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BIONANOTECHNOLOGY OF SELENITE IONS
RECOVERY INTO NANOSELENIUM BY PROBIOTIC
STRAINS OF LACTOBACTERIA AND TOLERANCE
OF LACTOBACTERIA TO SODIUM SELENITE

Green synthesis of nanoparticles (NPs) using living cells is a promising and new tool in bionanotechnology. Chemical
and physical methods are used to synthesize NPs, but biological methods are preferred because of their environmentally
friendly, clean, safe, cost-effective, simple, and efficient sources for high productivity and purity. Aim. To investigate the
processes of bioreduction of selenite ions into nanoselenium by probiotic strains of lactobacilli Lactobacillus plantarum
IMV B-7679 and L. casei IMV B-7280. Methods. Cultivation of lactobacilli L. plantarum IMV B-7679 and L. casei
IMYV B-7280 was carried out in vials (500 cm?) on a rotary shaker (220 rpm) at 30 °C for 2 days on the Man, Rogosa,
and Sharpe (MRS) broth nutrient medium. Sodium selenite was additionally added to the environment in different
concentrations from 1 to 30 ppm by Se. The number of viable bacterial cells in 1 mL of suspension was determined by the
method of limiting dilutions in the case of sowing aliquots on a nutrient medium containing 0.2% agar-agar. Cultures
of L. plantarum IMV B-7679 or L. casei IMV B-7280 were grown in the liquid MRS broth medium with low pH in the
presence or absence of Na,SeO,. The concentration of sodium selenite ranged from 1 to 30 ppm by Se level. The number
of microorganisms was determined by inoculation (0.1 mL of suspension) in dense media on cups with MRS agar me-
dium, and the seeding dose was 107 cells/Petri dish. The tolerance of lactobacilli to the selenite ions was evaluated by the
decrease in the number of CFU when sowing aliquots taken from culture samples grown in the presence or absence of
selenite. The results of the experiments were presented in CFU and transferred to Log CFU/cm?. The characteristics of
Nano-Se were studied using transmission electron microscopy (TEM). Results. It was found that after 48 h incubation in
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an MRS medium with the addition of sodium selenite from 1 to 30 ppm, the culture of L. plantarum IMV B-7679 was the
most resistant. Thus, enrichment of the culture medium with 30 ppm of Se in the Na,SeO, composition led to a decrease
in the number of L. plantarum IMV B-7679 to 5.17 + 0.09 Log CFU/cm? against 4.41 + 0.11 Log CFU/cm? for L. casei
IMV B-7280 in the control. The use of lower concentrations (1—3 ppm of Se in Na2SeO3) did not affect the change in
morphology and cultural properties of L. plantarum IMV B-7679. The ability of L. casei IMV B-7280 and L. plantarum
IMV B-7679 cultures to grow on MRSA nutrient medium in the presence of 3 ppm Se was shown. Higher tolerance to
sodium selenite was found for L. plantarum IMV B-7679. Thus, increasing the concentration to 30 ppm of Se in the form
of Na,SeO, led to a decrease in the viability of only the culture of L. casei IMV B-7280. That is, the studied lactobacilli
showed different ability to grow in the presence of selenite ions. The formation of round electron-dense granules sizing
from 30 nm to 250 nm was observed using TEM. Both probiotic strains showed the ability to restore selenite ions with
the accumulation of intracellular Nano-Se and the release of Nano-Se into the culture medium, which was accompanied
by color shifts from yellowish to red-brown. The partial destruction of L. casei IMV B-7280 cells under the influence of
oxyanions was revealed, which was accompanied by the release of culture-synthesized electron-dense Nano-Se particles.
Conclusions. The optimal conditions for the growth of L. plantarum IMV B-7679 and L. casei IMV B-7280 in the pres-
ence of Na,SeO, were established, and it was proved that lactobacilli have different abilities to grow in the presence of
selenite ions. The obtained data indicate that the investigated probiotic strains showed the ability to restore selenite ions
along with the accumulation of intracellular Nano-Se and the release of Nano-Se into the culture medium.
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The statement of the problem and analysis of
the latest research. Green synthesis of nanopar-
ticles (NPs) using living cells is a promising and
new tool in bionanotechnology. Chemical and
physical methods are used to synthesize NPs,
but biological methods are preferred owing to
their environmentally friendly, clean, safe, cost-
effective, simple, and efficient sources for high
productivity and purity. Intra- or extracellular
biosynthesis of NPs can be achieved by many bi-
ological entities, including bacteria, fungi, yeast,
algae, actinomycetes, and plant extracts [1].
Selenium is an irreplaceable trace element
that plays a vital role in the growth and develop-
ment of living organisms. It is of great interest
as a therapeutic factor without significant side
effects at optimal doses. Selenium nanoparti-
cles can be obtained by physical, biological, and
chemical methods [2]. Biogenic green synthesis
of nanoparticles shows an advantage compared
to the other methods as it is environmentally
friendly, quite reproducible, and easily available.
Nanoparticles obtained by the method of green
synthesis are able to be metabolized biologically
[3, 4]. Some bacteria can reduce selenite/selenate
to nanoselenium, so they are used as nanofacto-
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ries that provide a new approach to the reduc-
tion of metalloid ions and the synthesis of mate-
rials with unique properties [1, 5].

