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Abstract: The formation of biogenic selenium nanoparticles (SeNPs) through microbial activities is
a promising technique that can contribute to the development of reliable, non-toxic and environ-
mentally friendly synthesis methods. Among these, under optimal conditions, myconanotechnology
confers particular characteristics due to the generation of bioactive fungal metabolites with various
bioactivities. The formed SeNPs are known to be stabilized by the biomolecules of the microor-
ganism, forming a so-called bio-corona or capping structure. The composition of this bio-corona
greatly impacts the SeNPs activity, but investigations have been limited to date. The SeNPs pro-
duced by Trichoderma sp. have potential applications in crops and environmental management, as
both selenium and Trichoderma are known to benefit cultivated plants and phytoremediation. This
review summarizes the biosynthesis of SeNPs by Trichoderma sp. and contextualizes the possible
correlations between SeNPs and biomolecules produced by Trichoderma; it also provides a missing
analysis that could help understand and optimize this process. Biosynthesis methods and proba-
ble mechanisms are briefly discussed as well as the role and applications of trichogenic SeNPs as
plant protectants, plant biostimulants, and safe biofortifying agents. The knowledge gaps related to
mechanisms of trichogenic SeNPs biosynthesis, the control of the desired characteristics for a specific
agricultural function, and technology scale-up are discussed in connection with the needed future
research directions.

Keywords: Trichoderma sp.; biogenic selenium nanoparticles; capping biomolecules; bio-corona;
myconanotechnology; agriculture; plant biostimulants; phytopathogens; physicochemical properties;
bioactivity mechanism

1. Introduction

Selenium (Se) is an essential microelement for organisms from several phyla, wherein
there was an evolutionary change from sulfur to selenium (i.e., cysteine with selenocysteine)
as the active site of several proteins [1,2], which was associated with selenocysteine (Sec)
incorporation machinery during protein synthesis [3,4]. Such replacement generates better
redox activity and more resistance to permanent oxidation [2,5].

Due to its biological characteristics (resulting from its physical and chemical prop-
erties), Se is regarded as an element of great potential in various scientific fields, such as
biomedical, food, agricultural, and environmental [6–9]. Selenium has not been classified
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as an essential element for terrestrial plants [10,11] or fungi [12–14]. Selenium is an essen-
tial toxin [15]. Selenium deficiency is linked to several human chronic diseases [16,17],
including Alzheimer disease [18,19], as well as animal diseases [20]. Se deficiency was
linked to mass extinctions in Phanerozoic oceans [21]. Selenium excess affects ecosystem
functions, including animals from the top of food chains, due to bioaccumulation and
biomagnification [22,23].

In areas with selenium deficiencies in the soil, selenium was applied to cultivated
plants to increase Se levels in the food chain via biofortification [8,24–26]. Biofortification is
considered to produce a better effect on human and animal health than direct supplementa-
tion, especially in the case of selenium, which is well known to have a narrow physiological
window [16,27,28]. Biofortification treatments on cultivated plants produced effects similar
to biostimulants [29,30]. Several effects similar to plant biostimulants were confirmed
in the last decade: (i) enhancement of nutrients uptake and nutrients use efficiency [31],
especially of nitrogen [32] and essential micronutrients [33,34]; (ii) increased tolerance
to abiotics [35–37], including potentially toxic elements [38–40] and biotic stress [41–43];
(iii) and improved crop quality traits [44–49].

In addition to these effects, similar to plant biostimulants, Se application on cultivated
plants increases photosynthesis and enhances seed germination [50,51]. Due to its multiple
effects on plants, it was recently proposed that selenium should be considered essential for
terrestrial plants [50].

One of the selenium biotechnological applications is the biosynthesis of selenium-
enriched yeast as Se dietary supplements [52], although Saccharomyces cerevisiae does not
have the Sec incorporation machinery [53]. Yeasts accumulate organic and inorganic
selenium and detoxify it through various mechanisms [54], including by forming less toxic
Se nanoparticles (SeNPs) [55,56].

Nanoparticles (NPs) are believed to have superior reactive surfaces due to their
high area-to-volume ratio [57–59]. Nanoformulations can enhance absorption, sensitivity,
stability and resistance [60,61]. NPs are also highly biocompatible and bioavailable [62]. In
addition to the aforementioned valuable features, selenium nanoparticles (SeNPs) have
lower toxicity compared to other forms of Se due to the zero-valent state of oxidation of
nano-selenium [63].

SeNPs have applications in various fields. Comprehensive reviews were published
on biomedical [6,64,65], agronomical [51,66,67], and environmental applications [57,68]
of SeNPs. Selenium nanoparticles were used for various (bio)sensing devices [69,70],
including wearables electronics [71].

The most common means of obtaining SeNPs have been chemical methods. These ap-
proaches are based on reducing selenium using reducing agents. The reactions in aqueous
media often occur in the presence of certain emulsifiers or surfactants, which create stable
colloidal systems that will finally contain the SeNPs. Examples of such stabilizing agents are
quaternary ammonium compounds [72], polysaccharides, arabic gum [73], chondroitin sul-
fate [74], chitosan [75,76], carrageenan [77], lignosulfonate [78]; proteins/peptides, zein [79],
beta-lactoglobulin [80], chymotrypsin [81], peanut meal peptides [82], tilapia peptides [83],
and polyvinyl alcohol [84]. Physical methods of SeNPs synthesis mainly involve the expo-
sure of selenium precursors to different radiation sources. In this regard, photoablation or
different non-ionizing radiations (UV radiation) or ionizing radiation (gamma radiations)
are used to target selenium compounds, finally leading to SeNPs formation. Apart from
being expensive and time-consuming, the harsh conditions of the aforementioned tech-
niques can create a toxic processing environment as well as non-sustainable waste and can
interfere in the use of SeNPs in biological systems [64,85,86]. Biological synthesis methods
are considered safe, eco-friendly, cost-effective, non-toxic and waste minimizing [87–89].

Biogenic selenium nanoparticles are synthesized using microorganisms or plants.
SeNP biosynthesis can occur either intracellularly or extracellularly. Specific biomolecules
of the physiological apparatus of microorganisms can carry out reducing and stabilizing
functions, which are vital for SeNPs production [90]. As they provide just the right condi-
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tions for this process, microorganisms acquired a reputation as nano-factories. Their great
potential also lies in the possibility of modifying their cellular machinery to facilitate SeNP
synthesis [91].

Fungi are thought to be among the most efficient microorganisms regarding biogenic
NP synthesis [92]. In addition to their capacity to biosynthesize high quantities of NPs,
the stabilizing enzymes and metabolites, fungi are manageable microorganisms with
accelerated growth rates. An interesting and resourceful trait of fungi is their ability to
tolerate metals, even in high concentrations [93]. Compared to bacteria, fungi are almost
ideal biocatalysts for the biosynthesis of NPs, since they are known to produce higher levels
of bioactive compounds, making them more suitable for large-scale production [94].

Nanoparticles synthesized by fungi have been successfully studied in a wide range
of research areas like agroecosystems, plant science, and eco-friendly formulations with
protective potential for agricultural crops. Abd-Elsalam (2022) predicts that large-scale
myconanoparticles strategies in agriculture will be increasingly introduced in the upcoming
years due to the continuous reports of their newly discovered uses in agri-food fields over
the last few years [95].

All things considered, the fungal-mediated synthesis of SeNPs is a resourceful research
direction. The main principle of this biosynthesis relies on using fungal biomass as a host
for the reduction of Se precursors such as selenate (SeVIO4

2−) and selenite (SeIVO3
2−)

oxyanions to the less toxic Se0. SeNPs synthesis using fungal biomass has been successfully
performed using various strains: Gliocladium roseum [96], Aspergillus terreus [97], Alternaria
alternata [98], Aspergillus oryzae [99], Penicillium chrysogenum [100], and Trichoderma sp., the
latter being detailed below.

The last few years have witnessed an unprecedented interest in SeNPs and its applicati-
ons—especially biogenic ones. Several reviews that approach this subject are availa-
ble [48,51,66,88,101–103], including special reviews on the applications of SeNPs in agri-
culture [51,102,103]. Therefore, the purpose of this work is not an in-depth review of the
general aspects of SeNPs but rather a critical and focused analysis of the probably most rel-
evant type of SeNPs for agriculture, the so-called trichogenic SeNPs., i.e., SeNPs produced
by Trichoderma sp.

Trichoderma (Hypocrea) sp. is a specific species of interest for the production of SeNPs.
Trichogenic SeNPs have a wide variety of potential applications, especially in agriculture,
as the benefits of Trichoderma sp. uses on plants are well known. Trichoderma colonizes
wood and herbaceous plant materials, showing a high level of genetic diversity. The
adaptability of Trichoderma sp. to various substrates and its tolerance to toxic compounds
(e.g., from fungicides, herbicides or pollutants) make these fungi excellent soil biocontrol
agents [104]. Therefore, using this fungus for SeNP synthesis could potentiate its properties
and those of the SeNPs themselves, leading to novel products of commercial and ecological
interest [105].

