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Abstract: Selenium nanoparticles (SeNPs) are gaining importance in the food and medical fields due
to their antibacterial properties. The microbial inhibition of these kinds of particles has been tested
in a wide range of Gram (+) and Gram (—) pathogenic bacteria. When SeNPs are synthesized by
biological methods, they are called biogenic SeNPs, which have a negative charge caused by their
interaction between surface and capping layer (bioorganic material), producing their high stability.
This review is focused on SeNPs synthesis by bacteria and summarizes the main factors that influence
their main characteristics: shape, size and surface charge, considering the bacteria growth conditions
for their synthesis. The different mechanisms of antimicrobial activity are revised, and this review
describes several biosynthesis hypotheses that have been proposed due to the fact that the biological
mechanism of SeNP synthesis is not fully known.

Keywords: selenium-nanoparticle; bacteria; antibacterial activity; selenium biotransformation

1. Introduction

Nanoparticles (NPs) are defined as particles with one or more dimensions on the order
of 100 nm or less [1,2] and are synthesized in different shapes and sizes through physical
and chemical processes. Numerous investigations have demonstrated that NPs have
remarkable properties in comparison to their bulk materials [3]. Furthermore, valuable
micronutrients have been synthesized as NPs. In this sense, an important element in
human nutrition, like selenium, has been prepared as nanoparticles, which have been
called selenium nanoparticles (SeNPs).

In the last decade, many investigations have studied the SeNPs properties and have
proven that SeNPs show high bioactivities with potential applications in several industries
(i.e., food, medicine, or pharmacology) [4].

SeNPs have been synthesized by many processes; however, biotechnological methods
have been one of the most important because the production of toxic species is avoided.
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In fact, it is known that many bacteria are capable of synthesizing SeNPs naturally through
detoxification mechanisms [5-7], in which salts of selenite and selenate are reduced to
non-toxic elemental selenium [8-10]. The antimicrobial activity of SeNPs has been studied
by a great number of researchers, in which it has been found that SeNPs have a broad
range of action against both pathogenic Gram-positive Gram-negative bacteria [4].

In this review, the biotransformation of inorganic to organic selenium is briefly ex-
plained to produce selenoamino acids and SeNPs; such processes have been explained
independently in other reviews. However, it is necessary to gather this information for a
better understanding of SeNPs observed in the culture media. However, there is already
information on the biosynthesis of SeNPs by bacteria, a review of the factors that can affect
the size, shape and surface charge of SeNPs that allows the standardization of synthesis
processes still lacks in the literature. Mechanisms involved in the biosynthesis process of
SeNPs are also discussed according to the data from numerous publications. The effect of
SeNPs against pathogenic bacteria is critically evaluated. This review aims to provide a
reference on the characteristics of SeNPs for researchers working in microbiology, with the
purpose of highlighting future research opportunities and directions.

2. Elemental Selenium as the Best Form for the Antimicrobial Activity

Selenium (Se) is present in different organic and inorganic chemical forms that deter-
mine its bioavailability, function and toxicity [11] (Figure 1a). Inorganic Se can be found in
the form of selenite and selenate, while the main organic forms of Se are selenoamino acids
(selenomethionine and selenocysteine), selenopeptides and selenoproteins [12,13].
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Figure 1. Selenium; (a) forms of organic and inorganic selenium; and (b) biotransformation of selenite and selenate in

organic forms.

Selenocysteine is one of the most important biological forms. It is known as amino acid
21 and is the only amino acid present in the three domains of life: bacteria, archaea, and eukary-
ote. This amino acid is usually part of the active site of selenoproteins with enzymatic activ-
ity, due to is essential for the high catalytic activity of selenoproteins [14,15]. At the same
time, selenoproteins, in bacteria and archaea, perform catabolic and oxidation-reduction
functions [16,17]. Meanwhile, in eukaryotes, many of them act as oxido-reductases pre-
venting and repairing the damage of cellular components, regulated by the redox state of
proteins or by other redox functions [18]. This class of proteins play an important role in
human health [19-23].

Meanwhile, inorganic Se is naturally found in four oxidation states, —2 (selenide,
Se2~), 0 (elemental selenium, Se®), +4 (selenite, SeO32~) and +6 (selenate, SeO42 ™), in which
selenite and selenate show a greater toxic effect in humans than the other selenium species
due to their high solubility and greater bioavailability [24,25]. However, even though Se” is
not toxic, it is not easily used by biological systems [26]. That is why some microorganisms
biotransform selenite and selenate into selenomethionine, selenocysteine and volatile com-
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pounds. In addition, they could transform selenium species into Se’, which is commonly
found as SeNPs (Figure 1b) [27-30]. Se? possesses lower toxicity and higher biological
bioavailability compared to its organic and inorganic forms [11,17].

When Se? is found as a nanoparticle, it has certain antimicrobial properties due to its
size and charge, which is dependent on the bioorganic compounds that interact with the
SeNPs surface to form a charged negative capping. Therefore, they are attracted by the
cell, causing a rupture of the cell wall and allowing the free transport of SeNPs, which may
produce reactive oxygen species (ROS) [31-33].

That is why SeNPs are emerging as promising nanomaterials in the health field
due to their action against pathogenic microorganisms [34-36]. ROS produced within
the cell by induction of metal ions or nanoparticles cause the oxidation of glutathione,
thus suppressing the antioxidant defence mechanism of pathogenic bacteria against these
reactive species [31,33]. In such a way, released Se¥ interacts with cell structures (for
example, proteins, membranes, DNA), causing cell damage or death [37]. On the other
hand, with the high surface/volume ratio of SeNPs, a greater area of interaction with
pathogenic bacteria is achieved, increasing ROS production [38].

3. Bacterial SeNPs Synthesis

Many bacteria could biosynthesize SeNPs through the detoxification mechanism
under anaerobic or aerobic conditions [8,39—41]. These bacteria could reduce selenite and
selenate oxyanions, either in the form of non-toxic Se” or methylated Se species by a cellular
detoxification mechanism that maintains redox potential as part of its respiratory chain of
electron transfer [42-44]. Microorganisms biosynthesize SeNPs, while Se oxyanions are
reduced and could be accumulated in different forms, such as intracellular, extracellular or
bonded to the membrane.

The first study about biosynthesized SeNPs was observed in selenite detoxification
by Escherichia coli [45]. After this study, several reports of different species of both Gram-
negative and Gram-positive bacteria, using detoxification processes to produce SeNPs,
were published (Table 1). These include bacteria such as Acinetobacter sp., Burkholderia sp.,
Duganella sp., Klebsiella sp., Microbacterium sp., Pseudomonas sp., Rhodospirillum sp.,
Stenotrophomonas sp., Shewanella sp., Staphylococcus sp., Thauera sp., Bacillus sp. and recently
it has also been reported that lactic acid bacteria (LAB), such as Lactobacillus, Bifidobacterium
and Streptococcus are capable of synthesizing SeNPs.

Table 1. Gram-negative and Gram-positive bacteria used for synthesis of SeNPs.

Gram-Negative Bacteria Shape Size (nm) [Sel Culture Conditions Location Ref.
Acinetobacter sp. SW30 Spherical /rod 78-126 0.3-2 mM Na;SeOs3 Aerobic, 30 °C, 24 h NS [49]
Agrobacterium Spherical 185-190 40 mg/L NaySeO4 Aerobic, 28 °C, 8 h Ex [50]
Alcaligenes faecalis Spherical 273.8 5 mM Na,SeO3 Aerobic, 30 °C, 36 h Ex [10]
Azoarcus sp. Spherical 123 1 mM Na,SeO; Aerobic, 30 °C, 7 days Ex [25]
78-84/
Azospirillum brasilense Sp245 Spherical 40-50 10/25/50 mM Na,SeO3 Aerobic, 31-32°C, 24 h Ex [27]
/25-28
Azospirillum brasilense Sp7 and Sp245 Spherical 50-400 0.3 mM Na;ySeO; Aerobic, 31-32 °C, 7 days In [51]
Burkholderia fungorum 95 Spherical 170 2 mM Na;SeO3 Anaerobic, 27 °C,24/48/72h In and Ex [44]
Burkholderia fungorum DBT1 Spherical 200 2 mM Na;SeO3 Anaerobic, 27 °C,24/48/72 h In and Ext [44]
Comamonas testosteroni Spherical 100-200 1-20 mM Na;,SeO3 Aerobic, 28 °C,24 h In [52]
. . . Ex and -
Duganella sp. Spherical 140-200 40 mg/L NaySeO4 Aerobic, 28 °C, 8 h cell bound [50]
E. coli K-12 Spherical 24-122 4 mM H;SeO; Condition not specified, 48 h Ex [53]
E. coli Spherical 120 2 mM Na,SeO3 Aerobic, 37 °C, 72 h NS [40]
Kilebsiella pneumonia Spherical 90-320 200 mg/L SeCly Aerobic, 37 °C,24 h In [54]
Lysinibacillus sp. NOSK Spherical 13%)5/0125 1 mM Na;SeO; Aerobic, 37 °C,24/48/72 h NS [36]
Methicillin-esistance Staphylococcus  gphorical/rod 121 2 mM Na,SeO; Aerobic, 37 °C, 72 h NS [40]
Pantoea agglomerans Spherical 30-300 1 mM Na,SeO3 Aerobic, 25 °C,15/20/24 h In [55]
Proteus mirabilis YC0801 Spherical 178.3 5 mM NaySeO3 Aerobic, 30 °C, 24-36 h Ex [56]
Providencia vermicola BGRW Hexagonal 28 1 mM SeO, Aerobic, 37 °C, 24 h In and Ex [57]
Pseudomonas aeruginosa Spherical 140 2 mM Na;SeO3 Aerobic, 37 °C, 72 h Ex [58]
Pseudomonas aeruginosa Spherical 171 2 mM Na;SeO3 Aerobic, 37 °C, 72 h NS [40]
Pseudomonas alcaliphila Spherical 50-500 0.1 mM Na,SeOs3 Anaerobic, 28 °C,48 h In [59]
Pseudomonas putida Spherical 100-500 1 mM Na,SeO3 Aerobic, 30 °C,24 h In and Ex [60]
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Table 1. Cont.