So, nitrate-reducing bacteria Bacillus ryziter-
rae sp. were used for the intracellular reduction
of selenite to selenium nanoparticles [6]. Recent-
ly, the synthesis of selenium nanoparticles by
Lactobacillus casei ATCC 393 was investigated,
and the formation of red selenium nanoparticles
with a size of 50-80 nm, which accumulate in the
bacterium intracellularly, was established [7].

As known, bacteria reduce SeO,”~ to insolu-
ble elemental selenium (Se?) with the help of sel-
enate reductases [8]. However, the ability to form
biogenic nano-Se particles is a strain character-
istic of the culture. Thus, lactobacilli have oxido-
reductase systems for regulating the concentra-
tion of metals and metalloids. The penetration
of metals into the bacterial cell occurs with the
help of the membrane system of electron trans-
port and reducing enzymes. Selenate can have
two possible metabolic pathways: dissimilatory
reduction of selenates accompanied by the for-
mation of elemental selenium and assimilatory
reduction of selenium accompanied by the for-
mation of volatile selenium and/or organic sele-
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nium compounds. The final products of dissimi-
latory reactions in various types of bacteria are
red biogenic Nano-Se particles [9, 10].

The purpose of the study. The purpose of
these experiments was to study the processes of
bioreduction of selenite ions by probiotic strains
of lactobacilli L. plantarum IMB B-7679 and
L. casei IMV B-7280, which can be used for the
green synthesis of selenium nanoparticles and
their prospects for biotechnological application.
The strains were obtained from the collection
of microorganisms at the Zabolotny Institute
of Microbiology and Virology of the National
Academy of Sciences of Ukraine.

Materials and methods. Cultivation of lac-
tobacilli was carried out in vials (500 cm?) on a
rotary shaker (220 rpm) at 30 °C for 2 days on
the nutrient medium Man, Rogosa, and Sharpe
(MRS) broth (Condalab, Spain). Sodium selenite
was added to the environment in different con-
centrations from 1 to 30 ppm by Se. The number
of viable bacterial cells in 1 cm? of suspension
was determined by the method of limiting di-
lutions in the case of sowing aliquots on a nu-
trient medium containing 0.2% agar-agar [11].
Cultures of L. plantarum IMV B-7679 or L. ca-
sei IMV B-7280 were grown in a liquid MRS
broth medium with low pH in the presence or
absence of Na,SeO,. The concentration of so-
dium selenite ranged from 1 to 30 ppm by Se
level. The number of microorganisms was deter-
mined by inoculation of 0.1 cm? of suspension
in dense media on Petri dishes with MRS agar,
and the seeding dose was 107 cells/Petri dish.
The tolerance of lactobacilli to the influence of
selenite ions was determined by the decrease in
the number of CFU when sowing aliquots taken
from culture samples that grew in the presence
of selenite or in its absence. The results of the ex-
periments were presented in the CFU and trans-
ferred to the Log CFU/cm?. The characteristics
of Nano-Se were studied using transmission
electron microscopy (TEM) with a JEM-1400
electron microscope (Japan).
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Results. Under the influence of sodium sel-
enite in the case of enrichment of the culture
medium, a change in the color of the culture me-
dium of lactobacilli was observed. Table 1 pres-
ents the results of the study of the influence of
sodium selenite by the level of Se (ppm) in its
composition on the growth of lactobacilli under
cultivation conditions for 48 h at 30 °C.

It was found that after 48 h of incubation on
the MRS medium with the addition of sodium
selenite from 1 to 30 ppm, the culture of L. planta-
rum IMV B-7679 was the most resistant. Enrich-
ment of the culture medium with 30 ppm of Se in
Na,SeO, led to a decrease in the number of L. plan-
tarum IMV B-7679 — t0 5.17 + 0.09 Log CFU/cm?
against 4.41 + 0.11 Log CFU/cm? for L. casei IMV
B-7280.

A change in the color of the culture medium
of microorganisms growing in the presence of
Na,SeO, to different shades of red-brown is a
characteristic sign of the formation of biogenic
nanoselenium (Nano-Se) [12].

