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Abstract

Lactic acid bacteria, being generally recognized as safe, are the preferred choice among other microbial producers of sele-
nium nanoparticles. For successful production of SeNPs, it is necessary to take into account the physiological properties
of the bacterium used as a biotransformer of inorganic forms of selenium in Se®. The antimicrobial and antioxidant activity
of SeNPs allows to use them in the form of pure nanoparticles or biomass of lactic acid bacteria enriched with selenium
in preparation of food, in agriculture, aquaculture, medicine, veterinary, and manufacturing of packing materials for food
products. To attract attention to the promising new directions of lactic acid bacteria applications and to accelerate their
implementation, the examples of the use of SeNPs synthesized by lactic acid bacteria in the mentioned above areas of human

activity are described.
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Introduction

Selenium (Se) is an important microelement in the human
nutrition, in particular, it is part of Se-containing enzymes
such as glutathione peroxidase, iodothyronine deiodinase,
and thioredoxin reductase, which are essential in the pro-
cesses of antioxidant protection, detoxification, and thyroid
function (Brigelius-Flohé 2018).

Selenium was discovered by the Swedish chemist Jons
Jakob Berzelius in 1817, but was considered a poisonous
element until 1957, when the dependence of its toxic effect
on the amount consumed was established. The deficiency of
selenium in human nutrition leads to serious health problems
(Fordyce 2013). However, a gap between toxic (=400 ug/
day) and deficient (<40 pg/day) levels of selenium in human
diet (NAS 2000; Monsen 2000; UK EGVM 2003) is nar-
row, so consumption of Se should be under strict control.
Recommended daily allowance (RDA) of selenium in the
United States for adult men and women over 19 years of age
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is 55 pg/day IMFNB 2000), in the UK, RDA is 75 pg/day
for males and 60 pg/day for females over 19 years of age
(GDR 2016), and according to the World Health Organiza-
tion, selenium RDA is from 30 to 40 pg/day (Kieliszek and
Blazejak 2016).

There are four natural oxidation states of selenium such as
elemental selenium (0) (Se?), selenide (—2) (Se*”), and solu-
ble salts selenite (+4) (Se023‘), and selenate (4 6) (SeO4‘2)
(Barceloux 1999). Selenium is found in food in organic form
such as selenomethionine and selenocysteine that are the
most bioavailable selenium substances for humans. The
transformation of inorganic Se into organic form can be
achieved by cultivation of yeast in a medium with hydrosel-
enite, or by germinating plants using this substance. Yeast or
sprouts enriched with selenium could be used in the manu-
facturing of dietary bakery products (Stabnikova et al. 2008,
2019, 2022). Howeyver, the microbial production of selenium
nanoparticles (SeNPs) containing selenium in form of Se®
that compared to its other forms has minor toxicity along
with high bioavailability is promising (Ullah et al. 2021).

It was shown that the biogenic Se NPs were less toxic
than chemically produced SeNPs and much less toxic than
the inorganic selenium (Mal et al. 2017; Shakibaie et al.
2012). Comparison of the toxicity of selenite, elemental
selenium synthesized biologically or chemically assessed
by a lethal dose LD5, on zebrafish embryos showed that

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11274-023-03673-6&domain=pdf
http://orcid.org/0000-0003-4156-3021

230 Page2of20

World Journal of Microbiology and Biotechnology (2023) 39:230

biogenic selenium was 3.2 times less toxic than selenite and
10 times less toxic that chemogenic SeNPs. The authors
explained this by the presence of organic layer containing
extracellular polymeric substances on the surface of bio-
genic SeNPs, which determines their surface properties and
decreases the negative effect of nanoparticles on embryos
(Mal et al. 2017). The fact that biogenic SeNPs are enclosed
in an organic material was also shown for selenium nano-
particles synthesized by bacterial strains Stenotrophomonas
maltophilia and Ochrobactrum sp., which were surrounded
with the layer containing proteins and amphiphilic mole-
cules (Piacenza et al. 2018). It was proved by proteomics
analysis that lactic acid bacteria Lactobacillus casei ATCC
393 growing in the medium containing selenite produced
protein-capped-SeNPs (Qiao et al. 2023).

Particles with length of 1-1000 nm in at least one dimen-
sion are considered as nanoparticles (Gosh et al. 2021; Jee-
vanandam et al. 2018), however particles with size ranging
from 10 to 100 nm have a large surface-to-volume ratio and
high surface energy, which possess modified properties for
their new applications. Decreasing particle size resulted
in increase of surface-to-volume ratio, so smaller SeNPs
have greater biological activity and protective properties
including their role against DNA oxidation (Shoeibi et al.
2017). The introduction of nanotechnology into nutrition can
increase the bioavailability of food supplements, improve
taste and odor, absorption and solubility, protection against
oxidation and enzymatic degradation, prolong residence
time and effective penetration through the gastrointestinal
tract (Murugesan et al. 2019), as well as increase the bio-
availability of this element and ensure its controlled release
in the body (Hosnedlova et al. 2018).

Production of SeNPs using bacteria of the genera Bacil-
lus, Pseudomonas, and Staphylococcus are known (Murug-
esan et al. 2019; Sasidharan and Balakrishnaraja 2014; Ullah
et al. 2021). There are a lot studies in which opportunistic
pathogens, which are belonging to the group of Biological
safety level 2, are regarded as potential producers of sele-
nium nanoparticles, for example Klebsiella pneumoniae
(Sasidharan et al. 2014), Bacillus cereus (Pouri et al. 2018),
Pseudomonas aeruginosa, Staphylococcus aureus (Cru-
zet al. 2018), Proteus mirabilis (Wang et al. 2020), Steno-
trophomonas maltophilia (Cremonini et al. 2016) and oth-
ers. Meanwhile, Klebsiella pneumoniae is a major cause of
opportunistic healthcare-associated infections (Gorrie et al.
2022), Bacillus cereus frequently causing gastrointestinal
diseases (Allende et al. 2016), Pseudomonas aeruginosa
known for its ability to cause chronic lung infections (Vance
et al. 2004), Staphylococcus aureus is infection agent for a
variety of diseases ranging from boils to sepsis and pneu-
monia (Fetsch and Johler 2018; Plata et al. 2009), Proteus
mirabilis causes various human diseases including the res-
piratory tract, gastrointestinal tract, and urinary tract (Wasfi
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et al. 2020), Stenotrophomonas maltophilia known to cause
nosocomial infections in immunocompromised patients
(Buchovec et al. 2022).

A potential way to produce SeNPs is the use of probiotic
microorganisms, in particular lactic acid bacteria (LAB),
which are considered as Generally Recognized as Safe
(GRAS) by the US Food and Drug Administration and have
Qualified presumption of safety (QPS) status by the Euro-
pean Food Safety Authority allowing them to be used in food
production and as probiotic cultures in medicine (Colautti
et al. 2022; EFSA 2016). However, it should be noted that
some lactic acid bacteria could produce toxic substances
and show signs of virulence (Kim et al. 2018). That’s why
when choosing a producer of selenium nanoparticles even
among lactic acid bacteria for their subsequent use in the
food production, in the agriculture, aquaculture, medicine,
veterinary, and manufacturing of packing materials for food,
it is necessary to follow microbial safety standards and eval-
uate producer’s safety status (EFFCA 2003). The easiest and
surest way is to choose a strain of lactic acid bacteria for
the biosynthesis of selenium nanoparticles among known
proven strains that are already used in the food industry or
as probiotics in pharmaceuticals.

The use of lactic acid bacteria for the biotransformation
of toxic selenite into non-toxic Se-containing amino acids
has been reported. Lactic acid bacteria able to reduce sodium
selenite and the strains Lactococcus lactis CRL 2011, Weis-
sella cibaria 10 and 25, Enterococcus casseliflavus 47 and
82, Lactobacillus brevis CRL 2051, L. plantarum CRL
2030, and Fructobacillus tropaeoli CRL 2034 converted
more than 80% of selenium from sodium selenite present
in the medium and accumulate from 126 to 580 pg of intra-
cellular selenium per gram of cell biomass (Martinez et al.
2020). There are some studies show the ability of different
lactic acid bacteria for biotransformation of inorganic form
of selenium into selenium nanoparticles (El-Saadony et al.
2021a; Eszenyi et al. 2011; Martinez et al. 2020; Moreno-
Martin et al. 2017; Shoeibi et al. 2017; Spyridopoulou et al.
2021).

The aim of the present review was to determine the con-
ditions of selenium nanoparticle biosynthesis by lactic acid
bacteria and the areas of their possible applications.

Lactic acid bacteria used for production
of selenium nanoparticles

Among the lactic acid bacteria there are a lot of representa-
tives capable to transform inorganic Se into its organic
forms and synthesizing nanoparticles of this element. These
bacterial strains belong to the genera Lactobacillus, Lac-
tococcus, Enterococcus, Streptococcus, Pediococcus, Lev-
ilactobacillus, Leuconostoc, Fructobacillus, Weissela and
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Bifidobacterium. All lactic bacteria are safe for humans and
can be used in food production. Meanwhile, strains of dif-
ferent genera and species vary by the resistance to the toxic
effect of inorganic selenium and ability to transform it into
organic Se compounds (selenocysteine (SeCys), selenom-
ethionine (SeMet) and methylselenocysteine (MeSeCys) or
elemental selenium (G6mez-Gomez et al. 2019).