Despite the significant importance of Trichoderma sp. and the SeNPs it can produce,
a thorough review focusing on trichogenic SeNPs is still necessary. The current reviews
either present various nanoparticles and nanomaterials produced by Trichoderma sp., with
a relatively brief mention of trichogenic SeNPs, or focus on the general fungal biosynthesis
of SeNPs. Moreover, probably one of the most critical aspects for agriculture applications,
i.e., the nature of the capping molecules forming the so-called bio-corona of trichogenic
SeNPs, has not been emphasized enough. Therefore, we considered it necessary to bring
the main aspects of the trichogenic biosynthesis of SeNPs to the forefront and place them
within a wider context. In particular, we address the following issues important for
understanding trichogenic SeNPs and for future developments: different types of methods
for obtaining trichogenic SeNPs, the putative mechanism of trichogenic SeNPs biosynthesis
based on the information from other organisms, methods that were/could be used for
trichogenic SeNP characterization and manipulation, aspects on the ecological safety and
environmental impact that should be investigated, applications in the agri-food sectors,
and future research directions.
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2. Methods of Trichogenic SeNPs Biosynthesis

Trichoderma-derived SeNPs are currently in the developmental stage. Several Tricho-
derma species have been employed in nanotechnology to obtain NPs of metallic origin:
titanium, gold, zinc, silver, etc., as recently reviewed in [106]. In particular, some strains
have substantial potential in the biosynthesis of nanoparticles at an industrial level [94,107].

There is limited study on the Trichoderma sp.-mediated synthesis of SeNPs. The
biosynthesis methods are influenced by the fungal strain, the selenium precursor concen-
tration, and the culture medium where it grows and develops the metabolites important for
nanoparticles formation. For the production of mycelial biomass involved in biosynthesis,
the most common growth media used in studies for Trichoderma strains were Czapek–Dox
agar (CDA) [108], potato dextrose broth (PDB) [87,109,110], AP1 agar supplemented with
nutrients [111], and Martin-modified broth (MMB) medium [93,112].

The first report describing the biosynthesis methodology based on Trichoderma sp.
along with other filamentous fungi (Aspergillus funiculosus, Aspergillus niger, Coriolus versi-
color, Rhizopus arrhizus etc.) and yeasts (Saccharomyces cerevisiae, Candida glabrata, etc.) was
by Gharieb et al. (1994) [108]. The study was based on understanding the capacity of strains
to reduce selenite to Se0. Based on this screening, the authors demonstrated that T. reesei
can reduce selenite to elemental selenium. The first hint of the reduction is the change in the
red color of the growth medium (due to the presence of amorphous elemental selenium).

Later, more strains of Trichoderma were tested together with other methodologies of
SeNPs biosynthesis, i.e., in vitro, by using cell lysate, culture filtrate and/or cell walls.
Nandini et al. (2017) studied downy mildew control in pearl millet, synthetizing SeNPs
by way of T. asperellum, T. harzianum, T. atroviride, T. virens, T. longibrachiatum and T. bre-
vicompactum strains, using three forms of fungal culture (culture filtrate, cell lysate, and
crude cell wall) [109]. A similar method was performed on T. atroviride [113]. In another
study, eight Trichoderma strains were investigated to obtain SeNPs with bioactive metabolite
support with applications against phytopathogens and mycotoxins [110]. Trichoderma sp.
WL-Go was subjected to several conditions to identify the optimal ones [112]. T. harzianum
appears to be the most studied strain in SeNPs formation, which was identified as a strain
with auspicious biosynthesis potential [110,111,114].

Considering the previous studies, the biogenic synthesis based on Trichoderma sp. has
several benefits in terms of efficiency and the generation of diverse metabolites under
optimal surroundings [92]. The inoculation conditions serve as key points right from the
beginning of the experiment. As a first step, Trichoderma sp. needs to be inoculated on a
solid growth medium. Potato dextrose agar (PDA) is the classic culture medium in fungal
isolation and culture, and it is also valid for Trichoderma sp. [109,110]. The malt extract agar
(MEA) is used as well [111]. The development of the mycelial mass in the liquid growth
medium takes place in the dark under static [109,113] or under stirring conditions [87,111].
The growth phase of microorganisms is an important step [90].

Most of the studies investigating trichogenic SeNPs used culture filtrate (extracellular
content), lysate (intracellular content), and/or cell walls from Trichoderma sp. to perform
in vitro bio-assisted SeNPs synthesis. To collect the metabolites for the in vitro bio-assisted
synthesis of trichogenic SeNPs, a mycelial mat is subjected to several processes such as
ground, lysis through sonication, and centrifugation. Then, an aqueous solution of Se
precursor is added. Sodium selenite (Na2SeO3), a well-known bioactive chemical, has
commonly been used as a precursor in trichogenic SeNPs in vitro and in vivo biosynthesis,
but its concentration varies from study to study [87,108–111,113,114]. The reaction mixture
is usually kept in the dark until a red sediment is present, because light induces Se reduction
and could induce the formation of other Se forms [87]. Nevertheless, light is a parameter
that needs to be tested with respect to the biological effects of the trichogenic SeNPs.
A previous study on SeNPs produced by a culture filtrate of Penicillium crustosum reported
enhanced antimicrobial, anticancer, and catalytic activity in the presence of light [93].

In vivo biosynthesis, reported in fewer studies than in vitro biosynthesis, can result
in either intracellular, extracellular or both types of SeNPs, the extracellular ones either
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by exporting them from the cells or by direct extracellular SeNPs formation [108,111,112].
A brief presentation of the biosynthesis methods in relation to the obtained SeNPs is
presented in Table 1.

Table 1. Parameters of the biosynthesis of trichogenic selenium nanoparticles.

Trichoderma Strain Se Precursor Substrate
Concentration (mM) Types of Synthesis Size (nm) Ref.

Trichoderma sp. Na2SeO3 20 mM in vitro (intracellular) * 40–100 [87]

T. reesei Na2SeO3 1, 5, 10 mM
in vivo

(intracellular,
extracellular)

- [108]

T. brevicompactum
T. asperellum,
T. atroviride,
T. harzianum,

T. virens,
T. longibrachiatum

Na2SeO3 25 mM
in vitro

(intracellular,
extracellular, cell walls)

49–312 [109]

T. harzianum
(three strains),

T. koningii,
T. longibranchiatum,

T. atroviride,
T. asperellum,

T. virens

Na2SeO3 5 mM
in vitro

(intracellular,
extracellular)

50–60 [110]

T. harzianum Na2SeO3 1 mM
in vivo

(intracellular,
extracellular)

[111]

Trichoderma sp.
WL-Go SeO2 2 mM

in vivo
(intracellular,
extracellular)

147 [112]

T. atroviride
(Tri_AtJSB2) sp. Na2SeO3 25 mM

in vitro
(intracellular,

extracellular, cell walls)
60–123 [113]

T. harzianum Na2SeO3 25 mM in vitro (intracellular) 26 [114]

T. atroviride
(Tri_AtJSB2) sp. Na2SeO3 25 mM in vitro (extracellular) 60–123 (Z av. 98.5,

ref. [32]) [115]

* in vitro intracellular—mycelium lysate, in vitro extracellular—culture filtrate, Z av.—Z average.

There is not much information about the yield and efficiency of SeNPs biosynthesized
by Trichoderma. Quantitative data are available for one study that used in vitro bio-assisted
synthesis [113] and two studies featuring in vivo biosynthesis [111,112]. From the data
provided by Joshi et al. [113], we calculated a 19% approx. yield of SeNPs produced by the
metabolites of a T. atroviride strain, which could be in fact lower, as the quantification of the
resulting SeNPs was performed by weighing the resulting nanoparticles without accounting
for the bio-corona. Liang et al. determined by ICP-MS a higher apparent trichogenic SeNPs
yield, 42%, by in vivo biosynthesis using a T. harzianum strain and sodium selenite [111],
and Diko et al. obtained an even higher yield, 84.73% after supernatant filtration, using an
isolated, unidentified Trichoderma sp. WL-Go strain and 2 mM SeO2. It is not clear yet what
parameters influence the yield mostly, but it is possible that besides the specificity of each
Trichoderma strain, the in vivo biosynthesis might be more efficient than the in vitro one.

Understanding the parameters influencing the yield and quality of trichogenic SeNPs
biosynthesis would help optimize these outputs. For example, pH seems to play an impor-
tant role regarding some aspects of trichogenic SeNPs. Diko et al. concluded that the pH is
a critical parameter for trichogenic SeNPs synthesis [112]. It is assumed that the alkaline
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medium prevents the agglomeration of nanoparticles and promotes the stabilization of
capping agents from fungi on the NP surfaces, such as proteins and other biomolecules,
forming the so-called “bio-corona” [93]. The nature of capping biomolecules has a high
impact on the stability of SeNPs with respect to aggregation. An alkaline pH induced
an increase in the permeability of fungal cell membrane, which resulted in extracellular
SeNPs [90]. The optimum pH for the extracellular synthesis of SeNPs from Trichoderma sp.
was found to be 8 when performed in vivo [112] and was reported in vitro at pH 8–12 in one
study [87]. Both in vitro and in vivo biosynthesis of fungal SeNPs, including trichogenic
SeNPs, seem to have advantages and disadvantages. In vitro biosynthesis enables an easier
manipulation of SeNPs by avoiding the necessity of mycelium lysis for their recovery,
which is helpful as lysis could result in alterations to their properties. In vivo biosynthesis
enables generating specific metabolites and other biomolecules triggered by the interaction
with Se. These metabolites might have superior biological properties to the metabolites
produced in the absence of Se, and these properties would be transferred to SeNPs as well
if these metabolites are part of the capping bio-corona. In-depth studies comparing the two
types of biosynthesis with the same Trichoderma strains would give more information in
this respect.