Determination of the impact of selenite ions
on the growth of lactobacilli. To study the influ-
ence of selenium in an ionic form on the growth
of L. plantarum IMV B-7679, the growth curve
of this strain was built under normal condi-

Table 1. The influence of sodium selenite
by the level of Se (ppm) in its composition
on the growth of lactobacilli (M + m, n=3)

Cultivation medium + Cultures of lactobacilli, Log CFU/cm?
selenium concentration L. plantarum L. casei IMV
(ppm) IMV B-7679 B-7280
MRS control 7.65 + 0.08 8.79 +£0.22
MRS +1 7.36 +0.21 8.63 +0.18
MRS +3 6.36 +0.18 7.92 +0.12
MRS + 5 6.36 + 0.06 6.41 +0.14
MRS +10 5.30 £ 0.07 5.79 £ 0.05*
MRS +30 5.17 £ 0.09* 441 £0.11*

* — statistically significant changes compared to control
(cultivated cultures without sodium selenite addition),
P >0.01.
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Fig. 1. L. plantarum IMV B-7679 strain growth curve

tions (Fig. 1). For the growth of L. plantarum
IMV B-7679, there was used an MRS nutrient
medium without introduction of inorganic sele-
nium carriers. An important task was to check
and compare the intensity of lactobacilli biomass
on the standard nutrient medium of MRS under
the conditions of normal and, in the case of in-
troduction, different doses of sodium selenite.
Under the condition of the norm, the lag-phase
was not lasting because of physiologically young
culture; the linear growth phase lasted 10—11
h. The phase of the slow growth of L. plantarum
IMV B-7679 lasted 4—5 h. The stationary phase
began at 15 h, and the culture growth curve
came to the plateau. After 30 h, the death phase
of L. plantarum IMV B-7679 began.

The impact of selenite ions on the growth
of L. plantarum IMV B-7679 and L. casei IMV
B-7280 was was studied in presence from 1 to
10 ppm sodium selenite. As a sowing material,
there was used a crop from the exponential phase
of growth on MRS nutrient medium. An impor-
tant task of this work was to study the impact of
sodium selenite by Se in its composition on the
growth of L. casei IMV B-7280 and L. plantarum
IMV B-7679. The research results have found
that the dose of Se in sodium selenite impacts on
the growth of lactobacilli, and sodium selenite
inhibits the growth of bacteria starting from 24
h of observation. Further studies have revealed a
gradual decrease in the concentration of bacteria
by 48 h of observation. The change in the color of
the environment under the influence of Na,SeO,
when cultivating lactobacilli was noted in the
transition from the logarithmic phase of growth
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of crops to a stationary, which is consistent with
other data [13].

The extension of the lag phase takes place
under the conditions of enrichment of the cul-
tural environment with sodium selenite by Se
(3—5 ppm) in the case of L. casei IMV B-7280 or
L. plantarum IMV B-7679 cultivation. It is known
[13] that the enrichment with Na,SeO, for Azo-
spirillum brasilense, which is capable of restoring
selenite to biogenic nanoselenium (Nano-Se),
leads to the extension of the lag phase. The syn-
thesis of Nano-Se Bacillus subtilis has been inves-
tigated [14]. The authors note that reduction of
SeO,* ions can begin during the transition from
the logarithmic growth phase to the stationary
one [13]. Under the influence of the investigated
lactobacteria, the transformation of sodium sel-
enite with the formation of biogenic Nano-Se was
observed, which was accompanied by a decrease
in the viability of bacteria. Note that the enrich-
ment of the culture medium with Na,SeO, was
accompanied by a significant decrease in the bio-
mass of L. casei IMV B-7280.

According to the obtained data, the optimal
conditions for the growth of L. plantarum IMV
B-7679 and L. casei IMV B-7280 in the presence
of Na,SeO, were determined,and the range of
the most successful concentrations was estab-
lished, which was from 3 to 5 ppm. Recovery of
selenite ions by L. casei IMV B-7280 and L. plan-
tarum IMV B-7679 cultures was determined by
the pink-red coloration of the bacterial cultures
(Fig. 2), which indicates the reduction of Se**
and the presence of Se? in the bacterial cells and
medium [15].

As shown for L. plantarum IMV B-7679, the
reduction of SeO,*~ ions begins in the middle
and at the end of the exponential phase and is ac-
companied by the lengthening of the lag phase.
The slowdown of bacterial growth was observed
under the action of selenite ions at a Se concen-
tration of 5 ppm. As a result, the cultivation of
L. plantarum IMV B-7679 in the presence of so-
dium selenite was extended to 2 days.
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Both studied strains of L. casei IMV B-7280 and
L. plantarum IMV B-7679 had the ability to grow
and resist the presence of 5 ppm Se in the culture
medium. The strain L. plantarum IMV B-7679
showed the greatest resistance to seleniteionsata Se
concentration of 5 ppm, demonstrating a decrease
in cell viability by only 1.12 + 0.05 Log CFU/cm?
after 48 h of incubation. At the same time, the
L. casei IMV B-7280 strain grown in the pres-
ence of Se 5 ppm demonstrated a decrease in cell
viability by 2.23 + 0.07 Log CFU/cm? after 48 h
of incubation. Both probiotic strains showed the
ability to restore selenite ions along with the ac-
cumulation of intracellular Nano-Se and the re-
lease of Nano-Se into the culture medium, which
was accompanied by the coloring of bacterial cul-
tures in red-brown shades (Figs. 2, 3).

