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Abstract

Selenium (Se) is an essential micronutrient for diverse organisms such as mammals, bacteria, some insects and nematodes,
archaea, and algae, as it is involved in a large number of physiological and metabolic processes and is part of approximately
25 selenoproteins in mammals. In plants, Se has no essential metabolic role, high concentrations of inorganic Se can lead
to the formation of Se-amino acids, and its incorporation into selenoproteins can generate toxicity. Conversely, low doses
of Se can trigger a variety of beneficial effects as an antioxidant, antimicrobial, or stress-modulating agent without being an
essential element. Therefore, Se can generate toxicity depending on the dose and the chemical form in which it is supplied.
Selenium nanoparticles (SeNPs) have emerged as an approach to reduce this negative effect and improve its biological proper-
ties. In turn, SeNPs have a wide range of potential advantages, making them an alternative for areas such as agriculture and
food technology. This review focuses on the use of SeNPs and their different applications as antimicrobial agents, growth
promoters, crop biofortification, and nutraceuticals in agriculture. In addition, the utilization of SeNPs in the generation of
packaging with antioxidant and antimicrobial traits and Se enrichment of animal source foods for human consumption as
part of food technology is addressed. Additionally, possible action mechanisms and potential adverse effects are discussed.
The concentration, size, and synthesis method of SeNPs are determining factors of their biological properties.
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Toxicity
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LCs, Median lethal concentration

GSH-Px Glutathione peroxidase

4CL 4-Coumarate-CoA ligase

LOX Lipoxygenase

ABA Abscisic acid

SA Salicylic acid

Glu Glutamate

Pro Proline

P5C5 A1-Pyrroline-5-carboxylate
synthetase

P5CDH P5C dehydrogenase

ProDH Proline dehydrogenase

GSA Glutamyl-5-semi-aldehyde

HCT1 Hydroxycinnamoyl-CoA quinate
transferase

HQT1 Hydroxycinnamoyl-CoA Quinate/shi-
kimate hydroxycinnamoyl transferase

bZIP Basic leucine zipper domain

RNS Reactive nitrogen species

Mo Molybdenum

Fe Iron

ATP Adenosine triphosphate

C20:4n6 Arachidonic acid

C18:2n6/C18:3n3 Linoleic acid/arachidic acid

SFA/USFA Saturated fatty acids/unsaturated fatty
acids

MRSA Multidrug-resistant strain S. aureus

GPx 1,2,4, Glutathione peroxidase 1,2,4

Introduction

Selenium is an element that belongs to group 16 of the peri-
odic table, has semimetallic properties, and is found in the
soil in inorganic forms, such as elemental Se (SeO), selenide
(Se? ), selenate (SeO42_), or selenite (SeO32_). Selenium can
also be obtained in organic forms such as selenomethionine
(SeMet) and selenocysteine (SeCys). This element differs
from others in the same group because of its ease of transi-
tion to other oxidation states [1].

In the past, Se was considered a toxic element; however,
it is currently classified as an element that performs vital
functions in diverse organisms, such as mammals, bacteria,
some insects and nematodes, archaea, and algae [2-5]. The
applications of Se have been accentuated in different areas
of science, such as agriculture and food technology, and
more frequently in the medical/pharmaceutical area due to
its physical, chemical, and biological properties [6].

For the specific case of plants, Se is considered a ben-
eficial element, depending on its concentration, available
form, method of application, and type and growth stage of
the plant. Among the main properties of Se in plants are
the promotion of growth, improvement of crop quality, and

reduction of negative effects by biotic and abiotic stress [7].
Simultaneously, Se shows a dual effect, acting as a pro-
oxidant and antioxidant depending on its concentration [8].

In mammals, Se is considered an essential trace element
because it performs several biological functions. Se is a
cofactor of antioxidant enzymes such as glutathione peroxi-
dase (GPX), which protects the human body by catalyzing
the reduction of reactive oxygen species (ROS). Addition-
ally, in mammals, Se forms at least 25 selenoproteins that
fulfill antioxidant, catalytic, anti-inflammatory, antiviral, and
antitumor functions [9].

In contrast, in plants, Se is not considered essential due to
the lack of evidence for any essential metabolic function of
this element [7]. However, plants subjected to high concen-
trations of inorganic Se can assimilate it through its incor-
poration into the Se-amino acid selenocysteine (SeCys) and
selenomethionine (SeMet) by the sulfur (S) metabolic path-
way, interfering with molecular folding and proper function-
ing of proteins, leading to plant toxicity [7, 10]. However,
low doses of Se can trigger a variety of beneficial effects for
plants as an antioxidant agent, growth biostimulator, stress
modulator, or inducer for the accumulation of nutraceutical
compounds in the edible parts [10].

The body of an adult person needs approximately
0.070 mg Se/day for men and 0.060 mg Se/day for women
[11]. Foods with high Se contents include nuts, salmon, gar-
lic, onions, and chicken eggs [12], which contribute a high
percentage of Se to the required daily intake. A deficiency
of this element causes a large number of health problems,
including Keshan disease (an endemic cardiomyopathy),
Kashin-Beck disease (endemic deforming osteoarthropa-
thy) [13], acceleration of carcinogenic processes in the pros-
tate [14], fertility problems, and weakening of the immune
defense system against viral infectious diseases such as influ-
enza, HIV, muscular dystrophy and cystic fibrosis [15, 16].
Conversely, doses above 1.2 mg Se/day can be toxic, causing
selenosis (hair or nail loss, stained teeth, skin lesions, and
changes in the peripheral nerves) [17].

Since there is a fine line between essential and toxic
levels of organic and inorganic Se, different options for its
supplementation and intake have been proposed, such as
the use of nanotechnology, a field of science that addresses
the study, design, manufacture, manipulation, and charac-
terization of matter, and controlling the shape and size at
the nanometer scale (1-100 nm) [18]. The physical, chemi-
cal, and biological properties of materials at the nanoscale
are fundamentally different from the properties of materi-
als at the atomic, molecular, or bulk level. Nanomaterials
can be classified according to their morphology (nanopar-
ticles, nanowires, nanowires, nanowires, nanotubes, nano-
belts, nanofibers, nanospheres, and quantum dots) or by
their composition (organic and inorganic) [19]. In particu-
lar, NPs have specific characteristics, including their size,
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shape, structure, and morphology, which give them unique
biological properties for a wide range of applications. NPs
can be classified into organic and inorganic NPs; in turn,
the latter can be grouped into semiconducting, metallic,
and magnetic NPs, whereas organic NPs include carbon
nanoparticles [20].

The synthesis of NPs is mediated by two methods: “top-
down” and “bottom-up.” The first of these methods is based
on the reduction of the size of a macroscopic material to
finer particles by physical processes (such as lithography,
pulse laser ablation, ultrasound, microwaves, and electrodep-
osition) to subsequently produce agglomerates that will form
NPs [21]. In the second case, the synthesis of NPs occurs
by the self-assembly of atoms forming a new nucleus that
grows to obtain nanometric structures by both chemical and
biological processes. The chemical synthesis of NPs requires
the use of products such as sodium borohydride, sodium
citrate, and ascorbic acid, which exert a reducing function
on the metal salts. In addition, the incorporation of stabiliz-
ers, including polyvinyl alcohol, polyvinylpyrrolidone, and
polymers such as chitosan, is required. Biological synthesis,
also known as green synthesis, involves the use of second-
ary metabolites of plant, bacterial, or fungal origin as well
as other microbial compounds, which simultaneously act as
reducing and stabilizing agents [21].

In recent years, the green synthesis of NPs has gained
popularity over physical and chemical methods because it
is cost-effective, environmentally friendly, and nontoxic
and can be effectively scaled up to large-scale production.
Regardless of the NP synthetic approach, it is important to
consider the preparation method, origin of the starting mate-
rial, nature of the organic compounds and solvents, con-
centration, strength of the reducing agent, and temperature
since the size, morphology, and stability of the NPs depend
on these factors [19].

Specifically, selenium nanoparticles (SeNPs) are generat-
ing interest in many areas of science due to their high bio-
availability and lower toxicity than inorganic (Se?~, SeO42_,
and Se0,”7) and organic (SeMet and SeCys) forms. In gen-
eral, the biological properties of SeNPs are a function of
their high surface area, solubility, surface chemistry, and
surface charge and size, where smaller NPs have higher
activity. The physicochemical characteristics of SeNPs make
them unique and are determinants of their stability, bioavail-
ability, biocompatibility, multifunctionality, and controlled
Se release [21, 22].

Although many studies have described the positive effect
of SeNPs, there is some uncertainty regarding their toxicity
and use, especially in medical applications. The toxic effect
of SeNPs is largely related to the concentration, size, chemi-
cal form of Se, and method of synthesis of SeNPs, which
seems to indicate that biological synthesis is less toxic than
chemical or physical processes [22]. The biological activity
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of SeNPs is closely related to their pro-oxidant and antioxi-
dant properties.

