt. %
respectively) were prepared by heating in a water bath. Glycine and glycerin solutions
were obtained by dissolving weights calculated from the combustion reaction in
distilled water. The intermediate concentrations of the solutions were not determined.
After mixing the nitrate solution and the solution of one of the organic components, the
total solution was brought to the 250.0 cm *mark with distilled water. Combustion of
precursors was carried out in porcelain dishes with heating on an electric hot plate to
initiate the combustion process. Depending on the type of organic component, the
combustion initiation temperature varied in the range of 200-250°C. Final heat
treatment was carried out in a high-temperature furnace. At the first stage, firing was
carried out for 8 hours at a temperature of 650°C. Then each of the obtained samples
was divided into two parts. The first part was studied without additional heat treatment,
while the second part of the samples was additionally kept at a temperature of 850°C
for 8 hours to study the effect of the final heat treatment temperature on the phase
composition, size, and morphology of the composite particles. X-ray phase analysis of
the samples was performed on a D8 Advance diffractometer using Cu K .-radiation in
the angle range 20° < 20 < 80°. Electron microscopy of the samples was carried out
using a Jeol JSM 6390 transmission electron microscope with a JED 2300 attachment.

To evaluate antibacterial activity, a weighed sample, ground in a mortar and
sieved, was added directly to the culture medium before autoclaving. The reference
sample — silver nitrate — was added after autoclaving before pouring the media, when
the temperature was 6-50°C. For the experiments, LB nutrient medium without sodium
chloride (10 g/L tryptone and 5 g/L yeast extract) with 1.5% agar was used. Autoclaving
was carried out for 20 minutes at 115°C. A culture of E. coli , strain TG-2, was used.
The overnight bacterial culture was diluted 10 stimes, after which 50 puL of the diluted
bacterial suspension was spread with a Drigalski spatula on the test medium — 20 mL
in a 10 cm diameter Petri dish. The next day, the grown colonies were counted (in 3 x
3 cm sections). The measurements were repeated 5 times. The significance of
differences from the control variant without the addition of powder sample or silver
nitrate was determined using the non-parametric Mann-Whitney U-test. Photography
was performed on the second day to make the colonies more visible. The optimal
volume of culture introduced and the degree of its dilution were selected in a
preliminary experiment. The tested concentration of silver ions and its nanoparticles
was 0, 0.4, 1.0, and 2.5 mM/L, taking into account its content in the samples of 10 wt%.

RESULTS AND DISCUSSION

During the synthesis of samples from precursors with PVA, PVP, glycine, and



glycerol, alumina-silver dispersed compositions were obtained, containing particles and
nanostructured aggregates based on aluminum oxide with silver nanoparticles of
different morphologies on their surface (Fig. 1, 2). Ensembles of associated particles
based on aluminum oxide have sizes acceptable for biomedical use (10-200 um), with
distinguishable individual particles of 1-5 pm within the ensembles. In this case,
biomedical use implies the application of these composites as fillers for antibacterial
fabric fibers and local antiseptic preparations. The specified particle size range (1-200
um) is acceptable for using composites for these purposes [34]. According to X-ray
phase analysis, in addition to metallic silver, the nanostructured aggregates contain such
Al-containing phases as hydrated aluminum oxide [30], a-Al . O ;, low-temperature
modifications of Al ,O ;. The microphotographs show that silver nanoparticles are
distributed over the aluminum oxide surface, closely adhering to this surface. The size
and shape of silver particles, as well as the nature of their distribution over aluminum
oxide particle aggregates, largely depend on the organic component used in the
synthesis. For instance, in samples obtained from precursors with PVA and PVP at 650
and 850 °C (Fig. la-1d, 2a-2d), silver particles have a plate-like shape, with sizes
varying in the range of 1-10 um. In the sample obtained with glycerol at 850 -C (Fig.
2g, 2h), silver plates have smaller sizes and a needle-like shape. In samples synthesized
using glycine (Fig. le, 1f, 2e, 2f), silver particles were strongly aggregated on the
aluminum oxide surface, forming aggregates from 1-5 pm. With increasing final heat
treatment temperature of samples with PVA and glycerol, the sizes of aluminum oxide
particle aggregates and silver plates located on them decreased, while for samples with
PVP and glycine, they increased. In the microphotographs, silver appears lighter. In
addition to the plate-like silver forms described above, the samples contain nanoscale
particles of a more rounded shape (Fig. 1, 2). Such particles range from 10 to 100 nm,
which fits into the generally accepted concepts of nanoscale objects. It can be assumed
that the presence of metallic silver formations of different morphologies and sizes in
the obtained composite material contributes to enhancing the bactericidal properties of
the material at different stages of its impact on biological environments. The smallest
nanoparticles provide the necessary rapid action against harmful bacteria in the first
moments of contact with the biological environment, while larger nanoparticles can
maintain the long-term dynamics of prolonged bactericidal effects.

The presence of nanoscale silver particles and their uniform distribution on the
surface of aluminum oxide particles and aggregates were determined using energy-
dispersive analysis (Fig. 3, 4).