It was shown that under normal conditions on
the MRSA nutrient medium, cultures of L. casei
IMV B-7280 and L. plantarum IMV B-7679 (af-
ter cultivation for 2 days at 37 °C) formed small
shiny white colonies, round in shape with even
edges, with a diameter from 1.5 mm to 3 mm.
In the case of sowing aliquots containing sodium
selenite, a decrease in the viability of lactobacilli
cultures was observed depending on the content
of Na,SeO; in the culture medium.

Under normal conditions, cultivation of L. ca-
sei IMV B-7280 and L. plantarum IMV B-7679
for 48 h allowed us to obtain a biomass yield of
8.79 £ 0.22 and 7.65 + 0.08 Log CFU/cm?, respec-
tively. The effect of sodium selenite on the culture
growth depended on the dose of Se in sodium sele-
nite. Thus, the enrichment of the nutrient medium
with 3 ppm Se in the composition of sodium sel-
enite reduced the growth of L. casei IMV B-7280
and L. plantarum IMV B-7679 cultures, respec-
tively, to 7.92 + 0.12 and 6.36 + 0.18 Log CFU/cm?
after cultivation for 48 h at 30 °C.

The ability of lactobacilli to recover selenite
ions was investigated on solid nutrient media. If
the L. plantarum IMV B-7679 strain was sown
on the MRSA nutrient medium, into which a
solution of Na,SeO, was introduced at a con-
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Fig. 2. Recovery of selenite ions by culture L. casei IMV
B-7280 with enrichment of MRS (Na,SeO,)

Fig. 3. Color change of the culture medium of L. plan-
tarum IMV B-7679 under conditions of using different
concentrations of sodium selenite

centration of 10 ppm by Se, then after 48 h of
incubation, small round colonies with a faint
pink color were detected. The obtained data in-
dicate the ability of L. plantarum IMV B-7679 to
reduce the colorless salt Na,SeO, to elemental
selenium (Se®). The use of lower concentrations
(1—3 ppm of Se in the form of Na,SeO,) did not
affect the change in morphology and cultural
properties of L. plantarum IMV B-7679. Under
the influence of a concentration of 5 ppm Se in
the form of Na,SeO,, a tendency to decrease the
viability of this strain of lactobacilli was revealed.
The ability of L. casei IMV B-7280 and L. plan-
tarum IMV B-7679 cultures to grow on MRSA
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nutrient medium in the presence of 3 ppm Se in
the form of Na,SeO, was shown. Higher toler-
ance to sodium selenite was found for culture
of L. plantarum IMV B-7679. Thus, increasing
the concentration to 30 ppm of Se in the form
of Na,SeO, led to a decrease in the viability of
only the culture of L. casei IMV B-7280. That is,
the studied lactobacilli showed different ability
to grow in the presence of selenite ions.

The effect of selenite ions on L. casei IMV
B-7280 and determination of the ability of the
culture to form biogenic Nano-Se. The ability
of the L. casei IMV B-7280 strain to transform
sodium selenite with the formation of biogenic
Nano-Se was investigated. For this, the sensitiv-
ity of this LAB strain to 1 or 5 ppm Se in the form
of sodium selenite was tested. The strain L. casei
IMV B-7280 was cultivated aerobically for 48 h
in MRS nutrient medium enriched with 5 ppm
Se in the form of Na,SeO,. Growth inhibition
of L. casei IMV B-7280 was determined by plat-
ing aliquots on MRS nutrient medium. Under
the influence of the studied concentrations of
SeO,* ions, growth inhibition of L. casei IMV
B-7280 culture was observed.

When growing L. casei IMV B-7280 in the
presence of selenium oxyanions, a change in the
color of the bacterial culture medium to differ-
ent shades of red occurred, which is the first sign
of the transformation of Na,SeO, into elemental
Se?, which was named biogenic selenium (Nano-
Se). Thus, the L. casei IMV B-7280 strain was
cultivated in MRS nutrient medium containing
selenium oxyanions (SeO,*") under optimized
growth conditions. The recovery of selenite ions
was determined by the color of bacterial cultures
in shades of red, which indicates the presence of
Se’ in the medium [16].

At the beginning of the cultivation process,
the L. casei IMV B-7280 strain in the presence
of SeO32‘ and in its absence (control) had the
same color. On the second day of cultivation of
L. casei IMV B-7280 in the MRS nutrient me-
dium, which contained SeO,*", a change in the
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color of the medium was observed compared to
the control. Aliquots were taken from the culture
medium with subsequent sedimentation of the
bacterial cell suspension to determine the abil-
ity of L. casei IMV B-7280 to transform selenium
oxyanions and form biogenic Nano-Se.

A suspension of bacterial cells with a volume
of 1.5 cm® was precipitated in a microcentri-
fuge. The precipitate was resuspended in 1 cm?
of 0.15 M NaCl solution. There was revealed a
change in the color of the sediment of bacterial
cells in the case of cultivation with SeO,* to a
pink-red color, which is a characteristic feature
of bioreduction from Se®* to Se’. According to
Xia et al. [15], the red color of the culture medi-
um is due to the formation of non-toxic elemen-
tal selenium due to the reduction of Se®* and the
metabolism of high concentrations of selenium
by lactobacilli (>4mg/dm?) [17].