Gram-Negative Bacteria Shape Size (nm) [Sel Culture Conditions Location Ref.
Rhodopseudomonas palustris strain N Spherical 80-200 1 mM Na,SeO3 Anaerobic, 30 °C, 8 days Ex [61]
Selenihalanaerobacter shriftii Spherical ~300 3 mM Na;ySeO3 Anaerobic, 25°C,72h In and Ex [62]
Shewanella sp. Spherical <103 0.01-1 mM Na;SeO3 30°C,72h In [63]
Staphylococcus aureits Spherical 180 2 mM NaySeOs Aerobic, 37 °C,72h NS [40]
Spherical /
Stenotrophomonas bentonitica Trigonal 100-400 2 mM Na,SeO3 Aerobic, 48-145 h In and Ex [48]
Se crystals
Near
Stenotrophomonas maltophilia Spherical <270 gg EM Ezgggi Aerobic, room temp, 48 h pe;;lﬁh‘;;}{l()f [64]
Stenotrophomonas maltophilia Spherical 170.6 2 mM Na;ySeO3 Anaerobic, 27 °C,24 h Ex [65]
Stenotrophomonas maltophilia SeITE02  Spherical s 4252/13/57 0.5 mM NaySeO; Aerobic, 27 °C, 6/24/48 h NS [38]
Stenotrophomonas maltophilia SeITE02 Spherical 100-300 0.5 mM Na,SeOs3 Aerobic, 27 °C,48 h Ex [66]
Streptony c;/sﬂnézzgézsclerotzcus Spherical 100-250 2 mM Na;zSeO; Aerobic, room temperature, 72 h Ex [67]
Sulfurospirillum barnesii Spherical ~300 3 mM Na,SeO3 Anaerobic, 25 °C, 72 h In and Ex [62]
Synechococcus leopoliensis Spherical 174-348 5 mM Na;ySeO3 Aerobic, 22 °C, 9 days Sf;f;ig [68]
Thauera selenatis Spherical 150 10 mM Selenate Anaerobic, condition not specified In [29]
Vibrio natriegen Spherical 100-400 1 mM Na,SeO; Aerobic, 30 °C, 24 h In [69]
Spherical,
Zooglea ramigera Tr1gqna1 30-150 3 mM NaySeO3 Aerobic, 30 °C,48 h Ex [70]
selenium
nanorods
Gram positive bacteria
Bacillus cereus Spherical 150-200 2 mM Na;ySeO3 Aerobic, 37 °C,24 h Inba;Ldnzell [71]
Bacillus cereus Spherical 400-600 100 mg/mL Na;SeO3 Condition not specified, 30 °C, 24 h NS [72]
Bacillus licheniformis ATCC 10716 Spherical 50-80 1 mM SeO, Aerobic, 37°C, 24 h In, on the [73]
bacterial cell
Bacillus licheniformis JS2 Spherical 120 1.8 mM Na,SeO3 Aerobic, 37 °C, 15 h In [74]
Bacillus megaterium Spherical 200 0.05-2 mM Na,SeO3 Aerobic, 37 °C, 80 h Ex [75]
Bacillus mycoides Spherical 50-400 2 mM Na,SeO3 Aerobic, 28 °C,48 h Ex [76]
Bacillus mycoides Spherical 160 2 mM Na;ySeO3 Aerobic, 27 °C,6 h NS [65]
Bacillus mycoides SelTE01 Spherical <100 100 mM Na,SeO5 Aerobic, 27 °C,24 h NS [42]
Bacillus safensis JG-BST Spherical 85-450 2.5 mM Na,SeOs Anaerobic, 30 °C, 24 h Ex [47]
Bacillus selenitireducens Spherical 300 3 mM Na,SeO3 Aerobic, 25 °C, 3 days In and Ex [62]
Bacillus sp. Spherical 31-335 6.4 mM Na,SeOs3 Aerobic, 33°C, 72 h Ex [41]
Bacillus sp. Oval 209-748 30 mM Na;SeOs3 Condition not specified, 37 °C NS [1]
; . Condition not specified. room )
Bacillus sp. B2 Spherical 20-50 5 mM Na,SeO3 temperature, 24 h Ex [46]
Bacillus sp. MSh-1 Spherical 80-220 1.26 mM SeO, Aerobic, 30°C, 14 h In [77]
Bacillus subtilis Spherical 50-400 4 mM NaySeO3 Aerobic, 35°C,48 h Ex [78]
Bifidobacterium sp. Spherical 400-500 200 mg/L NaHSeO3 Aerobic, 37 °C, 3648 h NS [79]
Enterococcus faecalis Spherical 29-195 0.19-2.97 mM Na,SeO3 Aerobic, 37-42 °C, 24 and 48 h Ex [80]
Lactobacillus acidophilus Spherical 10-20 4 mM NaySeO3 Aerobic, 35°C,48 h NS [81]
Lactobacillus acidophilus Spherical 2-15 15 mM Na,SeO3 Aerobic, 37 °C,48 h Ex [39]
Lactobacillus acidophilus CRL 636 Spherical 176 25 mM Na,SeO3 Aerobic,37°C 24 h In [82]
Lactobacillus brevis — >250 2.54 mM SeO, Condition not specified, 37 °C, 72 h In [83]
Lactobacillus bulgaricus CRL 656 Spherical 160 25 mM Na;SeOs3 Aerobic,37°C 24 h In [82]
Lactobacillus casei 393 Spherical 50-80 1.2 mM NaySeO3 Aerobic, 37 °C,24 h In [84]
Lactobacillus lactis NZ9000 Spherical 143 0.6 mM Na,SeOs3 Anaerobic, 30 °C, 48 h NS [44]
Lactobacillus plantarum Spherical 60-80 4 mM NaySeO3 Aerobic, 37 °C, 36-48 h NS [81]
Lactobacillus reuteri CRL 1101 Spherical 130 25 mM Na;SeO3 Aerobic, 37 °C,24 h In [82]
Lactobacillus rhamnosus Spherical 60-80 4 mM Na,SeOs Aerobic, 37 °C, 3648 h NS [81]
Lactobacillus sp. Spherical 100-200 200 mg/L NaHSeOs Aerobic, 37 °C, 36-48 h NS [79]
Streptococcus thermophilus Spherical 50-100 200 mg/L NaHSeO3 Aerobic, 37 °C, 36-48 h NS [79]

NS: not specified, Ex: Extracellular, In: Intracellular.

As research progresses, bacteria of different genera with the ability to synthesize
SeNPs, continue to be found. Recently, it has been reported by different authors that three
Gram-positive bacteria of the genus Bacillus sp. have the ability to synthesize spherical SeNPs
located extracellularly with variable particle sizes (20-50, 85-450, 31-335 nm) [41,46,47].
Likewise, Gram-negative bacteria such as Stenotrophomonas bentonitica [48], Azospirillum
brasilense Sp245 [27] and the Lysinibacillus sp. NOSK [36] were also reported as microorgan-
isms capable of synthesizing SeNPs from inorganic selenium salts. These studies reveal that
the synthesis of SeNPs is carried out by a wide range of bacteria, which belong to different
bacterial phyla, and that the synthesis mechanisms could share homologies between them.
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3.1. Microbial Growth and Its Relation with SeNPs Synthesis

After Se reduction, SeNPs are accumulated in bacterial cells during the exponential
growth phase and are secreted to the medium in the stationary phase [25,69]. It is common
to find a selenium deposit per cell, which could be seen as a dense sphere in the cytoplasmic
compartment. During the stationary phase, cultures begin to turn red, and selenium
nanospheres are observed in the medium. This is because they are associated with the cell
surface [43,55,62,65,80]. That is why diverse studies have been focused on the identification
of produced SeNPs and their relation to the bacterial growth phase of specific species.