3. Putative Mechanism of Trichogenic SeNPs Biosynthesis

The exact mechanism of SeNPs formation by Trichoderma sp. has not been investigated,
but some clues can be obtained from the available studies of other nanoparticles and/or
fungal and other microorganism species. Most of the studies reported that the synthesis of
NPs in fungi might be a defense mechanism for reducing the toxicity of different elements
that they encounter. It is already recognized that fungi have great tolerance to metal
and non-metal ions [63,101,116]. One of the fungi coping mechanisms for this kind of
abiotic stress involves their ability to reduce the metal/non-metal ions to lower the states
of oxidation and, implicitly, synthesize nanoparticles which are usually less toxic (e.g.,
reducing Se4+ and Se6+ from selenite (SeO3

2−) and, respectively, selenate (SeO4
2−) to

zero valent selenium—creating SeNPs). This process could be viewed as a detoxifying
mechanism [116–118].

Although the accumulation of nanoparticles can cause physiological changes in mi-
croorganisms, fungi can tolerate impressive amounts of NP accumulation. Therefore, fungi
continue to develop even after the biosynthesis of nanoparticles [101,119]. The synthesis of
NPs in fungal biomass can occur inside the cytoplasm (absorption), within the periplasm or
outside the cell membrane (adsorption). The intracellular synthesis of NP avoids the forma-
tion of aggregated, clustered, and large-sized nanoparticles. In comparison to intracellular
processes, extracellular synthesis offers the advantage of obtaining large quantities of NPs
in a relatively pure state, free from other cellular fungal biomolecules or microbial cells,
thus making the downstream process easier [120]. Additionally, fungi release extracellular
reductive proteins that can be employed in later stages of the process [94,113]—Figure 1.
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from fungal biomass) can surround the SeNPs, acting as NP stabilizers. This process can occur either 
intracellularly (after the absorption of the Se ions into the cell) or extracellularly. Some information 
about membrane transport processes and other metabolites involved in the fungal synthesis of NP 
are not fully understood yet. The figure is adapted and based on the information from [116,121]. 
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explained yet; the complete mechanism of fungi-mediated NPs, and especially SeNPs syn-
thesis, remain unknown. However, studies suggest that the NADPH-dependent reduc-
tases (nitrate (NO3–) and nitrite (NO2−) reductases) from the cell wall or plasmatic mem-
brane of the cell play a major role in the fungal biosynthesis of some NPs, probably in-
cluding the trichogenic synthesis of SeNPs. These reductases are thought to be catalysts 
for the reaction between the 2e− donor—NADPH—and inorganic ions [101,116,119,122–
124]. However, Li et al. (2012) showed that NADPH alone is not enough to form these 
kinds of nanoparticles [124]. Their experiments demonstrate that fungal NP biosynthesis 
is not possible using just NADPH and the NP precursor alone. Moreover, when fungal 
biomass was added to NADPH and the NP precursor, NPs were formed. Therefore, other 
molecules besides NADPH and oxidoreductases are necessary for nanoparticle synthesis 
by fungi [124]. For example, in selenite reduction, biomolecules like phenazine-1-carbox-
ylic acid and glutathione might be involved in selenite reduction [85]. Some research re-
vealed that there are certain fungal metabolites that contribute to biogenic NP formation. 
Compounds like penitric acid, chrysogine, chrysogenin, fungisporin, roquefortines or 
non-enzyme proteins like phytochelatins and methalothenin are believed to play a role in 
the process. In addition to their reduction properties, most of the molecules involved in 
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Figure 1. Possible mechanism of fungal-mediated SeNPs synthesis. NADPH-dependent oxidoreduc-
tases mediate the reduction of selenium ions from precursors to SeNPs along with quinone derivates,
which can be electron shuttles in the oxidoreduction process. Capping agents (e.g., proteins from
fungal biomass) can surround the SeNPs, acting as NP stabilizers. This process can occur either
intracellularly (after the absorption of the Se ions into the cell) or extracellularly. Some information
about membrane transport processes and other metabolites involved in the fungal synthesis of NP
are not fully understood yet. The figure is adapted and based on the information from [116,121].

Although exceedingly researched, these superpowers of fungi have not been fully
explained yet; the complete mechanism of fungi-mediated NPs, and especially SeNPs syn-
thesis, remain unknown. However, studies suggest that the NADPH-dependent reductases
(nitrate (NO3

−) and nitrite (NO2
−) reductases) from the cell wall or plasmatic membrane

of the cell play a major role in the fungal biosynthesis of some NPs, probably including the
trichogenic synthesis of SeNPs. These reductases are thought to be catalysts for the reaction
between the 2e− donor—NADPH—and inorganic ions [101,116,119,122–124]. However, Li
et al. (2012) showed that NADPH alone is not enough to form these kinds of nanoparti-
cles [124]. Their experiments demonstrate that fungal NP biosynthesis is not possible using
just NADPH and the NP precursor alone. Moreover, when fungal biomass was added
to NADPH and the NP precursor, NPs were formed. Therefore, other molecules besides
NADPH and oxidoreductases are necessary for nanoparticle synthesis by fungi [124]. For
example, in selenite reduction, biomolecules like phenazine-1-carboxylic acid and glu-
tathione might be involved in selenite reduction [85]. Some research revealed that there
are certain fungal metabolites that contribute to biogenic NP formation. Compounds like
penitric acid, chrysogine, chrysogenin, fungisporin, roquefortines or non-enzyme proteins
like phytochelatins and methalothenin are believed to play a role in the process. In addi-
tion to their reduction properties, most of the molecules involved in the fungal-mediated
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biosynthesis of NPs act also as capping agents that stabilize the NPs [101,111,116,119,123].
Other hypotheses propose that some of these metabolites might be the quinine derivates
of anthraquinones and naphthoquinones [111], but this hypothesis requires experimental
confirmation. These molecules act as electron shuttles. Quinone shuttles were shown to
be necessary for NP production in some cases, as they might act as redox centers and/or
electron carriers in the oxidoreduction reactions. There are studies that confirm that the
quinones of T. harzianum have great reducing properties [125]. Liang et al. reported for the
first time in 2019 the formation of not only elemental Se but also Se oxide by the interaction
of sodium selenite and selenate with a T. harzianum strain, which indicates a more complex
system than generally assumed [111]. The mechanism generated in vivo could be com-
pletely differently than the one in vitro using lysate or filtrate, as most probably Trichoderma
produces additional and specific metabolites when in contact with toxic concentrations
of Se salts. Unfortunately, mechanistic insights into the in vivo biosynthesis of SeNPs
by Trichoderma and even fungi in general, at the molecular level, are not available yet,
and it represents a vast unexplored field. In contrast to fungi, the biosynthesis of SeNPs
by bacteria has been mechanistically studied more in depth, as reviewed by Tugarova
et al. [126]. In the case of bacteria, there were two obligatory stages established, which
are involved in both intracellular and extracellular biosynthesis: (1) the redox reaction
and (2) the assembly of Se0 to form SeNPs. Two other stages are involved in the case of
in vivo intracellular biosynthesis: (3) the transport of Se oxyanions (in)to the cell and (4) the
export of Se0 nuclei and SeNPs to the extracellular environment. These four stages could
be extrapolated to intracellular biosynthesis by yeast and fungi, including Trichoderma as
well. Another common mechanism between bacteria and fungi could be related to the
transporter responsible for Se oxyanions accumulation in the cell. In the case of bacteria,
no specific selenate or selenite uptake system has been identified. Selenate, which is struc-
turally similar to sulfate, can be transported via sulfate permeases and other non-specific
transport systems, such as the sulfate transport complex ABC (ATP-binding cassette). This
has been shown for yeast as well, as reviewed by Kieliszek et al. [54]. A similar route of
sulfate permease was proposed to function in filamentous fungi such as Neurospora crassa
and Hypocrea jecorina (anamorph T. reesei) [127]. Moreover, the response of H. jecorina to
selenate depends on the C source (inducer or not of cellulase) and light/dark conditions.
The response to selenium toxicity was proposed to involve the regulatory machinery of
sulfur metabolism, SCF–ubiquitin–ligase complex SCF(Met30) and transcription factor Met4,
as in the case of cadmium and other heavy metals [127], but the experimental proof is
lacking. In the case of bacteria and yeast, there seems to be at least two types of transport
systems, a low- and high-affinity/efficiency, respectively, whereas much less is known
in the case of filamentous fungi. Electrostatic interactions are believed to participate as
well in fungal NP synthesis. The negatively charged cellular membrane surface interacts
electrostatically with the inorganic ions, mediating the transportation of ions throughout
the cell membrane and promoting the complexation of ions with ligands [116,121]. In the
case of selenium, these types of interactions are less likely to occur, as the selenite and
selenate ions are negatively charged.