It was shown that strain L. casei IMV B-7280
is able to accumulate biomass in the presence of
5 ppm Se in the form of Na,SeO, in the pH range
from 6.0 to 8.0 at 30 °C under aerobic conditions.
In the stationary phase in the absence of selenite
(control), the amount of this strain reached
6.2 + 0.1-108 CFU/cm? at 30 °C under aerobic
conditions. The introduction of 5 ppm Se* was
accompanied by a decrease in the viability of the
L. casei IMV B-7280 strain by 2 Log CFU/cm?
and reached 2.6 - 10° CFU/cm? after 48 h of incu-
bation at 30 °C in aerobic conditions.

The reduction of SeO,*" to Se® was determined
by changing the color of the medium to different
shades of red. This color can be caused by the
products of oxidation-reduction processes that
lead to the formation of elemental Se” nanopar-
ticles of biogenic origin. The formation of Nano-
Se was observed using Transmission Electron
Microscopy (TEM).

Visualization of synthesized biogenic Na-
no-Se particles during the growth of L. casei
IMV B-7280 in the presence of SeO,>". Elec-
tronograms of the L. casei IMV B-7280 strain
(performed on a JEM-1400 electron micro-
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1.0 pm

Fig. 4. Transmission electron microscopy (TEM) of L. casei IMV B-7280 (control) (bar — 1 pm)

scope) are presented in Fig. 4. Under normal
conditions (without adding sodium selenite
to the nutrient medium), strain L. casei IMV
B-7280 was a stationary, gram-positive rod. The
cells were 0.7—1.1x2.0—4.0 pm in size and did
not form spores.

Cultivation of L. casei IMV B-7280 in the
presence of 5 ppm Se** in the form of Na,SeO,
in MRS medium for 24 h was accompanied by
significant ultrastructural changes in bacterial
cells with their partial destruction and the for-
mation of electron-dense Nano-Se particles in-
side bacterial cells (Fig. 5).

TEM methods allowed us to visualize the syn-
thesized biogenic Nano-Se particles and deter-
mine their size. Measurements were carried out
using a JEOL JEM 1400 device operating at an
accelerating voltage of 80 kV.

To carry out TEM, aliquots of the suspension
of bacterial cells, selected in the stationary phase
of growth, with a volume of 1.5 cm® were pre-
cipitated in a microcentrifuge. The sediment was
resuspended in 1 cm? of 0.15 M NaCl solution.
Centrifugation of the culture for sedimentation
of L. casei IMV B-7280 cells made it possible to
remove the supernatant and wash the culture.
TEM analysis revealed electron-dense spheres of
different sizes: small (30—50 nm) and large ones
with a diameter of approximately 150—250 nm.
Large and small nanoparticles had a rounded

ISSN 1028-0987. Microbiological Journal. 2023. (4)

shape, and some Nano-Se particles had a non-
uniform surrounding.

Thus, under the influence of 5 ppm Se** for
24 h, that is, in the stationary phase of culture
growth, a change in the morphology of L. casei
IMV B-7280 cells was observed according to
TEM data. Analysis of high-resolution TEM re-
sults (Fig. 6) revealed the presence of electron-
dense Nano-Se particles inside bacterial cells
and individual extracellular Nano-Se after 48 h
of incubation of L. casei IMV B-7280, when the
nutrient medium was enriched with sodium
selenite 0.005 mg/cm?, which is equal to 5 ppm
Se**. Electron-dense particles in the cytoplasm of
L. casei IMV B-7280 cells were different in size.

Discussion. The accumulation of Nano-Se by
the culture of L. casei IMV B-7280 occurred in-
tracellularly, with the subsequent release of sele-
nium nanoparticles. The presence of a pink-red
color and confirmation of the formation of Na-
no-Se made it possible to confirm the formation
of Nano-Se using TEM and indicated the forma-
tion of amorphous red selenium [18, 19].

The formation of round electron-dense gran-
ules ranging in size from 30 nm to 250 nm was
observed using TEM. Partial destruction of
L. casei IMV B-7280 cells under the influence
of selenium oxoanions was revealed, which was
accompanied by the release of electron-dense
Nano-Se particles synthesized by the culture.
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Fig. 5. TEM images of typical samples of L. casei culture IMV B-7280, which is capable of forming Nano-Se during
growth on MRS nutrient medium in the presence of 5 ppm Se**: a, b, ¢, d (bar — 1 um); e, f, g (bar — 500 nm) —
electron-dense Nano-Se particles in the cytoplasm of L. casei IMV B-7280 cells; h, j — release of electron-dense
Nano-Se lactomicroselenium particles into the culture medium; ¢ —visualization of Nano-Se lactomicroselenium

partially covered with the surrounding membrane

The synthesized Nano-Se particles were ob-
served in the internal compartments of bacte-
ria. L. casei IMV B-7280 cells had a disturbed
structure. Also, With using TEM, the release or
secretion of Nano-Se from damaged cells was
revealed. It should be noted that the synthesized
nanoparticles had different sizes from 50 nm to
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250 nm, that is, they had variations in size, and
part of them were more than 100 nm. Such Na-
no-Se particles were named Lactomicroselenium
particles or lactomicroSel [20]. The increased size
oflactomicroSel® above 100 nm is due to the coat-
ing of nanoparticles with a membrane provided
by the bacterial cell. Note that L. casei showed the
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ability to form Lactomicrosel® 100—200 nm in
size, while Bifidobacter sp. — 400—500 nm [21].