Therefore, the aim of this review is to provide an over-
view of the state of the art on biological activity of SeNPs in
two major areas of application: in agriculture, during plant
growth, pest and disease control, abiotic stress, and crop
quality; and in food technology, during food packaging,
bacterial growth in food, and animal source food produc-
tion. The effects, applied doses, and possible mechanisms
of action of SeNPs are presented.

SeNPs in Agriculture

Nanotechnology is a rapidly advancing discipline in research
and influences all areas of science; in particular, in agricul-
ture, it represents a major innovation in research, generat-
ing more effective and cost-effective products that can be
applied to crops and thus transform the agricultural industry.
SeNPs can be applied mainly to (1) the controlled release of
agrochemicals and their delivery to the different organs of
the plant, which would increase the efficiency of the prod-
ucts used; (2) the control of pests and diseases caused by
pathogenic microorganisms such as fungi and bacteria [23,
241; (3) as quasi-essential micronutrients by enhancing plant
physiological and biochemical processes, improving crop
growth, yield and quality [25]; (4) biofortifying crops with
Se to increase their content; (5) mitigating abiotic stress; and
(6) enhance the nutraceutical value of edible foods (Table 1)
[26].

The main SeNP-related mechanisms of action in agri-
culture are shown in Fig. 1. The antimicrobial activity of
SeNPs involves the positive regulation of the transcription
factor WRKY1 [27] and the genes 13-LOX2, 13-LOX6,
and LOX3 (involved in the synthesis of the phytohor-
mone JA), the upregulation of the PALI and PAL3 genes
(elements of the SA biosynthetic pathway) [28], and the
increase in the generation of ROS [29]. The insecticidal
effect is associated with JA synthesis. The biostimulant
activity is related to primary metabolism, increasing the
enzymatic activity of nitrate reductase [30], which could
be linked to a higher uptake of Mo and Fe [31], result-
ing in a higher content of amino acids and proteins, as
reflected in higher plant growth and yield. Another path-
way is an increase in the level of the bZIP transcription
factor involved in flower development and initial root dif-
ferentiation [27]. Biofortification increases the concen-
tration of Se in the edible parts of plants (roots, stems,
leaves, fruits, or seeds) [30, 32]. The alleviation of biotic
and abiotic stresses is related to an increase in the Pro
content via the Glu pathway [28], a reduction in ROS/
RNS levels and MDA generation [33], and ABA synthesis
(induction of the NCDEI/NCDE?2 genes by an increased
photosynthetic rate) [28]. The nutraceutical value of crops
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Table 1 Application of SeNPs in agriculture and its effects
Application Organism tested Application doses Effects Reference
Antimicrobial agent  A. solani 10-20 mg/L Decrease in the severity of the disease in [25]
potato
A. brasiliensis, A. flavus, A. oryzae, A. 50-250 mg/L Antifungal effect [34]
ochraceus, F. anthophilum, R. stolonifer
B. subtilis, S. aureus 12.5-100 mg/L Antibacterial activity [35]
P. digitatum, C. coccodes NA Inhibition of the mycelia growth [36]
S. graminicola 1000 mg/L Suppression of growth and proliferation [37]
F. verticillioide, F. graminearum, A. 25-200 mg/L Inhibition of hyphal growth and reduction  [38]
alternata of toxins
M. phaseolina, S. sclerotiorum, D. longi- ~ 0.1-100 mg/L Antifungal effect [39]
colla
S. aureus, E. coli 5-25 pg/mL Irreversible damage to the cell membrane  [40]
Pest control (as M. incognita 0.34-0.68 mg/L.  Induction of the systemic resistance, [29]
nematicide and increased activity of proteinase inhibi-
insecticide) tors, reduction of plant invasion
A. stephensi 20-100 mg/L Mortality of 100% of mosquitoes larvae [42]
A. stephensi, A. aegypti C. quinquefascia-  100-500 mg/L High mortality in mosquito larvae [43]
tus
A. stephensi, A. aegypti, C. quinquefas- 0.1-10 mg/mL Mortality of 50% at low doses [44]
ciatus
A. aegypti, C. quinquefasciatus 10-100 mg/L Cell lysis and rupture of the peritrophic [45]
membrane and epithelial cells
Biostimulant Tobacco (N. tabacum) 0.53-532 uyM Stimulation of organogenesis and [3]
increased growth of the root system
Tomato (S. lycopersicum) 10-20 mg/L Increase of yield of plants and fruit firm-  [25]
ness
Potato (S. tuberosum) 0.5 mg/L Increase in the number of stems, leaves, [27]
plant height, fresh weight, and dry
weight
Chicory (C. intybus) 4 and 40 mg/L Improvement in shoot and root biomass [30]
Eggplant (S. melongena), tomato (S. lyco-  1-25 ug/kg Twice surface area of leaves for eggplant ~ [46]
persicum), cuacumber (C. sativus) and tomato
Surface area of the cucumber 50% higher
Peppermint (M. piperita) 2,20 mg/L Increase in leaf length, and shoot fresh [47]
mass
Guar gum (C. tetragonoloba) 100-500 mg/L Increase of growth and yield [48]
Pepper (C. annuum) 0.5-30 mg/L Severe toxicity and abnormalities in [49]
the development of leaves and roots,
inhibition in the differentiation of xylem
tissues
Peanut (A. hypogaea) 20, 40 mg/L Yield improvement in the number of pods/ [52]
plant, pod weight, seed weight, and oil
yield
Spinach (S. oleracea) 22 mg/L Increase in average weight of male and [53]
female plants
Cowpea (V. unguiculata) 6.25-50 uM Increased root and stem growth, increased  [55]
root, stem, leaf, and seed weight, greater
number of leaves, and total leaf area
Melisa (M. officinalis) 10, 50 mg/L Reduction of the plant growth and severe  [56]

toxicity
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Table 1 (continued)

Application Organism tested Application doses Effects Reference
Biofortification Spinach (S. oleracea) 22 mg/L Greater absorption of selenium in male [53]
plants, improved retention of selenium
in roots
Onions (A. nutans, A. schoenoprasum, A. 2.34 mg/L Increase in total selenium content in leaves [58]
obliquum)
Rice seeds (O. sativa) 10-30 upM Absorption rate lower, rapid assimilation [59]
to organic forms
Wheat (T. aestivum) 0.1-20 uM Increase in the amount of selenium in [60]
tissues
Stress alleviation Sorghum (S. bicolor) 10 mg/L Improvement of the activity of antioxidant [31]
enzymes
Acid lime (C. aurantifolia) 50 mg/L Increase germination percentage and accu- [32]
mulation of macro and micro-elements
Spinach (S. oleracea) 22 mg/L Decrease in the concentration of Pb and [53]
Cd
Strawberry (F. x ananassa) 10, 20 mg/L Improved tolerance to salinity by reducing [54]
stress-induced lipid peroxidation and
H,0,
Barley (H. vulgare) 100 mg/L Increase of total phenolic levels, and [62]
reduction of MDA under salt stress
Strawberry (F. x ananassa) 10, 100 uyM Reduction of Na concentration, an increase [63]
of Ca and K content. Relief of NaCl-
induced injury in PSII
Broad bean (V. faba) 10, 20 mg/L Reduction in all severe effects of Atrazine [64]
and improvement of seedlings perfor-
mance
Nutraceutic Pepper (C. annuum) 5-50 mg/L Increased levels of chlorophyll and soluble [28]
sugars
Watercress (L. Sativum) 10-100 mg/L Increased total phenol content and antioxi- [33]

dant capacity of sprouts

Guar gum (C. tetragonoloba) 100-500 mg/L Increase in chlorophyll a and b, total [48]
chlorophyll, carotenoids, anthocyanin,
protein, L-proline, free amino acids, and
foliar nitrate

Tomato (S. lycopersicum) 1-20 mg/L Increase of the chlorophyll content, vita- [50]
min C, and glutathione in the leaves

Peanut (A. hypogaea), 20—40 mg/L Improved yield components and seed oil [52]

Strawberry (F. x ananassa) 10, 20 mg/L Increase in chlorophyll, total soluble [54]

carbohydrates, proline, sucrose, fructose,
glucose, and acids malic, citric, and
succinic

Cowpea (V. unguiculata) 6.25-100 uyM Increase in the content of total soluble [67]
sugars and total soluble proteins

Coriander (C. sativum) 25, 50 mg/L Improvement of the essential oil; linalool, [68]
geranyl acetate, camphor, dterpinene, and
o-pinene

