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Abstract: Selenium still represents a matter of debate in the scientific community. Bionanotechnology
has introduced a whole new perspective on selenium use in animal nutrition. In recent years,
attention has been focused on selenium nanoparticles prepared by chemical synthesis. Societal
pressure directs research in a “greenway” that is more eco-friendly. Biogenic selenium nanoparticles
thus represent a new space for research in the use of this new form of selenium in animal nutrition.
Recent research shows that biogenic selenium nanoparticles have low toxicity, improve antioxidant
status, and increase the body’s immune response. However, their benefits may be much greater,
as numerous in vitro studies have shown. In addition, biogenic selenium nanoparticles possess
antimicrobial, antifungal, and anticancer activities. Further research should answer questions on the
use of biogenic selenium nanoparticles as a feed supplement in individual categories of livestock,
and their safety in terms of long-term supplementation.
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1. Introduction

The element selenium was first described by the Swedish chemist Jons Jacob Berzelius
in 1818, who found this element in the mud at the bottom of a sulfuric acid preparation.
At that time, it was believed that selenium was toxic [1]. Early research on this element
was focused mainly on its toxicity as in the 1930s, it was found that selenium caused
the poisoning of livestock (the so-called “alkali disease”), especially in areas with a high
amount of selenium in the soil [2]. In agricultural soils, Se exists in two bioavailable
inorganic forms as selenate or selenite; plants are able to uptake selenium in these two
forms and convert them to organoselenium compounds such as selenocysteine (SeCys)
and selenomethionine (SeMet) [3]. Plants are the main source of Se for grazing and forage-
eating animals such as cattle, horses, sheep, goats, and swine. Forages in which Se levels
exceed 5 mg/kg should be considered hazardous for the health of livestock [4]. Some plant
species are considered selenium hyperaccumulators (e.g., Astragalus spp. and Senecio spp.);
they tend to easily take up selenium from the soil and accumulate it in high concentrations
(1000-15,000 mg Se/kg dry matter) into their tissues [3]. Long-term ingestion of plants or
fodder with contents of Se above 1 mg/kg in dry matter (DM) can cause chronic Se toxicity
(i-e., selenosis) in livestock [3,5-7]. Young animals tend to be more susceptible to selenium
poisoning.

Until the 1950s, selenium was considered to be toxic to humans and animals. However,
perceptions of selenium significantly changed in 1957 when Schwarz and Foltz stated that
the addition of Se prevented liver necrosis in rats [7]. A few years later, it was found
that selenium is incorporated into leucocytes in dogs; this finding indicated the role of
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Se in immune function [8]. In 1973, scientists discovered that Se is a component of the
enzyme glutathione peroxidase (GPx), which is a selenoprotein that detoxifies harmful
organic hydrogen peroxides [9]. In Eukaryotes, over 26 distinct selenoproteins have been
identified. However, their functions are not completely understood. All selenoproteins
that are known to play a role in oxidoreductase intervening enzymes are implicated in
multiple metabolic pathways, e.g., the maintenance of intracellular redox status, free radical
scavenging, and repair of oxidized lipids [10]. These discoveries were the beginning of
more extensive studies on the role and importance of this element for human and animal
health and nutrition. Studies are still ongoing, although selenium is currently recognized
as an essential micronutrient that performs multiple functions (e.g., anticancer, joint health,
immune resistance, and antioxidant properties) in the growth and functioning of living
animal cells and human bodies. As an element of GPx and thioredoxin reductase enzymes,
selenium protects the biomolecules against reactive oxygen species (ROS) and free radical
damage. Antioxidants can reduce the harmful effects of ROS on animal organisms [11]. The
biological activity of Se depends on its chemical form. Selenium compounds commonly
exist in four oxidation states in nature: selenate (Se*®), selenite (Se*#), elemental selenium
(SeY), and selenide (Se™2). The inorganic forms of Se (i.e., selenates and selenites) are
soluble in water and, usually, they present in this form in water, or they can be found
in different minerals [12]. They are known to be toxic to biological systems even in
low concentrations [13]. In contrast, SeV is essentially nontoxic and highly insoluble in
water; it rarely occurs in its elemental state. In the form of organic bindings, Se occurs as
selenides [12], and these compounds are considered to be the most stable [14].

2. The Importance of Selenium in Animal Nutrition

Trace elements play an essential role in animal diet. Selenium is one of the critical
nutritional factors necessary for the normal functioning of the immune system [15] and
maintenance of health, growth, and various biochemical-physiological functions [16]. Nu-
merous scientific investigations have demonstrated that a deficiency in Se could lead to
serious disruptions in an animal organism such as liver necrosis, muscular dystrophy, pan-
creatic fibrosis, mastitis, cystic ovaries, and dysfunction of the thyroid metabolism [17-19].
The symptoms of selenium deficiency have been reported in monogastric animals and ru-
minants. In young ruminants, such as calves and lambs, Se (and also vitamin E) deficiency
often leads to the commonly named “white muscle disease” (WMD) or nutritional mus-
cular dystrophy [20-22]; in older ruminants, a low selenium state is associated with poor
reproductive performance, unthriftiness, placental retention, and impaired immunity [18].
In monogastric animals (swine, poultry, and horses), Se deficiency leads to the damage of
vital organs, such as the liver, kidney, and pancreas, and to WMD, “Mulberry heart disease”
(MHD), lower immune responses, and increased susceptibility to viral infections [18,23].
Selenium deficiency can cause a variety of reproductive disorders in animals (e.g., damage
of embryonic development, infertility, retained placenta in dairy cattle, abortions, and
a decrease in egg production in laying hens) [24,25]. Selenium deficiency is related to
oxidative stress, which refers to the production of a large amount of ROS in the body. ROS
can damage cells and tissues and adversely affect organs and their functions. According to
the results presented in publications in the field of human medicine, the Czech Republic
was ranked among the countries with a low selenium intake, those which had populations
that were found to have selenium concentrations below the European average. Thus,
sufficient Se supplementation in animals tends to be important not only to maintain the
good health and performance of animals themselves but also to increase its supply to the
human population through higher selenium content in milk and meat. Selenium plays an
important role in maintaining the good health of the mammary gland and, thus, has an
impact on milk quality. Selenium deficiency is associated with increased intramammary
infections in dairy cattle. When evaluating the occurrence of Se deficiency in cattle by
examining the blood of 879 cows in 34 regions in the Czech Republic, selenium deficiency
was found on 50% of tested animals and 54% of the farms. Studies from Slovenia and
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Ireland have reported similar findings [26,27]. Selenium deficiency is related to various Se
concentrations in soils in different regions. Extensive monitoring of Se concentration in
soil, plants, animal feed, and blood in 30 farms in different regions in Kosovo showed a
low concentration of Se in soil (under 500 pg/kg) and plants (under 50 pug/kg); among all
minerals measured in animals blood, the larger deficiency was found for Se [28]. Selenium
deficiency in livestock is often related to low Se content in forage and pasture. Compared
to the control group, calves supplemented with selenium-fortified hay had higher Se blood
concentration and improved body weight and immune response upon vaccination [29].
Nordic countries (e.g., Sweden and Finland) are generally considered to be selenium-poor
areas (<0.125 mg/kg) [30-32]. Currently, almost all crop fertilizers in Finland contain
Se in the chemical form of sodium selenate (15 mg Se/kg). In areas such as China and
North America, where irrigated soils contained excessive Se concentrations (>1 mg/kg), it
led to high Se concentrations in surface waters, causing the phenomena of Se pollution,
ecological damage, and human diseases [33]. Possible toxic effects for humans and animals
as a result of the excessive Se contention in water may be a future challenge. Currently,
there is no regulation concerning Se supplementation in animals; however, the National
Research Council (NRC) provides guidance. The daily dietary requirements of Se in cattle
recommended by NRC are 100 pg/kg of DM for beef cattle and calves, and 300 pg/kg DM
per day for dairy cows [34]. Poultry Se requirements range between 150 and 200 pg/kg
DM; some diets also include 300 png/kg DM [35] (Table 1). Current regulations in the US
allow up to 300 pg/kg DM of dietary addition of Se in poultry diet, and for the European
Union, the total maximal level of dietary Se inclusion is up to 500 ng/kg DM [36]. The
dietary Se requirements for swine ranges from 150 pug/kg DM for finishing pigs and sows
to 300 pg/kg DM for weaning pigs [37]. Even though selenium is important for many
physiological functions in the body, a high dietary level of Se can cause toxicity. Doses of
Se which cause acute toxicity in different animal species are represented in Table 2. Signs of
acute Se toxicity may vary with the concrete amount of Se consumption or administration,
the chemical form of Se, animal age, and species [38], but they usually follow death within
2-5 h after acutely toxic Se consumption or injection of Se [39]. Selenium can be found in
all agroecosystems, such as soils, rocks, and water. Acute oral selenium poisoning usually
occurs with exposure ranging from 1 to 10 mg/kg bw depending on the species (Table 1),
age, and Se chemical form. Young animals are more susceptible to acute Se toxicosis with
dosages of 0.2-0.5 mg/kg bw. Parenteral Se products can cause acute toxicity and death at
dosages of 1 mg/kg bw [39].