As known, the biological activity of nanocom-
posites synthesized by lactobacilli depends on
their encapsulation and coating with exopoly-
saccharides. The example of silver nanoparticles
synthesized by lactobacilli shows that their an-
tibacterial activity depends on the composition
of exopolysaccharides of lactobacilli, which are
involved in the synthesis of nanoparticles [22].
TEM analysis (Fig. 6) revealed the presence of
extracellular electron-dense particles in the case
of enrichment of the culture medium with 5 ppm
Se** and aerobic cultivation for 24 h. The study
with high-resolution TEM revealed rounded
Nano-Se deposits of various sizes in the inter-
nal compartments of L. casei IMV B-7280 cells.
The release of nanoparticles was accompanied by
damage to L. casei IMV B-7280 cells.

Biogenic Nano-Se synthesized by L. casei
IMV B-7280 culture accumulated in the bacte-
rial cell during the exponential phase of growth,
as determined by the change in the color of the
culture medium and by the colored sediment of
the bacterial cells. The production of Nano-Se
was accompanied by the destruction of bacte-
rial cells, which was proven by TEM and control
over the viability of the culture under the con-
ditions of using sodium selenite. The culture of
L. casei IMV B-7280 when cultivated with sodi-
um selenite produces nanoparticles from 30 nm
to 250 nm. The reduction of sodium selenite to
elemental selenium is a detoxification process.
The synthesis of heterogeneous selenium parti-
cles by the culture L. casei IMV B-7280 is accom-
panied by the release of lactomicroSel selenium
nanoparticles, the size of which often exceeds
100 nm. It should be noted that the multifaceted
synthesis of nanoparticles was accompanied by
the destruction of the culture. The formation of
smaller granules by the culture of L. casei IMV
B-7280 has a negative effect on bacterial cells.
Since individual cells of L. casei IMV B-7280 are
capable of synthesizing a significant number of
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small-sized nanoparticles, which are destroyed
as a result of synthesis, the synthesis of larger
lactomicrocell particles by L. casei IMV B-7280
culture has a less destructive effect on the cell
structure compared to small Nano-Se. As it has
been reported, smaller particles of lactomicrose-
la can be more toxic to the producing bacteria
themselves [23].

It is known that the bacteria reduce SeO,*~
to insoluble elemental selenium (Se®) with the
participation of the enzyme selenate reductase,
however, the ability to form biogenic Nano-Se
particles is a strain characteristic of the cul-
ture. Thus, lactobacilli have oxidoreductase sys-
tems for regulating the concentration of metals
and metalloids [24]. Penetration of metals into
the bacterial cell occurs with the help of the
membrane system of electron transport and re-
ducing enzymes.

Biogenic Nano-Se particles are produced by
the culture of L. casei IMV B-7280 in the middle
and at the end of the exponential phase and are
secreted into the environment in the stationary
phase [25, 26]. It was established [27] that L. ca-
sei 393 accumulated biogenic Nano-Se granules
intracellularly, and the particle size was 50—
80 nm. However, previous studies suggest that
the size of nanoparticles produced by L. casei
is 150—400 nm, while L. acidophilus produces
lactomicroselenium particles of 200—350 nm.
Lactobacteria are able to reduce Se** to Nano-
Se in aerobic and/or anaerobic conditions. It was
previously shown that L. casei 393 is capable of
efficient transformation of sodium selenite into
Nano-Se under anaerobic conditions [20].

We established the ability of L. casei IMV
B-7280 to reduce selenite under aerobic condi-
tions with the formation of Nano-Se particles of
different sizes. The formation of small Nano-Se is
accompanied by a violation of the integrity of the
bacterial cell and a decrease in its viability. Along
with the formation of small Nano-Se nanopar-
ticles, larger Nano-Se lactomicroselenium gran-
ules with a size of 150—250 nm are formed. The