Different strains of lactic acid bacteria vary by their
ability to grow in the presence of inorganic selenium and
accumulate it. Dependence of selenium accumulation on
the strain was shown in many studies. For instance, it was
found that at the concentration 5 mg/l of sodium selenite
(Na,Se0;) in medium for cultivation of 96 strains lactic
bacteria belonging to genera Lactococcus, Weissella, Leu-
conostoc, Lactobacillus, Enterococcus, and Fructobacillus,
growth of 41 strains was not significantly affected by the
presence of sodium selenite, meanwhile growth of 10 strains
was strongly inhibited resulting in a reduction in growth rate
and amounts of accumulated biomass (Martinez et al. 2020).
The ability to accumulate selenium was strain dependent and
varied from 8 to 100%, and only Enterococcus casseliflavus
(5 strains), Lactococcus lactis subsp. lactis (1 strain), and
Lactobacillus plantarum(1 strain) showed 100% removal of
selenium from the culture medium (Martinez et al. 2020).

Lactic acid bacteria can assimilate Se from inorganic
compounds contained in the culture medium and convert it
into organic forms accumulating it intracellularly (Kherad-
mand et al. 2014; Kousha et al. 2017; Pophaly et al. 2014;
Zhang et al. 2009). It has been shown for the bacterium Bifi-
dobacterium animalis that, when it was grown in medium
containing sodium selenite, most of the organic Se in the cell
was in protein (50.7-63.0%), polysaccharide (9.62-18.7%),
nucleic acid (0.273-0.754%) fractions, and 20.8-30.9%
remained was in other cell components, such as lipids, and
in the form of low molecular weight Se compounds (Zhang
et al. 2009). The same selenium distribution was shown
to the cells of lactic acid bacteria Lactobacillus paraca-
sei grown in the medium with selenite concentration 6 pg/
ml: the highest content of organic Se was found in protein,
864.03 pg/g, the lowest in nucleic acids 295.12 pg/g, and
its content in polysaccharides was 588.32 pg/g (Sun et al.
2022). Some lactic acid bacteria can reduce selenium salts
to elemental Se by detoxification mechanisms (Andreoni
et al. 2000; Lampis et al. 2014). SeNPs can be formed as Se?
aggregates alone or in combination with exopolysaccharides
and proteins (Xu et al. 2018a, b).

The largest group of LAB with the ability to transform
inorganic Se compounds into Se-containing organic com-
pounds and SeNPs is formed by the strains of Lactobacillus
genus. The possibility of using such species as L. acidophil-
lus, L. rhamnosus, L. casei, L. delbrueckii subsp. bulgaricus,
L. plantarum, L. fermentum, L. bulgaricus, L. helveticus, L.
reureti, and L. brevis, has been reported (Crespo et al. 2021;

Jin 2015; Husen et al. 2014; Kurek et al. 2016; Martinez
et al. 2020; Pescuma et al. 2017; Pophaly et al. 2014; Spyri-
dopoulou et al. 2021).

Less studied but the promising lactic bacteria strains
belonging to Enterococcaceae family, because compared
to other LAB, enterococci have a high ability to adapt to
extreme conditions such as high temperatures, acidic or alka-
line environments, and presence of toxic metals that helps
them to reduce inorganic selenite to elemental Se’. Thus, it
has been reported the ability of Enterococcus spp. to with-
stand very high (> 100 mM) selenite Se032_ concentrations
(Tendenedzai et al. 2021). This allows to carry out biotrans-
formation at high concentrations of inorganic Se sources,
and, accordingly, to obtain a high yield of biosynthesized
selenium compounds. For example, it was shown that strain
of the bacterium E. faecalis removed 59.70 mg/1 of selenite
from the medium in 24 h, and the formation of elemental
Se by this strain occurred within the first 0.5 h (Shoeibi and
Mashreghi 2017).

Streptococcus thermophilus strain showed the ability to
grow and accumulate selenium at a concentration of sodium
selenite 80 mg per 1 of the medium (Yang et al. 2018).

Representatives of the genera Bifidobacterium and Pedio-
coccus are the least studied in the bioconversion of inorganic
Se compounds. However, several cases of successful use of
strains of these genera in the conversion of selenite into Se-
containing organic compounds and elemental Se are known
(Jin 2015; Prokisch and Zommara 2008).

Thus, lactic acid bacteria, being safe microorganisms, are
of interest as possible biotransformers of inorganic selenium
both into its organic forms and into elemental selenium as
nanoparticles.

Factors influencing biosynthesis of selenium
nanoparticles by lactic acid bacteria

Source and concentration of selenium
in the medium for cultivation of lactic acid bacteria
synthesizing selenium nanoparticles

Among the factors influencing biotransformation of sele-
nium, the most essential are the source of Se and its con-
centration in the medium (Liao and Wang 2022). The most
common forms of Se in Earth’s biosphere are its inorganic
salts. In alkaline environments, the thermodynamically
stable form of Se is the selenate ion/Se oxyanion (Se042_).
Selenate is more soluble but less absorbable than selenite.
Whereas selenite (SeO32_) is stable in an environment with
neutral pH. It is less soluble than selenate, and can be
biologically reduced to elemental Se (Se?) (Eszenyi et al.
2011). The inorganic selenium substance, which is used
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to be added to the medium for lactic acid bacteria cultiva-
tion, is Na,SeO; (most often), followed by NaHSeO;, and
very rare SeO,.

Numerous studies indicate variable tolerances of different
strains of lactic acid bacteria to the presence in the medium
of inorganic selenium. The best growth for lactic bacteria
strains was observed at sodium selenite concentrations in
the medium ranging from 1.0 to 2.5 mg/l, while further
increase could inhibit bacterial growth. Thus, in the media
with concentrations of Na,SeO;, mg/l: 0, 1, 4, 8, 16, and
32, accumulations of dry bacterial biomass by strain Lacto-
bacillus bulgaricus, counted in g/l, were: 0.73, 0.82, 0.77,
0.74, 0.72, 0.66, and 0.63, respectively (Xia et al. 2007).
Concentration 5 mg/l of Na,SeO; in medium for cultiva-
tion is considered to be the maximum at which there are
no significant changes in microbial growth and there is no
evidence of massive cell death (Pescuma et al. 2017). This
selenium concentration was used in the majority of stud-
ies of selenium biotransformation using lactic acid bacteria
(Lamberti et al. 2011; Martinez et al. 2020; Pescuma et al.
2017; Xia et al. 2007). Comparison of results of lactic acid
bacteria Pediococcus acidilactici cultivation in MRS broth
with different concentrations of sodium selenite ranging
from O to 4 mg/l added after 24 h of growth for the next
24 h showed that the presence of Na,SeO; in concentra-
tion 1 and 2 mg/l did not inhibit the bacterial growth and
maximum content of biomass, 1.44 g/l, was obtained in the
medium with 1 mg/l Na,SeO;. Increasing the concentration
of sodium selenite in medium from 0.5 to 4 mg/1 resulted in
an increase of organoselenium content from 0.14 to 1.45 g
of biomass dry weight (Kousha et al. 2017). It was shown for
L. bulgaricus that addition of Na,SeOj; in concentration less
than 4 mg/l resulted in an increase of the total amino-acids
content in bacterial biomass, meanwhile higher concentra-
tions of sodium selenite led to decrease of their synthesis.
Thus, at concentration of sodium selenite in the MRS broth
0, 1, 4 and 16 mg/1, the total content of amino acid consists
39.55, 41.76, 41.30, and 38.90 g/100 g of DW (Xia et al.
2007). The same trend for the enrichment of bacterial bio-
mass with such essential elements as P, Mg, Mn, Zn, and Ca
was observed (Xia et al. 2007).

At the high concentrations of selenium in the medium
detoxification processes were activated resulting in produc-
tion of elemental selenium detected by the color change to
red in case of amorphous Se” or gray in case of crystalline
Se® synthesis, indicating that toxic and colorless selenite
was converted into nontoxic SeNPs (Xia et al. 2007). No
elemental selenium deposits in bacterial cells of Lactoba-
cillus. bulgaricus were observed when concentrations of
selenium in the medium was lower than 4 mg/l Na,SeO,
testifying that most of selenium in cells is in organic forms,
but under higher concentration of sodium selenite red color
of deposits indicates on the presence of elemental selenium.
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The general dependence of the effect of the concentration
of Se compounds on the content of selenite is predictable,
increasing the selenite concentration increases the forma-
tion of Se-containing compounds. Bioaccumulation of sele-
nium by some strains of lactic acid bacteria growing in the
medium with different concentrations of Na,SeO; is shown
in Table 1.