Regarding the redox reaction, several mechanisms have been proposed for bacteria, in-
cluding nitrate/nitrite or even selenate/selenite reductases; thiol groups of peptides/protei-
ns—glutathione, glutathione reductase, thioredoxin, and thioredoxin reductase; chaperons;
translocases; elongation factors; and oxidoreductases [126]. If and how these pieces fit
together in a puzzle or whether they are independent pathways is not known. As described
above, some of these mechanisms were proposed also for fungi.

Recently, Xu et al. found 1075 differentially expressed proteins of the macromyceta
Ganoderma lucidum in the presence of 200 ppm Na2SeO3 compared to the control without
selenite, with 601 and 474 upregulated and downregulated proteins, respectively [128].
Most of these proteins were located in the cytoplasm, mitochondria and nucleus, with
some in the plasma membrane. Most of the molecular functions of these proteins involved
oxidoreductase and transmembrane transporter activity. It is worth mentioning that ABC
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transporters were among the upregulated proteins by selenite salt both in G. lucidum and
in Pleorotus citrinopileatus reported in another study [129], which indicates similarities with
bacteria. Some of the regulated genes are related to the response of the microorganism to the
oxidative stress induced by the high concentration of selenium salt, which generates reactive
oxygen species (ROS). These include genes coding for proteins involved in xenobiotic
metabolism and defense metabolism, such as antioxidant enzymes. Enzymes involved in
producing various forms of reduced, less toxic forms of selenium (Se0, methylated and
volatile Se compounds, organic thiol–selenium compounds) were upregulated. Among
these, thioredoxin, NADPH-dependent thioredoxin reductase, and glutathione reductase
are probably involved in SeNPs formation and feature common players and pathways
between bacteria and macromycetes. Other enzymes upregulated by selenite, including
alcohol dehydrogenase and propanol-preferring enzymes (AdhP), have been proposed to
be involved in controlling the size of SeNPs produced by bacteria [130]. In addition, genes
coding for proteins involved in the phospholipid metabolism, chitinase, and cytoskeletal
proteins were regulated as well, indicating involvement in SeNPs transport within and
outside the cells. Considering the similarities between the studied macromycetes and
bacteria, some of these players and mechanisms are probably common to Trichoderma as
well, but future experimental reports alone will be able to confirm this.

Clearly, there are more pieces that need to be put together in this metabolic puzzle of
fungal-mediated NPs synthesis, and current research on the topic will continue to provide
answers to questions regarding this process.

4. Characterization and Manipulation Issues of SeNPs

SeNPs, formed from zero-valent selenium, are lyophobic colloids that tend to aggregate
in aqueous systems without stabilizing agents [131]. As we mentioned in the case of
chemically synthesized SeNPs, various emulsifiers or surfactants were used to make these
nanostructures thermodynamically stable. Hydrophobic and electrostatic interactions
stabilized the SeNPs in the aqueous systems [82,83]. Different stabilizers determine different
biological and physicochemical characteristics. SeNPs stabilized by chitosan (CS-SeNPs)
had higher storage stability but tended to aggregate at higher ionic strength or alkaline
pH. SeNPs stabilized with carrageenan (Cg-SeNPs) were less cytotoxic than CS-SeNPs.
Gum arabic-stabilized SeNPs demonstrated a higher thermal stability due to the branched
structure of gum arabic biopolymers [132].

The chemically synthesized SeNPs form a protein bio-corona in contact with the
biological systems. SeNPs stabilized with different surfactants, such as sodium dodecyl
sulfate (SDS), cetyltrimethylammonium bromide (CTAB), and brij-58, form bio-coronas with
serum proteins [133]. The formation of a protein bio-corona is driven mainly by electrostatic
forces. Two types of bio-corona were highlighted—a “soft” bio-corona, loosely bound, that
undergoes changes, and a “hard” bio-corona firmly bound to SeNPs surfaces [133].

The biogenic SeNPs are stabilized by the proteins and the metabolites from the biolog-
ical (based) system, which featured a significant contribution of antioxidant groups, e.g.,
thiols, to selenium oxyanion bio-reduction and stabilization [134]. The biomacromolecules
prevent zero-selenium crystallization and maintain a shell of amorphous selenium, which
is bioavailable for conversion into seleno-amino acids [135].

A precise description of SeNP characteristics should define their properties in corre-
lations with the applications. The shape, size, stability and chemical structure of the bio-
corona are some of the parameters that were frequently reported in studies of SeNPs. These
NP characteristics are often analyzed in correlation with their stabilizing biomolecules,
which are mainly proteins and amino acids [93,109,126,136,137] or proteins and polysac-
charides [110,112,138]. The main techniques used for NP characterization are inductively
coupled plasma–mass spectrometry (ICP-MS), inductively coupled plasma–optical emis-
sion spectrometry (ICP-OES) and colorimetric methods for quantification, single-particle
mode ICP-MS (SP-ICP-MS), UV-Vis spectroscopy, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray fluorescence analysis (XFA), electron energy-
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loss spectroscopy (EELS) for selenium detection, X-ray absorption (XANES and EXAFS)
for oxidation state, X-ray diffraction (XRD) in small and wide-angle scattering (SAXS and
WAXS), X-ray photoelectron spectroscopy (XPS), dynamic light scattering (DLS) and zeta
potential, analytical centrifugation methods such as differential centrifugal sedimentation
(DCS) [139], isothermal titration calorimetry, surface tension and contact angle (which can
provide information on the hydrophobicity/hydrophilicity of the system and the interac-
tion of SeNPs with the solvent), Fourier-transform infrared (FTIR) and Raman spectroscopy,
sodium dodecyl sulfate–polyacrylamide gel (SDS-PAGE) electrophoresis for the identifica-
tion of proteins capping the NPs, and mass spectrometry coupled with chromatography for
the identification of biomolecules from bio-corona. Another useful technique that can sepa-
rate nanoparticles based on size is asymmetric flow-field flow fractionation (AF4) coupled
with various detectors such as ICP-MS, multi-angle light scattering (MALS), or refractive
index detector (RID) [56,140], but this technique is less reported in the literature, at least
concerning SeNPs. ICP-MS and SP-ICP-MS, along with other techniques, are powerful
instruments for the Se speciation of both inorganic and organic forms of Se [48]. Other
particular methods can be found in recent reviews [56,141].

One of the most suggestive properties of SeNPs is their color. The post-incubation
changes of color in the culture medium to orange or red can be used to confirm the
SeNPs formation [85,93]. The intensity of the color gradually increases with time, as
the selenium precursor is being reduced, from colorless to ruby red color [93]. The red
color is characteristic of other nanoparticles as well, such as AuNP, AgNPs and CuNPs.
The nanoparticles adsorb light in the violet, blue, and green wavelengths (200–550 nm)
and scatter the complementary yellow, orange, and red wavelengths through the surface
plasmon resonance (SPR) phenomenon [142–146], meaning the collective oscillations of
nanoparticle conduction electrons excited by the optical electric field [143,147,148]. The
color change upon the formation of SeNPs is a helpful indication, as an intense red color
can correspond to a high potential of the fungal strain to produce this kind of NP. Color
change can also evidence the end of the reduction reaction when no further color change
is observed: for example after 24 h incubation at room temperature of Na2SeO3 in the
presence of active metabolites secreted by the endophytic fungal strain Penicillium crustosum
EP-1 [93]. In a 72 h color variation study of SeNPs trichogenesis using the crude cell wall
(CCW), cell lysate (CL), and culture filtrate (CF) of T. asperellum, the main color was
achieved after 24 h, which was orange-red for SeNPs with CF, dark yellow for SeNPs with
CL and dark brown for SeNPs with CCW. The red SeNPs with CF showed the highest
anti-mildew activity, with the minimum inhibitory concentration of 150 ppm, compared
with 350 ppm for SeNPs with CL and 500 ppm for SeNPs with CCW [109]. Similarly,
after 24 h of Na2SeO3 incubation at 23 ± 2 ◦C with culture lysate (CL), cell wall debris
(CW), and culture filtrate (CF) from Trichoderma atroviride (Tri_AtJSB2) sp., the reduction
was considered completed: the most intense brick-red color was obtained with CL, which
was followed by orange SeNPs reduced with CW and pale yellow SeNPs reduced with
CF [113]. In the mentioned study, although the SeNPs reduced with CF were the least
red colored, they were arbitrary chosen for further characterization using FTIR, XRD,
SEM, TEM, UV-Vis, XPS and antifungal properties, whereas only the DLS size distribution
and zeta potential were used to compare the SeNPs reduced with CL, CW and CF [113].
Considering only the color aspect of reduced SeNPs in the mentioned study [113], the
T. atroviride culture lysate (CL) might have the highest content of reducing agents that
led to red SeNPs suspension, which was followed by orange SeNPs reduced by cell wall
debris (CW) and pale yellow SeNPs from culture filtrate (CF). The intensity of the color
can be further quantified by UV-Vis spectrophotometric analysis. The UV-Vis spectra of
trichogenic SeNPs evidenced that the wavelengths at which these kinds of NP absorb light
vary greatly, depending on the Trichoderma strain, and on the nano/microparticles sizes.
Previous analysis indicated absorption peaks around 280 nm for SeNPs reduced with six
Trichoderma species (T. asperellum, T. harzianum, T. atroviride, T. virens, T. longibrachiatum
and T. brevicompactum) [109], at 259 nm for SeNPs reduced with an unknown Trichoderma
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species [87], at 260 nm for SeNPs reduced with T. atroviride [113] or at 270 nm for SeNPs
reduced with T. harzianum [114]. The wavelength showing the maximum absorption can
be used for a rough estimation of the size of nanoparticles based on the localized surface
plasmon resonance (LSPR) peak, smaller nanoparticles having the maximum absorbance
at lower wavelengths [141,142]. The quantification of SeNPs can be obtained by an assay
which uses Na2S for the dissolution of SeNPs [149].