Different bacteria have shown that selenite reduction and Se” formation is associated
with microbial growth (Table 2). For example, with one millimole of selenite in the media,
V. natriegens consumes approximately 70% of selenium during the exponential phase,
significantly increasing the biomass amount (5 x 10° to 5 x 108 CFU/mL) [69]. In contrast,
in cultures of Shewanella sp. HN-41 [63], Synechococcus leopoliensis [68] Shewanella oneidensis
MR-1 [85], Pseudomonas putida KT2440 [60] and B. fungorum DBT1 [43], selenite reduction
begins in the middle of the exponential growth phase; meanwhile, Rhodospirillum rubrum
reduction is presented at the end of this phase [8].

Table 2. Selenite reduction detection in the growth phase.

Selenite Reduction of

Bacteria M Na,SeOs Selenite Reduction Detection (Time) Reference
. ) o End-exponential growth phase and stretched

Alcaligenes faecalis Se03 5 > 73% in tolihe statio r%ary phfse (18 and 42 h). [10]
Alcaligenes faecalis Se03 1 > 90% Mid-exponential growth phase (12 and 24 h) [10]
Azoarcus sp. CIB 8 - Stationary growth phase (48 h) [25]
Bacillus mycoides Sel TE01 0.5 50% Early-exponential growth phase (5 h) [76]
Bacillus mycoides Sel TE01 2 25% Early-exponential growth phase (5 h) [76]
Burkholderia fungorum DBT1 2 79% of 5 mM Mid-exponential growth phase (24 h) [43]
Lactococcus lactis NZ9000 0.6 100% Stationary growth phase (48 h) [44]
Proteus mirabilis YC801 1 81% Mid-exponential growth phase (12 and 24 h) [56]
Proteus mirabilis YC802 5 59% End-exponential growth phase (24 h) [56]
Pseudomonas moraviensis 10 - Stationary growth est (12 h) [26]
Pseudomonas putida KT2440 1 - Mid-exponential growth phase (12 h) [60]
Rhodopseudomonas palustris N 8 - Stationary growth est (50 h) [61]
Rhodospirillum rubrum 1.5 - Late-exponential growth phase (70 h) [8]
Shewanella oneidensis MR-1 0.5 82% Mid-exponential growth phase (12 h) [85]
Shewanella sp. HN-41 1 - Mid-exponential growth phase (12 h) [63]
Stenotrophomonas maltophilia SelTE02 0.5 100% Early-exponential growth phase (80 h) [66]
Stenotrophomonas maltophilia SelTE02 2 86% Stationary growth phase (92 h) [66]
Synechococcus leopoliensis 5 - Mid-exponential growth phase (24 h) [68]
Vibrio natriegens 100 - Early-exponential growth phase (3 h) [69]

Nevertheless, some reports have indicated that during the stationary phase, a reduc-
tion of selenite is presented. For example, in bacteria such as Pseudomonas moraviensis,
selenite reduction (10 mM) begins in the stationary phase after nine hours of incubation, at a
consumption rate of 0.27 mmol/h, and total selenite is consumed after 48 h [26]. Similarly,
the consumption of selenite and formation of SeNPs in anaerobic cultures of Azoarcus sp.
CIB is observed only in the stationary phase of growth [25], but it has also been shown
that during the exponential growth phase, bacteria resist excess selenite through their own
detoxification mechanism. In fact, it has been observed that this mechanism is energy-
dependent and only when cells are highly energized (in the exponential growth phase)
selenite could be secreted from the cell. On the contrary, cells depleted in energy (in the
stationary phase) produce SeNPs by reduction of selenite, keeping it in the cytoplasm [25].

Based on the reported information, reduction of selenite occurs mainly in the ex-
ponential and stationary growth phases [60,61,68]. However, it is known that selenite
concentration used in cell cultures determines if the reduction of selenite to Se” is carried
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out in the exponential or stationary phase [76,85]. In this sense, when S. maltophilia SeITE02
grows in a culture medium supplemented with 0.5 mM of selenite, Se is consumed at 100%,
mainly during the exponential phase. However, when this microorganism is cultured with
2.0 mM selenite, less than 10% is reduced in the exponential phase, and 86% of total selenite
is reduced, mainly during the stationary phase [66].

In the same way, Alcaligenes faecalis Se03 showed different behaviours in the presence
of two different concentrations of selenite. In cultures with an initial concentration of
selenite of 1 mM, more than 90% of SeO32~ depletion is observed during the exponential
growth phase; on the contrary, in the presence of 5 mM selenite, the greatest reduction
(>73%) occurred at the end of the exponential growth phase and was extended to the
stationary phase [10].

Other bacteria, such as Proteus mirabilis YC801, reduce selenite more effectively when
there are smaller concentrations of salt. When 1.0 mM selenite is used, more than 81% is
reduced during the exponential growth phase; meanwhile, when the bacteria are exposed to
5 mM selenite, 59% of selenite, reduction occurs at the end of the exponential growth phase
and into the stationary phase while the remaining selenite is depleted in the stationary
phase [56]. This phenomenon is also observed in Bacillus mycoides Sel TEO1 [76] and
Shewanella oneidensis MR-1 [85].

Although studies indicate that the selenite reduction process could happen at the
same time as microbial growth, Se’ is produced after a certain amount of selenite is
consumed. It was observed that the initial concentration of NaySeOs decreases by 16.3%
when Proteus mirabilis is grown in the presence of a 1.0 mM concentration of the salt, and
5.8% is transformed into detectable Se® [56]. B. mycoides shows delays of 6 and 9 h between
selenite depletion and Se” detection when cultured in a growth medium supplemented
with 0.5 mM and 2.0 mM SeO;2~, respectively [76]. This behaviour has also been reported
in bacteria such as S. maltophilia [66] and A. faecalis [10]. Because of the delays in Se”
formation and sodium selenite consumption, it has been suggested that the conversion
could be carried out by the formation of an intermediate form of reduced Se, such as
organic selenide (RSeR) which appears before its final reduction to Se” [10,86].

3.2. General Mechanism of SeNPs Synthesis

There are diverse mechanisms used by bacteria to reduce selenate and selenite, which
may include one or several metabolic pathways and enzymes, as well as other proteins,
which have been documented in different reviews and publications [87-89]. Recently,
Tan et al. [90] reported a mechanism of selenate reduction to Sel, different from those
studies that showed a reduction of selenate to selenite in the periplasm or SeNPs on the cell
surface of Comamonas testosterone S44, an aerobic bacterium that reduces both selenate and
selenite to Se’. However, it is considered that the general mechanism of SeNPs synthesis is
divided into a process that includes two steps: (i) formation of Se’, carried out by reduction
of selenate to selenite and then reduction of selenite to insoluble Se®, and (ii) formation of
SeNPs including assembly and exportation out of the cell [44,56,66,91].

3.2.1. SeY Formation: Selenate Reduction to Selenite

Primarily, the reduction of selenate to selenite is an enzymatic process. It is carried
out by either a soluble or membrane-bound selenate reductase [92,93], which are part of
the iron-sulfur molybdoenzymes family and comprise three subunits with molybdenum
as a co-factor, located in the periplasm or in the cytoplasmic membrane. The product of
selenate reductase (selenite) is always released in the periplasm or outside the cytoplasmic
membrane in Gram-negative and Gram-positive bacteria, respectively (Table 3).

Currently, the selenate reductases identified through genomic and enzymatic ap-
proaches are present in two Gram-negative bacteria (Thauera selenatis, Enterobacter cloacae
SLD1a-1, E. coli), and one Gram-positive bacteria (Bacillus selenatarsenatis SF-1). In the case
of Thauera selenatis, the reduction process of selenate to selenite is known to take place in
the periplasmic compartment by a soluble periplasmic protein [94,95], that consists of three
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subunits: a molybdenum cofactor (SerA), a subunit containing iron-sulfur clusters (SerB)
and a cytochrome b (SerC) subunit. The genes encoding these subunits were identified as
serA, serB and serC, respectively, and serD, which encodes a system-specific chaperone [96].
In the periplasm, selenate reductase reduces selenate to selenite by accepting electrons from
the periplasmic c-type cytochromes involving both quinol-cytochrome C oxidoreductase
(QCR) and quinol dehydrogenase (QDH) [97].

This reductase is different from that of Enterobacter cloacae SLLD1a-1, which is a
membrane-bound insoluble protein that contains molybdenum, heme, and non-heme
iron [93]. The active site of this enzyme is oriented to the periplasm, and its assembly
depends on a twin-arginine translocation (TAT) [98]. In contrast to T. selenatis, the selenate
reductase complex of E. cloacae is an insoluble protein bound to the cytoplasmic membrane,
and it is not free in the periplasm. The genes encoding the selenate reductase complex
remain unknown. Likewise, in E. coli, two operons have been proposed, ygfKLMN [92]
and ynfEFGH [99], that encode the enzyme selenate reductase (molybdoenzyme) and a
sulfate-ABC transport complex, which is encoded by the cysAWTP operon [28]. However,
selenate reduction by E. coli has not been characterized.

On the other hand, the possible differences between selenate reductases in Gram-
negative and Gram-positive bacteria are still unclear. At present, the Gram-positive bacteria
Bacillus selenatarsenatis has been identified to have a unique operon (srdBCA) that encodes a
membrane-bound selenate reductase complex; this complex couples quinone oxidation
with selenate reduction [100].