Table 1. Selenium daily nutritional requirement (supranutritional) and acute toxic levels in various animal species.

Selenium Daily Nutritional = Se Dose (mg/kg Body Weight-BW)

Animal Species Requirement (ug/kg DM) Inducing Acute Toxicity Reference
Dairy cattle 300 3.0 [34]
Beef cattle 100 3.0 [34]
Sheep, goat 100-300 0.5 [40,41]
Swine 150-300 1.2 [37]
Horse 100-200 3.0 [42]
Table 2. List of dietary selenium sources in animal nutrition.
Selenium Sources Description Reference
. Cost effective;
° Relatively nontoxic;
Inorganic . Lower bioavailability in comparison with organic Se and SeNPs;
. Commonly supplemented in injections or mineral salt complexes;
. Absorbed by simple diffusion in the intestinal tract. [43]

Sodium selenite/selenate

Inorganic Se salts are frequently used as feed supplements because they are cost effective
and relatively nontoxic; they are most commonly supplemented in the form of injections
or mineral-salt complexes. However, they were reported to have lower bioavailability
and lower transfer to animal products compared to organic Se and SeNPs.
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Table 2. Cont.

Selenium Sources

Description Reference

Organic

Selenomethionine (SeMet);
Selenocysteine (SeCys)

Naturally derived by plants; occurs in feeds;

Better bioavailability in comparison with inorganic Se;

Less toxic than inorganic Se;

Commonly supplemented in the form of selenium-enriched yeasts (SYs); [44,45]
. Absorbed by active transport in the intestinal tract. "

SeMet is often supplemented in the form of SYs. Organic Se sources have shown better
bioavailability and improved Se storage in animal tissues compared to inorganic.

Selenium nanoforms

SeNPs prepared using a
chemical/physical method;
biogenic SeNPs prepared via green
synthesis

Prepared via 3 different routes: chemical, physical, and biological;

High Bioavailability;

Less toxic compared to inorganic and organic Se;

Environmentally friendly;

Mechanism of absorption and distribution in tissues is not totally known. [46-48]

Chemically synthesized SeNPs are less toxic to animals than inorganic and organic Se
sources, but they are not environmentally friendly due to the toxic chemicals produced
during the NPs’ preparation. Biogenic NPs are more stable, more eco-friendly, and less
toxic.

3. Selenium Supplementation

Selenium can affect the immune and antioxidant systems of animals through GPx
and selenoproteins with various biological functions. Dietary Se can be supplemented in
animals from two important sources: organic and inorganic. Organic Se is more bioavailable
than inorganic Se [Table 2]. In recent years, the application of Se in nanoforms (Table 2) has
attracted more attention, mainly due to the possibility of using Se in a zero-oxidation state
(Se®), which presents low toxicity and better bioavailability compared to other oxidation
states [49]. Moreover, supplementation of NPs can improve the delivery and absorption of
the trace elements in animals and humans while causing no environmental damage.