Transmission electron microscopy (TEM) coupled with energy-dispersive X-ray spec-
troscopy (EDS) is one of the most popular methods for observing the morphology and
composition of biogenic SeNPs, along with scanning electron microscopy (SEM). These mi-
croscopy techniques offer information about the shape, size and intracellular or extracellular
distribution of SeNPs. Notwithstanding, some studies point out that an optimum imaging
can be achieved especially when the samples that are being subjected to this assay are highly
diluted [94]. The surface morphology and size of SeNPs from Trichoderma sp. were observed
as hexagonal, spherical or pseudo-spherical and irregular shapes [87,109,112,113]. The size
range of trichogenic nanoparticles observed through TEM is rather broad, depending on
the fungal strain. Overall, studies reported measurements from 26.45 nm (T. harzianum) to
312.5 nm (T. virens) [109,110,112–114]. In addition to TEM analysis, an EDS spectrum can
offer information about the degree of purity of the biosynthesized SeNPs [150].

The scattering phenomenon of X-rays by sample electrons at specific diffraction an-
gles is a frequently employed method to determine the crystallographic particularities
of biogenic nanoparticles. Depending on the X-ray technique, different morphological
particularities can be deduced, like crystal lattice, crystallinity, and the nanoparticles’
size distribution and shape. Considering Bragg’s law, the wide-angle X-ray scattering
(WAXS) offers information about the scattering angles induced by sub-nanometric struc-
tures (0.1–1 nm), and the small-angle X-ray scattering (SAXS) covers the particle sizes from
1 to 100 nm, whereas the ultra-small-angle X-ray scattering (USAXS) extends the analysis
range up to 1000 nm [151]. Complementary techniques that are usually discussed together
with SAXS and USAXS are the small-angle neutron scattering (SANS) and ultra-small-angle
neutron scattering (USANS), respectively, in which the incoming neutrons interact with the
sample nuclei and the neutron scattering is a quantum-mechanical effect [152]. The WAXS
technique (generally identified as XRD) is usually employed to determine the diffraction
patterns of the (bio)synthesized nanoparticles often in comparison with the crystalline date
of the initial reactants to evidence the bio(reduction).

The WAXS technique was used to investigate the reduction of selenium with SeNPs
formation and the crystallographic structure of SeNPs. A detailed structural analysis can
be provided by XRD assay for biogenic SeNPs as well. Several XRD assays confirmed
that biogenic SeNPs in general and trichogenic SeNPs in particular appear as amorphous
structures [87,109–111,150], but there were also reports of a crystalline nature [112,113].
The crystalline nature of SeNPs is probably most influenced by the characteristics of
the bio-corona, especially its size, but the studies performed previously on trichogenic
SeNPs did not investigate this aspect. The XRD studies of trichogenic SeNPs have been
performed only in the wide-angle X-ray scattering (WAXS) mode, which gives information
on the crystalline nature of a material. A relevant XRD analysis of (nano)materials in
general and trichogenic SeNPs in particular should provide crystallographic patterns of
raw materials in comparison with the intermediate (where mechanistically relevant) and
final (nano)materials, focusing on the 2θ peak position, peak relative intensity, diffraction
planes, crystallite size and crystallinity degree (in the case of semi-crystalline nanomaterials).
Surprisingly, it is rather hard to find relevant X-ray diffraction details, even for Na2SeO3 as
a raw material.

The XRD-WAXS patterns of SeNPs biosynthesized using the fungi Aureobasidium
pullulans, Mortierella humilis, Trichoderma harzianum and Phoma glomerata were compared
with the diffraction patterns of elemental Se and SeO2 without peak details [111]. All strains
produced Se with peaks around 22◦, 30◦ and 45◦, and only Trichoderma harzianum produced
both SeNPs and SeO2, with the main SeO2 characteristic peaks around 15◦, 21◦, 24◦, 28◦, 31◦,



Agronomy 2024, 14, 190 12 of 33

34◦, 36◦ and 47◦. Additional XRD peaks were assigned to organic impurities or capping
agents. SeNPs obtained classically by the reduction with ascorbic acid and stabilized
with gum arabic were compared with trichogenic SeNPs bioreduced with T. harzianum
metabolites. The XRD patterns were similar: predominantly amorphous with two broad
peaks around 25◦ and 55◦ [110].

Crystalline trichogenic SeNPs obtained with Na2SeO3 and the culture filtrate of T.
atroviride showed diffraction peaks at 23.80◦, 29.99◦, 41.63◦, 43.95◦, 45.66◦ and 51.99◦ [113].
Meanwhile, other crystalline trichogenic SeNPs obtained with SeO2 and Trichoderma sp.
WL-Go culture broth [112] showed a multitude of diffraction peaks. Out of these, only the
peaks at 23.68◦, 31.36◦ and 44.14◦ were assigned to SeNPs. In contrast, the strong peaks
around 21◦, 24◦, 28◦, 30◦, 32◦, 34◦, 36◦, 38◦, and 46◦ remained unassigned but probably
corresponded to the unreacted SeO2, which had similar characteristic peaks [111].

For other crystalline SeNPs derived from Na2SeO3 reduced with T. harzianum extract,
only the diffraction planes of SeNPs assigned to oval crystalline SeNPs were described [114],
while the apparent 2θ angles assigned to trichogenic SeNPs appeared around 22◦, 26◦,
41◦, 43◦, 45◦, 54◦. Additionally, strong peaks around 24◦, 25◦, 32◦, 33◦, 37◦, and 38◦ were
generally assigned to bioactive compounds from T. harzianum extract and background
noise [114], although it is more probably related to unreacted Na2SeO3, which presented
similar peaks [138,153]. The necessity of analytic comparison of the biosynthesized SeNPs
with the raw materials is therefore essential.

SeNPs synthesized using Trichoderma fungus filtrate were reported in one study to be
amorphous, although the XRD pattern appears to be 100% crystalline without a characteris-
tic broad amorphous peak and instead showing nine sharp peaks. Of these, the strongest
four peaks appeared at 2θ angles: 23.49◦, 29.79◦, 43.77◦ and 45.53◦ [87]. These peaks were
considered similar to the crystalline SeNPs obtained with an ethanol extract of bee propolis,
which had four main XRD peaks at 23.2◦, 29.5◦, 31◦ and 45.5◦ [154]. A high crystallinity of
SeNPs might suggest a weak bio-corona or an incomplete reduction reaction, which could
correlate also with a large particle size (137 nm) and with the high Se weight and low C
and O content determined by SEM-EDX, i.e., 87.98% Se in the mentioned study [87]. These
crystalline SeNPs had biocide properties against Spodoptera litura larvae.

XRD patterns for Na2SeO3 and the corresponding trichogenic SeNPs are provided
in [109]. Sodium selenite had a multitude of peaks between 17 and 70◦, without a particular
mention of the main 2θ angles, but these were visually appearing to be around 18◦, 20◦, 22◦,
24◦, 26◦, 28◦, 32◦, 33◦, 37◦, 38◦, 45◦ and 53◦. The SeNPs appeared to be semi-crystalline with
an amorphous peak centered around 25◦ and additional crystalline peaks comparable with
the main peaks of Na2SeO3. A strong amorphous peak was also found around the 2θ angle
of 25.70◦ in SeNPs reduced with sea buckthorn leaf extract, which was semi-crystalline
but predominantly amorphous due to a bio-corona with a 36% crystallinity degree [138].
This peak was accompanied by small crystalline peaks at 19.18◦, 21.48◦, and 23.30◦, which
were quite different than the main Na2SeO3 peaks at 17.72◦, 20.16◦, 22.00◦, 24.20◦, 26.02◦,
31.64◦, 32.46◦, 36.60◦, 37.64◦, and 44.92◦, suggesting a strong reduction of initial sodium
selenite. The crystallite sizes of these SeNPs were evaluated by WAXS to be around 3.5, 8.9,
6.7 and 12.3 nm with a clear pattern toward a 3 nm core crystallite, which was confirmed
by a similar pattern in SAXS with SeNPs crystallites clusters around 9, 12, 18, 24, 27 and
54 nm [138], as further detailed.