Pomegranate (P. granatum) 1,2 uM Increase in the content of chlorophyll, P, [69]
K, Ca, Fe, Zn, phenolic compounds,
antioxidants, and anthocyanins

can be achieved by increasing the chlorophyll content, = and HQT1 that contribute to the synthesis of secondary
photosynthetic rate, accumulation of soluble sugars, and  metabolites [30], and an alternative pathway involves the
expression of Kas and Acl genes of the fatty acid pathway  phenylpropanoid pathway that includes PAL and 4CL up to
[28]. Another pathway is the induction of the genes HCT1  the synthesis of flavonoids and phenolic compounds [28].
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Fig. 1 Effect of SeNPs on agriculture. SeNPs are used as antimicrobial
to increase the tolerance of plants against different types of abiotic stress

SeNPs as Antimicrobial Agents

The use of chemicals for the eradication of pathogenic
microorganisms in plants is one of the most common meth-
ods, although such methods can generate toxicity in the
population, resistance to pathogens, loss of biodiversity,
and contamination of nearby crops with potentially toxic
products and soil infertility. Therefore, SeNPs have been
suggested for the protection of various crops against a large
number of phytopathogens, such as Alternaria solani [25],

T

ROS/RNS «— °°°31°: PRGN

Biotic stress

and insecticidal agents, growth promotion, and crop biofortification and

Aspergillus brasiliensis, Fusarium anthophilum [34], Bacil-
lus subtilis, Staphylococcus aureus [35], Penicillium digi-
tatum, and Colletotrichum coccodes [36]. One such case was
described by Nandini et al. [37]. Here, SeNPs were obtained
with extracts of fungi of the genus Trichoderma spp. These
fungi are commonly used as biological control agents since
they secrete lytic enzymes capable of lysing the cell mem-
brane of phytopathogenic fungi. In this case, SeNPs were
used at a concentration of 1000 mg/L., and the combination
of Se with the fungal extract was observed to enhance the
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antimicrobial effect of SeNPs, inhibiting the growth, prolif-
eration, and sporulation of Sclerospora graminicola, which
causes powdery mildew disease in pearl millet.

SeNPs have also been reported to be synthesized in com-
bination with other elements, including organic and inor-
ganic molecules such as metabolites and drugs, which is
known as functionalization. One example is described by Hu
et al. [38], who functionalized SeNPs with various metabo-
lites of the fungus Trichoderma harzianum. This interaction
between 7. harzianum biomolecules and SeNPs enhanced
the antifungal effects and inhibited the growth of hyphae of
F. verticillioide, F. graminearum, and A. alternata; in addi-
tion, a decrease in fungal toxin production was observed.

This type of functionalization has been carried out not
only with fungal extracts but also with plant extracts that
have shown great efficacy since they possess important
antimicrobial activities that could be potentiated with NP
synthesis. An example of this type of NP is that obtained
with the extract of Emblica officinalis, which is recognized
for its antimicrobial activity. In this research, SeNPs showed
in vitro effectiveness against phytopathogenic fungi such
as A. brasiliensis, A. flavus, A. oryzae, A. ochraceus, F.
anthophilum, and Rhizopus stolonifera, and bacteria such
as Escherichia coli, Listeria monocytogenes, Staphylo-
coccus aureus, and Enterococcus faecalis. They exhibited
more antifungal than antibacterial activity, which could be
due to the previously reported antifungal properties of Se,
although the mechanism by which Se exerts this activity is
still unknown [34]. Similarly, we evaluated the function-
alization of SeNPs coated with different types of polymers,
such as poly-L-lysine (PLL"), polyacrylic acid (PAA™),
and polyvinylpyrrolidone (PVP). When the effect of SeNPs
was compared against silver nanoparticles (AgNPs), it was
found that SeNPs functionalized with the neutrally charged
polymer (PVP) had a greater antifungal effect against Dia-
porthe longicolla than AgNPs functionalized with the same
polymer and at the same concentration (100 mg/L), poten-
tially indicating that the antifungal activity of functionalized
SeNPs did not depend directly on the charge of the com-
pound used for functionalization but on the type of patho-
genic microorganism [39]. Therefore, the effectiveness of
SeNPs could be due, in part, to the antifungal activity of Se.
Quiterio-Gutiérrez et al. [25] tested the functionalization of
SeNPs with CuNP copper nanoparticles as an alternative
for the control of A. solani in tomato (Solanum lycopersi-
cum) plants, observing a 6% decrease in the progress of early
blight disease after the application of SeNPs.

The antibacterial activity of SeNPs has been shown to
be an alternative against multidrug-resistant bacteria such
as Enterobacter cloacae, S. aureus, and Pseudomonas aer-
uginosa, which have been considered clinically and are also
pathogenic to plants. This phenomenon might be due to
chemical conjugation between bioactive compounds such
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as quercetin. This compound has been shown to have broad-
spectrum antibacterial and antifungal properties; in addition,
acetylcholine serves as a receptor in bacterial cells, allowing
SeNPs functionalized with these compounds to increase the
permeability of the bacterial membrane, causing leakage of
the cytoplasmic content and allowing SeNPs to penetrate
and alter the DNA structure of bacterial cells [40].

SeNPs with Insecticide and Nematicidal Activity

Some insects, including mosquitoes, are important vec-
tors for the transmission of diseases such as chikungunya,
malaria, dengue, and Zika. A method for eradicating these
insects is the application of organophosphate products,
insect growth regulators, and microbial control agents.
Regardless, many of these chemicals have negative effects
on human health and the environment [41]. In this regard,
SeNPs have been demonstrated to be a good option for these
treatments due to their good biocompatibility and efficacy
at lower doses. An example of this is SeNPs biosynthesized
with Clausena dentata leaf extracts, which are known repel-
lents and insecticides, in addition to the known insecticidal
properties of Se. The obtained SeNPs showed a potentiated
effect, producing 50% mortality (median lethal concentra-
tion, LCs,) against the larvae of Culex quinquefasciatus,
Aedes aegypti, and A. stephensi, using concentrations of
99.60, 104.13, and 240.71 mg/L SeNPs for each larval type.
This activity of SeNPs could be due, in large part, to the
denaturation of proteins and DNA of the larvae, reducing
the permeability of the cell membrane and decreasing the
synthesis of ATP, which eventually leads to the loss of cell
function and cell death [42].

In another example of green synthesis of SeNPs, the
fungal extract of Penicillium corylophilum was used to
obtain NPs, and a potent larvicidal effect was observed with
100 mg/mL SeNPs against the malaria vector A. stephensi,
achieving 100% mortality of the larvae. An increase in lar-
vicidal activity was reported as the dose of SeNPs increased,
since the application of 75, 50, 25, and 20 mg/mL caused
larval mortality of 90.6, 70.3, 50.3, and 43.3%, respectively.
Additionally, the LCs, value (25 mg/mL) [43] was found to
be lower than that of SeNPs obtained with plant extracts
(240.71 mg/mL) [42].

In turn, Ramya et al. [44] found a similar trend with the
application of SeNPs biosynthesized from Streptomyces
sp., which achieved 50% mortality at doses of 7.66 and
11.94 mg/L SeNPs against A. aegypti and C. quinque-
fasciatus, respectively. Based on these results, it could
be suggested that the effectiveness of SeNPs is related to
their concentration. One possible mechanism shown for
controlling the development of mosquito larvae could be
through cell lysis and rupture of their peritrophic membrane
and epithelial cells. In addition, histopathological changes
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were observed in the intestinal regions of A. aegypti and C.
quinquefasciatus larvae treated with SeNPs [45].

For nematodes, parasites of the root system of plants that
cause the generation of ROS in plant tissue, the application
of SeNPs (with a size range from 10 to 70 nm obtained by a
physical process such as ablation) suggested an increase in
the plant content of protease inhibitors (PIs), which could
cause a reduction in the vital activities of these organisms
because this type of enzyme is involved in different primary
processes, such as nutrition, reproduction, and embryogen-
esis. This finding indicates that 0.68 pg/mL SeNPs were
capable of inducing nonspecific defense reactions in plants,
reducing the number of female Meloidogyne incognita nem-
atode in SeNP-treated plants with respect to control plants
and decreasing nematode reproduction by reducing the num-
ber of eggs in the ootheca [29].

SeNPs as Biostimulants in Plant Growth Promotion

Plant growth promoters improve plant development and
yield, resulting in their wide management. However, some
data have established that they can cause toxicity at high
concentrations. In the specific case of SeNPs, their biologi-
cal effect on plant growth, compared with commercial prod-
ucts and organic and inorganic forms of Se, is becoming
more relevant both in vitro and in vivo in different crops,
such as chicory (Cichorium intybus) [30], eggplant (Solanum
melongena), tomato, cacumber (Cucumis sativus) [46], pep-
permint (Mentha piperita) [47], and guar gum (Cyamopsis
tetragonoloba) [48].