17



N.O. Tymoshok, O.A. Demchenko, V.S. Bityutskyy, S.I. Tsekhmistrenko, M.S. Kharchuk, O.S. Tsekhmistrenko

formation of Nano-Se lactomicroselenium leads
to a partial disruption of the bacterial cell struc-
ture. The formed Nano-Se particles are released
by the cells into the culture medium, which may
be one of the mechanisms of Se detoxification
by bacteria [28]. The TEM data established that
the reduction of sodium selenite by the L. casei
IMV B-7280 culture is accompanied by the for-
mation of biogenic Nano-Se and a violation of
the integrity and change of cell morphology. It is
shown that the reduction of sodium selenite oc-
curs intracellularly with the subsequent release
of nanoparticles from bacterial cells. The mecha-
nism of selenite recovery by L. casei IMV B-7280
is not yet sufficiently studied, but it is known that
it includes at least two stages: transport of SeO,*
into the cell and intracellular redox processes.

processes of bioreduction of selenite ions, the
possibility of their effective use in the green syn-
thesis of selenium nanoparticles, and the pros-
pects for practical application. It was established
that the studied probiotic strains can restore
selenite ions with the accumulation of intracel-
lular Nano-Se and the release of Nano-Se into
the culture medium. Based on the obtained data,
optimal conditions for the growth of L. planta-
rum IMV B-7679 and L. casei IMV B-7280 in the
presence of Na,SeO, were determined, and the
range of its most successful concentrations was
determined. The research results prove that the
ability to effectively form biogenic Nano-Se is a
strain characteristic of the culture, which should
be taken into account in the case of monitoring
a promising probiotic strain of lactobacilli for

the transformation of selenite to nanoselenium
Nano-Se in order to create feed additives for
animals containing an effective and safe form of
selenium.

Conclusions. In the presented study, the pro-
biotic strains of lactobacilli L. plantarum IMV
B-7679 and L. casei IMV B-7280 were tested for
the synthesis of selenium nanoparticles by the
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'TucrturyT Mmikpo6ionorii i Bipycornorii im. [1.K. 3a6omorHoro HAH Vkpainu,
By AkazieMika 3abonoTHoro, 154, Kuis, 03143, Ykpaina

2 BinonepKiBChK1It HAL[IOHATLHMUIT aTpapHIIT yHIBEPCUTET,
1. CobopHa, 8/1, bina Ilepksa, 09119, Ykpaina

BPIOHAHOTEXHOJIOI'TA BITHOBJIEHHA CEJIEHIT-IOHIB Y HAHOCEJIEH ITPOBIOTMYHMMM
IMITAMAMU TAKTOBAKTEPIV TA TOJIEPAHTHICTb TAKTOBAKTEPIN J1O CETEHITY HATPIIO