3.1. Selenium Absorption and Bioavailability

The efficiency of Se absorption is affected by the form of dietary selenium and differs
between ruminants and non-ruminants [50]. It has been found that organic forms of Se
are actively absorbed in the intestinal tract via an amino acid transport mechanism, unlike
inorganic Se, which is absorbed by a simple diffusion process [51]. Selenomethionine
(SeMet) is essential for humans and animals and cannot be synthesized in the body [52].
Selenocysteine (SeCys) is a structural component (cofactor) of selenoenzymes; therefore,
it is important for their catalytic activity. These selenoenzymes play a key role in redox
homeostasis in mammals; their active component is SeCys which is synthesized in the
body de novo [53]. GPx and other selenoenzymes are the major Se-containing antioxidants
in the body that help to neutralize ROS [54]. The expression of selenoproteins is specific to
various tissues and depends on Se availability in feed [55]. Selenoproteins help animals
resist oxidative stress, which can be caused by, heat, decreased productive performance,
and various diseases (e.g., mastitis and intramammary infections in dairy cattle). The
concentration of GPx is typically analyzed in blood plasma to assess selenium deficiency
and to evaluate antioxidant status or oxidative stress [56]. In the case of Se deficiency,
GPx concentration tends to be low. When oxidative stress is high and Se contention in
feed is limited, L-SeMet is released from the proteins due to the protein turnover and
provides Se for the production of selenoproteins. SeCys, the same as inorganic Se, does
not play a significant role as a nutritious Se source [57]. SeMet represents the storage form
of Se in animal and human tissues [58]. Dietary selenomethionine can be incorporated
into muscle protein in place of methionine and become a rich store of selenium; it rep-
resents a highly available substrate for many proteins and can substitute methionine in
the protein structure [58,59]. All dietary Se sources, except for organic L-SeMet present
in SYs or naturally derived in plants, are primarily metabolically transformed to selenide
in the liver and then used for SeCys synthesis. Non-ruminant animals are not able to
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synthesize selenomethionine from inorganic forms of selenium [60] but can convert it to
another essential amino acid—selenocysteine [16]. The mineral (inorganic) forms of Se are
reported to have some disadvantages such as relatively high toxicity, low transfer to animal
products (milk, eggs, and meat), and the inability to facilitate Se storage in the body [16,61].
In ruminants, microbial digestion by ruminal microorganisms (RMOs) proceeds before
digestion in the abomasum and small intestine [62]. The ruminal microbes reduce most
of supplemented inorganic Se to unabsorbable selenium sources (selenide and elemental
selenium), thereby decreasing Se bioavailability to 20-25% [51]. The absorption of inorganic
Se in the form of sodium selenite in the small intestines of monogastric animals and poultry
is approximately 80%, while in ruminants, this range is only 29%, and for organic Se in
monogastric species and poultry, it is greater than 90% [19,63]. This difference appears to
be the result of as reduction in dietary Se forms by microbes in the rumen. The organic
forms of selenium naturally occur in plant-based feedstuffs, and selenized yeast (SY) are
selenoaminoacids (selenomethionine and selenocysteine), which contain a selenol group in
place of the sulfur-containing thiol group [18]. SeMet is considered a metabolically effective
organic Se and is traditionally supplemented in the form of selenized yeast (SY), which has
been grown in a high selenium medium. In animals’ intestinal tracts, proteins from SYs
are broken down into small peptides and then amino acids. Thus, SeMet can be absorbed
in the intestine the same way as amino acid methionine and build selenium deposition
in the body. However, the binding of selenium by microbial cells highly depends on the
concentration of Se in the cultivation medium and cultivation conditions [64]. Selenium
can be found in all cells and tissues, but the level of Se and its distribution in the body
tissues is influenced by the dietary Se form and intake. After oral selenium supplemen-
tation (organic SY and inorganic sodium selenite), the Se uptake in sheep was only 34%,
whereas, in pigs, it was 85% [51]. Some studies demonstrated increased Se concentrations
in meat after SY dietary inclusion compared to inorganic Se [65,66]. In their study, Paiva
et al. [66] demonstrated the increase in muscle Se in lambs supplemented with organic
Se (0.2, 0.4, and 0.8 mg/kg DM) compared to the inorganic Se form. Selenium content
in the muscle was higher with more Se inclusion in the diet linearly. Organic Se sources
demonstrated a higher capacity to accumulate Se in muscles than inorganic Se. Hepatic
GPx activity was found to be higher in animals supplemented with sodium selenite (SS),
which refers to the metabolic pathway of inorganic Se. Sodium selenite biotransformed to
selenide for further GPx synthesis more quickly. Similar results were obtained by Steen
et al. [67]. Se concentrations in the muscles and blood of lambs receiving organic Se were
significantly higher compared to the inorganic group. Improved beef meat quality pa-
rameters (e.g., color stability) and increased Se concentration in the muscles of Charolais
bulls supplemented with organic Se (0.2 mg/kg DM) for 60 days were observed by Grossi
et al. [57]. The selenium concentration in the meat of Nellore cattle was higher in animals
supplemented with organic Se (0.3, 0.9, and 2.7 mg/kg DM) compared to organic Se [68].
Results obtained by Hall et al. [69] and Galbraith et al. [70] also showed better bioavail-
ability of the organic forms of Se compared to the inorganic form. An increase in Se in
the blood serum and GPx activity in lambs was demonstrated after organic and inorganic
Se (0.15 mg/kg DM) supplementation; no significant difference between the organic and
inorganic Se forms was observed [71]. Various species of ruminant animals (i.e., dairy
cows, beef cattle, calves, and lambs) were supplemented with the ten times maximum
permitted Se (in the organic form of SY) dosage of 0.568 mg/kg DM, and there was no
adverse health effect observed. Moreover, it was observed to increase Se in the blood
and milk samples [72]. The digestive system of animals is more adapted to the organic
form of Se, which naturally occurs in feeds, and it has better assimilation [73]. Organic Se
in high doses can also be toxic, but SeMet does not produce free radicals when reacting
with glutathione. However, the molecular mechanism of selenium toxicosis is not well
understood and indeed needs further investigation. Selenium supplementation (SY and SS
at the dose 0.4 mg/kg DM) increased GPx activity, regardless of the selenium source [74].
Some other studies also did not confirm the greater biological effects of organic Se [75-77].
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Postpartum and pregnant animals are generally more susceptible to Se deficiency
and often require Se supplementation due to oxidative stress, which can be caused by
pregnancy itself. Dietary organic Se supplementation in postpartum mice enhanced Se
deposition in the liver, blood, and mammary gland, in addition to an increase in GPx
activity [78]. In dairy cattle, oxidative stress during pregnancy and postpartum can increase
intramammary diseases and mastitis cases. Long-term Se deficiency may also lead to
thyroid-related diseases such as autoimmune thyroiditis [25]. Se supplementation in
pregnant and lactating ewes showed a significant increase in the Se concentration in the
blood and an increase in thyroid hormones compared to the control group [79]. These
results suggest that organic Se supplementation can improve the antioxidant status of
pregnant animals. More efficient transfer of Se from organic Se dietary sources to dairy
cattle milk in comparison with inorganic Se was demonstrated [80-82]. Due to the fact
of these controversial results, additional investigations in this research area are strongly
recommended.

Many studies have described the bioavailability of different chemical forms of sele-
nium [51,56,63,64], e.g., diets enriched with the organic Se increased Se concentrations in
animal tissues compared to animals supplemented with inorganic Se.

The selenium-enriched microalgae, Chlorella vulgaris, was used as an organic source
of dietary Se [83,84]. The effects of the supplementation of sodium selenite and selenized
microalgae biomass on fish mortality, growth, and the accumulation of Se in the muscles
and liver were observed in common barbel [83]. The results showed more accumulation
and bioavailability of Se in muscles and liver in barbel supplemented with Se-enriched mi-
croalgae than animals supplemented with inorganic sodium selenite. Marounek et al. [85]
also observed better accumulation of Se in tissues of rabbits supplemented with organic Se
yeasts and Se microalgae. Similar results were obtained by Hassan et al. [86,87]. Reports
on the concentration of SeMet in Chlorella vulgaris are controversial. De Alcantara et al. [88]
found that 70% of intracellular Se in Chlorella vulgaris is in the form SeMet.

In contrast, Neuman et al. [89] found 24-30% of SeMet from the total amount Se
accumulated in algae cells, but the concentration of SeCys in algae cells was higher (48.76%).
Supplementation in animals with Se-enriched microalgae can benefit from the presence
of antioxidants, vitamins, and other biologically active compounds. On the other hand,
microalgae cultivation is costly, and the accumulation of intracellular SeMet can be various
depending on the cultivation method and conditions.