Most lactic bacteria strains reduce inorganic forms of Se
into a variety of Se-containing compounds. A major part
is occupied by Se-containing amino acids and only a tiny
fraction is elemental SeNPs. Analyzing the conditions under
which SeNPs are formed, it is possible to find that produc-
tion of selenium containing nanoparticles is going at concen-
trations of selenite in medium higher than 4-5 mg/l when a
sharp change in the color of the solutions to red is observed
(Kurek et al. 2016; Pescuma et al. 2017; Spyridopoulou et al.
2021; Xia et al. 2007). However, the high concentration of
selenite affects the viability of Se-synthesizing bacteria. For
example, it was found that L. paracei 20241 cells were mor-
phologically intact at inorganic Se concentrations of less
than 6 mg/l, while higher values caused membrane rupture
(Sun et al. 2022).

Meanwhile, it was shown that high concentrations of Se
activate detoxification processes resulting in conversion of
selenite to elemental Se” (Kousha et al. 2017). Some strains
of lactic acid bacteria could grow and transform inorganic
selenium in medium with high initial concentration of
sodium selenite. The concentration of 200 mg/1 of sodium
selenite has been reported, at which a complete growth of
Streptococcus thermophilus inhibition was observed, and the
selenite concentration that was determined as the point of
inhibition was 140 mg/l1 (Castafieda-Ovando et al. 2019).
The number of colony forming units per milliliter of S. ther-
mophilus increased with the increase of selenite concentra-
tion in medium reaching the maximum at 80 mg of sodium
selenite per 1 with the content of accumulated selenium
11.56 mg/g of bacterial biomass (Yang et al. 2018). It was
shown for the two strains of Enterococcus genus that larger
amounts of selenite were reduced and converted to Se” faster
at higher selenite concentrations, namely, the average reduc-
tions rate were 0.61, 1.92 and 3.23 mmol/I-h for SeOf' con-
centrations 1, 3 and 5 mM, respectively, probably dre to the
mechanism of response to the toxic effects of high selenite
concentrations (Tendenedzai et al. 2021).

Chemical composition of the medium for cultivation
of lactic acid bacteria synthesizing selenium
nanoparticles

An increase in the concentration of selenite creates stress-
ful conditions under which the cell consumes significantly
more carbon and energy sources than usual. In particular,
such observations were characteristic of Enterococcus
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Table 1 Bioaccumulation
of selenium by strains of

Lactic acid bacteria

Concentration of References

lactic acid bacteria growing Na,SeO; in accumulated
in the medium with different medium, mg/l  Se, mg/g
concentrations of Na,SeO;
Pediococcus acidilactici 0.5 0.14 Kousha et al. (2017)
Pediococcus acidilactici 4.0 1.45
Lactobacillus delbrueckii subsp. bulgaricus 1.0 0.25 Calomme et al. (1995)
Lactobacillus plantarum 1.0 0.28
L. plantarum 1.0 0.41
L. casei LOCK 0900 2.5 1.38 Kurek et al. (2016)
L. casei LOCK 0908 2.5 1.31
Lacticaseibacillus paracasei 0919 2.5 1.91
Enterococcus faecium CCDM 922A 50 6.57 Krausova et al. (2020)
Streptococcus thermophilus 144 50 7.35
S. thermophilus 80 11.56 Yang et al. (2018)
L. delbrueckii ssp. bulgaricus 80 12.05
Lactobacillus casei KFRI 704 170 7.30 Jin (2015)
Lactobacillus brevis 353 23.10
L. delbrueckii subsp. bulgaricus 28.10
L. acidophilus KCTC3142 31.40
Bifidobacterium bifidum BGN4 33.30
L. paracasei ML13 150 38.10 Morschbicher et al. (2019)
L. paracasei CH135 150 40.70
Lactobacillus bulgaricus 1 0.28 Xia et al. (2007)
1.15
8 2.38
16 5.37
32 8.87
64 124

strains, for which glucose consumption was 6.1, 6.5,
and 7.0 mmol/h at selenite concentrations in the culture
medium of 1, 3, and 5 mM, respectively (Tendenedzai
et al. 2021).

Considering the high cost of special media for the accu-
mulation of LAB biomass, it is important to find cheaper
alternative ones. A cheese whey with sodium selenite was
proposed for cultivation of Lactobacillus delbrueckii ssp.
bulgaricus ATCC 11842, L. plantarum ATCC 14917, and
L. casei ATCC 393 (Calomme et al. 1995). The use of milk
permeate allowed strains of Levilactobacillus brevis, Lac-
tiplantibacillus plantarum, and Pediococcus lolii to bio-
transform sodium selenite into SeNPs to a similar extent
(99.0-100%) as using MRS medium, while the selenium
nanoparticles had smaller size in the permeate (Zommara
et al. 2022). In many studies milk or skimmed milk were
used instead of MRS broth as media for the synthesis of
SeNPs (Salama et al. 2021; Vicas et al. 2021). Skimmed buf-
falo's milk containing sodium selenite was used for SeNPs
production by cultivation of yogurt starter cultures L. acido-
philus CH2, L. plantarum L. plantarum 4496, and L. casei
FEGY 9973 (Salama et al. 2021).

Another approach to increase Se biotransformation was
proposed by Xu et al. (2020) that consists in application of
osmotic stress created by high salt concentration 8% in the
medium containing 0.17 mg/ml sodium selenite for Lac-
tobacillus rhamnosus strain ATCC 53103 cultivation. The
results indicated that accumulation of Se compared with
the unstressed group, increased by 437.63 pg/g of bacterial
biomass.

Correlation of selenium nanoparticles formation
with lactic bacteria growth

Accumulation of selenium depends on the time of bacteria
cultivation. The amounts of accumulated Se increased with
the incubation time for Lactobacillus acidophilus CRL 636
and L. reuteri CRL 1101 (Pescuma et al. 2017). Formation
of selenium nanoparticles during the cultivation of lactic
acid bacteria could be monitored by the appearance of dark
red colour. It was found that the time of its appearance var-
ied for different strains and could appear in different stages
of bacterial growth. Colour of cultural medium of Lacto-
bacillus casei with initial content of NaHSeO;, 20 pg/ml,
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turned red only on 96 h of cultivation, which corresponded
to late log/early stationary phase of bacterial growth (Spyri-
dopoulou et al. 2021). It was noted that bacterial growth of
L. casei was suppressed by the presence of sodium hydro-
gen selenite confirmed by the fact that concentrations of
cells, CFU (colony formed units) in their late log/early sta-
tionary phase were (1.037 +0.018) x 10° CFUs per ml in
control medium, but (0.210+0.014) x 10° CFUs per ml for
medium with NaHSeO;, and authors supposed that lacto-
bacilli convert toxic forms of Se to less toxic ones. Cultural
liquid became red during the stationary phase of L. bulgari-
cus growth (Xia et al. 2007). Lactobacillus paracasei HM 1
changed the bright yellow medium to red color on 32 h of
cultivation (El-Saadony et al. 2021a).

The rate of selenite transformation due to its reduction
to elemental selenium also is strain dependent. For example
addition of active cultures of some lactic acid bacteria to
the medium with sodium selenite, 4 mM, resulted in the
appearance of red colour in flask with L. rhamnosus within
12 h, L. acidophilus after 18 h, and L. plantarum after 26 h
of incubation (Rajasree and Gayathri 2015).

Time of selenite addition to the medium
for cultivation of lactic acid bacteria

The next point of influence on the growth characteristics of
LAB strains is the time of selenite addition to the medium. It
has been shown that later addition of selenite is better toler-
ated by bacterial strains (Jin 2015). When 10 pg/mg selenite
was added at the beginning of cultivation (0 h), a decrease
in cell biomass was observed for L. bulgaricus KCTC 3188,
L. acidophilus KCTC 3142, L. casei KFRI 704, L. brevis
353, B. bifidum BGN4 strains by 40.0, 26.9,41.9, 31.1, and
75.9%, respectively, compared to the control group without
selenite. Whereas the addition of selenite after 12 h of culti-
vation did not cause a decrease in cell biomass. When adding
higher concentrations of selenite in the amount of 1 mM
for L. brevis 353, a similar pattern was observed, namely,
the addition of selenite after O h reduced the accumulation
of biomass by 59.3%, while the addition after 12 h did not
cause a decrease in the final content of cell biomass. There-
fore, the addition of selenite 12 h after the start of incubation
can be recommended as a way to reduce the sensitivity of
bacterial cells to the toxic effect of selenite.

Other parameters essential for selenium
nanoparticles biosynthesis by lactic acid bacteria

Other parameters that have less effect on the synthesis
of selenium nanoparticles and more on the growth of
bacterial cells, include temperature and pH, and in most
cases are already known from the literature. However, to
select the optimal values of a large number of parameters
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affecting SeNPs synthesis, Yang et al. (2017) proposed
the use of response surface design. In this study, these
parameters were determined for the strains L. delbrueckii
ssp. bulgaricus and S. thermophilus. For L. delbrueckii
ssp. bulgaricus, Se enrichment of 94.34% was achieved at
pH 5.96, inoculum dose 6.73%, and temperature 33.24 °C.
For S. thermophilus, these values were 6.37 units, 6%, and
40 °C, respectively.

Lactic acid bacteria synthesize SeNPs in aerobic or
anaerobic conditions depending on their physiological char-
acteristics. The majority of LAB produce SeNPs in aerobic
conditions, however, some strains transform sodium selenite
to SeNPs under anaerobic conditions, for instance, Lactoba-
cillus casei 393 (Xu et al. 2018a, b).