Table 3. Conditions involved in the reduction of selenate to selenite in anaerobic bacteria.

Additional Requirements for

Bacteria Compartment Selenate Reductase Selenate Reduction Pathway Ref.
Trimeric molybdoenzyme: SerA,
Thauera selenatis Periplasm catalytic subunit; SerB, iron-sulfur [29,96,101]
P protein and SerC heme b protein. o
serABCD operon.
- . Global transcriptional regulatory
Enterobacter cloacae Trimeric molybdoenzyme: gene fnr; tatABC translocation
Membrane-bound molybdenum, heme, and ! . [93,98,99,102,103]
SLD1la-1 non-heme iron pathway: menaquinone
biosynthetic pathway menFDHBCE
. . Molybdoenzyme: YgfK, YgfN and
E. coli Periplasm YgfM protein. ygfKLMN operon. 2]
Associated with the Molybdo-enzyme: YnfE and YnfF
. . : . TAT translocase apparatus and
E. coli periplasmic face of the as putative Tat-targeted selenate . [104]
. TorD-like chaperone
cytoplasmic membrane reductases. ynfEFGH operon

3.2.2. SeY Formation: Selenite Reduction to Se’

Once selenite is released in the bacteria periplasm after reduction, bacteria cannot
utilize selenite as the unique electron acceptor, and it is further reduced to Se” by selen-
ite reductases [87]. Several enzymes’ systems have been proposed to explain selenite
reduction by bacteria, such as nitrite reductase [105,106], sulfite reductase [10], fumarate
reductase [85,107] and Painter-type reactions [108]. This last is characterized by containing
thiol or glutathione reductase [109,110]. Unlike selenate reductases, selenite reductases
are located in the cytoplasm or the cytoplasmic membrane and, in some cases, in the
periplasm, which depends on the bacteria type. For example, in some bacteria, such as
T. selenatis, E. coli, Enterobacter cloacae, Bacillus selenitireducens, Bacillus mycoides SeITEO1,
Proteus mirabilis YC801 and Stenotrophomonas maltophilia SeITE02, reduction of selenite to
Se’ is developed in the cytoplasm while selenite reduction by Shewanella oneidensis MR-1 is
carried out in the periplasm (Table 4).
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Table 4. Enzymes involved in the reduction of selenite to Sel.

Enzymes and Biomolecules Involved in

Bacteria Growing Conditions Cell Compartment Selenite Reduction Ref.
Thauera selenatis Anaerobic Cytoplasm Periplasmic nitrite reductases or glutathione [29,101,105]
Enterg?:z]gtle;_clloucae Anaerobic Cytoplasm Nitrite reductases or glutathione [101,111]
E. coli Anaerobic Cytoplasm Glutathione, thioredoxin reductase [43,50]
E. cloacae 70206 Aerobic Cytoplasm Fumarate reductase, glutathione [63]
. . . Sulfite reductase, thioredoxin reductase,
Alcaligenes faecalis Se03 Anaerobic Cytoplasm NADPH or NADH as electron donors [10]
Alishewanella sp. WH16-1 Aerobic - Selenite reductase called CsrF [112]
Burkhold]e)r[z;fr];ung orum Aerobic Cytoplasm Glutathione, cytoplasmic reductases [43]
. . . Sulfhydryl groups on peptide thiols, membrane
Bacillus mycoides SeITEQ1 Aerobic Cytoplasm reductases, bacilithiols [76]
Bacillu safensis JG BST Aerobic Outside the cells Succinate dehydrogenasg [47]
(membrane-associated proteins)

Bacillus subtilis Aerobic - Thioredoxin reductase [113]
Ochrobactrum sp. MPV1 Aerobic Cytoplasm Glutathione [114]
Proteus mirabilis YC801 Aerobic Cytoplasm Thioredoxin reductase and fumarate reductase [56]

Pse?.udomz‘m‘a s Aerobic - Thioredoxin reductase [115]
seleniipraecipitans
Rhizobium sullae Aerobic - Nitrite reductases [106]
Rhodobacter sphaeroides Aerobic and anaerobic Cytoplasm Glutathione ? [116]
Rhodospirillum rubrum Anaerobic Cytoplasm Glutathione [109]
Shewanella oneidensis MR-1 Anaerobic Periplasm Fumarate reductase FccA [85]

2 Selenite entry into the cytoplasm is mediated by a polyol transporter.

The mechanism of selenite transport across the plasmatic membrane to the cytoplasm
is still unknown. In addition, the reduction of Se oxyanions does not always occur because
this step is not mandatory when the reduction is carried out extracellularly. In Rhodobacter
sphaeroides (reduces selenite but not selenate), selenite is transferred to cytoplasm presum-
ably through a polyol transporter [116], and the DedA protein has been reported to be
involved in selenite uptake [117]. Whereas, in E. coli, selenite is transported by a sulfate
permease, although significant uptake has been observed after the suppression of the ABC
transporter, indicating that there is at least one more selenite uptake system. Likewise,
in T. selenatis, it has been suggested that selenite is formed in the periplasmic compart-
ment and is transported across the plasmatic membrane to the cytoplasm via a currently
unknown sulfate transporter [53]. When selenite reaches the cytoplasm, the reduction
of selenite to Se’ could be catalysed by periplasmic nitrite reductases [105] or performed
involving glutathione [29].

Painter type reaction. In some bacteria, it has been shown that the reduction of selenite
to Se’ can be carried out by reactions with thiol groups of proteins/peptides in the so-called
“Painter-type” reaction. Currently, the Painter-type reaction is considered one of the basic
reactions in microbial detoxification of Se oxyanions. In this mechanism, the selenite easily
reacts with glutathione (GSH) to produce selenodiglutathione (GS-Se-SG), which is further
reduced by the enzyme NADPH-glutathione reductase (GR) or thioredoxin reductase (TR),
leading to the formation of glutathione selenopersulfide (GS-Se”). Glutathione selenoper-
sulfide is an unstable intermediate and undergoes a hydrolysis reaction to form Se’ and
reduced GSH (Figure 2) [28,29,109].

In bacteria such as Rhodobacter sphaeroides, Rhodobacter rubrum (which only reduce
selenite but not selenate) and Ochrobactrum sp. MPV1 [109,114,116], it has been suggested
that glutathione is also used in selenite reduction to Se’. However, in the bacteria Burkholde-
ria fungorum DBTI and Burkholderia fungorum 95, in addition to using glutathione, they also
use cytoplasmic reductases that accept electrons from NADH and NADPH, free thiols and
protein thiol groups [43].

Despite the fact that GSH is considered the main candidate to reduce selenite, some
bacteria have other alternative mechanisms. For example, under aerobic conditions, SeNPs
synthesis of Bacillus mycoides SeITE01 could be extracellular or intracellular. Therefore, it is
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proposed that selenite ions are enzymatically reduced to Se’ through three different ways:
(i) redox reactions by proteins released from bacterial cells, (ii) selenite reactions directly
with sulfhydryl groups in released peptide thiols by Bacillus cells and (iii) membrane and
intracellular reductases synthesize low molecular weight thiols such as bacillithiols [76].
In this sense, bacillithiol synthesized by bacteria could be analogous to enzymes found in
glutathione-containing bacterial species, such as bacilliredoxins [118].

Reductases. In Stenotrophomonas sp. EGS12 selenite reduction is carried out synergisti-
cally by two reductases: nitrite reductase and thiol-mediated reductase [119]. A similar
mechanism was reported in Enterobacter cloacae SLD1a-1, in which, under anaerobic condi-
tions, selenite reduction depends on a nitrite reductase or intracellular glutathione [101,111].
On the other hand, under aerobic conditions, Song et al. [107] observed that selenite reduc-
tion is carried out mainly through fumarate reductase instead of glutathione in E. cloacae
Z0206. In contrast, Shewanella oneidensis uses fumarate reductase (FccA) for selenite reduc-
tion to Se’ and this process is carried out in periplasm [85].

Cytoplasm
Se0;”
i BaCIlllthIOLeg’ada“Un ., Flutathiory . HS+H PDTC
enzymes of 02 - g HZO HZS +H"+e"
oxidative stress a h
BS_Se_SE S e RSSR + H,0 e D:A PDT
D —Trx-(SH) Pl 2 H,0
NADPH + H* NzADP* RS-Se-SR Dlss;mlia?tory X
BSH Brx-SH NADPH + H* Enzymatic reduction Se. + S
. NADP* + GSH Trx=5, reduction Precipitates
o GSH Siderophore
H* car 7 :
j H* Siee Thl;/rsig;xm mediated reduction
[+
BSH GSH d
Sel Qa0
Bacillithiol Precipitates

Painter type
reactions

Figure 2. Biochemical pathways for the biological reduction of Se. (a) Enzymatic reduction, (b) methylation, (c) dissimilatory

reduction concomitant with sulfate reduction, (d) painter-type reactions with the thiols of proteins as well as glutathione,

(e,f) thioredoxin system, (g) dissimilatory reduction, (h,i) chemical reaction with the siderophore-iron-specific (Fe3*) and

(j) pathway analogous to those observed with GSH that involve Brx-like proteins. Image based on Zannoni et al. [120] and

Helmann et al. [121].