3.2. Selenium and Vitamin E

The most studied beneficial health effect of Se has been studied in connection with
vitamin E. Vitamin E and Se have interrelated functions in animals and human organisms.
Inadequate amounts in the diet leads to similar adverse effects. The synergetic interaction
between Se and vitamin E can enhance GPx synthesis, an important part of the antioxidant
pathway in the body. Selenium deficiency is often characterized by low concentrations
of both Se and vitamin E [90]. Thus, optimum Se and vitamin E levels are necessary to
minimize the oxidative damage of cells and tissues in the body [12]. Supplementing dairy
cows with low doses of both vitamin E and Se (Se injection 1 mg/kg bw; vitamin E 32 g/d)
reduced the duration of clinical mastitis symptoms by 62%, in cows supplemented only
with vitamin E mastitis, the duration of symptoms was reduced by 44%, and in cows
supplemented with Se by 46% [91]. These results demonstrate the beneficial interaction of
Se-vitamin E (SeE) dietary inclusion in reducing the duration of clinical mastitis, which
can improve dairy cows’ production. Zahrazadeh et al. [92] evaluated the influence of
SeE injection (0.5 mg of Se in the form of sodium selenite; 56 IU of vitamin E) on body
condition, lactation performance, and oxidative status in dairy cows. SeE injections showed
a beneficial effect on body score, antioxidative parameters, and lactating performance in
Holstein cows. The mechanism of the beneficial effect of vitamin E and SeE supplementa-
tion on mastitis is not fully understood, and this needs further research. Hogan et al. [93]
observed that vitamin E deficiency was associated with a reduction in neutrophils that had
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bactericidal activity and increased mastitis. Ali et al. [94] reported that SeE injections (75 mg
of vitamin E per day per animal; 2800 mg of Se) improved the reproductive performance of
lambs compared to vitamin E supplementation alone. In another study, Se supplemented
alone had a better effect on the semen quality of boars than the group supplemented with
SeE [95]. Kappel et al. [96] did not observe the improvement in reproductive efficacy in
cows injected with SeE (680 IU of vitamin E and 50 mg of Se in the form of sodium selen-
ite). The daily nutritional requirement of vitamin E for adult cattle recommended by the
National Research Council (NRC) is 15-60 international units (IUs). The daily nutritional
need for nursing calves ranges between 40 and 60 IUs [34]. Supplementation of 0.3 mg/kg
bw of organic Se and 100 mg/kg of vitamin E improved the immune status of broiler
chickens, but there was no difference found compared to the animal group supplemented
with Se alone [97]. In recent years, only a few studies have been related to the toxic effects
of vitamin E supplementation. In general, vitamin E is considered to be one of the least
toxic of the vitamins [37]. A study on higher doses (500, 1000, and 2000 mg/kg bw) of
vitamin E oral supplementation over 30 days in albino rats showed a negative effect on
the liver and kidneys. Still, no deaths were recorded [98]. Hale et al. [99] reported on the
toxicity of intravenous vitamin E (33.5 mg/kg bw) supplementation in neonatal piglets.
Rapid intravenous injections of vitamin E resulted in sepsis and abnormal pulmonary func-
tion. Further studies are needed to investigate the possible undesirable effect of vitamin E
supplementation and to determine appropriate dosage levels.

4. Selenium Nanoparticles in Animal Nutrition

An appropriate animal diet and living environment play a key role in animal health
and performance. Thus, optimizing these factors is important for increasing rearing
efficiency, which can positively determine the quality of production of animal origin. Over
the last decade, nanotechnology has received the attention of many researchers due to its
promising agricultural and food applications. Nanotechnology provides new “intelligent”
solutions in animal nutrient delivery and health protection, and, indeed, it has the large
potential to improve animal production systems [100]. This interest is mainly caused by
the unique physicochemical properties of nanoparticles (NPs), which refers to their small
size (1-100 nm), high stability, hydrophobicity, and large surface area. NPs” hydrophobicity
is important for good dispersion in water or serum and is also required to enhance their
interaction with cell membranes [101]. The NPs’ size affects the cellular intake and allows
them to easily pass through the stomach wall and diffuse into body cells quicker than
common elements with larger particle sizes. The in vitro absorption of NPs with a diameter
of 0.1 um was found to be higher than 1 and 10 um NPs [102]. The thickness of gastric
mucus layers (total mucus), which continuously cover the gastrointestinal tract’s (GIT)
surface, varies from 200 um in the small intestine to 480-800 pum in the large intestine [14]
and could allow the transport of NPs through the layer. According to Corbo et al. [103],
NPs, especially nanominerals (e.g., Se and Zn), have a higher surface-area-to-volume
ratio, providing more surface area for contact with the mucosal tissues and cells. Better
absorption of NPs into the mucosal surface increases the particle residence time in the
GIT. When a nanomineral is introduced into a biological medium, such as blood or mucus,
proteins adsorb on its surface, giving it a unique “biological identity”, a so-called protein
corona, which can have an impact on the NPs’ distribution as well as their potential
toxicity [104]. Nanoparticles have been used in animal nutrition for their antibacterial,
antifungal, and antioxidant properties as well as probiotics and to maintain general animal
performance and health. The antimicrobial activities of metallic NPs (e.g., ZnO, CuO, and
AgNPs) and SeNPs have been demonstrated by different researchers [105-108].

Selenium nanoparticles (SeNPs) are nano-sized (generally <60 nm in diameter) ele-
mental selenium particles with excellent nano-properties [109]. For the NPs’ synthesis,
there are two main strategies used: bottom-up (including chemical vapor deposition,
hydrothermal and solvothermal methods, chemical reduction, and green synthesis) and
top-down (including mechanical milling, laser ablation, etching, sputtering, and electro-
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explosion). The top-down strategy involves the mechanical breaking down of the bulk
material into nanostructured materials. In contrast, the bottom-up method uses chemical
reactions to break bulk into several parts to form NPs [110]. Methods of NPs synthesis
can also be divided into physical, chemical, and biological (the so-called “green way” or
“green synthesis”). The chemical methods of nanoparticle synthesis are the most common
approaches commercially employed in various areas of NP applications. Concurrently,
plenty of research indicates a potential environmental threat of nanotechnology related
to NP toxicity [111-115]. The chemical approach to NP synthesis is related to the use of
toxic chemicals, which are hazardous to humans and the environment [116]. Designing
NPs via a green route using biological and eco-friendly materials reduces the negative
environmental impact [117].

Various studies have investigated the possibilities of using selenium nanoparticles
as a new source of selenium (Table 3). For instance, sodium selenite NPs coated with
methacrylate polymers were orally supplemented with ruminants, improving selenium
absorption [62]. Shi et al. [118] stated that dietary nano-sized Se improved Se content in
the blood and tissues and enhanced ruminal fermentation and feed utilization in sheep,
which were fed a basal diet supplemented with 0.3, 3, and 6 g/kg DM of nano-Se. Kojouri
et al. [119] reported the positive effect of dietary SeNPs inclusion (0.1 mg/kg DM for
60 days) on the antioxidant activity and weight gain of young lambs. In another experi-
ment, the inclusion of 1 mg/kg DM of nano-sized Se into sheep’s diet exhibited a better
antioxidative effect after 20-30 days of supplementation [120]. Xun et al. [121] also reported
enhanced rumen fermentation and feed conversion efficiency in sheep supplemented with
4 mg/kg DM of nano-sized Se compared with selenium yeast (SY). In another experiment,
supplementation with 0.5 mg/kg DM of nano-sized Se improved hair follicle development
and promoted growth in Cashmere goats [122]. Experiments with nano-Se inclusion in
broiler chicken diets conducted by Gangadoo et al. [48,123] demonstrated improved gut
health and general animal performance; the best results in both experiments were obtained
with an SeNP supplementation of 0.9 mg/kg DM with no toxic effect occurring. Previous
studies have demonstrated the benefits of using SeNPs in broiler feed, with increased
absorption and diffusion of material into organs and tissues, increased antioxidant capacity,
and meat quality.