Place of deposition of selenium nanoparticles
synthesized by lactic acid bacteria

According to the place of elemental selenium deposition
in cell, there are some observations. Elemental selenium is
found to be located mainly inside of the cells of lactic acid
bacteria. This was shown for Streptococcus thermophilus,
Bifidobacterium sp. (Eszenyi et al. 2011), L. lactis CRL
2011, W. cibaria 10 and 25, E. casseliflavus 47 and 82, L.
brevis CRL 2051, L. plantarum CRL 2030, F. tropaeoli CRL
2034 (Martinez et al. 2020), and Lactobacillus casei 393 (Xu
et al. 2018a, b).

Amorphous granules of elemental selenium deposited in
the cytoplasm and in the extracellular space of Lactobacillus
bulgaricus were observed (Xia et al. 2007). The amorphous
nature of SeNPs was evident by their red color (Guo et al.
2016; Kumar et al. 2014). It was suggested that reduction
of inorganic selenium Se occurred as a result of activity of
a membrane-associated reductase(s) and precipitated ele-
mental selenium is deposited near cell membrane (Losi and
Frankenberger 1997), meanwhile the presence of selenium
particles in surrounding medium maybe result of their fol-
lowing expulsion. However, it is possible that granules of
elemental selenium are released from the cells due to cell
lysis (Tomei et al. 1995). The location of SeNPs in E. faeca-
lis (Shoeibi and Mashreghi 2017), L. rhamnosus, L. acido-
philus and L. plantarum (Rajasree and Gayathri 2015) was
mainly extracellular. At a concentration of sodium selenite
64 mg/l, deposits (180 nm in diameter) were found in the
cell not far from the cell wall (Xia et al. 2007). It was shown
that high concentrations of selenium in the cultural medium
activate detoxification processes resulting in conversion of
selenite to elemental Se’, which is deposited near the bacte-
rial cell membranes in the cells (Kousha et al. 2017).

So, it looks that biosynthesized by lactic acid bacteria
from inorganic selenium compounds SeNPs could be located
intracellular, extracellular or be bonded to the membrane.
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Characteristics of selenium nanoparticles
synthesized by lactic acid bacteria

The shape, structure, and size of SeNPs are dependent on
different factors, such as source of selenium, selenite con-
centration, time of cultivation, temperature, and pH of the
cultural medium. There is a significant difference in the
size of SeNPs produced by LAB species. The size-depend-
ence of nanoparticle properties is that with decreasing par-
ticle size, surface area-to-volume ratio increases, and bioa-
vailability and biological activity against hydroxyl radicals
and protective effect against DNA oxidation increase. In
addition, the absorption of smaller nanoparticles in the
gastrointestinal tract is 15-250 times higher than that of
larger ones. It was reported that the size of these nanopar-
ticles decreases in the presence of O,, as it promotes the
oxidation of Se, as a result, the redox process becomes
slower and smaller SeNPs are formed (Martinez et al.

Table 2 Biosynthesis of selenium nanoparticles by lactic acid bacteria

2020; Spyridopoulou et al. 2021). Particle size depends
on the strain as it was shown in Martinez et al (2020).
Growing under the same conditions, lactic bacteria formed
SeNPs with different size, nm: Fructobacillus tropaeoli
and Lactobacillus brevis, 55-65; L. plantarum, 55-70;
Weissella cibaria, 50-70; Streptococcus thermophilus,
50-100; Enterococcus casseliflavus, 65-145; Lactococ-
cus lactis, 130-155. The same results were obtained in
study (Eszenyi et al. 2011), where three lactic acid bacteria
strains synthesized selenium nanospheres with size, nm:
Lactobacillus sp., 100-200; Bifidobacter sp., 400-500, and
Streptococcus thermophilus, 50-100. Most lactic acid bac-
teria produce selenium nanoparticles of spherical shape,
but it was reported about hexagonal SeNPs synthesized by
Lactobacillus paracasei HM1 (El-Saadony et al. 2021a).
SeNPs could be individual or form aggregated conglomer-
ates (Spyridopoulou et al. 2021). The size of NPs formed
by some lactic acid bacteria is shown in Table 2.

Microorganisms Characteristics of nanoparticles

Biosynthesis conditions References

Lactobacillus casei
tial, -23 mV

Lactobacillus acidophilus, L. casei  Size, 100500 nm
Streptococcus

thermophilus

L. acidophilus CRL 636

L. reuteri CRL 1101

L. delbrueckii subsp. bulgaricus
CRL 65

Enterococcus faecalis

Spherical, size, 176 nm
Size,160+24 nm
Size, 130+23 nm

Spherical, size 29-195 nm

Lactobacillus paracasei HM1 Hexagonal monodispersed, size,
91 + 1.8 nm, zeta potential

-20.1+£0.6 mV

L. rhamnosus, L. acidophilus. and Spherical, size 20-150 nm

L. plantarum

Size, 100200 nm
Size, 50-100 nm

Lactobacillus sp.

Streptococcus
thermophilus

Size, 400500 nm
Size, 170-550 nm

Bifidobacterium sp.

Lactobacillus casei

Size, 50-80 nm, aggregated in
sphere-shaped conglomerates

Lactobacillus casei 393

Lactobacillus casei LC4P1
tial—22 mV

Lactobacillus acidophilus ML14
tial—23.5 mV

L. plantarum,
L. johnsonii

Spherical, size, 200 nm, zeta poten-

Spherical, size <80 nm, zeta poten-

Spherical, size, 46 nm, zeta poten-

Spherical, size, from 25 to 250 nm

MRS broth, sodium selenite,
200 mg/1, 48 h at 37 °C

MRS broth, NaHSeO;

200 mg/l, pH initial 7-8, 3648 h
at 37 °C

MRS broth, 25 mg Se/l

as Na,SeO;, 24 h at 37 °C

Laslo et al. (2022)

Eszenyi et al. (2011)

Moreno-Martin et al. (2017)

Luria—Bertani broth;
Na,SeO;~33-514 mg/l; at 37 °C
or 42 °C; 150 rpm; 24 h and 48 h

Luria—Bertani broth;

Na,SeO;~692 mg/l; pH 6.0; at
35 °C; 160 rpm; 32 h

Luria—Bertani broth;

Na,SeO;~ 692 mg/l; at 35 °C;
170 rpm

MRS broth; Na,SeO;, 200 mg/l;

3648 h; at 37 °C; shaking

Shoeibi and Mashreghi (2017)

El-Saadony et al. (2021a)

Rajasree and Gayathri (2015)

Eszenyi et al. (2011)

MRS broth; NaHSeO3, 20 mg/l;
96 h at 37 °C

MRS broth; 24 h; then anaerobic
added Na,SeO;, 208 mg/l; 24 h;
37 °C

MRS broth; Na,SeOs, 200 mg/l;
48 h; at 37 °C

Luria—-Bertani broth; Na,SeOj,
6.0 mM; 35 °C, 170 rpm; until
NPs are formed

MRS broth; SeO,, 200 mg/1 of Se;
37 °C, in a shaker; 120 h

Spyridopoulou et al. (2021)

Xu et al. (2018a, b)

Vicas et al. (2021)

El-Saadony et al. (2021b)

Kheradmand et al. (2014)
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To recover SeNPs located inside the bacterial cells, it is
needed to digest resistant cell wall. Acid hydrolysis with
37% hydrochloric acid (Eszenyi et al. 2011; Laslo et al.
2022), concentrated HNO; and 30% (v/v) H,O, (Martinez
et al. 2020; Pescuma et al. 2017; Sasidharan et al. 2014),
ultrasonic treatment (Moreno-Martin et al. 2017), sonica-
tion (Zhang et al. 2021) to disrupt cell walls, or enzymatic
treatment (Alzate et al. 2008; Kousha et al. 2017; Palomo-
Siguero et al. 2016; Xu et al. 2018a, b) for selenium recovery
from bacterial cells are used. Comparative study of differ-
ent enzymatic treatments using lysozyme, lipase, protease,
a combination of lipase and protease, and lysozyme and
protease for selenium recovery from the cells of lactic acid
bacteria Pediococcus acidilactici showed that maximum
selenium recovery, 98.5%, was obtained using a mixture of
lysozyme and protease, meanwhile the lowest, 14.9%, was
observed in case when lipase alone was used (Kousha et al.
2017). However, in spite of enzymatic hydrolysis being more
efficient, acid hydrolysis is more often used as a cheaper
method for selenium release. Meanwhile, for certain strains,
for instance, E. faecalis (Shoeibi and Mashreghi 2017), L.
rhamnosus, L. acidophilus and L. plantarum (Rajasree and
Gayathri 2015), SeNPs are accumulated in cultural liquid
and could be separated directly by centrifugation.