X-ray phase analysis of the samples showed the presence of metallic silver (COD
ID: 1100136) in all studied samples (Fig. 5). In samples heat-treated at 650°C, the
presence of mixed phases of hydrated aluminum oxide can be assumed (Fig. 5a, 5b),
whereas for samples maintained at 850°C (Fig. 5c, 5d), such Al-containing phases as
hydrated aluminum oxide [30], a-Al ,O ;(COD ID: 1000017), and low-temperature
modifications of Al O ;were found. The low-temperature modifications of aluminum
oxide include y-, n-, and %-Al ,O ;, obtained by calcination at a temperature of 500—



700°C of boehmite, bayerite, and hydrargillite, respectively [31, 32, 35]. The difference
between low-temperature modifications of aluminum oxide is negligible, and there is
no reliable identification method [36], therefore, within the framework of this work, the
content of specific low-temperature modifications was not determined. In the
experimental X-ray diffraction patterns (Fig. 5c, 5d), the possibility of forming the
high-temperature phase a-Al ,O ;is indicated by maxima at scattering angles of ~25°
and ~35°, which are not characteristic of low-temperature modifications [37]. The
presence of spinel-type modifications is indicated by maxima at ~34° and ~39°, which
are not characteristic of a-Al,O ;[38]. The appearance of a maximum at ~20° (Fig. 5d)
indicates that some aluminum atoms occupy "non-spinel" positions [38].

Evaluation of the antibacterial activity of the obtained nanocompositions showed
positive results (Fig. 6). As expected, the synthesis conditions of the compositions
affect their target properties. Compositions obtained from precursors containing PVA
and PVP as an organic component, whose final heat treatment was carried out at a
temperature of 850°C, possess maximum bactericidal characteristics; they inhibit the
growth of E. coli colonies similar to silver nitrate (Table 1). Additionally, with an
increase in the final heat treatment temperature, an increase in antibacterial activity is
observed for all compositions. Samples of aluminum oxide obtained under conditions
similar to these compositions, but not containing silver, do not possess bactericidal
activity under the conditions of the conducted experiments. It should be noted that in
the temperature range of heat treatment of the obtained samples, dehydration of
aluminum oxide occurs, as evidenced by the appearance of its anhydrous forms. It
cannot be excluded that during this process, the formation of aluminum oxide particles
with the most optimal properties, having the form of plates, occurs as a carrier for highly
dispersed silver. Silver particles in this case also acquire the form of nanoplates. The
authors [39] note increased cytotoxicity of particles in the form of nanoplates. At the
same time, higher heat treatment temperatures as they approach the melting point of
silver will lead to its self-aggregation. Therefore, the upper range was limited to 850°C.
Thus, it can be assumed that a morphology is more preferable in which silver particles
in the form of thin small plates closely adhere to the aggregates of aluminum oxide
particles, distributing over their surface, which is observed in the case of PVA and PVP
samples held at a higher temperature. The experimental results show that the obtained
compositions have prospects for use, for example, as a filler for antiseptic materials.

Table 1 presents for comparison the values of antibacterial activity of silver
nitrate solution as an effective bactericidal agent used in medicine as a local antiseptic,
antibacterial drug, etc. [40]. The data on colony growth for aluminum oxide containing
no silver additives is presented. The obtained data indicate the absence of antibacterial
activity in pure aluminum oxide.

It is important to note a key point. Obtaining aluminum oxide-silver
compositions in one cycle simplifies the technology, saving time and energy. In
addition, the combustion process of nitrate-organic precursors releases significantly
less harmful substances (carbon monoxide, nitrogen oxides) [12] into the environment



compared to, for example, thermal decomposition of salt forms themselves. This is
achieved through the redox interaction of precursor components simultaneously with
the catalytic effect of intermediate and target solid-phase products on the released
gaseous products [11]. In particular, this may initiate a reaction between carbon
monoxide and nitrogen oxides to form molecular nitrogen and low-toxic carbon dioxide

[11].

CONCLUSION

The conducted studies have established the possibility of obtaining
nanocompositions containing aluminum oxide and metallic silver particles from nitrate-
organic precursors in a single reaction cycle. Such compositions have particle sizes
acceptable for practical application and high bactericidal activity, which has been
demonstrated in experiments with Escherichia coli ( E. coli ) cultures. The biological
activity of the obtained samples varies depending on the conditions of their preparation.
The materials obtained from precursors with PVA and PVP after additional heat
treatment at 850°C possess the best characteristics. The synthesis of antibacterial
compositions in a single cycle from nitrate-organic precursors through the
implementation of their combustion process followed by heat treatment simplifies the
production method and reduces harmful emissions into the atmosphere, creating
savings in time and energy costs. The majority of available literature data indicates the
relative safety of aluminum oxide for animal and human organisms, although there is
some information about its negative effects [41]. Therefore, one of the most promising
areas for the application of this composite with bactericidal properties may be its use
as a filler for antibacterial fibers (fabrics).