In contrast, Wang et al. [124] did not observe any beneficial effect of SeNP supple-
mentation in terms of enhancing the oxidative status in broilers, but Se improved the
survival rates. Gulyas et al. [125] reported changes in the proteome profile in chickens after
SeNPs supplementation. These results could be related to the specific patented method of
NP preparation used in this study. Several studies reported improvements in the growth
performance [126-128], intestinal health [129,130], and antioxidant status [131] of aquatic
animals supplemented with SeNPs. Se supplementation alleviated the antioxidant balance
and enhanced kidneys cells’ resistance to oxidative damage in grass carp [132]. In another
study, SeNP supplementation improved intestinal health, feed utilization, and growth
performance in Nile tilapia [130]. The enhancement of the growth performance and feed
efficiency after SeNP supplementation (0.4-0.8 mg) in Nile tilapia was also observed by
Ibrahim et al. [133]. Markedly, the nanoform of Se can enhance growth performance in
fish. The recommended dosage of SeNP dietary inclusion ranges from 0.15 to 4 mg/kg
depending on the fish species [134].

Table 3. Effect of SeNP supplementation on animal health and performance.

Exper.l mental Element Dose Toxicity Major Effect Reference
Animals
Improved Se content in blood and
Dorset sheep SeNPs 03,3, and 6 mg/kg No information tissues and enhanced ruminal [118]
DM fed for 75 days . e
fermentation and feed utilization
. Improved Se content in blood and
Small tail Han 0.3, 3, and 6 mg/kg . . . .
sheep SeNPs DM fed for 75 days No information tissues and enhanced ruminal [118]

fermentation and feed utilization
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Table 3. Cont.
Exper.l mental Element Dose Toxicity Major Effect Reference
Animals
Improved Se content in blood and
Tan sheep SeNPs 0.3,3,and 6 mg/kg No information tissues and enhanced ruminal [118]
DM fed for 75 days - .
fermentation and feed utilization
Improved weight gain on the 14th and
Neonatal lambs Sans 0.1 rgi/élag dEi)NsI fed No information 28th day; enhanced antioxidant [119]
Y parameters
Lori-Bakhtiari 3 1 mg/kg DM diet for SeNPs were found to be Improvezll antltcl)mdant Paramelzters 12
sheep eNPs 10 days less toxic than SS compared to the experimental group [120]
fed with sodium selenite (SS)
Enhanced rumen fermentation and
. . feed conversion efficiency compared
Sheep SeNPs 4 mg/kg DM No information with the group fed with 4 mg/kg DM [121]
selenized yeast (SY)
. . Improved the hair follicle
Cashmere goats SeNPs 0.5 mg/kg DM No information development and promoted growth [122]
SeNP inclusion improved Se status in
Khalkhali soats SeNPs 0.5 mg per animal No information goats (increased Se in blood, 182]
& per day colostrum, and milk) compared to SS
and SeMet
0.1 me /ke of live Reduced oxidative stress and
Makuei sheep SeNPs L ME/ X8 No information enhanced weight gain compared to [135]
weight th -
e group supplemented with SS
Damage of the liver
0.5,1.5,3.0, and paren.chyI.na apd m?estmal Increased Se content in the blood
Male rats SeNPs 5.0 mg Se/kg for epithelium in animal compared to the control erou [136]
28 days groups fed with 1.5, 3, and p group
5mg Se/kg
Dietary SeNPs showed less
toxicity compared to
inorganic SS and sodium . .
: Inorganic Se forms showed higher
Mice SeNPs 4 40, and 400 ug/kg hydrqselemte but was more toxicity in comparison with SeNPs [137]
of bw toxic than SY; subacute .
- - and organic SY
toxicity was observed with
administration
of 400 pg/kg bw
Organic and Jrorganic S.'e SeNPs improved antioxidant
. . . 2 mg/kg of bw was forms showed less toxicity . )
Swiss albino mice SeNPs 2. protection of cells compared to [47]
administrated at the same dosage of : .
5 ke of b inorganic forms
mg/kg of bw
0.0,0.2,0.4,0.8,2.0,
40, or 8.0 mg Se/kg Doses greater tl‘}an 20mg Supranutritional levels (0.2, 0.4, and
Male rats SeNPs of bw were Se/kg of bw induced X . [138]
.. . .. 0.8) of SeNPs did not show toxic effect
administrated for chronic toxicity
14 consecutive days
0.0,0.2,04,0.8,2.0, Doses greater than 4.0 mg Supranutritional levels (0.2, 0.4, and
Male 4.0, or 8.0 mg Se/kg . o
Se/kg of bw induced 0.8) of SeNPs had a positive effect on
Sprague-Dawley SeNPs of bw were . . . ) . [139]
L chronic toxicity, damaging  reproductive function (promoted
(SD) rats administrated for o
effect sperm motility)
2 weeks
0.0,0.2,0.4, or 0.8 mg Improved antioxidant capacity in the
Male SD rats SeNDs Se/ kg pf bw were No toxic effect was ¥1ver and kldney,: be.nef1c1a1 effe.cts on [140]
administrated for observed immune and antioxidant capacity
2 weeks (dose of 0.4 mg had the best response)
0.0,2,4,or 8 mg .. . . .. .
SeNP administration over ~ Impaired the antioxidant capacity in
Male SD rats, Se/kg of bw were . .. .
SeNPs o, 4.0mg Se/kgbw causeda  serum with the administration of [141]
Buffalo rats administrated for . .
toxic effect on liver non-lethal doses
2 weeks
Soe.;]i’ 055‘/:’%1;1 n}gr Nanoparticle-specific
Female and male SeNPs 5 y toxicity of Se did not occur;  Lowered body weight at all doses of
28 days for female R N . [142]
rats (20 nm) no histological changesin ~ SeNPs
rats; 4 mg Se/kg

bw/day for male rats

the liver occurred
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Table 3. Cont.
EXZ:;:::;; tal Element Dose Toxicity Major Effect Reference
0.5, 1.5, 3.0, and Tested doses did not have .
Male rats SeNPs 5.0 mg Se/kg were a significant toxic effect f:f‘nar;izj fg fk?:zf)r:tiglblsg)j [143]
administered for 28 days  on liver, kidney, or spleen P group
Biogenic SeNPs
50-80 nm Protected the intestinal barrier
Mice synthesized - No toxic effect occurred function against oxidative [144]
using damage
Lactobacillus casei
Bl(é%e_glzcosrfgps oral administration of 0,
Male mice synthesized 25,510, and 20mg kg~! A dose of 20 mg/kg Less toxic effect compared to [107]
>y . of Se NPs for showed toxicity synthetic SeNPs
using Bacillus sp. 14 consecutive days
MSh-1 Y
Biogenic SeNPs
produced using Attenuation of oxidative stress,
Male mice yeast strain 0.2,0.6, and 6 mg/kg No toxic effect occurred intestinal inflammation, and [145]
Kluyveromyces intestinal barrier disfunction
lactis GG799
Improved the gut microflora
Ross 308 broiler SeNPs 0.3,0.9, and 1.5 mg Se/kg No toxic effect in tissues environment; the best [123]
male chicken were fed for 28 days occurred performance demonstrated a :
0.9 mg/kg Se concentration
No toxic effect in tissues Dietary SeNP inclusion showed
. ; . comparable results with organic
Br01l'er male SeNPs 0.3,09,and 1.5mg Se/kg  occurred; no damagmg Se at the best dose of 0.9 mg /kg [48]
chicken were fed for 28 days effect on intestinal . R
morphology (improved absorption in the
p duodenum)
0.3-0.5 mg/kg optimum doses
improved meat quality, immune
male Arbor 0.0,0.3,0.5,1.0, or . function, and antioxidant status.
Acres broilers SeNPs 2.0 mg/kg of diet No toxic effect occurred Liver and muscle Se contents [146]
increased with SeNP
supplementation
Enhanced Se and vitamin E
Broiler chicken SeNPs 0.3 mg/kg of diet No toxic effect occurred ~ COncentrations in br(.eas‘t muscles, [147]
improvement of antioxidant and
immune properties
Changes in proteome profile
Broiler chicken SeNPs 4.25 mg/kg DM No toxic effect occurred indicated dietary stress from [125]
SeNPs supplementation
Ross 308 broiler 0.1,02,03, 0.4, or Dietary SeNPs improved weight
chicken SeNPs 0' 5/m. //k /o f c{iet No toxic effect occurred gain, feed conversion ratio, and [148]
> ME/Ks growth performance
Ross 308 broiler Improved antioxidant status,
male chicken SeNPs 0.1 or 0.4 mg/kg of diet No toxic effect occurred better production performance, [149]
and immune system response
. Increased body weight gain,
Rocskfigzgger SeNPs 0.3, 045’()?3&? mg/kg No toxic effect occurred improved feed conversion ratio, [150]
and meat quality
SeNPs dietary inclusion improved
. . 0.5,0.8, or 1.2 mg/kg . performance and immune system
Broiler chicken SeNPs of diet No toxic effect occurred better than diets included SeMet [151]
and vitamin E
Biogenic SeNPs
produced using . . N
Broiler chicken the bacteria - No toxic effect occurred Protective effect against oxidative [152]