Based on the data presented, the range of possible sizes of
SeNPs should be limited from 50 to 550 nm (Table 2). The
size of SeNPs depends on the time of formation and the type
of microorganism that reduces Se oxyanions. The size and
form of NPs change such properties as conductivity, color,
mechanical strength, magnetic behavior, and melting point.
NPs can be found in crystalline and amorphous forms. The
amorphous nature of SeNPs is evidenced by their red color.
In most cases, for LAB, biogenic reduction of Se oxyanions
induces the formation of amorphous spherical nanoparticles
(Spyridopoulou et al. 2021). It was reported that the visible
spectrum of selenium nanoparticles synthesized by Lacto-
bacillus casei had a peak at 575-585 nm (Spyridopoulou
etal. 2021), 601 nm for SeNPs synthesized by Providencia
sp. DCX (Zhang et al. 2021), which are matched to results of
Shirsat et al. (2015) found a characteristic peak at 590 nm for
SeNPs produced by non-lactic bacteria Bacillus cereus strain
CM100B. Absorption peak at 300 nm in UV-vis spectra
was observed for SeNPs biosynthesized using Lactobacillus
acidophilus ML14 (El-Saadony et al. 2021b) and at 263 nm
for SeNPs biosynthesized using the free-cell supernatant
of Bacillus licheniformis from SeO, (Khiralla and El-Deeb
2015). These variations depending on the microbial produc-
ers of SeNPs might be explained by the presence of various
organic materials accumulating on the surface of the nano-
particles during their formation.

Zeta potential is an important characteristic of the col-
loidal dispersion of nanoparticles, and nanoparticles with
zeta potential greater than+20 mV or less than —20 mV are
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considered stable (Bhattacharjee 2016; Laslo et al. 2022).
Nanoparticles with higher zeta potential have greater sta-
bility due to stronger electrostatic repulsion between them.
The surface charge of nanoparticles is characterized by the
zeta potential, which is a factor that plays an important role
in antimicrobial activity, as the interaction between nano-
particles and the cell membrane is based on electrostatic
adhesion. Both Gram-positive and Gram-negative bacteria
have negatively charged surfaces that can attract positively
charged nanoparticles. So, SeNPs have shown higher antimi-
crobial activity against Gram-positive bacteria than Gram-
negative ones (Escobar-Ramirez 2021).

In addition, the study by Filipovi¢ et al. (2021) found
the influence of zeta potential on antimicrobial action.
Two types of stabilized particles were used: SeNPs-BSA
and SeNPs-chitosan showed a positive potential (SeNPs-
BSA, +27+3; SeNPs-Chit, +24 + 1), and SeNPs-Glucose
showed a negative potential (—45 =+ 1). It was noted that the
zeta-positive SeNPs demonstrated significantly greater anti-
bacterial activity than negatively charged SeNPs, except for
those that have been in contact with Escherichia coli. This
bacterium was inhibited by negatively charged SeNPs at a
lower concentration, 290 pg/ml, than SeNPs-BSA, which
were positively charged, 400 pg/ml (Filipovi¢ 2021).

Properties of selenium nanoparticles synthesized
by lactic acid bacteria

Antimicrobial activity of selenium nanoparticles
synthesized by lactic acid bacteria

In recent years selenium nanoparticles have been extensively
studied as antibacterial agents against multidrug-resistant
bacteria (Han et al. 2021). It will be interesting to note,
that SeNPs could be synthesized from selenium salts using
plant extracts and removed from it by a simple precipitation
(Kokila et al. 2017; Fardsadegh and Jafarizadeh-Malmiri
2019; Menon et al. 2019; Ndwandwe et al. 2021a, b, 2022).
This is due reducing action of phenols, flavonoids and ster-
oids, which are present in plant extracts on selenium salts
producing selenium nanoparticles (Kokila et al. 2017). Bio-
synthesis of SeNPs using plant extracts is inexpensive, does
not require any special conditions and could be easily real-
ized. The antioxidant and antibacterial properties of SeNPs
of either plant or microbial origin has been shown in several
studies (Table 3).

Effect of inhibition depends on the concentration of
SeNPs in the reaction medium. For instance, growth of such
opportunistic pathogens as Staphylococcus aureus, Bacil-
lus cereus, Bacillus subtilis, Pseudomonas aeruginosa,
Escherichia coli, and Vibrio parahemolyticus was strongly
inhibited under the presence of 500 mg/l SeNPs synthesized
by the Providencia sp. DCX (treatment was under shaking,
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Table 3 Antimicrobial activity of selenium nanoparticles

Source Characteristics of SeNPs Antimicrobial activity

References

Selenium nanoparticles of plant origin

Diospyros montana (Bombay Size 4-16 nm; zeta poten- Nanoparticles, 30 ug/ml; inhibition
ebony) leaf extract tial,—22.3 mV zone for Staphylococcus aureus,
7 mm; Escherichia coli, 4 mm;
Aspergillus niger, 11 mm
Aloe vera leaf extract Size, 50 nm; zeta poten- Nanoparticles solution, 100 pl; inhi-
tial, — 18 mV bition zone for S. aureus, 12 mm;
E. coli, 10; fungal mycelia growth
was inhibited for Colletotrichum
coccodes by 84%, Penicillium
digitatum by 53%

Allium sativum buds extract Size, 8-52 nm Nanoparticles solution, 100 pl; inhi-
bition zone, mm: 32 (S. aureus),
28 (Bacillus subtilis)

Emblica officinalis (Amla) fruit Size, 15-40 nm MIC for S. aureus, 9.2 pg/ml; E.
extract coli, 59.8 pg/ml; Enterococcus

faecalis, 16.2 pg/ml; Rhizopus
stolonifer, 1.5 pg/ml; Aspergil-
lus oryzae, 25.5 pg/ml; A. flavus,
13.5 pg/ml; Fusarium anthophi-
lum, 11.8 pg/ml

Zingiber officinale (Ginger) Size, 100-150 nm Nanoparticles, 100 pg/ml; inhibi-
tion zone for Proteus sp., 20 mm;
Serratia sp., 17 mm; B. subtilis,
5 mm; S. aureus, 7 mm; Kleb-
siella sp., 9 mm; E. coli, 12 mm

Moringa oleifera leaf extract Size 0-140 nm Nanoparticles, 100 pg/ml; inhibition
zone for Salmonella typhimurium,
12.5 mm, E. coli, 10.1 mm, Bacil-
lus cereus, 9.8 mm

Phyllanthus emblica fruit extract Size 11-12 nm; zeta poten- MIC for S. aureus ATCC BAA-

tial, —33.6 mV 2419, 22.5 pg/ml; S. aureus

WR-3, 30.0 pg/ml; S. aureus
MR-4, 17.3 pg/ml

Selenium nanoparticles of microbial origin

Providencia sp. DCX Size, 120 nm, zeta poten- SeNPs concentration 100 mg/1
tial, —25.6 mV decreases the growth rates of

Pseudomonas aeruginosa, E. coli,
Vibrio parahemolyticus, S. aureus
and B. cereus by 91.3%, 63.3%,
55.6%, 51.6% and 39.0%, respec-
tively

Bacillus clausii Size, 40-150 nm Nanoparticles, 500 pg/ml; inhibi-
tion zone for S. aureus, 22 mm,;
E. coli, 18 mm; P. aeruginosa,
22 mm; Streptococcus pyogenes,
18 mm; Klebsiella pneumonia,
16 mm; Acinetobacter baumannii,
22 mm; Proteus mirabilis, 24 mm;
Shigella sonii, 24 mm

Selenium nanoparticles synthesized by lactic acid bacteria

Lactobacillus plantarum Size, 25-250 nm; 50-100 nm Cell-free supernatants after cul-
tivation of LAB in MRS with
selenium dioxide, 100 pl; inhibi-
tion zone for Candida albicans,
28 mm

L. johnsonii N/A C. albicans, inhibition zone 26 mm

Kokila et al. (2017)

Fardsadegh and Jafarizadeh-

Malmiri (2019)

Vyas and Rana (2018)

Gunti et al. (2019)

Menon et al. (2019)

Ndwandwe et al. (2021a)

Al-Saggaf (2021)

Zhang et al. (2021)

Al-Shemmary et al. (2022)

Kheradmand et al. (2014)
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Table 3 (continued)

Source Characteristics of SeNPs

Antimicrobial activity References

Enterococcus faecalis Size, 29-195 nm

Size, 57.9 nm, zeta poten-
tial,—20.1 mV

Lactobacillus paracasei HM1

Lactobacillus acidophilus zeta potential +37.86 mV

Bacterial cells containing SeNPs

Streptococcus thermophilus

Lactobacillus pentosus Bacterial cells containing SeNPs

15 pl of SeNPs solution; inhibition
zone for S. aureus, 8 mm

Shoeibi and Mashreghi (2017)

SeNPs concentration, 60 pg/ml;
inhibition zone and MIC for Can-
dida albicans, 27 mm and 55 pg/
ml; inhibition zone and MFC for
Fusarium oxysporum 24 mm and
50 pg/ml, respectively

MIC,, of SeNPs, ug/ml, for bacte-
rial strains E. coli, 9.4; S. aureus,
1.2; B. subtilis, 3.5; P. aeruginosa,
6.5; K. pneumoniae, 4.0

El-Saadony et al. (2021a)

Alam et al. (2020)

Inhibition zone for Salmonella
typhimurium, 7.6 mm; E. coli,
7.5 mm; S. aureus, 7.0 mm,; Lis-
teria monocytogenes, 8.1 mm