Some of the first studies on SeNPs as plant growth pro-
moters were conducted by Domokos-Szabolcsy et al. [3],
in which the application of 265-530 uM SeNPs in tobacco
plants (N. tabacum) stimulated organogenesis and increased
root system growth by 40% compared with other forms of
inorganic Se such as SeO42_; the latter was unable to induce
the same effects at the same concentrations, although the
biostimulant effect of Se has been established despite not
being an essential plant element. A similar behavior was
observed in another investigation under in vitro condi-
tions, where different doses of SeNPs (synthesized by
chemical reduction and having a size from 10 to 45 nm) and
Se0,*" were tested in chili seeds, producing variations in
morphology and growth in a SeNP dose-dependent manner.
Concentrations of 0.5 and 1.0 mg/L SeNPs favored growth
and increased the leaf fresh weight by 65.5%, whereas the
same doses of Se042_ increased the fresh weight by 19%.
Conversely, doses of 10 and 30 mg/L caused severe toxicity
and abnormalities in the development of leaves and roots, as
well as an inhibition in the differentiation of xylem tissues,
potentially due to DNA hypermethylation for both sources
of Se. The differential effect observed between SeNPs and
Se0,>~ in both tobacco and chili plants might be attributable

to the mechanism of SeO,”~ uptake (active transport through
sulfate/phosphate transporters) compared with SeNP uptake
(passive diffusion through membrane-localized aquaporin
channels), causing changes in plant uptake mechanisms [49].
These data contrast with those of tomato, where the appli-
cation of 10 and 20 mg/L SeNPs, synthesized by chemical
reduction with sizes from 2 to 20 nm, did not show symp-
toms of toxicity and generated an increased plant yield by
21% and 25%, respectively [50]. This finding indicates that
the size of SeNPs can play an important role in the beneficial
or toxic effect of SeNPs, establishing that the larger the size
of SeNPs, the greater is the toxicity of chili plants. Based on
these results, it could also be established that the response of
plants to SeNPs depends on the dose used and the size and
surface composition of the NPs. These characteristics can
produce different responses in plants, from biostimulation
to toxicity. The effect of the surface composition of SeNPs
and their interaction with molecules, such as cytoplasmic
proteins, internal membranes, or organelles, also depends
on the mode of application, with foliar spraying being the
mode of application that notably decreases the toxic effects
in plants due to chemical interactions between cuticle com-
ponents and NPs [51]. In turn, Domokos-Szabolcsy et al.
[3] established that the plant species used is another factor
for consideration during the application of NPs, indicating
a lower degree of toxicity with the use of SeNPs compared
with other forms of Se such as Se0;>~ or Se0,>~, potentially
because in plant tissue Se ions can be gradually released
from NPs. Therefore, Se release occurs systematically at
a low but stable concentration, promoting physiological
effects such as the stimulation of organogenesis and shoot
and root growth.

A similar trend was found in three varieties of peanuts
(Arachis hypogaea) by applying different concentrations of
0, 20, and 40 mg/L SeNPs, synthesized by chemical pro-
cesses, with a size of 10-30 nm, and causing no signs of
toxicity. It was observed that 20 mg/L increased the number
of pods/plant by 200%, the fresh weight of pods/plant by
129%, and the weight of seeds by 204%. This phenomenon
might be due to maintenance of the ionic and osmotic cell
balance, improving photosynthesis, causing an improvement
in photosynthetic pigments, producing a high photochemi-
cal efficiency and decreasing ROS levels. Similarly, it was
established that at 40 mg/L, the Giza 6 variety was the most
effective treatment for improving yield parameters, such as
the number of pods/plant (106.4%), weight of pods/plant
(47.0%), and number of seeds/plant (55.5%) compared with
the control (without SeNP application) [52]. SeNPs have
been shown to promote greater plant growth than inorganic
forms of Se (Se032_ or SeO42_), suggesting a possible
involvement of SeNPs in the accumulation of signaling hor-
mones, such as ethylene, auxin (AUX), salicylic acid, gib-
berellins (GA), and cytokinin (CK), which are responsible
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for plant growth and tissue differentiation [49, 53]. In turn, it
has been suggested that SeNP-mediated phytohormones trig-
ger particular signaling by which plant nuclear transcription
can be modified. In this regard, Zahedi et al. [54] empha-
sized the changes triggered by SeNPs in AUX biosynthesis,
describing the overexpression of genes involved in the bio-
synthesis pathway, thus enhancing root biomass and water
and nutrient uptake. This finding is consistent with those of
El Lateef et al. [55], who reported that SeNPs increased the
levels of the growth hormones indol-acetic acid (IAA), GA
and CK in cowpea leaves (Vigna unguiculata) and decreased
the content of abscisic acid (ABA), which could explain
the positive effect of SeNP application on growth and seed
weight.

Conversely, treatments including the combination
of SeNPs with zinc (Zn) and silver (Ag) NPs have also
been tested. For the combination of 300 mg/L ZnNPs and
10 mg/L SeNPs, an increase in biomass, activation of lat-
eral buds, and stimulation of lateral roots were recorded in
lemon balm (Melissa officinalis) plants. However, at doses
of 300 mg/L ZnNPs and 50 mg/L SeNPs, severe toxicity
occurred, with a 45.5% reduction in plant growth. In addi-
tion, 50 mg/L. SeNPs exhibited higher toxicity than the
bulk Se source, which could be due to the absorption rate
of SeNPs compared with the bulk source due to the differ-
ence in their sizes and the method of Se uptake in bulk form
(energy-dependent transport through sulfate and phosphate
transporters) [56]. In potato (Solanum tuberosum), the com-
bination of 0.5 mg/L SeNPs, ascorbic acid (AcAsc), AgNPs,
and K increased the fresh weight by 25% and the dry weight
by 50% compared with the established treatment consisting
of AgNPs and K. Thus, the addition of SeNPs and AcAsc
provided a potentiated effect [27].

SeNPs in Plant Biofortification

With the advancement of new, vanguard, and emerging tech-
nologies such as nanotechnology, the application of SeNPs
has arisen as an alternative to conventional Se fertilizers to
enrich crops. The interest in SeNPs for the biofortification
of plant foods lies in the potential for their slow Se release,
avoiding possible losses in agroecosystems when commer-
cial fertilizers are used [10]. For this reason, SeNPs might
be used for biofortification, which attempts to increase the
Se content in the edible organs of plants and in turn prevent
Se deficiency in humans and animals.

In addition, SeNPs have been shown to be less toxic
to plants than ionic selenium salts (SeO,>~ and Se0,>"),
as verified in studies of tobacco (N. tabacum) and gar-
lic (Allium sativum) [3, 57]. Likewise, it has been pos-
sible to establish differences between the treatments of
SeNPs, Se042_, and SeO32_ in the same plant species,
as observed in onion (Astragalus nutans) plants. It was
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found that applying the same concentration of the three
forms of Se resulted in different total Se contents (pg/kg
dry weight), demonstrating a decrease in Se uptake on the
order of Se0,>~ > SeNPs > Se0,;>~ [58]. Similar results
were found in male and female spinach (Spinacia olera-
cea) plants, in which the accumulation of Se between both
genders was different using SeNPs [53], as a similar order
of uptake to that observed in onion [58] plants was found
(Se0,%” > SeNPs > SeO32_). Concurrently, a greater differ-
ence between Se accumulation was observed for male and
female plants using SeNPs. Highlighting a higher uptake
of Se by male plants, this phenomenon is in agreement
with the differences found in CK and GB content in male
and female spinach plants [53].

In rice (Oryza sativa) crops, the Se content of the shoots
varied with respect to the different Se doses; for example,
30 pmol SeNPs caused the Se content of the shoots to be
1.4 times higher than that in plants treated with SeNPs at
a dose of 10 umol SeNPs. Similarly, it was reported that
the uptake rate of SeNPs was 1.7 times slower than the
uptake of SeO,>~ and SeO,>~ and then assimilated into
organic forms, including SeMet, accumulating mainly in
the root cell walls. An opposite trend was observed with
SeO42_ treatment, as it accumulated mainly in the shoots
in the form of SeO42_ [59]. A similar case was identified
in wheat (Triticum aestivum) plants treated with SeNPs
obtained by chemical (140 + 10 nm NP size) and biologi-
cal (140 +40 nm NP size) reduction, as the particle size
and method of SeNP synthesis affected the uptake rates
of Se. The uptake rate of SeNPs was slower than that of
SeO32_. In addition, SeNPs obtained by chemical methods
were absorbed more efficiently than SeNPs synthesized
by biological methods. Regarding the size of the NPs, it
was reported that wheat roots treated with 40 nm SeNPs,
obtained by chemical synthesis, were able to take up 1.8
and 2.2 times more Se than roots treated with 140 and
240 nm SeNPs, respectively, indicating the importance of
particle size and the type of NP synthesis for this type of
application [60].