Pantoea
agglomerans

and immune stress
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Compared to selenite and selenate, SeNPs are more biocompatible and less toxic
to animal organisms [14]. Nevertheless, high doses or long-term supplementation of
SeNPs may lead to adverse effects in animal organisms and can be toxic. Several in vivo
studies were conducted to measure NPs toxicity. Urbankova et al. reported that SeNPs
supplementation had fewer negative effects in rats compared to the standard form. In
contrast, supranutritional doses of SeNP administration (0.2, 0.4, and 0.8 mg/kg of body
weight) showed a positive effect on reproductive functions and immune and antioxidant
capacity. Other experiments on mice and rats supplemented with SeNPs demonstrated the
hepatotoxic effect of SeNPs, which were also confirmed by further histological examina-
tion [47,62,137,138,142]. Damage to the liver parenchyma and intestinal epithelium in rats
was reported after 0.5, 1.5, 3, and 5 mg/kg DM of SeNP supplementation [136]. The authors
suggest that short-term SeNP supplementation can be safer and more beneficial in specific
treatments. This unfavorable effect could be related to the tested animals” metabolisms,
biological characteristics, and the correlation between animal weight and the dosage of NPs
administrated. The toxicity of NPs can largely vary among different species [153]. SeNP
hyperaccumulation in Pangasius hypophthalmus liver, brain, and muscles was observed
after SeNP supplementation (2.5-4 mg/L), which caused oxidative stress and toxicity
in fish [154]. In another study, SeNP (100 pg Se/L) supplementation in Oryzias latipes
enhanced oxidative stress caused by the hyperaccumulation of Se in the liver [155].

Based on the studies mentioned above, SeNP supplementation can have many health
benefits (e.g., improved production performance, growth, feed efficiency, antioxidant
status, and immune status) when present in animal diets compared to inorganic Se sources.
Nevertheless, high doses of SeNPs can cause the hyperaccumulation of Se in tissues
and oxidative stress or toxicity. Therefore, SeNPs should be included in animal diets in
optimum doses to formulate nutritionally balanced feeds. The mechanism of nano-sized
Se conversion remains unclear, and the gut microbiota is thought to play a key role in this
process. The application of SeNPs showed promising results in improving the oxidative
status of the cell induced by a reduction in glutathione (GSH), superoxide dismutase (SOD)
levels [156], and GPx activities [157]. Whereas the great advantage of SeNP application
compared to sodium selenite can be increased availability of the element [135], on the
other hand, this advantage could be turned into a disadvantage through uncontrolled
SeNP penetration across cellular membranes, which might be harmful to animal health.
According to Surai et al. [35], the metabolism and assimilation of nano-sized Se could be
disadvantageous in the animal diet when Se’s main mechanism of biological activity is
mediated via selenoprotein synthesis. Moreover, the effect of dietary SeNPs on gut health
and the formation of the accumulated nano-sized Se in animal tissues after supplementation
is still unknown and needs further investigation. Furthermore, the topic of whether SeNPs
supplementation may increase Se stores in the body remains unanswered.

4.1. Green Synthesis of SeNPs

Over the past decade, the biological method of producing NPs has become an emerg-
ing trend in nanotechnology and was developed as a sustainable way to overcome the
disadvantages of chemical-based NP synthesis (e.g., high cost and toxic chemicals us-
age) [104]. Green synthesis provides a new possibility to synthesize NPs via an eco-friendly
approach using simple unicellular or multicellular biological entities (e.g., bacteria, fungi,
yeast, algae, and plant tissues) as natural reducing and stabilizing agents. The biologically
synthesized nanostructures offer substantially different properties such as good adhe-
sion, tribologically good properties, optical and electrical properties, and many promising
applications. In NP synthesis, reducing and capping agents play an important role in im-
pacting useful NP properties such as size, morphology, stabilizing, and protecting the NPs’
surface, preventing aggregation and uncontrolled growth [158]. Chemical components
(i.e., polyethylene glycol, formaldehyde, polyethyleneimine, and polyacrylic acid) used
as capping, reducing, stabilizing agents, or solvents in the procedures of chemical NP
synthesis are hazardous and extremely toxic [159,160]. To be easily utilized in the living
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systems and not cause cellular toxicity, capping agents should be nontoxic, biodegradable,
biocompatible, biosoluble, and well dispersed [161]. Green capping agents (e.g., amino
acids and polysaccharides) are environmentally friendly. They may lead to designing NPs
with unique morphologies and sizes, which can improve, for example, drug delivery via
NPs, thereby enhancing NPs’ antifungal, antiviral, and antibacterial activity. Nutrients in
the form of nanoparticles can be encapsulated in nanocapsules and carried via GIT into
the bloodstream and then into body organs, where they enhance the bioavailability of
delivered nutrients [162]. Biological synthesis was successfully used to produce different
metal NPs, such as AuNPs, FeNPs, and AgNPs [160,163-166]. Green synthesis was also
employed to produce SeNPs [167-170], and their antimicrobial, antifungal properties, and
cytotoxicity were tested in various in vitro studies.

4.2. Antimicrobial Potential of SeNp Produced via Green Synthesis

Antimicrobial resistance (AMR) represents a major global problem, which significantly
affects human and animal health. The wide use of antibiotics as growth promoters in
animal farming has caused the development of increased antibiotic resistance in numerous
bacterial strains. As a consequence, in 2003, the use of antibiotics in livestock diets was
banned in the EU [171]. AMR adversely affects animal health, leading to the poor quality
of products of animal origin and economic losses. Therefore, finding a new solution to
overcome antibiotic usage is strongly needed. In recent years, nanotechnology enabled
the manufacture of effective antimicrobial agents from nano-scaled materials, particularly
metals. Many studies confirmed the antioxidant, antibacterial, anticancer, and antifungal
activities of metallic NPs [86,172-174]. Whereas selenium nanoparticles have attracted
scientific interest primarily as a result of research into their anticancer properties; this
nanomaterial’s antibacterial potential has recently been identified. NPs have a large surface
area, which increases the area of interaction with pathogenic microorganisms. Furthermore,
due to the nano size, they are more likely to enter bacterial surfaces.