The SAXS technique uses diffraction patterns generated by the particle electron density
at small diffraction angles, usually at 2θ < 2◦, to gather information about the nanoparticle
size distribution, nanoparticle shape or nanopores [155]. SAXS has a number of advantages
over other analytic techniques used for studying nanoparticles like TEM and DLS. For
instance, SAXS offers an overall view on the bulk size distribution of particle diameters
between 1 and 100 nm, whereas the small grid size of TEM and the reduced concentration
of nanoparticles necessary for a good dispersion, together with the natural propensity
toward acquiring aesthetic images, make TEM less relevant for a global picture of the
nanoparticle size distribution. In addition, SAXS is a non-destructive method that allows
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the unaltered recovery of the sample after analysis. Compared to DLS, SAXS has a clear
advantage in analyzing opaque, colored or semi-translucent colloidal suspensions, and
the data reliability of SAX for nanoparticles between 1 and 30 nm is superior to that
of DLS. Additionally, SAXS allows the morphological determination of size, shape, size
distribution, organization and surface structure of the sample electron density differences
in their native (bio)synthesized state, liquid, sol–gel or colloidal, and even in situ synthesis
progression [155]. Actually, the first SAXS study was performed on a “colloidal gold” in
1951 before the term “nanoparticle” was defined [155,156].

The literature of SeNPs characterization using SAXS is scarce, suggesting an avail-
able innovative niche at the crossroads of these two directions. In a first example from
our group, SAXS performed on SeNPs phytosynthesized using sea buckthorn leaf extract
evidenced a polydisperse distribution of SeNPs with four main population between 9 and
60 nm and also suggested, in correlation with WAXS analysis, that the SeNPs nanograins
are clusters of 3 nm crystallites, with SAXS peaks in the scattering wavevector q values
ranges of 0.1–0.7 nm−1 (2θ between 0.2 and 1◦) corresponding to 9, 12, 18, 24, 27 and 54 nm
nanoparticle diameters [138]. In another study, spherical red SeNPs with a mean size
of 45 nm were obtained by the reduction of Na2SeO3 with L-cysteine and further stabi-
lized with 29 kDa polyvinylpyrrolidone [157]. STEM images evidenced relative uniform
spherical nanoparticles with a polymeric shell and diameters between 20 and 60 nm that
agglomerated after solvent drying on the STEM grid, which is a known inconvenience of
the TEM/STEM analysis. SAXS analysis performed between 2θ angles 0 and 1◦ evidenced
a high background noise at 2θ > 0.2◦, and the experimental curve was fitted with a Gamma
distribution model for particles with a 45 nm mean diameter [157]. These SeNPs were used
in combination with a boric acid-based fungicide to protect the wood products against
the brown-rot Serpula lacrymans. SAXS was used to characterize SeNPs obtained by the
reduction of Na2SeO3 with ascorbic acid and stabilized with 200 kDa chitosan as 3% sus-
pension in 2% succinic acid [76]. SAXS performed between the scattering wavevector (q)
values from 0 to 3 nm−1 evidenced a bimodal particle size distribution centered around
2.5 nm and 37 nm in a volumetric ratio of 1:2 [76]. These SeNPs were intended for the
development of adaptogenic drugs due to their biocompatibility and antioxidant properties.
There are no available data of SAXS analysis performed on trichogenic SeNPs, to the best
of our knowledge.

XPS assays of trichogenic SeNPs confirmed the presence of elemental Se by a peak
at the binding energy of elemental Se, 55.6 eV [109]. These data confirm the reduction
of Se from its precursors and implicitly the formation of SeNPs [90]. XPS is a powerful
technique that can give additional information on the bio-corona composition and the
types and energy of Se interactions, e.g., via 3d orbital electrons, with the molecules in the
bio-corona [158,159], but no in-depth analysis is available in the case of trichogenic SeNPs.

Dynamic light scattering (DLS) and SP-ICP-MS techniques can be used to estimate
the size of hydrated SeNPs in solution, including the bio-corona [87]. Whereas TEM
gives information mainly on the size of the selenium core, DLS gives information on the
hydrodynamic radius of the entire structure. SP-ICP-MS can also determine the size of
NPs [111]. The zeta potential indicates the net charge of a particle and is a good indicator
of NP stability in terms of colloidal dispersion and tendency for aggregation. The closer
the value is to zero, the higher the chance that the particles will aggregate due to attractive
van der Waals interactions [160]. Values higher than ±30 mV are considered to be highly
stable. But because the zeta potential does not offer information on the strength of these
van der Waals interactions, there are cases of unstable NP suspensions despite high zeta
potential and vice versa [161]. The zeta potential is determined by the characteristics of the
biomolecules capping the Se core of the NP and forming the bio-corona. The determinations
of zeta potential of biogenic SeNPs indicated that these kinds of structures are in general
rather stable. To the best of our knowledge, there are only a few studies that determined
the zeta potential of trichogenic SeNPs [109,112–114]. An intriguing aspect is that the zeta
potential seems to have significant variations across Trichoderma species and also on the
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fraction of the culture used, in the case of in vitro bio-assisted synthesis, varying from
+11 mV to as negative as −200 mV [109]. This observation deserves further more in-depth
studies, including correlations between the capping biomolecules and zeta potential. Most
of the zeta potentials indicating stable colloidal suspensions of SeNPs had negative values,
whereas the positive values were in the range indicating unstable systems. A comparison
of the zeta values of washed and unwashed SeNPs showed that washing and resuspending
SeNPs in distilled water can enhance their stability [112,113,161].

Another technique that can give valuable information on the compounds forming
the bio-corona is FTIR. This technique has been applied in almost all studies involving
trichogenic SeNPs. Most of the FTIR studies show the existence of hydrogen bonds in the
diagnostic region of 3400–3000 cm−1 and protein bands, e.g., amide bands I, II, and III in
the fingerprint region 1600–1200 cm−1 [87,109,110,112–114], although in some cases, their
presence is not properly discussed. A comparison between the FTIR spectra of trichogenic
SeNPs obtained with the sterile filtrate and control SeNPs with PDB medium showed
spectral differences that indicated a protein-dominant and a saccharide-dominant bio-
corona in the trichogenic SeNPs and control SeNPs, respectively [110]. The FTIR spectra
of T. harzianum extract and SeNPs indicated as well that proteins from the trichogenic
biomass are probably capping the SeNPs [114]. In comparison, FTIR analysis evidenced
the characteristic absorption bands of Se-O and Se=O in Na2SeO3 around 880 cm−1 and
714 cm−1 [136,138] and further selenite reduction by phytosynthesis with sea buckthorn
leaf extract [138] or by pollen–Kombucha fermentation [136]. Here, the SeNPs bio-corona
was stabilized by multiple hydrogen bonds of amino acids, proteins and oligo-saccharides.
FTIR analysis is the most suitable method to evaluate the hydrogen bonding in SeNPs as the
first molecular layer around Se0, the disruption of the hydrogen bonds environment with
strong polar solvents like NaOH and dimethylsulfoxide leading to selenium aggregation
and precipitation [162].

As FTIR data indicate that proteins contribute significantly to the capping and stabi-
lization of trichogenic SeNPs, protein SDS-PAGE electrophoresis can be a valuable tool that
should be used to characterize these proteins. Protein electrophoresis can provide hints on
the abundance of capping proteins, as well as their molecular weight, and, in combination
with LC-MS/MS, the proteins can be identified. There are almost no studies including an
electrophoresis analysis of proteins involved in trichogenic SeNP formation. We found only
one study in which the authors found two protein bands at 15 and 19 kDa proposed to be
part of the capping bio-corona [112], but the bands were not identified.

Using liquid chromatography and mass spectrometry (TripleTOF LC-MS), one research
group identified 35 various metabolites in the aqueous solution of SeNPs produced by
the sterile filtrate of a T. harzianum strain. Among them, there were organic acids, amino
acids, sugars, and some intermediates from the carbohydrate metabolism; 27 compounds
showed potent antifungal activity against phytopathogens [110]. This result indicates that
the bio-corona can be in fact highly heterogeneous, and it partially explains the significant
differences in zeta potential of SeNPs among Trichoderma species. It additionally highlights
the usefulness of combining various complementary techniques to better understand the
properties and role of the bio-corona of trichogenic SeNPs; however, this approach is
currently missing.

Table 2 summarizes the information available from the literature with respect to the
composition and the induced physicochemical characteristics of the bio-corona capping
trichogenic SeNPs.
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Table 2. Composition and physicochemical characteristics of bio-corona capping trichogenic SeNPs.

Trichoderma Strain Bio-Corona Composition Zeta Potential (mV) Crystallinity Methods Ref.