Different bacteria, Alcaligenes faecalis Se03, for example, grown under aerobic condi-
tions, involve enzymes such as sulfite reductase and thioredoxin reductase in reduction
processes using NADPH or NADH as electron donors [10]. Similarly, in Proteus mirabilis
YC801, selenite reduction is catalyzed by thioredoxin reductase and fumarate reductase
instead of glutathione, nitrite reductases and sulfite reductases [56]. In addition, when
sodium selenite is in the medium, thioredoxin reductase is used to reduce selenite to Se’
by Bacillus subtilis [113], Escherichia coli [116] and Pseudomonas seleniipraecipitans [115].

3.2.3. SeNPs Formation

Se atoms formed in bacteria during the reduction of selenite form Se”, which grows in
a spherical shape either intracellularly or extracellularly. Electron microscopy images of
bacterial cultures and microbial communities have shown Se nanospheres in the cytoplasm,
on the cell surface, and in the medium (Figure 3) [10,62,77,89,101].

Intracellular formation of selenium. When the reduction of selenite to Se’ is carried
out in the cytoplasm, the formation of Se? atoms and subsequently the assembly of Se
nanospheres also occurs in the cytoplasm. In order to avoid the accumulation of Se
nanospheres and associated necrosis, the cell must have an export mechanism for the trans-
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port of Se nanospheres formed intracellularly [91]. Se nanospheres formed by T. selenatis
into the cytoplasm are transported out the cell. The process involves the reduction of
selenite to Se”, which is bound to a SefA protein for developing a Se nanosphere, which
is further released by lysis or transported across the membrane outside the cell by an
unknown mechanism [29,122]. SefA, with approximately 95 kDa of mass, is regulated and
secreted in response to the increase of selenite concentration in the medium. In vitro assays
have shown that this protein plays a stabilizing role for Se nanospheres during selenite
reduction [29]. Thus, there is a large number of unspecific proteins, which interact only
with intracellular SeNPs and eventually lead to high colloidal stability [47].

Extracellular formation of selenium. Once selenite is reduced to Se? in the cytoplasm,
it is transported (as a foreign entity) across the membrane outside the cell by an unknown
export mechanism. Then, Se? nuclei are assembled outside the cell into Se spheres, through
some Ostwald-type mechanism, which has been described for some bacteria in recent years
such as Azospirillum brasilense [27], Stenotrophomonas maltophilia SeITE02 [66], Burkholderia
fungorum DBT1, Burkholderia fungorum 95 [43] and Bacillus mycoides SelTEO1 [76].

3.2.4. SeNPs Formation: Assembly

The final stage of SeNPs formation is their assembly after the reduction of Se oxyan-
ions. This mechanism has also been little studied and is not entirely clear. Some au-
thors suggested that SeNPs formation could imply an Ostwald maturation mechanism,
in which small particles coalesce to generate larger ones due to their high superficial en-
ergy [76,109]. Other authors propose that molecules such as proteins, polysaccharides or
extracellular polymeric substances (EPS), which are observed on the SeNP surface, act
as a cover or capping agent in the formed nanoparticle at the final stage of the synthesis
(Figure 3) [29,44,53,84,123].

The capping has different functions according to the type of molecule on the SeNPs
surface: (i) control of the size distribution of SeNPs, (ii) nanoparticles’ stability, (iii) reduc-
tion of toxicity and (iv) improvement of antimicrobial activity. For example, RarA protein,
which is a metalloid reductase, has the highest number of peptides with a strong affinity for
SeNPs, conferring their stability [124]. Another example is the propanol-preferring alcohol
dehydrogenase (AdhP) that is implied in the control of the size distribution of SeNPs [53].

In the case of intracellular SeNPs extracted from Lactobacillus sp., studies using FTIR
spectroscopy have shown a higher proportion of proteins than polysaccharides capping
SeNPs [44,84,125,126]. These authors proposed that proteins with a high concentration
of charged amino acids could be related to the formation process and the stabilization of
SeNPs in bacteria. Meanwhile, the minor stability of extracellular SeNPs is due to a low
concentration of extracellular protein bound to SeNPs and/or proteins with low affinity to
Se [47].

’
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Figure 3. Mechanism of selenite reduction to selenium nanoparticle. Image based on Jain et al. [126] and Sinharoy et al. [127].

4. SeNPs Morphology and the Antimicrobial Activity

In recent years, SeNPs have attracted attention due to their unique antimicrobial
properties. They are considered a novel and potential alternative to standard antibiotics,
as they have great potential against increasing multidrug resistance in pathogenic bacteria
and fungi. The development and synthesis of these nanomaterials for their use as antimi-
crobials depend directly on some physical and chemical properties, such as concentration,
zeta-potential, surface area, size and shape.

4.1. SeNPs Concentration

One of the most important physico-chemical parameters that affect the antimicrobial
activity of SeNDPs is their concentration. This property is directly related to microbial species
due to their different characteristics of the cell surface. Cremonini et al. [65] indicated that
the antimicrobial activity of SeNPs synthesized by Stenotrophomonas maltophilia and Bacillus
mycoides inhibited the growth of clinical isolates of Pseudomonas aeruginosa at concentrations
from 8 to 512 mg/mL but did not inhibit Candida albicans and Candida parapsilosis species.
On the other hand, El-Deeb et al. [57] indicated that 10 ug of SeNPs synthesized by Provi-
dencia vermicola BGRW had a strong inhibitory effect on the growth of four Gram-positive
pathogens (S. aureus, B. Cereus, methicillin-resistant S. aureus and S. agalactiae) and E. coli.
However, most Gram-negative bacteria (P. aeruginosa, Enterobacter sp., Enterococcus sp.,
Proteus mirabilis, Klebsiella sp., Salmonella enteritidis and Stenotrophomonas maltophilia) and
Candida albicans are not inhibited at this concentration. Greeshma and Mahesh [1] indicated
that 400 ug of SeNPs produced by Bacillus showed an antibacterial effect on St. mutans,
B. cereus, E. coli and C. albicans, but it was in the last two that the greatest inhibition
was observed.
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Likewise, several authors have shown that antibacterial activity depends on the
amount of SeNPs. For example, rising from 10 to 15 ug, the inhibition of 4 Gram-positive
pathogenic bacteria (14% S. aureus, 17% B. cereus, 24% S. agalactaie, 31% E. coli and 37%
methicillin-resistant S. aureus) was significantly increased. On the contrary, when a con-
centration between 2.5 and 10 pug/mL of SeNPs is used, there is no antibacterial effect in
any of the strains tested in the study by El-Deeb et al. [57]. Comparably, Alam et al. [39]
demonstrated complete inhibition in the growth of 5 strains (E. coli, S. aureus, B. subtilis,
P. aeruginosa, K. pneumonia) when 1 to 10 ng/mL of SeNPs were used, this concentration
was calculated as the minimum inhibitory (MIC90) after 4 to 6 h of contact with the bacteria,
but by doubling it, and leaving it in contact for 6 h, the SeNPs act as a bactericide.

Similarly, Bharathi et al. [46] reported that antibacterial activity on Gram-positive
bacteria (Staphylococcus aureus) and Gram-negative bacteria (Pseudomonas aeruginosa, E. coli,
Klebsiella pneumoniae) is higher when a concentration of 10 at 100 pg of SeNPs was used.
Additionally, these researchers also demonstrated that the bactericidal concentration is
specific for each bacterium. They tested the MIC (8 pug SeNP /200 pL) and the minimum
bactericidal concentration (CMB, 8 ug SeNP/100 puL) and observed that P. aeruginosa
showed greater sensitivity to SeNPs compared to E. coli, K. pneumoniae and S aureus.

In the same way, Zhang et al. [33] found that 500 mg/L of SeNPs got a greater antibac-
terial activity on Gram-negative bacteria than on Gram-positive ones. In this sense, some
authors have established stabilized parameters for nanoparticles through the interaction
with biological molecules (polysaccharides and proteins) to decrease minimum inhibitory
concentrations and increase their activity spectrum. B. subtilis was treated with SeNPs sta-
bilized with bovine serum albumin (BSA), D-glucose and soluble starch. Scanning electron
microscopy (SEM) analysis revealed morphological changes in bacterial cells treated with
all three types of SeNPs compared to untreated B. subtilis cells. A considerable reduction in
the amount of viable B. subtilis was observed in soluble starch-SeNPs, in which cells were
shrunken and fragmented, and a polydispersity of cell size was observed. This effect was
contrary to that observed in untreated B. subtilis [128].