Although most of the studies on the antimicrobial potential of biogenic SeNPs were
conducted in vitro (Table 4), the results of these studies showed noticeable antibacterial,
antifungal, and anticancer SeNPs activities against many important humans and animal
pathogens and their potential for future applications in nanomedicine and veterinary.
Furthermore, SeNPs produced through the green way show lower cytotoxicity, greater
bioavailability, and reactivity than inorganic and organic Se, which makes them an attrac-
tive candidate for future therapeutic applications. The therapeutic effect of biogenic SeNPs
(2.5,5.0, and 10.0 mg) was also confirmed in an in vitro experiment in a mouse model in-
fected with Toxoplasma gondii with no cytotoxicity observed [107]. Based on in vitro studies
(Table 4), SeNPs represent a viable approach to inhibit bacterial growth without using
antibiotics and to overcome the drawbacks of synthetic methods that employ toxic chem-
icals. Interesting results were obtained by Cremonini et al. [175] who demonstrated the
significantly better antibacterial activity of biogenic SeNPs in comparison with chemically
produced NPs.

Table 4. Effects of biogenic SeNPs tested in vitro with potential use in nutrition.

Biological Organism

NPs Characterization

Used for NPs (Size, Shape) Applied Dose Pathogens/Cells Effect Reference
Synthesis ! P
Ggﬂ;ﬁ_o;:[glzz‘fgd . Antibiofilm and
CXanbobacterla Spherical NPs 5-50 nm 50 pg/mL strains of antlmlcr‘ol.nal act1v1ty. [176]
nabaena sp. Staphylococcus aureus Cytotoxmlty (apoptosis)
and Escherichia coli in HeLa cells
. . The porcine jejunal . 1 Antioxidant activity
Lucirbruccghé;;asel 50-80 nm 8 pg Se/mL epithelial cell line e  No cytotoxicity in IPEC-J2 [177]

(IPEC-J2) cell
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Table 4. Cont.

Biological Organism NPs
Used for NPs Characterization Applied Dose Pathogens/Cells Effect Reference
Synthesis (Size, Shape)
Citrus fruit (Citrus E. coli, M'zcrococcu‘s‘
, . . luteus, Bacillus subtilis, L. .
limon, Citrus paradise) 100-800 nm 10 and 12 mM and Klebsiella 1 Antimicrobial effect [178]
extracts .
pneumoniae
ntimicrobial activit
1 Antimicrobial activity
Mushroom extract 8 nm 0.5-1.5 uM Gram-negative E.coli No cytotoxicity in . [179]
prostate cancer cell lines
T Antioxidant activity
B 1 )
Sargars(;vi:nrl ? a%;’ i 21 nm 10 mg/mL V. parahaemolyticus 1 Bacterial inhibition [180]
Bacillus licheniformis 110 nm 2 mg/mL Cancer cells 1 gg)g’ induced cell death; [181]
Gram-positive s .
Yeast Magnusionyces Spherical; average No information Arthrobacter sp. W1, glh;? 1tLon agagn‘c’t [182]
ingens LH-F1 size 87.82 nm Gram-negative E. coli rthrobacter but not
BLo1 against E. coli
Antifungal effects against
Trichoderma Alternaria toxins, ?lter naria tg);ms;
harzianum JF309 - 400 ug/mL Fusarium verticillioide, dumom§1n ) ’ | [183]
and F. graminearum coxynivalenot,
No cytotoxicity in
human cells
E. coli, Klebsiella sp.,
Zingiber officinale 100-150 nm 250 ug/mL Pseudomonas sp., T Antimicrobial activity [184]
8 HE Staphylococcus aureus, 1 DPPH
and Proteus sp.
T Antimicrobial activity
1 Antilarval activity
: Cytotoxicity in the
Ceropegia bulbosa TCy y
tuber’s aqueous 277.5 nm 25,50, 75, and E. coli and B. subtilis human breast cancer cells [185]
100 pL/mL at dose 34 pg/mL;
extracts extract . . ’
anticancer efficacy
No cytotoxicity in
human cells
SeNPs synthesized
byé{fﬁﬁi&{iﬁ;ﬁoc‘ 60 nm 0.3,0.4, and E. coli and Candida 1 Antimicrobial activity at
about organism used 0.5 mg/mL albicans all SeNPs concentrations
for preparation)
The aqueous filtrate Average size 79.40 C. albicans, ‘I(lebszella No cy.totoxicity in liver
I ‘ . 5and 10 mM pneumoniae, and and kidney cells [186]
of Spirulina platensis nm, spherical shape . . -
Salmonella abony 1 Antimicrobial activity
Escherichia coli,
Pseud
:EZ[;;Z(?:;S ‘ T Antimicrobial activity
Methicillin-resistant 90-150 nm 25-250 pg/mL E. coli and S. aureus Eo cytotoﬁm]ty in [187]
Staphylococcus aureus, uman cells
and S. aureus
Gram-negative C. albicans. C T Antimicrobial activity
ol gemmirGr 010w ppisiad | ETPewmnes
P .. 170.6 nm for G— 250 pg/mL Pseudomonas + n 1MICTo }a activity
Gram-positive aeruginosa against Candida sp.

Bacillus mycoides

No cytotoxicity
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Biological Organism N
Used for NPs NPs ((Slihzaerasc;s;rlze:;ltlon Applied Dose Pathogens/Cells Effect Reference
Synthesis ! P
SeNPs coated with Enterococcus faecalis, T Antimi;robials‘ct.ivit}I
the antimicrobial 5,10, 25, and E. coli, P. aeruginosa, S. compare to traditiona
. 80 nm : antibiotics [188]

polypeptide 50 pg/mL aureus, K. pneumoniae, N .

(e-poly-l-lysine) and K. * o cytotoxicity in

human cells

1 higher level; | lower level; G+ gram-positive bacteria; G- gram-negative bacteria.

The strengths, weaknesses, opportunities, and threats (SWOT) analysis for a brief
overview of advances and weaknesses of SeNP application in animal nutrition is proposed
in Figure 1.

Biogenic SeNPs

> Antimicrobial activity against
pathogenic bacteria, fungi, and yeasts

> High bioavailability > Small number of animal experiments
> Environment friendly > Research is at an early stage
> Green biotechnology > Lower reproducibility of synthetized
NPs

> Biocompatible and non-toxic
> Chemical stability

e = —~
5P \ & > Unknown fate of NPs in the
~ >Researchopportunity environment

> Lower production costs N > Potential negative interaction with

animal immunity system
> Formation of protein corona in animal
N organism which can change a
> Use in feed and food functionality and a mechanism of
= proposed action

> Large amount of media for synthesis
> Use in various ﬁek\is

Figure 1. The strengths, weaknesses, opportunities, and threats (SWOT) analysis of SeNP application
in animal nutrition.