Trichoderma sp. apparently, proteins - crystalline FTIR, XRD [87]

T. brevicompactum
T. asperellum,
T. atroviride,
T. harzianum,

T. virens,
T. longibrachiatum

proteins −200 to +11.8 amorphous/
nano-crystalline FTIR, XRD [109]

T. harzianum
(three strains),

T. koningii,
T. longibranchiatum,

T. atroviride,
T. asperellum,

T. virens

Proteins, organic acids,
amino acids, sugars,

intermediates from the
carbohydrate metabolism

- amorphous FTIR,
LC-MS/MS, XRD [110]

T. harzianum - - amorphous +
Se oxide XRD [111]

Trichoderma sp.
WL-Go proteins, sugars −24.6 crystalline FTIR, zeta

potential, XRD [112]

T. atroviride
(Tri_AtJSB2) sp. proteins −49.3 to −43.7 crystalline FTIR, zeta

potential, XRD [113]

T. harzianum proteins,
hydroxyl molecules −37.8 ± 0.36 crystalline FTIR, zeta

potential, XRD [114]

Two bottleneck issues in manipulating fungal SeNPs are, firstly, its separation from
the fungal biomass in the case of in vivo biosynthesis and especially for intracellularly
formed SeNPs, and secondly, obtaining sterile, pure SeNPs, with an intact bio-corona,
to be biologically tested at the laboratory level. The first issue requires the disruption
of the fungal mycelium, which could influence the characteristics of SeNPs. Moreover,
the intracellular SeNPs could have different properties compared with the ones released
extracellularly in the culture medium during incubation. These aspects are currently still
unexplored and should be investigated in the future.

The bio-corona manipulation of trichogenic SeNPs should be targeted to enhance the
specific SeNPs properties—for example, antimicrobial activities. The antimicrobial activities
of the chemically synthesized SeNPs stabilized with cetyltrimethylammonium chloride
(CTAC) against Escherichia coli, Micrococcus luteus, and Mucor were significantly higher than
those of the initial constituents, including selenious acid [163]. It was reported that the
surface chemistry has the highest influence on the antimicrobial activities of chemically
synthesized SeNPs [164]. The SeNPs stabilized with bovine serum albumin effectively
inhibited monomicrobial and dual-species biofilm development [164].

The trichogenic SeNPs, prepared with filtrate-containing metabolites of T. harzianum
JG309, exhibited a threefold antimicrobial effect compared to chemically synthesized SeNPs.
The biocontrol efficacy of trichogenic SeNPs was more evident than that of chemically
synthesized SeNPs in reducing mycotoxin production by Alternaria and Fusarium toxigenic
strains. The reduction ranged from 63% in the case of fumonisins B1 to 83% in the case of
tenuazonic acid. The proposed mechanisms involve the “recognition metabolites” from the
SeNP bio-corona that drive SeNPs action on the expression of key biosynthetic genes of
mycotoxins [110].

Bio-coronas are complex chemical systems with emergent properties that derive from
the interactions of the components [165]. The complexity of the bio-corona is a significant
challenge for its manipulation directed toward enhancing a specific activity relevant to
a given application. More studies are needed to understand the relationship between
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the biological activities of various Trichoderma proteins and metabolites, their probability
of being included in the “soft” or “hard” bio-corona, and the biological activities of the
resulting SeNPs. The probability of being included in the bio-corona results from the
thermodynamics of the interactions.

Isothermal titration calorimetry (ITC) is used to study the thermodynamic profile
of interactions (binding and dissociation) in solutions/suspensions [166]. In the last few
years, this technique was used to characterize the interactions between the surface of
the SeNPs and the bio-corona [82,83,167,168]. In the ITC experiments, a highly sensitive
microcalorimeter continuously records the calorimetric curve of interactions between the
NP surface and a bio-corona component. The ITC experiment provides thermodynamic
and kinetic information of the biomolecular interaction—the enthalpy variation in the
system (∆H), entropy change (∆S), binding free energy (∆G), the binding constant (Ka),
and the stoichiometry, e.g., the number of binding sites (N) [166]. To the best of our
knowledge, ITC has not been used yet to investigate the formation and stabilization of
trichogenic nanoparticles.

5. Applications of Trichogenic SeNPs

Improvements in crop yield, the management of nutrient levels in soil and plants, in-
sect control, and the management of environmental factors are priorities for the agricultural
sector [120]. Nanoparticles could be one of the solutions to satisfy these requirements, and
it is considered a research direction with great innovative potential. Trichoderma sp. can be
used for the biogenic synthesis of NPs with powerful properties needed for the agriculture
sector. The use of these species might exhibit its potential to act in synergism with the NP
that it produces, providing new leads in creating biotechnologies that might enhance crop
quality and resistance against phytopathogens [92,169].

One of the most prevalent bioactivities of trichogenic SeNPs is their antifungal ac-
tivity [66,92,169,170]. This nanotechnology has been proved to suppress the sporulation
of Sclerospora graminicola, which is the pathogen that causes downy mildew in pearl mil-
let [109]. Biogenic SeNPs synthesized using T. atroviridae strains have been proved to have
great zoosporicidal and antifungal activities for Phytophthora infestans in tomato, which is
one of the most devastating pathogens in tomato [113]. The antifungal mechanism could
be attributed to the united and synergistic effect of SeNPs and diverse fungal metabolites,
including multiple organic acids and its derivates [110]. In addition, SeNPs synthesized by
Trichoderma sp. have larvicidal and antifeedant activity, which is a main component of crop
protection [87]. Recently, Helmy et al. showed a higher antifungal activity of trichogenic
SeNPs against Fusarium oxysporum and a higher reduction of Fusarium wilt infection of
tomato plant compared with selenite [171].

Constant mycotoxins contamination is a serious challenge of crop production, food
safety animal and human health. Trichoderma sp.-derived SeNPs might address these
needs by providing a functional biocontrol of mycotoxins in agricultural and food safety
procedures [110]. These NPs could represent affordable, environmentally beneficial and
non-toxic solutions [113]. A test conducted by our group on Vigna radiata seeds which
germinated in trichogenic SeNPs aqueous solutions validates the non-toxic potential of the
nanoparticles [172].

Several biotests have revealed the biostimulant effects of biogenic SeNPs. Zogra
et al. (2021) highlighted that in addition to beneficial microorganisms, the use of biogenic
SeNPs is known as an environmentally friendly approach to enhance crop production
by alleviating biotic and abiotic stresses (alleviating drought, salinity, heavy metal, heat
stresses, and bacterial and fungal diseases in plants) [173]. Joshi et al. demonstrated
enhanced resistance of tomato to late blight disease by priming mechanisms [115]. The
application of biogenic SeNPs in plants can improve crop value. Moreover, the treatment
of crops with biogenic SeNPs could lead to the production of edible foods fortified with Se,
which might be of great importance in managing the deficiencies of this micronutrient [66].
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Table 3 summarizes the previously reported biological effects of trichogenic SeNPs that
have potential applications in agriculture and the food industry.

Table 3. Biological effects of trichogenic SeNPs with applications in agriculture and the food industry.

Trichoderma Strain Phytopathogen/Pest Plant Effect Ref.

Trichoderma sp. Spodoptera litura castor leaves larvicidal and antifeedant
activity [87]

T. brevicompactum,
T. asperellum, T. atroviride,

T. harzianum,
T. virens

T. longibrachiatum

Sclerospora graminicola pearl millet [Pennisetum
glaucum (L.) R. Br.]

Sporulation and downy
mildew inhibition [109]

T. harzianum (three
strains), T. koningii,
T. longibranchiatum,

T. atroviride,
T. asperellum,

T. virens

Fusarium verticillioide,
Alternaria alternata,

F. graminearum
- antifungal, functional

biocontrol of mycotoxins [110]

T. atroviride
(Tri_AtJSB2) sp.

Phytophthora infestans,
Pyricularia grisea,

Colletotrichum capsica,
Alternaria solani

one-month-old chili
(Capsicum annuum L.)

cultivar ArkaKhyati and
tomato leaves

zoosporicidal and
antifungal activities [113]

T. atroviride
(Tri_AtJSB2) sp. Phytophthora infestans tomato

priming effect, enhanced
resistance to late

blight disease
[115]

T. harzianum

F. oxysporum, Aspergillus
niger, Aspergillus flavus,
Aspergillus fumigatus,

Penicillium marnefeii, Candida
albicans, Candida lipolytica,
Salmonella typhimurium,

Bacillus subtilis, Pseudomonas
aeruginosa, Methicillin

Resistant Staphylococcus
aureus (MRSA),

Staphylococcus aureus,
Escherichia coli,

Enterococcus faecalis

tomato
antimicrobial activity,
reduction in Fusarium

wilt infection
[171]

Trichoderma spp. Fusarium sp. Vigna radiata Reduced toxicity,
antifungal, biostimulant [172]

For a proper optimization of the trichogenic SeNPs bioactivity and use in agriculture,
the mechanism behind the biological effects needs to be understood in depth, such as the
priming mechanisms mentioned above, as well as the properties that correlate with its
bioactivity. The first step is to establish these correlations; in this sense, only a handful
of studies provide some information with respect to trichogenic SeNPs. Nandini et al.
found an inversely proportional correlation, but with a modest correlation coefficient,
between the growth and proliferation inhibition of S. graminicola and the size of the SeNPs
produced by various fractions of Trichoderma spp. Cultures [109]. The reason for this type
of correlation is not straightforward, as the sizes of SeNPs were in general larger than
50 nm, reaching microparticle regime (>100 nm). The translocation of SeNPs of this size
into the cells would be rather difficult, although the smallest nanoparticles present are
probably translocated. Other explanations might contribute more, such as a different rate
of selenium disproportionation or differences in the biomolecules forming the bio-corona.
It would have been interesting to perform a correlation analysis with the zeta potential as
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well, which varied largely in their study, depending on the Trichoderma strain and culture
fraction used, as we mentioned above.