However, in a study carried out with SeNPs stabilized with chitosan, it was shown
that antimicrobial activity was effective only against Gram-positive bacteria (Streptococcus
sanguinis, Staphylococcus aureus and Enterococcus faecalis) but not against Gram-negative
bacteria (Pseudomonas aeruginosa, Salmonella typhimurium, and E. coli), using a MIC in a
range of 0.068 to 0.274 mg/mL. Moreover, it was observed that MIC decreases when
SeNPs are stabilized with polysaccharides. In addition, the results revealed that MIC of
0.274 mg/mL had a greater bactericidal effect with Gram-positive bacteria after 6 h of
contact [129].

4.2. Coating Surface and Charge

The surface charge of nanoparticles is characterized by the zeta-potential, which is
another factor that plays an important role in antimicrobial activity since the interaction
between nanoparticles and the cell membrane is based on electrostatic adhesion [38].
This interaction is observed because bacteria have specific characteristics that explain their
behaviour in contact with SeNPs. For example, both Gram-positive and Gram-negative
bacteria have a negatively charged surface [130-133], which could attract positively charged
nanoparticles [32].

Specifically, SeNPs have shown better antimicrobial effectiveness against Gram-
positive bacteria than Gram-negative bacteria [129,134,135]. However, the mechanisms for
the different effects of SeNPs against bacteria are not entirely clear. Gali¢ et al. [136] de-
signed SeNPs coated with polyvinylpyrrolidone (PVP-SeNPs), poly-L-lysine (PLL-SeNPs)
and polyacrylic acid (PAA-SeNPs) to obtain neutral, positively and negatively charged
SeNPs, respectively. Antibacterial action of all the studied SeNPs was observed against
Gram-positive S. aureus (24 h MBC 25-50 mg Se/L), but not against E. coli and S. cere-
visige. In a similar investigation, Rangrazi et al. [129] showed that positively charged
chitosan SeNPs have good antimicrobial activity against Gram-positive bacteria (Strepto-
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coccus sanguinis, Staphylococcus aureus and Enterococcus faecalis), but no bactericidal effect
was found against Gram-negative bacteria (Pseudomonas aeruginosa, Salmonella typhimurium,
and Escherichia coli).

In the same way, Filipovi¢ et al. [137] stabilized SeNPs with bovine serum albumin
(SeNPs-BSA), chitosan (Chit) and glucose (Gluc). -BSA and SeNPs-Chit showed positive po-
tentials (SeNPs-BSA, +27 £ 3; SeNPs-Chit, +24 & 1) and the SeNPs-Gluc showed negative
potential (—45 = 1). These were tested to inhibit the growth of four Gram-positive bacteria
(Staphylococcus aureus, Enterococcus faecalis, Bacillus subtilis and Kocuria rhizophila) and four
Gram-negative bacteria (Escherichia coli, Salmonella abony, Klebsiella pneumoniae, and Pseu-
domonas aeruginosa). They observed that zeta-positive SeNPs showed significantly greater
antibacterial activity than negatively charged SeNPs, with the exception of those in contact
with Escherichia coli. This bacterium was inhibited by negatively charged SeNPs at a lower
concentration (290 pg/mL) than SeNPs-BSA, which had a positive charge (400 pg/mL). On
the other hand, Cremonini et al. [65] produced two types of SeNPs, which were synthesized
by B. mycoides SeITEO1 and S. maltophilia SeITEQ2. Additionally, a chemically synthesized
SeNP was tested. The three SeNPs generated negative zeta-potential between —70 and
—80 mV; however, the antimicrobial activity against clinical isolates of P. aeruginosa was
greater when they used biogenic SeNPs than those chemically synthesized. The authors
attributed these differences to the presence of a bacterial protein layer that covers the
surface of the biogenic particles and which is related to the zeta-potential.

Several studies attribute the antimicrobial activity of biogenic SeNPs to the presence
of a natural covering or capping on their surface, such as polysaccharides, proteins and
lipids [4,44,84,123]. The presence of this coating provides them with natural stability, which
makes them highly stable, mainly for clinical treatments. Studies on SeNP coating functions
have shown that in addition to particles stability, they also affect their zeta-potential.

Recently, Tugarova et al. [27] reported that SeNPs synthesized by A. brasilense Sp7
cells are covered by a bioorganic layer that comprises proteins, polysaccharides and lipids,
with a significant proportion of ionized carboxylic groups. Sidechains of some amino acid
residues and carboxylated polysaccharides typically form these last groups, but they are
also responsible for the negative SeNPs’ zeta-potentials. This has also been suggested by
other researchers, such as Lampis et al. [66], who identified an organic or biomolecular
layer composed of carbohydrates, lipids and proteins around the negatively charged SeNPs
produced by Stenotrophomonas maltophilia SeITE02.

Likewise, Khoei et al. [43] also observed that SeNPs zeta-potential generated by
Burkholderia fungorum 95 and Burkholderia fungorum DBT1 was related to the presence of
exopolysaccharides as a component of the organic layer around the SeNPs, suggesting that
exopolysaccharides composed of carbohydrates, proteins, and humic-like substances may
govern SeNPs’ zeta-potential produced by microorganisms. Studies on SeNPs and their
charge, measured by zeta-potential, are carried out to establish their stability and antimi-
crobial effectiveness; that is why the research field is open to expanding the knowledge of
this physicochemical relationship.

4.3. Size and Shape

One of the most important physicochemical properties that affect antimicrobial activity
is size. Typically, smaller nanoparticles have relatively higher stability and antimicrobial ac-
tivity than bigger ones. This is because smaller nanoparticles present a greater surface area,
which provides superior interaction and intracellular penetration [34,114,138]. In particular,
SeNPs with a smaller size than 100 nm biosynthesized by Stenotrophomonas maltophilia
SelTE02 demonstrated a better antimicrobial effect to inhibit pathogens (S. aureus, E. coli
and P. aeruginosa) compared to those with a size between 100 and 400 nm [114].

Similarly, SeNPs obtained extracellularly from B. licheniformis with a size between 10
and 50 nm exhibit an antimicrobial effect in the inhibition of foodborne pathogens (B. cereus,
E. faecalis, S. aureus, E. coli O157: H7, S. typhimurium, S. enteritidis) at concentrations of
25 pg/mL [34]. In a study developed by Huang et al. [139], the authors reported that SeNPs
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of 81 nm inhibited completely methicillin-resistant and not methicillin-resistant Staphy-
lococcus aureus. Interestingly, SeNPs of 81 nm (25 ug/mL) showed greater antimicrobial
activity compared to SeNPs of 124 nm (140 pg/mL), even though the concentration of
nanoparticles used was lower. However, when they are proved in their bactericidal activity,
the behaviour is different. SeNPs of 43 nm and 81 nm at concentrations of 12.5 pug/mL and
0.78 ug/mL, respectively, showed significant bactericidal activity toward S. aureus. In this
case, the minimum concentration at which bactericidal effect of SeNPs was lower with the
bigger particles.

Recent investigations have reported that antimicrobial activity is also dependent on
the relationship between nanoparticle size and nanoparticle coatings, such as chitosan,
bovine serum albumin (BSA) and glucose. In general, the highest antimicrobial activity
is found in SeNPs associated with chitosan (SeNP-Chit), which showed a significantly
larger size and diameter distribution (>100 nm) than SeNPs associated with bovine serum
albumin (<100 nm). Although the SeNPs-Chit and those associated with glucose had a
similar size, it was the SeNPs-Chit, which showed the highest antimicrobial activity [137].

Regarding the shape of the nanoparticles, it has been demonstrated that it has an
influence on antimicrobial activity due to the interaction of the nanoparticle with the cell
membrane. In this context, TEM analysis has shown that the most commonly reported form
of SeNPs synthesized by bacteria are spherical, and in some cases, nano tubes or nanorods
are observed along with spheres [40,48,49,57,70,140]. In contrast, SeNPs of chemical or
physical origin has the shape of sheets, plates, tubes, rods, cubes, ribbons and triangles [128].
Nevertheless, spherical particles are more easily internalized within cells compared to large
or elongated particles because the spherical form helps to be always in contact with the
cell membrane [141]. Despite the relationship between form and interactions with the cell
membrane, studies and antimicrobial activity of SeNPs are very scarce. On the other hand,
there are different physicochemical and microbiological parameters that also affect the size
and shape of SeNPs at the time of biogenic production.

4.3.1. Physicochemical Parameters That Affect Shape and Size of SeNPs

The uniform distribution of shape and size of SeNPs during bacterial synthesis is influ-
enced by several parameters such as the effect of sodium selenite concentration, pH and tem-
perature in the medium. In the case of sodium selenite concentration, Wadhwani et al. [49]
reported that bacteria Acinetobacter sp. synthesizes SeNPs with the spherical shape at
concentrations of 0.3 to 2.0 mM of Na;SeO3;. However, rod-like shapes were observed
at higher concentrations (2.5 to 4.0 mM Se), which at 3.0 mM were shorter. In the same
way, Moreno-Martin et al. [82] observed that the shape depends on the initial selenite
concentration in culture media. Sodium selenite concentrations of 100 mg/L generate
spherical SeNPs by fermentation of L. acidophilus and L. reuteri. However, L. bulgaricus with
this same concentration of selenite synthesizes SeNPs in a star shape. This behaviour is also
observed in methicillin-resistant Staphylococcus aureus; this bacterium synthesizes spherical
SeNPs and nano rod-like structures, while E. coli, S. aureus and Pseudomona aeruginosa
showed spherical SeNPs when they were cultured in the presence of 2 mM NaSeO; [40].