Yang et al. (2018)

Inhibition zone for E. coli,
11.5 mm; Salmonella arizo-
nae,13.3 mm; S. aureus, 10.1 mm;
S. typhimurium, 9 mm

Adebayo-Tayo et al. (2021)

MIC minimum inhibitory concentration, MFC minimum fungicidal concentration, MICy, concentration that would inhibit the growth of 90% of

the tested bacterial strain

150 rpm, at 30 °C), and the most cells of tested bacteria
were destroyed within 12 h (Zhang et al. 2021). However, at
SeNPs concentration 100 mg/l, the growth rates of P. aer-
uginosa, E. coli, V. parahemolyticus, S. aureus and B. cereus
decreased only by 91.27%, 63.28%, 55.60%, 51.63% and
39.00%, respectively. Interestingly, the inhibiting effect was
more obvious for Gram negative bacteria (P. aeruginosa,
and E. coli, V. parahemolyticus) than for Gram positive
bacteria (S. aureus, B. cereus, and B. subtilis). The authors
explained this by the fact that nanoparticles penetrate more
easily through the thinner cell wall of Gram-negative bacte-
ria, cause damage to the cell membrane, and assumed that it
is possible to expect a higher antimicrobial activity of sele-
nium nanoparticles against Gram-negative microorganisms
than Gram-positive. But, selenium nanoparticles synthesized
by Enterococcus faecalis possessed the antimicrobial activ-
ity against S. aureus (Gram-positive) and did not show inhi-
bition activity against E. coli (Gram-negative) (Shoeibi and
Mashreghi 2017).

It should be noted that not only selenium particles them-
selves possess antimicrobial activity, but also bacterial cells
containing these nanoparticles demonstrate an increased
ability to inhibit the growth of various microorganisms,
including pathogenic bacteria. Thus, the inhibitory activities
of lactic acid bacteria Lactobacillus delbrueckii ssp. bulga-
ricus and Streptococcus thermophilus containing selenium
nanoparticles against pathogens Salmonella typhimurium,
Listeria monocytogenes and opportunistic pathogens E. coli,
S. aureus, increased in comparison with non-Se-containing
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strains (Yang et al. 2018), as well as selenium-enriched pro-
biotics Lactobacillus acidophilus, Lactobacillus rhamnosus,
and Streptococcus thermophilus strongly inhibited growth
of opportunistic pathogen E. coli (Yang et al. 2009). The
cells of Lactobacillus pentosus enriched with Se-NPs with
average size of 106 nm demonstrated antimicrobial activity
against foodborne pathogens Escherichia coli, Salmonella
arizonae, Salmonella typhimurium ATCC 14028, and Staph-
ylococcus aureus (Adebayo-Tay et al. 2021). The authors
suggested that the addition of selenium nanoparticles to
food can be used to control the development of food-borne
pathogens.

Antioxidant properties of selenium nanoparticles
synthesized by lactic acid bacteria

Cells of lactic acid bacteria strains Streptococcus thermophi-
lus CCDM 144 and Enterococcus faecium CCDM 922A cul-
tivated aerobically in the medium M17 containing 50 mg/1
of sodium selenite for 24 h of aerobic cultivation at 37 °C
were characterized by increasing of hydrophobic proper-
ties and antioxidant capacity compared with non-selenized
cells. Hydrophobicity of bacterial cells was determined by
their adhesion to hydrocarbons, antioxidant capacity was
assessed by the 2, 2-diphenyl-1-picrylhydrazyl (DPPH)
method (Krausova et al. 2020) (Table 4).

Content of accumulated selenium in bacterial bio-
mass was 7348 +2395 ug/g for S. thermophilus and
6491 + 1158 pg/g for E. faecium. Authors supposed that
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Table 4 Characteristics of
lactic bacteria cells enriched

Characteristics

S. thermophilus grown

E. faecium grown

with selenium (adapted from without Se with Se without Se with Se
Krausova et al. 2021)
Hydrophobicity, % 7.97+2.77* 17.02+4.16° 2.13+0.48 1726 +4.91°
Antioxidant capacity, % 3.45+1.90% 4.06+0.70° 1.59+1.73 3.14+1.06"

**Data in the column with different superscripts differ (p <0.05)

Food products

Food packaging materials

Selenium ‘
nanoparticles
synthesied by lactic
acid bacteria

Agriculture
Plant pathogen control

Fig.1 Applications of selenium nanoparticles synthesized by lactic
acid bacteria

LAB concentrated Se intracellularly in organic forms but
also as elemental Se. The increased hydrophobicity of the
bacterial cells enriched with selenium indicates the potential
of strains to colonize the intestinal epithelium, but increase
of antioxidant capacity was not significant.

Applications of selenium nanoparticles
synthesized by lactic acid bacteria

Selenium nanoparticles can find applications in various
fields of human activity (Fig. 1).

The potential use of selenium nanoparticles
synthesized by lactic acid bacteria in food
packaging materials

SeNPs possess antioxidant and antimicrobial activities,
which makes their application in manufacturing of packag-
ing materials for food products very promising due to the
ability of these particles to extend the shelf life of food as
well as reduce the amounts of chemical preservatives added
to products to prolong time of their storage.

Application of different metal nanoparticles such as sil-
ver, gold, and metal (titanium, zinc, copper), oxide nano-
particles, and silicon dioxide in s packing materials are
proposed to extend time for keeping food fresh (Dash et al.
2022; Peighambardous et al. 2019; Souza and Fernando
2016). One of the fields of application of the antimicrobial

properties and antioxidant capacity of SeNPs synthesized
by lactic acid bacteria could be also food packing. SeNPs
due to their biocidal properties altogether with minimal toxi-
cological effect are perspective bioagents to be used in the
development of new packing materials (Ndwandwe et al.
2021b). Currently, the biocidal mechanism of SeNPs in food
packaging is still unknown. However, it was assumed that
SeNPs interact with the peptidoglycan layer of the bacte-
rial cell wall and further damage the double-stranded DNA
structure (Ndwandwe et al. 2021b). Currently, most studies
on application of selenium nanoparticles in food packing
were done with SeNPs produced chemically or using plant
extracts to reduce sodium selenite (Table 5).

The problem with the use of SeNPs lies in their dos-
age, since at the wrong choice of concentration, these sub-
stances can have a toxic effect, but currently, there are no
strict recommendations and guidelines for implementation
of the appropriate dosage in the packing materials. How-
ever, SeNPs in the packing films are not in direct contact
with food products. The location of SeNPs in the packag-
ing material is usually in the middle layers of the package,
where there is obviously no direct contact with the product
or consumer (Garza-Garcia et al. 2021; Ndwandwe et al.
2021b, 2022; Vera et al. 2016).

Addition of chemically synthesized selenium micropar-
ticles (SeMPs) with average particle size 900 nm, 1.5%, to
polylactic acid (PLA) in the formation of film membrane
increased film water resistance, UV resistance, and antibac-
terial active against E. coli and S. aureus (Lu et al. 2020).
Incorporation of spherical SeNPs with diameter 50-60 nm,
which were synthesized using the reduction of selenite with
ascorbic acid in the presence of different stabilizers agent,
in several multilayer laminated structure composed by pol-
yethylene terephthalate (PET)-adhesive—low-density poly-
ethylene (LDPT) ensured the antioxidant capacity to devel-
oped packing film (Vera et al. 2016). Because SeNPs were
placed between PET and LDP in the adhesive (100 mg/l)
there was not direct contact with packing product. This pack-
ing film was recommended to be used to protect the pack-
aged product such as fresh meat, ready to eat, dried nuts,
snacks, and everything susceptible of oxidation to extend
the shelf life. Addition of SeNPs (0.8 wt%) with size in the
range of 41-59 nm, produced by reduction of sodium sel-
enite placed in aquatic solution of albumin for 14 h at 30 °C
to dissolved in deionized water polyvinyl alcohol (PVA)

@ Springer



230 Page120f20

World Journal of Microbiology and Biotechnology (2023) 39:230

Table 5 Application of selenium nanoparticles in production of coating and packing materials