There is currently a growing interest in using SeNPs for
the biofortification of crops due to their potential to improve
the quality, nutritional attributes, and amount of Se avail-
able in the edible parts of plants. However, factors such as
the size of the NPs, the synthesis method, and the surface
composition may cause the intake of plant foods biofortified
with SeNPs to have a different effect within the human body
compared with other sources of Se that are conventionally
used. Therefore, it is necessary to perform a large number
of in vivo tests to establish possible toxic effects due to the
intake of plant products biofortified with SeNPs. Concomi-
tantly, a generalized recommendation concerning the sug-
gested doses for the consumption of foods biofortified with
SeNPs is not possible.
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SeNPs in Abiotic Stress Alleviation in Plants

Plants are sessile organisms that are constantly exposed to
different physical and chemical factors that generate stress,
causing a decrease in their growth and development. There-
fore, it is of vital importance to provide crops with various
tools to activate their tolerance mechanisms and actively
respond to abiotic stress [61].

In this respect, it has been reported that Se is able to
reduce stress in plants, since it induces the synthesis of sec-
ondary metabolites and stimulates the activity of antioxidant
enzymes [31]; therefore, the use of SeNPs plays an impor-
tant role in mitigating some types of abiotic stress, such as
high and low temperatures, drought, heavy metal accumula-
tion, and salinity. For example, in barley (Hordeum vulgare)
plants grown under saline stress, treatment with SeNPs at a
concentration of 100 mg/L resulted in a direct accumula-
tion of Se in leaves, an increase in the level of total phenolic
compounds and a reduction of the content of ROS-mediated
cell membrane damage markers, such as malondialdehyde
(MDA), which might influence metabolism and be respon-
sible for the higher dry weight yield of shoots [62].

Similarly, the effect of SeNPs on strawberry (Fragaria x
ananassa) plants grown under salinity stress (17-273 mmol
NaCl) was examined, and a higher percentage of calcium
(Ca) and of K levels were observed. In addition, treatment
with 10 pM SeNPs improved photosystem II (PSII) perfor-
mance and enhanced the activity of the antioxidant system,
which was also related to the reduction of ROS generation
and content. In contrast, exposure to a concentration of
100 pM SeNPs exhibited moderate stress, as determined by
an elevation of the hydrogen peroxide (H,0,) concentration
and lipid peroxidation rate (LPO) [63]. This phenomenon
is related to the findings of Zahedi et al. [54] in the same
crop, who attributed a protective effect to SeNPs (10 and
20 mg/L) for their ability to improve the salinity tolerance
of strawberry plants by protecting the photosynthetic pig-
ments, reducing the LPO, and decreasing the H,O, content
induced by salt stress. The highest dose of SeNPs (20 mg/L)
was observed to decrease MDA levels by 19.6% and H,O,
levels by 7.6% compared with the application of 10 mg/L
SeNPs. A trend toward ROS reduction was observed due
to the increase in the capacity of antioxidant enzymes such
as SOD and POD at low concentrations of SeNPs. In addi-
tion, foliar application of SeNPs increased proline and total
soluble carbohydrate content, which favored the osmoprotec-
tion of strawberry plants exposed to salt stress, stabilizing
membranes, and protecting proteins from denaturation. The
increase in carbohydrate content could serve as a source of
energy, helping to overcome the damage caused to metabo-
lism and thus maintain plant growth.

Another abiotic factor that causes damage to crops is
the indiscriminate application of pesticides and herbicides,

which causes disorders in plants and in human and animal
health. One example is atrazine, which is recognized as one
of the most widely used herbicides to prevent weeds. The
application of atrazine to fava bean plants (Vicia faba) was
associated with an inhibition of the genes encoding the anti-
oxidant enzymes CAT and SOD, which could explain the
associated increase in H,O, and MDA contents in atrazine-
treated seedlings, as well as the reduced expression level
of the PSII-DI gene caused by atrazine-induced oxidative
stress, which could also explain the low percentages of ger-
mination and a reduced length of shoots and roots. To miti-
gate these negative effects, SeNPs were tested at a concen-
tration of 10 mg/L SeNPs, which improved the germination
percentage and reduced the damage caused by atrazine [64].

Similarly, high exposure to gamma radiation can cause
stress in plants, inhibiting cell division due to the generation
of ROS and causing DNA damage, which is closely related
to the decrease in the growth and development of plants. In
response to this type of stress, the application of 50 mg/L
SeNPs reduced the detrimental effects of radiation, increas-
ing the percentage of germination by 30%, the length of the
stem by 52.5%, and the diameter of the stem by 37% in acid
lime seedlings (Citrus aurantifolia) compared with seeds
that were not treated with SeNPs [32].

Simultaneously, the effect of SeNPs was tested on plants
under high-temperature stress, such as sorghum (Sorghum
bicolor), in which foliar concentrations of 10 mg/L SeNPs
stimulated the defense system of the plant and thus increased
the activity of antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), proline oxidase (POX) and
GPX. The application of SeNPs reduced the generation of
0,7, (25%), H,0, (25%), MDA (30%), and membrane dam-
age (18%), which could be due to activation of the antioxi-
dant defense system [65].

Another point to highlight is that SeNPs were found to
decrease the accumulation of heavy metals in plant tissues,
which are highly toxic. In most of the examined studies,
Se was shown to be an antagonist of heavy metals such as
lead (Pb) and cadmium (Cd); thus, the application of SeNPs
tends to significantly decrease the concentration of both ele-
ments, reducing the adverse effects of these heavy metals on
the plant. As observed in female spinach plants, Cd and Pb
concentrations decreased 66% and 19%, respectively, follow-
ing the application of SeNPs. The protective effect of female
spinach plants toward Cd increases with a decreasing oxida-
tion state on the order of SeNPs > SeO32_ > SeO42_ [53].

SeNPs Increase the Nutraceutical Properties
of Crops

In agriculture, nanotechnology offers a wide range of ben-

efits, either replacing toxic chemicals or adding nutritional
value to food. An example of this phenomenon can be
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observed with the well-known nutraceuticals, foods among
which some provide health benefits for the prevention and
treatment of diseases. They incorporate compounds such as
vitamins, minerals, amino acids, essential fatty acids, and
proteins and other phytochemical compounds such as phy-
tosterols, lycopene, and f-carotenes [66].

As described above, several studies have indicated that
SeNPs may be a viable option for obtaining nutraceuti-
cal foods, since they qualify for consideration under this
category. The use of SeNPs has increased the nutraceuti-
cal content of bell pepper (Capsicum annuum) [28], cress
(Lepidium sativum) [33], cowpea (V. unguiculata) [67], and
coriander (Coriandrum sativum) [68].

A large number of studies have been conducted on toma-
toes; this plant was tested in combination with CuNPs. The
application of 10 mg/L SeNPs increased the content of vita-
min C compared with 20 mg/L SeNPs, the latter of which
produced a 20% reduction in vitamin C content in fruits.
However, in leaves, 20 mg/L SeNPs increased the vitamin C
content by 30% compared with 10 mg/L SeNPs. In addition,
fruit treatments with 20 mg/L SeNPs were found to be supe-
rior for the control of parameters such as vitamin C, phenols,
and flavonoids [25]. In another study in tomato plants, the
application of SeNP concentrations of 1, 10, and 20 mg/L
was tested. The treatments with 1 mg/L increased the con-
tent of vitamin C in fruits with respect to the higher doses.
Conversely, the 20 mg/L dose caused a loss of glutathione
levels but increased the content of flavonoids in fruits with
respect to the other doses [50]. These data highlight the
advantage of applying SeNPs in tomato production to obtain
better quality fruits with greater benefits to human health.

The lack of information about the risks of SeNPs to plants
and human health often limits their use in agriculture. How-
ever, in recent years, it has been confirmed that low concen-
trations of SeNPs have practically no toxic effect. In this
regard, Hussein et al. [52] applied 0, 20, and 40 mg/L SeNPs
to Egyptian peanut (A. hypogaea) plants and found that
20 mg/L SeNPs decreased the contents of palmitic, stearic,
arachidic, and lignoceric acids by 10.8%, 15.8%, 8.4%, and
10.1%, respectively, but increased the content of behenic
acid compared with the control. The opposite was true for
linoleic acid, which was reduced with both treatments by
13.2% (20 mg/L) and 23.5% (40 mg/L), as compared to the
control. Similarly, 20 and 40 mg/L SeNPs increased oleic
acid by 15.5% and 21.0%, respectively, demonstrating that
SeNPs could be used in crop production to increase quality
and nutraceutical properties.