3emeHnit cuHTe3 HaHOYACTMHOK (HY) 3 BUKOPMCTaHHAM XMBUX KIITUH € MIePCIIeKTVBHUM i HOBUM iHCTPYMEHTOM
y 6ioHaHoTexHONOrIAX. [Iy1s1 cunTe3y HY BUKOPMUCTOBYIOTH XiMiuHI Ta (pisudHi METOAY, OfHAK ITepeBara BilaeThCs
6io/oriYHNM MeTofiaM 3 OIVLAY Ha IXHi eKOJIOrivHi, 4ncti, 6esmeyni, peHTabe/bHi, IPOCTi Ta e eKTUBHI [Kepena
I/Is1 BUCOKOI IPOAYKTUBHOCTI Ta uncrotu. Meta. [Jocmimutyu nporecy 6i0BifHOB/IEHHS CeIeHIT-10HIB y HaHOCeIeH
npobioTYHMMY HITaMaMu Taktobaktepint Lactobacillus plantarum IMB B-7679 i L. casei IMB B-7280. Meromu.
KynbrusyBauus nakro6axrepiii L. plantarum IMB B-7679 i L. casei IMB B-7280 nposopunu y ¢prakonax (500 cvm?)
Ha poraniifHomy Lreiikepi (220 06/xB) 3a Temneparypu 30 °C BIPOROBX ABOX Ai6 KyIbTMBYBaHHS B IIOKUBHOMY
cepenoBuini MRS Broth. B cepepoBuiiie /107aTKOBO BHOCH/IV CEMEHIT HATPi0 B pi3HMX KOHIEHTpaLisx Bix 1 f10
30 ppm 3a Se. KinbkicTb >xuTTesmaTHux Kaitna 6axrepiit B 1 cM® cycreHsii BusHa4amm METOIOM TPAHUIHNX PO3-
BefleHb Y pasi BUCIBY a/IiKBOT Ha [IOKMBHE CepeoBIuiILe, sike Mictuio 0,2 % arap-arapy. Kynerypu L. plantarum IMB
B-7679 abo L. casei IMB B-7280 Bupourysamu B pinkomy cepenosutiii MRS Broth B mpucyTtHocti abo BifcyTHOCTI
Na2SeO3. KonneHTpaliis ceneHiTy HaTpito ckmafana Bifi 1 1o 30 ppm 3a Se. BusHadeHHA KiTbKOCTi MikpoopraHis-
MiB IIpoBOAVIIN HUIAXOM OCiBY (0,1 oM cycreHsii) Ha IinbHi ceperoBuia Ha yamky 3 MRS arapom, mocisHa 03a
cxmafana 107 kn/gamky Iletpi. TomepaHTHiCTD TakTOOaKTEpill O BIVIMBY CeNIEHIT-iOHIB BU3HAYaA/IN 32 3HVDKEHHAM
kinbkocti KYO npym BuciBi anikBor, BiffiOpaHux Bif 3paskiB KyIbTypH, [0 POC/aa y IPUCYTHOCTI ceeHiTy abo 3a
jtoro BificyTHOCTI. Pesynbratu focnifis npencrasnamm y KYO Ta nepesogunm y Log KYO/cm?. Xapakrepuctuku
Nano-Se BuBYa/IM 3a SOIOMOIOI0 TpaHCMIciitHOI enekTpoHHOI Mikpockomii (TEM). Pesynpraru. 3’sicoBaHo, 1110
micrst 48 rop inky6anii Ha cepegoBuini MRS 3 fofaBaHHsM ceeniTy Harpifo Bif 1 7o 30 ppm Hait6iIbII CTIiI KOO
BUABWIACH Kynbrypa L. plantarum IMB B-7679. Tak, 36aradeHHsI Ky/IbTypaIbHOTO CepefoBuIna ceneHoM 30 ppm
y cxnani Na,SeO, npusopmio fo sHmkeHHs KinbkocTi L. plantarum IMB B-7679 — no 5.17 + 0.09 Log KYO/em?
nporn 4.41 + 0.11 Log KYO/cm? ana L. casei IMB B-7280. BUKOpUCTaHHS HIDKYMX KOHLeHTpawii (1—3 ppm Se y
cknazii Na,SeO,) He BnuBajo Ha 3MiHy Mopdororii Ta Kynbrypanbhi Bractusocti L. plantarum IMB B-7679. Ilo-
Ka3aHo 3[aTHICTb KynbTyp L. casei IMB B-7280 ta L. plantarum IMB B-7679 1o pocTy Ha IOXXVIBHOMY CepeIOBUIII
MRSA B mpucyTHOCTi 3 ppm Se y BurnaAfi Na,SeO,. Buury TonepantHicTb 10 CeleHiTy HaTPil0 BUABU/IA KY/IbTYpa
L. plantarum IMB B-7679. Tak, migsuineHHs KoHLeHTpawil o 30 ppm Se y cxrani Na,SeO, mpusBogusIo 10 3HU-
JKEHHsI )KUTTE3AATHOCTI nitte Kyabrypu L. casei IMB B-7280. To6To, focmimKyBaHni makTobakTepil BUABUIN Pi3HY
3[JaTHICTD 0 POCTY B IPUCYTHOCTI Ce/leHiT-i0HiB. 3a fonomoroi TEM crioctepiranu yTBOpeHHA KPYITIUX €/1eKTPO-
HHO-ILII/IBHUX IpaHy po3mipoM Bif 30 #M 0 250 HM. O6uaBa Ipo6IOTUYHI IITaMy BUSBIIN BIACTUBICTD O Bif-
HOBJICHHS CeJIeHiT-i0HiB 3 HAaKOMMYEHHAM BHYTPIilIHbOKTITUHHO Nano-Se Ta BUBiIbHEHHAM J10T0O B Ky/IbTypanbHe
cepeloBNIIe, 10 CYIPOBOKYBANOCh 3abapBIeHHAM OaKTepiaTbHUX KYIbTYP Y BiITIHKM 4epBOHO-KOPUYIHEBOTO
Konbopy. BuAsneno 4acTkoBy gectpykiito kaiTuH L. casei IMB B-7280 3a BIIMBY OKCOaHiOHIB Ce/leHy, 110 CYIpoO-
BOJKYBAalOCh BUBi/IbHEHHAM CHMHTE30BaHUX KY/IbTYpPOIO €eKTPOHHO-IIIbHMX YacTMHOK Nano-Se. BucHoBkm.
B pesynbrari npoBeseHoi po60TH BCTAHOBJIEHO ONTMMA/IbHI YMOBH st 36imburents 6iomacu L. plantarum IMB
B-7679 1a L. casei IMB B-7280 B mpucyTHOCTI NazSeO3 Ta JOBEJEHO, 10 JIAKTOOAKTepii MalOTh Pi3HY 3[jaTHICTDH
IO POCTY B TIIPUCYTHOCTI ceneHiT-ioHiB. OTpuMaHi faHi CBifYaTh, 1O AOCTIKYBaH] IPOOIOTUYHI MITaMI MAlOTh
3[JaTHICTD [IO BiTHOBJIEHH: CeJIeHIT-iOHIB 3 HAKONMMYeHHAM BHYTPIilIHbOKMTITUHHO Nano-Se Ta BUBITbHEHHAM J10TO
B Ky/IbTYpaJIbHe CepeflOBIIIIE.

Kntouoei cnoea: senenuti cunmes, ceneHim Hampit, HAHOYACMUHKU cesleHy, npobiomuuni wimamu, L. plantarum
IMB B-7679, L. casei IMB B-7280, TEM.
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