Coating or packing materi- Size SeNPs Area of use

als

SeNPs origin

Result References

Potato starch film 83+19nm Packing film

Reduction of Na,SeO;
using Moringa oleifera

Improved the antimicrobial
property of the film

Ndwandwe et al. (2022)

leaf extract
Polymer NCT/PPE/SeNPs  9.41 nm Coating of orange Reduction of Na,SeO; Anti-fungicidal activ- Salem et al. (2022)
nanocomposite using pomegranate peel ity against Penicillium
extract digitatum
Furcellaran-gelatin films ~ 50+15nm Coating of kiwi ~ Chemical synthesis Prolonged shelf live Jamroz et al. (2019)
with SeNPs and AgNPs
Polylactic acid films 900 nm Packing film Chemical synthesis Increased water resistance, Lu et al. (2020)
UV resistance, antibacte-
rial activity of the film
PET-adhesive- LDPT 50-60 nm  Packing film Reduction of Na,SeO; Protection from oxidation, Vera et al. (2016)
with ascorbic acid extending shelf life
PVA and CMC 41-59 nm  Packing film Na,SeOj; in solution of Increased antibacterial Al-hakimi et al. (2022)
albumin, 14 h at 20 °C activity
Paper 50 nm Paper towels Chemical synthesis Antimicrobial properties ~ Wang and Webster
(2013) and Wang

etal. (2015)

and carboxymethyl cellulose (CMC) (70/30 wt%) allowed
to increase antibacterial activity of produced packing film
against up to 98% (S. aureus), 78% (B. cereus), 66% (E.
coli), and 16% (P. aeruginosa) (Al-hakimi et al. 2022).
Incorporation of SeNPs obtained from sodium selenite using
ethanol extract from Moringa oleifera leaf (Ndwandwe et al.
2021a) into potato starch film gave it new antioxidant and
antimicrobial properties (Ndwandwe et al. 2022). Coating
of orange fruit with polymer NCT/PPE/SeNPs nanocompos-
ite was effective against fungi Penicillium digitatum, which
commonly cause postharvest spoilage of citrus fruit (Salem
et al. 2022). Sodium selenite was reduced using extract from
the peels of pomegranate fruit (PPE) to produce SeNPs and
chitosan nanoparticles (NCT) were obtained by ionic gela-
tion of chitosan extracted from white prawn shells. It was
proposed to use chemically synthesized SeNPs to coat paper
towels to possess them antimicrobial activity resulted in bac-
terial inhibition after 24 h of treatment against Staphylo-
coccus aureus (90%) (Wang and Webster 2013), S. aureus
(91%), E. coli (50-60%), and Staphylococcus epidermidis
(91%) Pseudomonas aeruginosa (55%, but 84% after 48 h)
(Wang et al. 2015).

So, application of SeNPs synthesized by lactic acid bac-
teria could find their application of production of packing
materials with new useful properties to store food products.

Selenium nanoparticles synthesized by lactic acid
bacteria in food products

Enrichment of lactic acid bacteria cells with non-toxic forms
of Se and their use in food product manufacturing can be an
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alternative to the use of dietary supplements with this trace
element. Lactic bacteria, which are able to produce selenium
nanoparticles, are traditionally used in production of differ-
ent food products. Thus, LAB enriched with SeNPs as well
as SeNPs synthesized by lactic acid bacteria could find a
wide range of application in manufacturing of functional
food, production of which is one of the main trends in cur-
rent food technologies (Ivanov et al. 2021). Some examples
of food products enriched with selenium nanoparticles are
present in Table 6.

In production of yogurt enriched with selenium nanopar-
ticles, the powder of dry biomass of three lactic acid bacteria
Lactobacillus acidophilus CH2, L. plantarum 4496, and L.
casei FEGY 9973 (individual or mixed) containing SeNPs
was used. Fresh buffalo's milk was heat-treated at 90 °C for
3 min, then cooled to 42 °C and inoculated with 2% yoghurt
starter (L. bulgaricus and S. thermophilus in ratio 1:1), and
then dry powder of SeNPs was added followed by procedure
of yogurt preparation (Salama et al. 2021). The addition of
the bacterial preparation with SeNPs did not have a notice-
able effect on the chemical composition and texture of the
final product (Salama 2021).

It was shown in experiment on mice that biomass of
LAB Lactobacillus casei LC4P1, grown in skimmed milk
with sodium selenite, 200 mg/1, for 48 h at 37 °C, or prepa-
ration of pure Se-NPs isolated from LAC biomass have
ability to prevent toxic effects of cadmium, which is usu-
ally present in grain products, vegetables, and starchy roots
like potatoes, on liver (Vicas et al. 2021). This was dem-
onstrated by the restoration of blood hepatic markers and
antioxidant enzymes, catalase and glutathione peroxidase.
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Table 6 Application of SeNPs synthesized by lactic acid bacteria in food products

Food product Lactic acid bacteria producer of Size SeNPs Application in form of References
SeNPs
Yogurt L. plantarum - 146 nm Dry powder of LAB biomass Salama et al. (2021)
L. acidophilus - 203 nm enriched with SeNPs was added
L. casei - 271 nm to inoculated milk for yogurt
production
Yogurt Lactobacillus casei 80 nm LAB biomass enriched with Vicas et al. (2021)
SeNPs
Yogurt Lactobacillus brevis 20-200 nm LAB biomass enriched with Deng et al. (2015)
Se” was added to skim milk
alongside with traditional starter
culture
Fermented mango-orange juice- Lactobacillus brevis, Fructobacil- 50-90 nm  Mixture of fruit juice and Martinez et al. (2019)
milk drink lus tropaeoli skimmed milk was inoculated
with selenized LAB, incubated
at 30 °C for 24 h
Fermented fruit drinks (passion Levilactobacillus brevis, Fructo- 50-90 nm  Fruit juice, inoculated with LAB,  Crespo et al. (2021)
fruit and mango) bacillus tropaeoli were added by 0.15 mg/l of Se
as Na,SO;, incubated at 30 °C
for 24 h
Fermented Mediterranean fruit Levilactobacillus brevis, 50-90 nm  Fruit juice, inoculated with LAB,  Gaglio et al. (2021)

juices (pomegranate and grape)  Fructobacillus tropaeoli

were added with 0.15 mg/1 of Se
as Na,SO;, incubated at 30 °C
for 24 h

Application of LAC biomass enriched with SeNPs showed
the best protective effects. So, the authors suggested that
preparation of yogurt that includes both probiotic bacteria
and elemental SeNPs will have increased nutritional and
health values of the product and should have protective
effects against heavy metals.

Strain of lactic acid bacteria Lactobacillus brevis iso-
lated from kefir grains was grown in the MRS containing
5 mM sodium selenite at 30 °C for 36 h under shaking,
150 rpm, until elemental selenium was produced. Biomass
of L. brevis enriched with elemental selenium was added
to skimmed milk containing the starter culture (Strepto-
coccus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus) used for milk fermentation at 43 °C until the
pH decreased below 4.5. Elemental selenium was detected
in prepared yoghurt, a new functional dairy product (Deng
et al. 2015).

Effect of lactic acid bacteria selenization (Lactobacillus
brevis CRL 2051 or Fructobacillus tropaeoli CRL 2034)
on their growth and survival during gastrointestinal diges-
tion and after storage of fermented mixture of mango-orange
juice with reconstituted skim-milk (10%, w/v) in a 1:4 (v/v)
ratio was studied (Martinez et al. 2019). It was shown that
selenization did not affect LAB growth in the fermented
drink, and selenized cells survived after the 28 days of stor-
age and in vitro gastrointestinal digestion. After digestion,
Se was detected in the soluble fraction of the drinks fer-
mented by both strains, being higher for L. brevis, 23.6 pg/l.

Fermented fruit drinks from passion fruit and mango
were prepared from fresh juices inoculated with lactic acid
bacteria (Levilactobacillus brevis CRL 2051 and Fructoba-
cillus tropaeoli CRL 2034), then sodium selenite to achieve
concentration of selenium 0.15 mg/l was added and fermen-
tation of juice took place during 24 h at 30 °C (Crespo et al.
2021). Lactic acid bacteria Levilactobacillus brevis CRL
2051 and Fructobacillus tropaeoli CRL 2034 were chosen
due to their ability to produce SeNPs from sodium selenite.
Selenium accumulation values were in a range of 34—-67% of
the added Se in fermented fruit drinks, and authors proposed
to use LAB strains for preparing functional fermented fruit
beverages bio-enriched in Se.

Selenium bio-enriched drinks were prepared from pome-
granate and table red grape juices added with sodium sel-
enite and fermented by Levilactobacillus brevis CRL 2051
and Fructobacillus tropaeoli CRL 2034 individually or com-
bined (Gaglio et al. 2021). Authors reported that after fer-
mentation Se was found in the microbial pellets of fermented
juices because of accumulation in biomass of lactic acid bac-
teria, and assumed that such fermented drinks could serve
as functional foods especially for lactose intolerant people.

All these studies show the principal possibility of using
lactic acid bacteria to enrich certain food products, such
as yoghurts or fermented drinks, with selenium. However,
when developing these functional products, it is mandatory
to strictly adhere to the daily norms of this element con-
sumption and, in accordance with this, recommendations
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should be developed on the possible amount of the proposed
product to be included in the diet. Clinical studies of each
such product must be carried out before it is approved in
the diet.

Selenium nanoparticles synthesized by lactic acid
bacteria in aquaculture

Application of selenium nanoparticles synthesized by lactic
acid bacteria in aquaculture are intensively studied. Some
examples are shown in Table 7.

Lactic acid bacteria strain Lactiplantibacillus plan-
tarum was isolated from the intestine of healthy rainbow
trout (Oncorhynchus mykiss) to be used as probiotic cul-
ture (Yanez-Lemus et al. 2022). These bacteria are natural
inhabitants of the rainbow trout and are able to grow in its
intestine. L. plantarum was enriched with SeNPs because
of growth in MRS broth with 1 mM Na,SeO; under micro-
aerophilic condition (agitation 100 rpm), at 37 °C for 24 h.
Sphere-like SeNPs with size 98-245 nm attached to the cell
surface were verified by Scanning Electron Microscopy—
Energy Dispersive X-ray Spectroscopy. Including in the
fish diet lactic acid bacteria biomass with SeNPs resulted
in improving fish healthy status.