Conversely, SeNPs (0—-500 mg/L) improved the bio-
chemical characteristics of guar gum in a concentration-
dependent manner, increasing the content of chlorophyll a,
b, and total chlorophyll with 400 mg/L SeNPs. It has also
been reported that 400 mg/L was the best concentration
for obtaining anthocyanins, L-prolins, free amino acids,
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and foliar nitrate without signs of toxicity [48]. Similar
data were obtained in strawberry crops treated with SeNPs
(0, 10, and 100 uM), where 10 uM SeNPs increased the
content of phenolic compounds in leaves as well as PAL
activity, which could be due to the increase in transcrip-
tion of genes involved in secondary metabolism. Similarly,
10 uM SeNPs produced an increase in activation of the
enzymatic antioxidant CAT, as well as a 27% increase in
the content of salicylic acid, 37% increase in catechin,
and 20.7% increase in caffeic acid. In addition, doses of
10 and 100 pM SeNPs increased Ca and K but decreased
Na contents in leaves [63]. In pomegranate (Punica grana-
tum), in addition to the finding that the denominated nutra-
ceuticals were capable of contributing a greater amount
of minerals, the application of SeNPs (1 and 2 pM) and
Se0,>~ was evaluated during two consecutive crop cycles,
indicating that 2 pM increased the concentrations of N, P,
K, Ca, Fe, and Zn in leaves. Additionally, 2 pM increased
the contents of total sugars, phenolic compounds, and
anthocyanins. These results suggest that SeNPs stimu-
late the capacity of plants for mineral uptake; in turn, a
greater nutraceutical effect than that obtained with the
application of SeO42_ was observed at the same concen-
trations, although several investigations have reported that
SeO42_ has nutraceutical effects [69].

To develop and commercialize new nutraceutical for-
mulations, evaluations of their efficacy and safety are
required. As previously described, SeNPs can be used to
improve the bioavailability of active ingredients, increase
Se content and add nutritional value to foods. Therefore,
consumers will be directly exposed to these nanomaterials,
and their effect on human health should be carefully evalu-
ated. In 2011, the Scientific Committee of the European
Food Safety Authority (EFSA) proposed an approach to
assess the potential risks arising from the use of nanoma-
terials used in food. This approach focuses on the proper
characterization of NPs, which ideally should be deter-
mined in five steps: (a) mode of manufacture; (b) mode of
delivery for use in food; (c) presence in the food matrix;
(d) assessments of toxicity; and (d) presence in biological
fluids and tissues. In addition, studies of the physicochemi-
cal transformations that take place during the digestive
process are required to understand the conversion of NPs
to other types of molecules. Thus, appropriate in vitro and
in vivo studies should be performed to identify possible
harmful effects and to identify dose—response rates [70].
In turn, Zanella et al. [71] proposed the evaluation of a
combination of an in vitro model for digestion, mimick-
ing the biological composition of digestive tracts, and an
in vitro model for absorbing tissues, where the stability
and controlled release of active ingredients during the
digestive process, mucoadhesion, mucopenetration, and
toxicity should be evaluated.
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Potential Adverse Effects of SeNPs in Agriculture

In general, in plants, the toxicity of SeNPs is due to a high
concentration of Se, above the appropriate dose for each
plant species. Symptoms associated with damage caused by
SeNP toxicity consist of arrest in root and area growth [30,
48, 55, 56, 64, 67, 68]; a reduction in fresh and dry biomass
production [25, 47, 49, 55, 68]; a decrease in the number
of leaves, fruits, and flowers [30]; and a decrease in yield
[61] both by fruit size [25] and seed weight [55]. In addi-
tion, high concentrations of SeNPs can affect other physi-
ological parameters, such as a reduction in the chlorophyll
content [28, 47, 50, 55] and photosynthetic efficiency [64]
as well as a lower content of essential elements, such as
N, P, K, Fe, and Zn [56, 68]. Biochemical parameters that
were affected by high doses of SeNPs consist of increased
MDA content and lipid peroxidation [28, 59]; altered levels
of phytohormones such as Jasmonic acid, IAA, and ABA
[28, 54]; and decreased activity of enzymes such as nitrate
reductase (NR) [30, 47, 49, 56], leading to the accumulation
of nitrate in leaves [48], increased free amino acid content
[48], and altered fatty acid ratio [52], crude protein, and total
carbohydrate contents in seeds [55, 67] as well as a lower
vitamin C content in fruits [25, 50] and capsaicin content in
peppers [28]. The adverse effect of SeNPs at the molecular
level is reflected in the increased expression of genes encod-
ing transcription factors of the bZIP, WRKY 1, and HSP179
families [49, 64] as well as other genes (DREBIA, PAL,
HCTI, and HQT1) associated with the response of plants
to stress [28, 30].

To determine the optimal concentration of SeNPs in
plants, several in vitro and in vivo studies have been per-
formed evaluating different concentrations. Generally, ben-
eficial effects are associated with low concentrations, and
adverse effects are associated with high doses of SeNPs,
although this condition depends on the plant species, stage
of development, form and frequency of application, expo-
sure time, cropping system, and size of the NPs. However,
little has been discussed about the importance of the type
of synthesis of NPs for agricultural use. Toxic concentra-
tions of SeNPs vary widely; for example, a dose of approxi-
mately 20-25 mg/L caused adverse effects on tomato [25,
46, 50], eggplant and cucumber [46], peppermint [47], and
strawberry plants [54], while at 30 and 40 mg/L, chili [49]
and peanut [52] plants were adversely affected, respectively.
At concentrations equal to or greater than 50 mg/L, toxic
effects were reported on cluster bean [48], cowpea [55],
lemon balm [56], strawberry [64], chili [28], coriander [68],
and cress plants [24]. Although noteworthy, it was found
that 100 mg/L SeNPs had no adverse effects on pearl millet
[37] and barley [62] plants. It is important to note that the
SeNPs used in these two assays were obtained by biological
synthesis, while SeNPs with toxic effects at concentrations

of 20-40 mg/L were synthesized by chemical methods, and
only one case was synthesized by a physical method [46],
finding a relationship between the concentration, the syn-
thetic method, and the potentially adverse effect of SeNPs.

The toxicity of SeNPs could be explained by two mecha-
nisms: the first by the induction of oxidative stress and the
second by the formation of nonspecific selenoproteins. In
the first case, the toxicity of SeNPs is mainly due to their
pro-oxidant capacity, generating an imbalance in the pro-
duction of ROS and reactive nitrogen species (RNS), which
can damage cellular components. In turn, one of the nega-
tive effects of ROS can be observed in the decrease in the
contents of Chl @, Chl b, and total Chl. High doses of SeNPs
significantly reduced the levels of these photosynthetic pig-
ments as well as the activation of enzymes involved in the
removal of ROS (APX, SOD, POD, CAT, GPX, and GSH)
along with a higher content of compounds with antioxidant
activity (vitamin C, phenolics, flavonoids). The second
mechanism of SeNP toxicity involves an excess of Se in
plant cells, which leads to the substitution of S in the amino
acid cysteine/methionine by Se during protein synthesis. The
incorporation of selenoamino acids (SeCys/SeMet) to give
rise to selenoproteins causes structural and functional altera-
tions in proteins; thus, their accumulation causes toxicity in
plants [72].

In addition, in one group of studies, a reduction in the
activity of the NR enzyme, a key player in the assimilation
of nitrate in plants, was found. For this particular case, high
concentrations of SeNPs could affect the thiol group (-SH)
of the NR enzyme, which would cause a decrease in its activ-
ity. Additionally, high doses of SeNPs altered the uptake
of some microelements, such as Fe [56], a metal cofactor
of NR, which could interfere with efficient N assimilation,
decreasing the products of primary metabolism depend-
ent on N assimilation. Thus, high concentrations of SeNPs
negatively influence N assimilation, affecting the metabolic
functions of plants with adverse implications on the growth;
biomass production of leaf, flower, and fruit yields; and,
in general, plant development. With high concentrations of
SeNPs, adverse effects were also identified on plant second-
ary metabolism, mainly related to disease resistance, abiotic
stress, and senescence [49].

SeNPs in Food Technology

Food technology is constantly changing, with the aim of
improving the food consumed on a daily basis. However, the
current context is complex due to new consumption trends,
where there is a rising interest of consumers about the qual-
ity of food and the benefits it brings to health. At the same
time, the goal is to improve food quality without altering
its nutritional value [73]. In view of this, the demand for
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materials with NPs has increased, particularly the use of
elements such as Se, which are essential for human health.
Other advantages offered by-products based on SeNPs are
related to their chemical stability, biocompatibility, low tox-
icity, and improved properties, such as texture, flavor, aroma,
color, and other attributes, such as resistance, processabil-
ity, and stability during shelf life, opening up the possibil-
ity of generating a large number of new products [74, 75].
In food technology, SeNPs can be used for food packaging
[76], to control the growth of pathogens in food [77, 78],
and to increase the Se content in animal source foods [11]
(Table 2).