4.3. Synthesis by Plants and Microorganisms

Live plants; plant tissues; and extracts from the plant leaf, latex, root, seed, and stem,
or the whole plant have also been used to synthesize NPs, as they act as stabilizing or
reducing agents [189,190]. Due to their genetic variability, plants possess many interesting
metabolites, such as phenolic compounds, alkaloids, and sterols, that can serve as excellent
biocapping and/or reducing agents. In NPs biosynthesis, plant polyphenols, which possess
hydroxyl reducing groups, are usually used as stabilizing and reducing agents. Hydroxyl
groups of biologically active plant compounds can also act as a capping agent by depositing
on the NPs’ surfaces. Polyphenols and proteins may play a key role in reducing selenium
ions to their element and stabilizing the SeNPs’ form [191]. Polysaccharides may effectively
improve the NPs’ stability and morphology [192]. The different preparation methods of
the plant extract from the same plant tissue may also significantly affect the shape, size,
and distribution of NPs [193].

Singh et al. [193] used different Zingiber officinale rhizome extract preparation methods
and obtained NPs with different properties. The significant advantage of plant-mediated
NP synthesis is the inexpensiveness of culture compared to synthesis using microorgan-
isms. In addition, it reduces the cost of microorganism isolation and further NP purifi-
cation [194]. Moreover, plant-mediated NPs are stable, reproducible, environmentally
friendly, and less time-consuming to produce [195]. Anu et al. [167] used Allium sativum
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extract to produce SeNPs and synthesized NPs 40-100 nm in size, showing decreased
cytotoxicity compared to chemically produced SeNPs. SeNPs mediated from various plant
extracts (e.g., Diospyros Montana, Murraya koenigii, Ephedra aphylla, and Thymus vulgaris)
were reported to have antifungal, anticancer, and antimicrobial activity [108,168,196,197].
Green synthesis of SeNPs is commonly achieved by reducing selenate/selenite in the
presence of bacterial proteins and plant extracts containing various metabolites such as
phenols, flavonoids, alcohols, and proteins. Many microorganisms (e.g., Herbaspirillum
sp., Bacillus arseniciselenatis, B. selenitireducens, and Comamonas testosteroni) have been
observed to reduce toxic selenate and selenite into the nontoxic element selenium through
aerobic or anaerobic conditions [189,198,199]. Microbes can produce NPs either intra- or
extracellularly via different bioreduction processes using various microbial enzymes [190].
Microbial NP synthesis includes two reduction processes (reduction from selenate to
selenium trioxide and then to elemental selenium), catalyzed by selenite and selenate
reductases [200].

The study conducted by El-Saadony et al. [201] showed that SeNPs synthesized using
Lactobacillus paracasei had an antagonistic effect against pathogenic fungi and significantly
inhibited the growth of Candida and Fusarium species, which are the most known animal
pathogenic species. Moreover, the diameter of obtained SeNPs ranges from 30 to 50 nm.
In comparison, a previous study by Sasidharan and Balakrishnaraja [202] synthesized
SeNPs by bacteria species (Lactobacillus casei; Streptococcus thermophilus; Bifidobacterium;
Lactobacillus acidophilus; Lactobacillus helveticus; Klebsiella pneumoniae), but the disadvantage
was the size of the produced NPs ranged from 50 to 550 nm. SeNPs synthesized using
various cyanobacteria extracts (e.g., Nostoc sphericum, N. punctiforne, Spirulina pratensis, and
Athrospira indica) showed good antioxidant activities and are recommended for future use
as food supplements [203].

SeNPs can play an important role in eliminating microbial infections and, thus, im-
proving animals” growth and performance. SeNPs can inhibit both Gram-negative and
Gram-positive bacteria by interrupting microbial biofilm [204] and possess significant
antifungal activity by inhibiting spore germination [153]. The antifungal activity of SeNPs
was tested mostly by in vitro experiments, and more extensive research in this field is
needed. Shakibaie et al. [106] demonstrated a good potential of using bacteria Bacillus sp.
for SeNPs synthesis. SeNPs prepared using these bacteria were orally administered to
male mice, and biogenic SeNPs showed significantly less toxicity than synthetic SeNPs
and SeO,.

Nevertheless, the reason for such a difference is not clear. Some in vivo experiments
with biogenic SeNP dietary inclusion showed an improved oxidative status in tested
animals without toxic effects [125,153,154]. Shirsat et al. [205] demonstrated a protective
effect against the oxidative and immune stress of biogenic SeNPs synthesized using the
bacteria Pantoea agglomerans in broilers” diets. Song et al. obtained promising results,
which used yeast Kluyveromyces lactis GG799 for SeNPs production. SeNPs demonstrated
no toxicity in mice. Moreover, dietary supplementation with 0.6 mg/kg Se effectively
attenuated oxidative stress, intestinal inflammation, and intestinal barrier dysfunction.
However, these experiments are only a few, and further investigation of the impact of
biogenic NPs on animals’ performance and production is required.

4.4. Synthesis of SeNPs by Marine Algae and Microalgae

Marine algae generally contain a wide spectrum of biologically active compounds such
as polysaccharides, proteins, PUFA, various pigments, and antioxidants. Considering this
spectrum, it predestines them to diverse commercial applications [206]. Marine algae may
represent a novel nanotechnological solution that could facilitate the application of new
alga-mediated NPs in medicine and animal nutrition. Some algae (e.g., Chlorella vulgaris,
Sargassum wightii, Spirogyra insignis, Chondrus crispus, and Tetraselmis kochinensis) were used
for the synthesis of metallic NPs such as Ag and Au NPs [207-210]. SeNPs synthesized
via Spirulina pratensis showed antibacterial activity against foodborne microorganisms
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(Staphylococcus aureus and Salmonella typhimurium), but antibacterial activity increased with
NP size reduction [211]. Aqueous extract of algae Sargassum angustifolium was used for
biosynthesis of SeNPs, which were finally examined on antibacterial activity. Algae-coated
SeNPs showed better antibacterial activity against Vibrio harveyi compared to uncoated
SeNPs [212]. Algal cell walls are mainly composed of polysaccharides, natural polymers
containing monosaccharides linked with glycosidic bonds. In recent years, the application
of diverse algal polysaccharides (e.g., alginate and laminarin) has been reported [213].
Developing drug delivery systems using seaweed polysaccharides has received special
attention in the scientific community due to the important field of biomedical research.
Algal polysaccharides were successfully used for coating NPs as a stabilizing agent. The
hydrophilic surface of functional groups on polysaccharides (e.g., hydroxyl, sulfate, and
carboxyl groups) allows them to easily interact with biological tissues. Therefore, algal
polysaccharides can serve as an excellent template for NP synthesis in modern nanotech-
nology.

Colloidal stability is frequently an issue that requires significant consideration since
high agglomeration levels have been recorded in some situations [214]. The use of algae in
NP production is also limited due to the lack of understanding of the synthesis mechanism.
Studies regarding the employment of marine algae for SeNP production are still ongoing.
It is believed to have a wide potential in the synthesis of biogenic NPs with interesting new
properties.

5. Conclusions

The role of selenium in animals is reviewed and discussed. Selenium deficiency can
lead to many diseases in animals, as can selenium overdose. The bioavailability of Se
depends on the chemical form of supplementation and animal species exposed to a Se-
enriched diet and requires further investigation. Nanotechnology offers novel “intelligent”
solutions in animal nutrition, health protection, and animal production systems. There are
many applications of NPs in animal production, but the results of various studies that have
evaluated the effects of dietary SeNP inclusion are ambiguous. The biological synthesis of
SeNPs using bacteria, plants, and algae shows a great opportunity for further application
in various fields as well in animal nutrition and production. Thus, further detailed studies
in this field are required to achieve more optimized green methods of NP synthesis and
application in animal diets.
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