Addition to diet of Nile tilapia (Oreochromis niloticus)
biomass of yogurt lactic acid bacteria Streptococcus thermo-
philus CNCM 1-1670, Lactobacillus delbrueckii subsp. bulg-
aricus NCAIM B 02206 enriched with spherical intracellular

selenium nanoparticles with size 100500 nm, 1 to 2 mg/kg
of fish fed, resulted in significantly increase of body weight,
weight gain, and feed efficiency (Dawood et al. 2020).

Selenium nanoparticles synthesized by lactic acid
bacteria in agriculture

Selenium nanoparticles produced by lactic acid bacteria
could be recommended as functional feed additives alone
or with biomass of LAB (Eszenyi et al. 2011; Prokisch and
Zommara 2008). SeNPs synthesized by lactic acid bacteria
can find wide and diverse applications in agriculture such as
production of silage to feed farm animals (Lee et al. 2019a,
b) or protect plants against fungal pathogens (El-Saadony
et al. 2021b) (Table 8).

Silage of wilted grass was provided with lactic bacte-
ria L. brevis DSMZ, L. plantarum LF1, and L. plantarum
SSL MC15, which were able to grow in the medium with
sodium selenite and accumulate inside cells predominantly
SeNPs (Lee et al. 2019a). Application of LAB enriched with
selenium did not change the silage fermentation character-
istics in comparison with use of non-selenized bacteria. It
was shown the possibility to add sodium selenite directly
to the fermented grass instead of medium for LAB cultiva-
tion. SeNPs in enriched silage were available to sheep and
extended shelf life of the meat (8.05 vs 9.2 days; P <0.05)
(Lee et al. 2019b). The authors supposed that application

Table 7 Application of selenium nanoparticles synthesized by lactic acid bacteria in aquaculture

Aquiculture species Lactic acid bacteria enriched with SeNPs Results References

Rainbow trout (Onco-  Lactiplantibacillus plantarum S14 produces Improved respiratory burst, innate immune  Yanez-Lemus et al. (2022)

rhynchus mykiss) NPs with size 98-245 nm, attached to the response, oxidative status (glutathione
surface of LABS14 cells peroxidase) activities, and productive
parameters
Nile tilapia Streptococcus thermophilus, Lactobacillus ~ Increase of fish body weight, weight gain, ~ Dawood et al. (2020)

delbrueckii subsp. bulgaricus, Se-NPs size
100-500 nm

(Oreochromis niloticus) and feed efficiency

Table 8 Application of selenium nanoparticles synthesized by lactic acid bacteria in agriculture

Lactic acid bacteria synthesized Results References

SeNPs

Agricultural object

L. brevis DSMZ, L. plantarum LF1,
L. plantarum SSL MC15

Sheep feeding with selenium enriched L. brevis DSMZ, L. plantarum LF1,
silage L. plantarum SSL MC15

Grass silage enriched with SeNPs Lee et al. (2019a)

with increasing feeding value

Silage of wilted grass

SeNPs in enriched silage was avail-
able to sheep and extend shelf life
of the meat

Lee et al. (2019b)

Lactic acid bacteria isolated from Sheiha et al. (2020)

human breast milk
Lactobacillus acidophilus ML14

Allowed rabbits to cope with heat
stress

Incorporation of SeNPs in rabbits
feeding

Control rot diseases induced by
Fusarium spp.

Durum wheat (Triticum aestivum L) El-Saadony et al. (2021b)
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of silage produced using lactic acid bacteria enriched with
selenium will be healthy feed for ruminant animals.

Supplementation of rabbit diets with SeNPs synthesized
by lactic acid bacteria isolated from human breast milk, 25
or 50 mg/kg, allowed rabbits to cope with heat stress dem-
onstrated by improved growth, liver and kidney functions,
and antioxidant status (Sheiha et al. 2020). This positive
effect was greater in comparison with application of sele-
nium nanoparticles synthesized chemically.

SeNPs synthesized extracellularly by L. acidophilus ML1
were proposed to be used instead of toxic pesticide to pro-
tect wheat from crown and root rot diseases (CRDs) caused
by pathogenic fungi of the genus Fusarium (El-Saadony
et al. 2021b). It was shown the ability of SeNPs to suppress
the development and propagation of F. culmorum and F.
graminearum, the major causal agents of CRDs, the devel-
opment of which results in the severe loss of wheat yield
and quality. The wheat grains were soaked in suspension
of SeNPs (100 mg/ml) before being planted in fusarium-
infected soil. It was shown that this treatment reduced by
75% the incidence of crown and root rot diseases of wheat,
improved plant growth, and increased grain quantity and
quality by 5-40%.

Selenium nanoparticles synthesized by lactic acid
bacteria in medicine and veterinary

Selenium nanoparticles could be used as dietary supple-
ments due to their lower toxicity and ability to slowly release
selenium after ingestion. Their anti-cancer and anti-diabetic
properties have also been found, so SeNPs may also serve as
a therapeutic agent (Skalickova et al. 2017). Potential appli-
cation of SeNPs produced intracellularly under anaerobic
conditions by probiotic strain Lactobacillus casei ATCC
393 as anticancer and antioxidant agents was shown (Xu
et al. 2018a). Se-NPs produced by L. casei ATCC 393 also
significantly inhibited the growth of human liver tumor
cell line-HepG2, and alleviated diquat-induced IPEC-J2
oxidative damage (Xu et al. 2018b). In vivo and in vitro
experiments on mice, it was shown that SeNPs synthesized
by L. casei ATCC 393 protected against enterotoxigenic
Escherichia coli K88 caused intestinal barrier dysfunction
(Xu et al. 2018b). The cells of the same strain Lactobacil-
lus casei ATCC 393 enriched with SeNPs had protective
effects against D-galactose/aluminum chloride-induced Alz-
heimer's disease model mice, and authors suggested that L.
casei ATCC 393-SeNPs may be used as a food additive to
prevent the neurodegenerative disease (Qiao et al. 2022).
To control delivery applications, spherical selenium
nanoparticles with size of 400 nm were produced by using
probiotic bacteria Lactobacillus casei and were incorporated
into alginate and alginate/chitosan microspheres by cross-
linking and ionotropic gelation (Cavalu et al. 2017). The

study of cumulative selenium release in simulated gastroin-
testinal solutions showed the overall effect is the enhance-
ment of total percentage release concomitant with the longer
duration of action. Authors proposed to use alginate/chitosan
as a matrix for selenium delivery in duodenum, caecum and
colon.

It was shown that SeNPs have a great potential in treat-
ment of diabetes and Alzheimer's disease, oxidative stress,
inflammation disorders such as rheumatoid arthritis, in
anticancer therapy, and serve as a protector against toxic
agents including heavy metals (Ferro et al. 2021; Khurana
et al. 2019; Rehman et al. 2021). Selenium nanoparticles
synthesized by lactic acid bacteria could find their applica-
tion in medicine and veterinary as safer than ones produced
chemically.

In veterinary, probiotics Levilactobacillus brevis 23017
and L. brevis 23017 enriched with Se-NPs improved the
immune effect of the alum adjuvants vaccine in mouse and
rabbit models, respectively (Liu et al. 2023). Experiments
conducted on laboratory animals showed effectiveness of
application of different selenium nanoparticles-enriched lac-
tic acid in treatment of some serious organism’s disorders,
for example use of SeNPs-enriched Lactobacillus brevis
as immunostimulators, and enhanced immune response in
cancer-affected mice (Yazdi et al. 2013).

Conclusions

Among the microorganisms, certain lactic acid bacteria
(LAB) being generally recognized as safe are preferable
choice for biosynthesis of selenium nanoparticles for their
use in food, medicine, veterinary, fish farming, and agri-
culture. Process of selenium nanoparticles biosynthesis by
lactic acid bacteria is depend on source and concentration of
inorganic selenium, composition of the medium for cultiva-
tion, time of inorganic selenium addition to the medium,
phase of bacterial growth, and their physiological needs
such as aeration, temperature, and pH. It is possible to use
biomass of lactic acid bacteria enriched with selenium nano-
particles or pure SeNPs recovered from bacterial cells in
case of their intracellular synthesis or from supernatant in
case when they are synthesized extracellularly. Selenium
nanoparticles synthesized by lactic acid bacteria possess
antimicrobial and antioxidant properties, and can be used in
different areas of human activities. SeNPs produced by LAB
could be used as an element of packing materials to extend
shelf life of food products and protect them from microbial
spoilage. In production of food lactic acid bacteria enriched
with selenium nanoparticles could be used for preparation of
functional products bio-enriched with selenium. Including
lactic acid bacteria biomass with SeNPs in the fish or farm
animal diets resulted in disease prevention, detoxification,
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and improving their healthy status. SeNPs is proposed to be
used in veterinary and medicine. However, there is a lack
of medicinal studies and clinical trials are needed to make
practical recommendations. Thus, the importance and prom-
ise of using lactic acid bacteria for the biosynthesis of sele-
nium nanoparticles are evident and deserve the attention of
researchers to ensure their practical use.
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