Like the shape, the size of SeNPs synthesized by bacteria is also influenced by se-
lenite concentration. In a cell suspension of Acinetobacter sp. SW30 treated with different
concentrations of NaySeO3 (0.3, 0.5, 1.0 and 1.5 mM) it is possible to obtain different
diameter sizes of SeNPs (126, 96, 113 and 78 nm, respectively). In this experiment, the
authors reported the smallest synthesized particles at 1.5 mM of Na,;SeOj3 [49]. Further-
more, Presentato et al. [142] reported that the size and aggregation of SeNPs are strongly
influenced by the initial concentration of Na;SeO3 in media. The smallest SeNPs (71 and
53 nm) obtained at the lowest concentration (0.5 mM Na,SeOj3) evolve to form Se-nanorods,
which are comparatively larger than those obtained at higher concentrations (2 mM). Other
parameters such as pH and temperature in the culture medium for the synthesis of SeNPs
have also been studied. However, it has been observed that both parameters are related to
the growth conditions of the bacteria and not to the formation of SeNPs, such as in chemical
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synthesis. For example, it has been reported that temperature for the synthesis of SeNPs of
Acinetobacter sp. SW30 is at 30 and 37 °C, with the maximum observed synthesis at 37 °C,
because the responsible proteins for the reduction of sodium selenite are active only at these
temperatures [41,49]. Previous studies by Wang et al. [78] showed that when B. subtilis
bacterium was subjected to a heat treatment (heating at 100 °C for 1 h) to obtain SeNPs,
the colour of the reaction solution did not change, which indicated that high temperatures
caused the inactivation of bacteria enzymes and the synthesis of SeNPs was not carried out.

In relation to pH, it has been found that at values of seven and nine, a maximum
concentration of SeNPs is synthesized by Bacillus sp. EKT1 after 72 h of incubation using
selenium dioxide as an inorganic selenium source in the medium [41]. Similarly, in Bacillus
megaterium, the maximum synthesis of SeNPs is reached at pH 7 and 8, knowing that
this microorganism grows under optimal conditions (37 °C, 0.25 mM NaSeO3, 30 h
incubation) at slightly alkaline pH [75]. On the other hand, when pH is between 6 and 9
during Acinobacter sp. growth, no significant effect was observed on the shape and size of
synthesized SeNPs, and the concentration (1.5 and 3.0 nM) did not have a direct effect on
these parameters [49].

4.3.2. Microbiological Parameters That Affect SeNPs Size and Shape

Several researchers have shown that SeNPs synthesized by bacteria evolve in size and
shape depending on the incubation time. For example, Wang et al. [78] demonstrated that
SeNPs synthesized by B. subtilis have a spherical shape which becomes elongated as the
incubation time elapses. SeNPs synthesized in the first 24 h have a size of 50-150 nm, while
those synthesized after 48 h have a diameter close to 400 nm. In another study, it was also
observed that at short incubation times, the shape of SeNPs by Acinetobacter sp. is spherical
in contrast to the elongated shape obtained with longer times (up to 48 h). This effect is
attributed to the Ostwald ripening process, which is caused by the high free energy derived
from SeNPs [49].

On the other hand, the number and size of SeNPs synthesized by Stenotrophomonas
maltophilia SeITE02 increase according to the incubation time when 0.5 mM of sodium
selenite concentration is in the medium, obtaining SeNPs of 150 nm in diameter after
24 h of incubation. This time is related to the end of the exponential phase, while in the
late stationary phase (after 48 h), this size can be between 100 to 300 nm [66]. Similarly;,
Lampis et al. [76] determined that SeNPs produced by Bacillus mycoides at 6 h of incubation
have an average diameter of 50 to 100 nm, and after 48 h, their dimensions range between
50 and 400 nm. This behaviour has also been observed in Pantoea agglomerans, Bacillus
subtilis and Shewanella sp when SeNPs are produced [55,63,78].

Some authors indicate that the difference in SeNP size is attributed to the fact that
the small nanoparticles produced in the first hours of incubation (at the beginning of the
growth phase) behave as nucleation seeds for greater growth through a similar process
to the Ostwald ripening mechanism [27,76]. However, other researchers have reported
that smaller nanoparticle sizes are not always associated with short incubation times.
For example, a study conducted by San Keskin et al. [36] reported SeNPs of similar sizes at
different incubation times (150, 130 and 145 nm at 24, 48 and 72 h, respectively) synthesized
by Lysinibacillus sp. NOSK, this study was realized using a concentration of 1 mM of
Na;SeO3. In this sense, several investigations attribute the differences in size and shape to
each bacteria’s own metabolism. This could be a consequence of the different mechanisms
that bacteria use for the synthesis of SeNPs. This can be clearly observed in a study
carried out by Moreno-Martin et al. [136], who synthesized SeNPs of three lactobacilli
(L. acidophilus, L. bulgaricus and L. reuteri), indicating, through histogram distribution, that
the species determines both SeNPs size and shape.

In this review, a data collection of SeNPs synthesized by Gram-positive and Gram-
negative bacteria analyzed by Transmission Electron Microscopy (TEM) and Scanning
Electron Microscope (SEM) are listed in Table 1. These data demonstrate that the sizes of
the obtained SeNPs depend on the bacteria metabolism. Thus, the largest particle sizes
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have been found in Pseudomonas with sizes from 50 to 500 nm [58-60], in Burkholderia
from 170 to 200 nm [43], and Shewanella sp. < 103 nm [63,85]. Stenotrophomonas maltophilia
produces SeNPs of different sizes, ranging from 100 to 400 nm [65,111]. Other bacteria
such as Azospirillum brasilense [51], Providencia vermicola [57], E. coli K-12 [53] and Zooglea
ramigera [70] synthesize SeNPs with sizes from 50 to 400 nm. While within the Gram-
positive bacteria group, Lactobacillus sp. synthesize the smallest particle sizes (2-80 nm)
compared to Bacillus sp. with sizes from 20 to 400 nm and Streptococcus with sizes between
50 and 100 nm.

5. Antimicrobial Action Mechanisms

Antimicrobial activity of SeNPs, alone or in combination with standard antibiotics,
has been tested against a wide range of microorganisms, including Gram-negative, Gram-
positive bacteria, and fungi [34,40,57,65,143]. However, studies are scarce about the mecha-
nisms of antimicrobial action of these nanoparticles. In general, it has been proposed that
some nanoparticles can follow three mechanisms: (i) cell wall and membrane damage,
(if) intracellular penetration, and (iii) oxidative stress [32,33,136,144].

5.1. Cell Wall and Membrane Damage

Cell wall and membrane components could be involved in different adhesion path-
ways for nanoparticles. One of the functions of the cell wall and membrane is to protect
the microorganism against environmental threats while maintaining its homeostasis, al-
lowing nutrients transport within the cell. These characteristics are part of the bacterial
classification, which is based on differences in cell wall structures. Thus, the cell wall of
Gram-negative bacteria has a thin layer of peptidoglycan with an additional outer mem-
brane consisting of lipopolysaccharide. On the other hand, the cell wall of Gram-positive
bacteria is typically thicker and is mainly composed of peptidoglycans [131]. These struc-
tures are modified by the physical interaction between nanoparticles and the cell wall
but are more damaging for Gram-negative bacteria; although it is found as an associ-
ated lipopolysaccharides layer in them, they lack the thick peptidoglycan layer found in
Gram-positive bacteria [145].

Cell wall confers a negative charge on both Gram-positive and negative bacteria at
neutral pH [130-133]. However, Gram-negative bacteria represent the set of microorgan-
isms with the highest negative charge. In addition, Gram-negative bacteria have an outer
membrane composed of phospholipids with partially phosphorylated lipopolysaccharides
that increase the negative charge of their cell envelope [32,146,147]. This negative charge
is supposed to influence the interactions between the bacterium cell wall and the NPs or
ions released from them. When SeNPs are interacted with bioorganic compounds posi-
tively charged, such as proteins or amino acids, they are attracted to the cell negative wall
binding by electrostatic interactions. These nanoparticles lead to the formation of a strong
bond with membranes, causing cell wall rupture and permeability [32,129,134,136,137].
Thus, the interaction between SeNPs and microorganisms begins with their adhesion to
the microbial wall and cell membrane. This binding is based on the electrostatic attrac-
tion between the negatively charged microbial cell membrane and the positive or less
negatively charged SeNPs [33]. After the attraction and interaction of SeNPs with the
microorganism, structural and morphological changes are caused by the SeNPs, leading
to the interruption of both membrane permeability and respiratory functions. This effect
takes place through membrane depolarization, disruption of cell integrity, and finally, cell
death [31,128]. As a result of increased membrane permeability and cell wall disruption,
cell contents, including proteins, enzymes, DNA, ions, metabolites and energy reserves,
seep into the environment [33-35,131]. Therefore, the disintegration of the cell wall by the
adhesion of nanoparticles is the main mechanism of antimicrobial action. To demonstrate
this mechanism, Huang et al. [31] evaluated the effect of SeNPs on the cell membrane using
propidium iodide and cyanine diSC3-5 fluorescent dyes. For both dyes, the increase of
the fluorescence indicated membrane damage. In this study, E. coli and S. aureus MDR
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cells were treated with SeNPs coated with quercetin (Qui), acetylcholine (Ach) and the
mixture of both. The results showed a significant increase (p < 0.01) in the fluorescence of
dyes when the bacteria were incubated with Qu-Ach-SeNPs (25 ng/mL) and Ach-SeNPs
(25 pg/mL), indicating an increase in the total permeability of the membrane.