The biological properties of SeNPs in food technology
are related to their role as an antimicrobial agent, their use
for food packaging, and their application in animal diets to
improve the content of Se in animal source foods (Fig. 2).
The antimicrobial effect of SeNPs is due to (1) depolariza-
tion of the cell membrane; (2) generation of ROS; (3) mem-
brane rupture; (4) leakage of intracellular material; (5) DNA
damage; (6) protein dysfunction; (7) ATP depletion; (8) loss
of enzymatic activity; and (9) inhibition of biofilms [19, 40,
77]. In food packaging, SeNPs prevent free radicals from
coming into contact with food, decreasing lipid peroxida-
tion and the generation of MDA and reducing the loss of
the nutritional value of lipids, pigments, vitamins, and ran-
cidity, thus extending the shelf life of food [79]. In animal
food sources, supplementation of SeNPs in the animal diet
increases the Se content, raising the levels of selenoproteins

GPX1, GPX2, GPX4, TXNRD2, TXNRD3, SelW, SelT,
SelK, and SelF [80] and improving inflammatory, antiviral
and antitumor properties, thus favoring the health status of
the animals and enhancing the levels of immunoglobulins
IgG, IgM, and IgA [81], resulting in a better immune system.
The addition of SeNPs to the animal feed diet increases the
enzymatic activity of GSH-Px, SOD, POD, CAT, APX, and
GSH [82], which has two effects. The first is a decrease
in ROS, which in turn causes a reduction in MDA levels,
thus reducing the lipid peroxidation of cell membranes,
decreasing the ratios of C18:2n6/C18:3n3 and SFA/USFA
fatty acids and resulting in increased freshness and quality of
table eggs [83]. The second involves maintaining cell mem-
brane integrity and decreasing drip loss (loss of myofibers,
water, iron, and protein), resulting in improved meat quality
(Fig. 2) [81].

SeNPs with Antimicrobial Activity in Food
Preservation

Antimicrobial agents are one of the most studied active
components in food technology since the growth of path-
ogenic microorganisms is one of the main causes of food
deterioration [84]. SeNPs possess antimicrobial activity
against different pathogenic microorganisms that cause food
contamination.

SeNPs showed efficacy in inhibiting the generation of
microbial biofilms, as the presence of these biofilms can

Table 2 Effects of SeNPs on the physicochemical properties of food used in different areas of food technology

Use Food/pathogen tested Concentration Effects Reference
Antibacterial Foodborne pathogens 10-40 mg/L Control growth and biofilm formation by six foodborne [77]
pathogens
Foodborne pathogens 69.0 g/m? Inhibition of bacterial biofilm formation [78]
Foodborne pathogens 69.0 g/m? Inhibition of the growth of S. aureus on the surface of [85]
paper
Kiwi (A. arguta) 2.5-7.5% Films show perfect antibacterial properties against E. coli,  [87]
S. aureus, and MRSA
Food packaging Hazelnuts (C. avellana), wal- 1000 mg/L Reduction in MDA released, improvement of appearance,  [79]
nuts (J. regia), french fries aroma, taste, and rancidity
Kiwi (A. arguta) 2.5-7.5% Reduction in weight loss, improvement in shelf life [87]
Animal feed for Cow (milk) 0.30 mg/kg Improvement of the antioxidant status and Se levels in [80]
human con- cow’s milk
sumption Chicken (G. gallus domesticus) 0.3-2 mg/kg Improvement of the meat quality, immune function, oxida- [81]
tion resistance
Goats (C. aegagrus hircus) 0.3 mg/kg Improvement of the growth performance, serum oxidant [82]
status, and Se concentration in blood and tissues
Eggs 0.10-0.40 mg/kg Improved hen yields and egg production and GPX activity ~ [83]
Chicken (G. gallus domesticus) 0.3-1.5 mg/L Use of SeNPs without toxic effects, greater absorption in [95]
the intestines
Bream fish 0.5-2 mg/kg Improvement of the growth, feed efficiency, blood health,  [96]
(P. major) and antioxidant defense system
Mabhseer fish (T. putitora) 0.68 mg/kg Improvement of growth and physiological parameters [97]
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Fig.2 Properties of SeNPs in food technology. The use of SeNPs includes their implementation as an antimicrobial agent, avoiding damage to
food, to improve the amount of Se in foods of animal origin and its use for food packaging, increasing its shelf life

increase the resistance of bacteria to antibiotics. From this
viewpoint, different concentrations of SeNPs biosynthesized
with B. licheniformis extracts (0—40 ug/mL) and 40 pg/mL
selenium dioxide (SeO,) were evaluated against six patho-
genic bacteria. The concentration of 10 pg/mL SeNPs only
showed a significant effect on the bacterial growth of B.
cereus and S. aureus. Increasing the concentration of SeNPs
increased the inhibitory effect against the growth of all
strains evaluated. In contrast, 40 pg/mL SeO, showed no

antibacterial effect against all tested bacteria. It was con-
firmed that low concentrations of SeNPs have no antibacte-
rial effect, and it was highlighted those high concentrations
of SeNPs have antibacterial activity [74].

Some bacterial infections are transmitted through paper
towels and other products used in the food industry. In this
situation, the bactericidal effects SeNPs coating the surface
of these materials was tested, which showed growth inhibi-
tion of S. aureus by 90% after 24, 48, and 72 h compared
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with the untreated paper towels, indicating the stability of
SeNPs for this type of application [85] (Table 2). It was also
possible to add SeNPs (0-15%) to furcellaran and gelatin
biofilms, which increased their thickness, water content,
elasticity, and resistance. In relation to antibacterial activ-
ity, a greater inhibitory activity was found as the concentra-
tion of SeNPs increased, while it was reported that SeNPs
showed higher antimicrobial activity against E. coli and the
multidrug-resistant strain S. aureus (MRSA) than films con-
taining AgNPs at the same concentrations [93]. This result
suggests the possible use of these biofilms for the protection
of foods such as kiwi, where the combination of furcellaran/
gelatin and SeNPs/AgNPs (5-15%), provided an antimicro-
bial action on fruit compared with the control films, which
showed no antimicrobial activity [87].

SeNPs in Food Packaging

Common food preservation methods include the use of
packaging that ensures the quality and safety of food prod-
ucts throughout the food supply chain. During this process,
chemicals from nonrenewable fossil resources are required
for preservation. However, implementation represents envi-
ronmental damage, high investment and energy, and the loss
of food quality. The application of NPs in the development
of packaging was conceived as an alternative to this problem
by (1) direct incorporation into food products, (2) incorpora-
tion into packaging material, and (3) application during food
processing [88] (Table 2).

A critical aspect of the use of SeNPs is the approval of
various organizations, which ensures that their use does not
involve risks to human health. Such is the case of the Euro-
pean Food Safety Authority (EFSA) that evaluated the uti-
lization of SeNPs in multilayer packaging, which consisted
of an exterior composed of polyethylene terephthalate (PET)
and an interior layer of polyolefin, which was in contact
with food. Through this type of packaging, it was possible to
demonstrate that SeNPs do not represent a risk to consumer
safety if they are used in multilayered films and are not in
direct contact with food [89].

Currently, one of the most relevant examples of the imple-
mentation of nanotechnology to innovate food technology
is in the production of active packaging, which offers anti-
oxidant and antimicrobial properties [73] (Fig. 2). One such
case was proposed by Vera et al. [79], who used SeNPs in a
laboratory-scale antioxidant package for hazelnuts (Corylus
avellana), walnuts (Juglans regia), and French potato fries.
This research attempted to determine the degree of oxidation
of lipids, which are factors that reduce the shelf life of foods
and in turn are associated with an unpleasant taste due to
the generation of aldehydes and ketones such MDA. It was
found that with SeNPs, the amount of MDA was reduced by
20% for hazelnuts, 25% for nuts, and 22% for French potato
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fries. It was found that with SeNPs, the amount of MDA
was reduced by 20% for hazelnuts, 25% for nuts, and 22%
for French potato fries, while fatty acid values were approxi-
mately 50% higher in packages containing SeNPs at both
days 21 and 42 than in the control. The greatest difference
was found in the nut packaging, where an improvement in
the amount of fatty acids present was observed with values
ranging from 50 to 66% at day 42. In the case of hazel-
nut packaging, the amount of fatty acids ranged from 24 to
53% at day 42. This result demonstrates that active packag-
ing containing SeNPs prevents food oxidation and extends
shelf life. A similar effect was found at the industrial level
in cooked ham, chicken, and a vegetable mixture, achieving
reductions of more than 25% in MDA levels with respect
to the control. This phenomenon can be attributed to better
control of gas and vapor exchange with the outside, avoiding
problems related to diseases transmitted by microorganisms,
and extending the shelf life [90].

Simultaneously, the incorporation of SeNPs/AgNPs
(5-15%) generates changes in the physical and mechani-
cal properties of the films used for kiwi (Actinidia arguta)
packing, increasing the elasticity and resistance of the pack-
age. In addition, packaging films with 15% SeNPs/AgNPs
reduces kiwifruit weight loss [87]. Because of these proper-
ties, the use of SeNPs can be extended to a wide variety of
foods; however, this is a novel technology, and studies on
the possible effects of this type of nanomaterial are ongo-
ing, mainly in terms of toxicity. Some studies have indi-
cated that NPs have the potential to migrate into packaged
food products; however, migration assays and assessments
of adverse effects remain inconclusive. Thus, in vivo toxi-
cological assays using human and rodent cell lines are nec-
essary, as these are the most commonly used experimental
models [91]. However, due to the small number of stud-
ies, contradictory results have been reported on the proper-
ties and effects of NPs used in food packaging, indicating
the possible diffusion of NPs into food in some cases but
not others. Therefore, more studies are needed to establish
adequate regulations so that consumers can be more certain
about the safety of consuming products with smart packag-
ing that incorporates NPs.