Possible mechanisms of silver's bactericidal action include the generation of
reactive oxygen species in water-containing media [1]. For this reason, it is of interest
to study the possibility of testing the photocatalytic activity of silver nanoparticles of
various morphologies in relation to the degradation (decolorization) reactions of
organic dyes [42, 43], similar to Fenton reactions [35, 44], as well as (if such activity
is established) comparing it with antibacterial properties. In this regard, a promising
research direction is the development of an indirect method for evaluating bactericidal
activity based on the photocatalytic activity of silver-containing materials.
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Table 1. Effect of preparations on test culture growth, percentage ratio of colony forming units in the
sample to colony forming units in the control experiment

Sample [Ag], mM
0 0.4 1 2.5
Control (no additives) 100+2.2 - - -
Al.O; 100 +2.3 - - -
AgNO ; 100 +2.2 100 + 8.6 52.8+4.4- 0+£0-
Al,0;(90 wt.%), Ag (10 100 +2.2 48.5+7.8" 0+0- 0£0°

wt.%), PVP, 8 h, 650-C

Al,0 5(90 wt.%), Ag (10 100 +2.2 77+ 12° 040 0+0°
wt.%), PVA, 8 h, 650 -C

Al,0;(90 wt.%), Ag (10 100+2.2 77.6+£7" 85+4.5" 0+0-
wt.%), glycine, 8 h, 650 -C

Al:,0;(90 wt.%), Ag (10 100+2.2 81.6+4- 75+£2 0£0"
wt.%), glycerol, 8 h, 650 °C

Al1,0,(90 wt.%), Ag (10 100 + 2.2 0£0° 040 040
wt.%), PVP, 8 h,
650 +C; 8 h, 850 °C

Al1,0,(90 wt.%), Ag (10 100 £ 2.2 0£0° 040 040
wt.%) PVA, 8 h, 650 °C; 8 h,
850 «C

Al:,0;(90 wt.%), Ag (10 100 +2.2 81.7+£3~ 0+0- 0+0-
wt.%), glycine, 8 h, 650°C; 8
h, 850°C

Al,0;(90 wt.%), Ag (10 100+2.2 69+10" 0+0- 0+0-
wt.%), glycerol, 8 h, 650°C;
8 h, 850°C

‘Differences are significant from control at p < 0.01.



FIGURE CAPTIONS

Fig. 1. SEM images of Al ,O ;-Ag samples synthesized from precursors with
different organic components: a, b - PVA, 650 °C; ¢, d - PVP, 650 °C; e, f - glycine,
650 °C; g, h - glycerol, 650 °C.

Fig. 2. SEM images of Al ,O ;-Ag samples synthesized from precursors with
different organic components: a, b - PVA, 850 °C; ¢, d - PVP, 850 °C; e, f - glycine,
850 °C; g, h - glycerol, 850 °C.

Fig. 3. Energy dispersive analysis results of Al .O ;-Ag sample, PVP, 650 °C: a
- SEM image; chemical element distribution maps: b - Al, ¢ - Ag, d - O; e - energy
dispersive spectrum.

Fig. 4. Energy dispersive analysis results of Al ,O ;-Ag sample, glycerol, 850 °
C: a - SEM image; chemical element distribution maps: b - Al, c - Ag, d - O; e - energy
dispersive spectrum.

Fig. 5. X-ray diffraction patterns of Al , O ;-Ag samples synthesized from
precursors with different organic components: a - PVA, 650 °C; b - PVP, 650 °C; ¢ -
PVA, 850 °C; d - PVP, 850 °C (line diagrams indicate phases of metallic silver (COD
ID: 1100136) (black), a-Al ,O ;(COD ID: 1000017) (blue)).

Fig. 6. Concentration dependences of the percentage ratio of colony-forming
units in the studied samples synthesized with different organic components to the
number of colony-forming units in the control experiment.
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Fig. 1. SEM images of Al ,O ,—Ag samples synthesized from precursors with various organic
components: a, b— PVA, 650-C; c,d — PVP, 650 -C; e, f— glycine, 650 -C; g, h — glycerol, 650 -C.
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Fig. 2. SEM images of Al ,O ;—Ag samples synthesized from precursors with various organic
components: a, b— PVA, 850-C; c,d — PVP, 850 -C; e, f— glycine, 850 -C; g, h — glycerol, 850 -C.
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Fig. 3. Results of energy-dispersive analysis of Al.O ,—Ag sample, PVP, 650 -C: a— SEM image;
chemical element distribution maps b — Al, c — Ag, d — O; e — energy-dispersive spectrum.
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Fig. 4. Results of energy-dispersive analysis of Al,O ,—Ag sample, glycerol, 850 :C: a— SEM
image; chemical element distribution maps b — Al, ¢ — Ag, d — O; e — energy-dispersive spectrum.
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Fig. 5. X-ray diffraction patterns of Al .O ;—Ag samples synthesized from precursors with various
organic components: a — PVA, 650 :C; b — PVP, 650 -C; ¢ — PVA, 850 :C; d — PVP, 850 -C (dash
diagrams indicate phases of metallic silver (COD ID: 1100136) (black), a-Al ,O ,(COD ID:
1000017) (blue)).
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Fig. 6. Concentration dependences of the percentage ratio of colony-forming units in the studied
samples synthesized with various organic components to the number of colony-forming units in the
control experiment.