SEM and TEM analyses showed that when bacteria are treated with SeNPs, they
have a cellular contraction and take an irregular shape compared to a control group of
bacteria [31,35,128,139]. For example, after incubation of E. coli and S. aureus with coated
SeNPs, cell lysis and intracellular leakage were observed in E. coli, while in S. aureus, there
were sunken cell walls and cytoplasmic release, including cell wall disorganization [31].
When B. subtilis is in contact with SeNP-soluble starch, the cells shrink and fragment in such
a way that the cell shape becomes irregular, and the size shows significant differences [128].
In another study, Zhang et al. [33] evaluated the effects of bio-SeNPs on the cell wall of
Gram-positive bacteria (S. aureus, B. cereus and B. subtilis) and Gram-negative (P. aeruginosa,
E. coli and V. parahemolyticus). Bacteria treated with bio-SeNPs were damaged in different
levels, and Gram-negative bacteria and B. subtilis showed pits and holes on the surface.
While in S. aureus, some membranes were found to be wrinkled, flattened and surrounded
by cytoplasm, which indicated the leakage of intracellular content. Additionally, these
authors demonstrated that bio-SeNPs accelerate proteins and polysaccharides leakage from
the bacterial cytoplasm.

In addition, the mechanism by which SeNPs damage bacteria cytoplasmic membrane
is by producing a rapid depolarization of the membrane [145]. Thus, Huang et al. [139]
investigated SeNPs effect on S. aureus polarity cell membranes. As a result, they reported
that bacteria treated with SeNPs led to mild membrane depolarization in a dose-dependent
form. At concentrations of 6.25 and 12.5 ug/mL of SeNPs (43 nm), 15 and 25% of de-
polarized cells were obtained, respectively. But with higher SeNPs (81 nm) in the same
concentrations, 20 and 30% of depolarized cells were obtained. Finally, cells treated with
particles larger than 124 nm retained their spherical shape and smooth cell wall.

On the other hand, Huang et al. [139] proposed that SeNPs have a related mechanism
to metabolic interference through the alteration of intracellular concentrations of adenosine
triphosphate (ATP). ATP is a compound that provides energy used by all living organisms.
It plays a vital role in both respiration and metabolism, as it is the most important energy
supplier for many enzymatic reactions. Therefore, these authors studied the effects of
different concentrations and sizes of SeNPs on the ATP level of S. aureus. They found that
S. aureus cultures treated with SeNPs, showed a significant decrease in ATD, regarding the
greatest induced depletion using 81 nm particles. This rapid depletion of cellular ATP is a
characteristic of an energy uncoupling effect.

5.2. Intracellular Penetration and Damage

Metabolic functions of the cell are affected since NPs penetrate through the mem-
brane, especially when it presents a certain level of damage interacting with DNA and
proteins [148]. This action represents one of the proposed mechanisms for the antimi-
crobial activity of NPs, which is based on the release of ions [149]. In this sense, several
researchers have reported that Se” is soluble in trace concentrations in aqueous environ-
ments. Therefore, the amount of Se ions released from SeNPs is likely to be very small.
In other words, the antimicrobial effects of Se ions may be too weak, representing a not
significant mechanism of SeNPs [136,139]. In one study, Gali¢ et al. [136] observed that
the antibacterial effect of SeNPs with different coatings against S. aureus was only due
to the particles, and the release of Se ions is not implicated in the antimicrobial action.
This was because the solubilized fractions of SeNPs showed very low values, and when the
selenite antimicrobial effect was tested, it did not show any effect at high concentrations
(MBC > 100 mg Se/L). Although the studies are very recent, they mark a trend in research
proposals to encompass the entire set of antimicrobial mechanisms associated with the
penetration of compounds through the cell membrane of bacteria and their subsequent
interaction within their metabolism.
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5.3. Oxidative Stress

Reactive oxygen species (ROS) are oxygen-containing molecules that have a strong
redox potential. Under normal conditions, the production of ROS and the antioxidant
capacity of the cell are balanced. However, if there is an imbalance between the antioxidant
mechanism and the excessive production of ROS, the redox balance of the cell favours
oxidation, and this causes oxidative stress. Furthermore, oxidative stress is a cellular
process involved in many aspects of cell signalling, although when it occurs excessively,
it causes irreversible damage to cell metabolism, affecting viability [32,37,150].

The literature reports that after the addition of SeNPs, these are absorbed on the
surface of bacteria and trigger cellular oxidative stress [33,37,144]. To overcome this
stress, cells exhibit protective responses that include enzymatic or non-enzymatic defence
mechanisms [148]. When oxidative stress overcomes defence mechanisms, the cell wall
and biomolecules such as proteins, lipids and DNA are subjected to damage caused by
ROS and free radicals such as hypochlorous acid (HOCI), hydrogen peroxide (H,05),
hydroxyl radical (OH), superoxide anion (O,") and singlet oxygen (10,) [37,144]. In this
sense, Huang et al. [33] proved that oxidative damage is the cause of bacterial death of
species such as E. coli and S. aureus when treated with SeNPs. This study showed that when
total ROS concentrations were measured in Quercetin and Acetylcholine SeNPs (Qu-Ach @
SeNPs) treated bacteria, ROS production significantly increased in both cultures. On the
other hand, in SeNPs-quercetin and SeNPs-acetylcholine, a significant increase in ROS
production was not observed in treated E. coli. This indicates that the antibacterial activity
of Qu-Ach @ SeNPs is related to the generation of ROS.

In another study, Huang et al. [139] reported that SeNPs also promoted ROS produc-
tion in S. aureus cells. These compounds were measured by the fluorescence produced in
the presence of 43 nm and 81 nm SeNPs in the medium. The results showed an increase of
up to 8% and 10% of the concentration of ROS. In comparison, the formation of ROS is not
higher than 2% when SeNPs are not present in the medium. Similarly, Zhang et al. [33]
showed that ROS generation is responsible for antibacterial activity when Bio-SeNPs were
tested against Gram-positive and Gram-negative bacteria. ROS generation was performed
using a fluorescence microplate system, in which the emission intensity was not greater
than 10,000 bacteria without contact with SeNPs. After the addition of SeNPs, the intensity
increased for all tested microorganisms: 50,000 for P. aeruginosa, 23,000 for E. coli, 20,000
for V. parahemolyticus and S. aureus, and finally 150,000 for B. subtilis. From the previous
results, it was indicated that the increase in ROS induced by bio-SeNPs would be one of
the most important antibacterial mechanisms. Research has indicated that ROS production
has a significant effect on cell death and that it could be enhanced by the presence of Se
contained in nanoparticles. This would prove the antimicrobial capacity of SeNPs; however,
a greater number of reports are required, in which the biochemical mechanisms of action
must be identified.

6. Conclusions

The opportunities that SeNP offer in fields such as medicine and food technology are
highlighted in this review. Both food processing and current medicine have a common
denominator, which is innovation. Technological advances have allowed more studies,
such as those shown in this work, to have applications in conjunction with transformation
processes. In this sense, obtaining biogenic nanoparticles derived from the biotransforma-
tion of inorganic species of selenium into selenium nanoparticles by bacteria is established.
However, in order to determine the optimum parameters to develop efficient biotransfor-
mation of selenium to obtain SeNPs with potential antimicrobial activity, it is necessary to
know the selenium biotransformation pathway of bacteria. In this review, different mech-
anisms of the formation of biogenic SeNPs of microbial origin were considered together
with different factors that affect antimicrobial activity. The relation between shape, size and
concentration of selenium nanoparticles and other physicochemical characteristics are con-
sidered to elevate an effective action of this kind of particles. In addition, the microbial growth
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phase and initial concentration of selenium source in the medium have to be defined to
optimize the synthesis process of SeNPs. Furthermore, it was discovered that particles
synthesized by certain bacteria could have a direct effect on their development when these
isolated nanoparticles were tested. That is why this represents an opportunity in the field
of research to determine the mechanisms of antimicrobial action of functional particles.

However, there are challenges that must be met and gaps in research that need to
be filled, especially in antimicrobial activity mechanisms and the biochemical routes of
inorganic to organic biotransformation of selenium by bacteria, which are fields that need
to be studied more deeply. Furthermore, the application in food and medicine have to be
studied in-depth to give way to benefits that these type of particles offer to human health
and to food science and technology.
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