SeNPs in Animal Source Foods for Human
Consumption

The demand for animal protein and animal source foods
(meat, milk, eggs, cheese, and yogurt) has increased pro-
gressively in recent years. This phenomenon has brought
with it the need to improve the quality of animal feeds,
with the aim of increasing their productivity and the qual-
ity of the products obtained from them [92]. In animal
nutrition, nanotechnology is primarily required for the
synthesis of NPs containing minerals, especially trace
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elements such as Se, which is commonly used in the indus-
try as a feed additive to improve immunity and general
animal health, since conventional feeds have a low bio-
availability. Additionally, with NPs, it is possible to reduce
intestinal mineral antagonism, achieving a reduced excre-
tion of these elements, which suggests improved digestive
efficiency, immunity, and productivity of animals and their
products [93].

The application of doses less than 1.0 mg/kg SeNPs as a
feed supplement in farm animals has resulted in significant
growth [94]. For example, 0.3—1.5 mg/L SeNPs in chicken
feed improved the Se supply without causing toxicity, dem-
onstrating that the use of this type of NP in broiler feed
improves the absorption and diffusion of Se in organs and
tissues of the animal and increases the antioxidant capacity.
Although the mechanism by which SeNPs are absorbed is
unknown, it is believed that the intestinal microbiota could
play an important role in this process [95]. Similar results
were obtained by Cai et al. [81], who supplied 0.3 mg/kg
SeNPs in broiler chicken (Gallus gallus domesticus) feed
and obtained higher glutathione peroxidase activity, inhibi-
tion of free radical and MDA formation, and better serum
IgM and glutathione contents; furthermore, the optimal level
of SeNP supplementation ranged from 0.3 to 0.5 mg/kg. In
contrast, doses higher than 1.0 mg/kg were toxic. In fish,
a concentration of 1 mg/kg SeNPs improved the feeding
efficiency, blood health, fish defense system, and absorp-
tion of Se without causing toxicity [96]. This phenomenon
is consistent with results reported in goat (Capra aegagrus
hircus) feeding; when SeNPs were administered as a dietary
supplement, it was possible to observe a 13% increase in
goat weight and a 244% increase in the blood Se level com-
pared with the control, as well as an increase in the activity
of serum antioxidant enzymes at concentrations below 1 mg/
kg [82].

Eggs are another food for which a greater number of stud-
ies on the use of SeNPs have been conducted. Regardless,
this poultry product can present changes in taste and nutri-
tional value depending on the animal feeding. One solution
to this problem could be the enrichment of the feed con-
sumed by the animals during their farming using micro- and
macroelements [92]. Radwan et al. [83] evaluated the effect
of 0.25 mg/kg SeNP supplementation in the diet of hens
on table egg production. This procedure resulted in a 4%
increase in egg production and a 3% increase in egg biomass
compared with inorganic Se (SeO32_). Additionally, groups
of poultry receiving SeNPs were characterized by a higher
concentration of Se in eggs, as well as an 8% reduction in
total lipid content in yolk, 6% less total cholesterol, and a
10% increase in the proportion of HDL (high-density lipo-
protein) cholesterol [83]. Consumption of eggs fortified with
SeNPs could facilitate the daily supply of the recommended
amount of Se for human consumption.

The effect of Se supplementation through SeNPs was also
evaluated in the diet of Tor putitora fish, in conjunction with
vitamin C. This combination presented a synergistic effect,
increasing the weight of the treated fish by 125.4% with
respect to the control. In addition, the red blood cell count
and hemoglobin level were increased in the group of fish fed
a diet supplemented with 0.68 mg/kg SeNPs [97].

In cows, promising results were achieved with 0.30 mg/
kg SeNP supplementation in the diet, highlighting a 31%
increase in the Se level milk, 4.7% more protein, and 23%
more activity of the GPX enzyme compared with the intake
of an inorganic form of Se (SeO;>7). Transcriptional levels
of glutathione peroxidase, thioredoxin reductase, and the
selenoproteins W, T, K, and F were upregulated in the mam-
mary glands of dairy cows [80].

Potential Adverse Effects of SeNPs in Food
Technology

SeNPs have an extremely narrow threshold between benefi-
cial and toxic doses. Particularly in the field of food technol-
ogy, no extensive research has been conducted to determine
the harmful effects of SeNPs when used in food packag-
ing and preservation or when used as feed supplements for
human food animals. One of the reasons could lie in the fact
that SeNPs are not in direct contact with food for human
consumption, such as in the case of their use in snack pack-
aging [79, 87], SeNPs are in the middle layers of packag-
ing or in cleaning products (paper towels) [78, 85], where
apparently there would be no toxic effect on the consumer.
When SeNPs were used for their antimicrobial activity, no
adverse effects were reported, as SeNPs were used to inhibit
the growth and biofilm production of some foodborne patho-
gens [77]. This is one of the few cases where a range of
concentrations (5-100 pg/mL) was evaluated and 20 ug/mL
was reported to be the optimal dose, while 100 pg/mL did
not cause toxic effects in an animal model (Artemia larvae).
The SeNPs used in this study are of biogenic origin. Only
two studies used biologically synthesized NPs, and the rest
were obtained by a chemical approach (81.8% of a total of
11 research articles).

With respect to the use of SeNPs as a dietary supplement
in animal feed, some changes in nutritional quality were
identified, including a decrease in the protein and total lipid
contents [83, 96] as well as cellular alterations related to
oxidative stress, mainly the production of MDA, which is the
product of lipid peroxidation caused by ROS. Uncontrolled
lipid peroxidation can cause damage to macromolecules
(DNA and proteins) and subsequently cause cell death [65].

High concentrations of Se may cause selenosis. In ani-
mals, selenosis usually manifests itself in two clinical forms:
chronic and acute. The first form can cause weight loss,
anemia, hair loss, joint stiffness, myocardial atrophy, and
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cirrhosis. In cattle, this type of selenosis decreases fertility
because it favors the growth of ovarian cysts and prolongs
the state of sexual inactivity in females. In the second case,
toxicity symptoms included vision problems, abdominal
pain, paralysis, and death. One of the frequent problems with
the use of Se is its ease of transfer to the placenta and secre-
tion through the milk, and thus, even in lactating animals, it
is possible to observe symptoms of selenosis [17].

However, from the research included in this review,
no tangible report was found where toxic effects can be
observed for the application of SeNPs in the diet of farm ani-
mals or their use in aquaculture. However, in red seabream
(Pagrus major) production, with the highest dose evaluated
(2 mg SeNPs per kg diet), a possible adverse effect on fish
growth and feed efficiency was suggested, only compared to
1 mg SeNPs, without this effect being negative with respect
to the control (SeNP-free feed) [96].

However, a potential adverse effect is observed as the
concentration of SeNPs increases [81-83, 96], and this
fact is related to the chemical synthesis of SeNPs, as men-
tioned previously. The use of SeNPs in food technology is
in increasing development; however, extensive research is
required on the toxic effects of SeNPs, as they may directly
or indirectly affect consumers. In addition, the mechanisms
that convert SeNPs into assimilable forms of Se for human
food animals fed diets supplemented with SeNPs as well as
their use in the coating of postharvest fruits or as nanoma-
terials for the production of perishable food packaging need
to be investigated.

Conclusion and Perspectives

Due to their biological properties, SeNPs are being stud-
ied in different research areas, leading to a large number of
studies focused on providing solutions to diverse problems
that converge on the health of living organisms. The appli-
cation of SeNPs is considered to be highly versatile and is
being successfully used in agriculture and food technology.
In these two major areas, the activity of SeNPs as antimi-
crobial and antioxidant agents is highlighted. Particularly, in
agricultural areas, SeNPs act by stimulating plant growth,
increasing the Se content in edible foods through bioforti-
fication, and improving the quality of crops with a higher
nutraceutical value. In the area of food technology, SeNPs
represent an important innovation in food packaging by
improving shelf life and in the production of animal source
foods with higher Se content.

The characteristics of SeNPs, such as the size, synthe-
sis, concentration, and application, are factors that directly
influence their biological activity and should be considered
during their assessment. Conversely, significant advances
have been made in the functionalization of SeNPs as a way
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to increase their efficacy by combining them with other
compounds. Therefore, it is also a scope that can be widely
exploited due to the great diversity of compounds that are
present in nature, which have wide biological activities and
can be a viable alternative in the areas reviewed herein.

Further research and in vivo testing are needed to ensure
that SeNPs do not represent risks to the health of humans,
animals, and the environment due to a lack of evidence on
their toxic effects in some applications.
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