In another study, the antifeedant activity of trichogenic SeNPs against Spodoptera
litura was directly proportional to the nanoparticle concentration [87]. Other correlations
between trichogenic SeNPs activity and their properties are not available according to
our survey. Questions remain open on if and how the capping bio-corona variation, in
relation to the SeNP crystallinity, affects the bioactivity, considering the differences between
the Trichoderma species observed. There is no systematic study available to assign any
particular capping composition to a specific effect. Moreover, few investigations studied
whether the effects observed are due to the capping biomolecules, the released soluble Se
species or small trichogenic SeNPs that could translocate into the cells, or whether there is
a synergism/antagonism between these contributions and to what extent. As mentioned in
Section 4, the work of Hu et al. showed that the trichogenic SeNPs significantly enhanced
the antifungal activity against phytopathogens compared with standard SeNPs [110]. The
enhanced activity was despite a lower absorption of selenium from trichogenic SeNPs
compared with standard SeNPs, as determined by ICP-MS, which indicates that it was
mainly due to metabolites such as organic acids forming the bio-corona. An analysis
of speciation would have helped to estimate the absorbed elemental Se from other Se
species. Moreover, we believe that the constituents of the NP could influence each other.
For example, the capping bio-corona might influence the Se disproportionation reactions,
and the disproportionation could influence the bio-corona’s stability. For example, the
protein corona was proposed to reduce the oxidation of trichogenic SeNPs [171]. Therefore,
investigations of the stability of SeNPs should consider not only colloidal aspects but also
the oxidation state of Se and the bio-corona’s integrity. Bacterial proteins were shown to
influence the size of SeNPs [137], and this is probably true for fungal proteins as well.

The plant biostimulant effects of trichogenic SeNPs on seed germination have not been
yet investigated. The application of Trichoderma strains on seeds promotes germination
and seedling development [66,174,175]. The chemically synthetized SeNPs, stabilized
with didecyldimethylammonium chloride, improved the germinability and germination of
barley seeds (Hordéum vulgáre L.) with impaired morphofunctional characteristics due to
10 years of storage [176]. The trichogenic SeNPs should have a better effect as biostimulants
of seed germination due to the combined effect of SeNPs and the bio-corona consisting of
proteins and metabolites from biostimulant Trichoderma strains.

All in all, the relatively limited information available indicates that specifically targeted
effects could be obtained by manipulating the in situ capping of SeNPs with the most
suitable metabolites able to form stable complexes with the nanoparticles. That is why
it is important that future studies include an in-depth characterization of the trichogenic
bio-corona mentioned in Section 4. The biotests of in vitro particular designs of specific
bio-corona combinations with Trichoderma metabolites and proteins would help optimize
the outcome.

The strains from Trichoderma are plant-beneficial fungi with multiple agronomical
functions: plant protection against plant pathogens [177], fungi, [178,179], bacteria [180],
viruses [181], nematodes [182,183] and insects [184,185]; plant biostimulants [186], increas-
ing nutrient uptake and nutrients use efficiency [122], enhancing plant tolerance to abiotic
stress [187], and improving crop quality traits [188]; biofortification enhancers [189]; and
agents for bioremediation [190]/phyto(rhizo)remediation [191,192].

Selenium nanoparticles demonstrated similar agronomical functions as biostimu-
lant [193], plant protection [115], biofortification [194] and phytoremediation agents [195].

Trichoderma agronomical functions are mediated by various categories of bioactive com-
pounds: proteins, lytic exo-enzymes [196], expansin-like proteins [197], hydrophobins [198],
other protein elicitors [199], and secondary metabolites [200] such as 6-pentyl-pyrones [201],
trichothecenes [202], peptaibols [203], siderophores [204], and butenolide [205]. The in-
volvement of these bioactive compounds in the bio-corona of the trichogenic SeNPs should
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enhance SeNPs’ agronomical function—as it is possible to share activities among the
biological systems.

In addition, for agricultural applications in open fields, one has to consider the effects
of soil microbiota and composition on SeNPs. Microorganisms, including fungi, can
induce not only a reduction but also oxidation and methylation of selenium species, which
could influence the Se disproportionation and the relative abundance of various states of
Se [111,206].

Potential Environmental Impacts and Safety Considerations of SeNPs Use in Agriculture

Quite a few studies describe the use of selenium and selenium-based products in
agriculture, especially for plant biofortification and phytoremediation. These practices
aim to manage selenium deficiencies in humans and animals [8,32,207–214]. The available
reports acknowledge this novel biotechnology could be a safe, sustainable and simple
alternative to other forms of selenium in agricultural applications. The main advantages of
SeNPs reported so far referred to the higher biological activity and bioavailability as well
as the lower toxicity of nano-selenium [8,25,103,193,215–220].

A complete understanding of putative secondary effects and the environmental impact
of products used in crop management is mandatory for preserving both food safety and
sustainability in agricultural practices. The trichogenic SeNPs have not been investigated
in terms of ecological safety and/or environmental impact yet. Therefore, we present here
general aspects concluded from studies of other types of SeNPs as well as aspects that
should be established for trichogenic SeNPs in future research.

In addition to the production of Se-enriched edible crops, which might prevent and
counteract selenium deficiencies, the environmental impact of SeNPs agricultural uses
seems to be mostly beneficial, considering the fact that SeNPs act as efficient heavy metal de-
contaminants for soil and waters [57,221]. Additionally, the antimicrobial activity of SeNPs
could enhance soil quality and preserve plant health by inhibiting pathogen growth [51].

The progress achieved through industrialization has come at the cost of heavy metal
pollution, which has become a pressing ecological issue over the last two centuries. This
phenomenon was proved to be health threatening, as exposure to heavy metals might
cause DNA damage, neurotoxicity, cell membrane damage and protein-related metabolic
disorders in humans [222,223]. A wide range of studies described SeNPs, particularly of
biogenic nature, to be great decontaminants for heavy metal-polluted waters and soils.
SeNPs have proved to be excellent tools in the nano-bioremediation of these biospheres due
to their capacity to adsorb heavy metals [57,66,221,224–229]. In addition to their ability to
reduce heavy metals (directly or post-adsorption) to lower, less toxic, valence states, SeNPs
possess some additional properties which ensure an efficient adsorption of contaminants.
Precisely, the interaction forces between SeNPs and heavy metals are enhanced by the
amorphous surface of the nanoparticles, which consequently increases absorptivity rate.
Even more, nanoparticles have a large and active surface area and possess numerous
active sites, which increases the reaction yield of these adsorbents with the contaminant
substrates [229–231]. The bio-corona that caps the biogenic SeNPs promotes the formation
of electrostatic and chemical interactions with the contaminants, facilitating heavy metal
entrapment on the SeNPs surface. Therefore, SeNPs entering vital ecosystems such as
soils and water through agricultural uses might bring additional detoxifying benefits to a
metal-polluted environment [227].

The antimicrobial properties, described in Section 5 of this review, bring out the ben-
efits of agricultural uses of SeNPs in plant defense against phytopathogens. However,
these benefits could be extended by improving the soil ecosystems in terms of rhizosphere
microbiome. Not only could SeNPs prevent and combat plant diseases, they could also
be efficient antimicrobial agents for soils and simultaneously preserve the probiotic activ-
ity [51,232–234]. Moreover, SeNPs seem to directly enhance soil quality by improving its
enzymatic content and ensuring an optimal level of signaling molecules, which might trig-
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ger plant defense mechanisms. SeNPs might also improve the soil quality by preserving and
stimulating beneficial organic substances which are necessary for plant growth [51,67,235].

The ecological safety of SeNPs has not been extensively analyzed yet. However, there
are some studies that stated the adverse impact of SeNPs on the environment. It has been
established that the toxic behavior of SeNPs varies greatly among plant and animal species
and it is mainly dose-dependent. The time of exposure and type of biogenic coating are
also important factors which might determine the degree of toxicity and stability of these
compounds. The accumulation of selenium, which might be ecologically hazardous, is
influenced by similar factors [67,85,236–238]. Therefore, although SeNPs are generally
considered much safer than other forms of selenium, it is tremendously important to
take into consideration that any potential application of this resourceful and innovative
bionanotechnology should be adapted and optimized especially in terms of dosage and
time of exposure.

6. Future Research Directions

As mentioned in the Introduction, the biosynthesis of SeNPs by Trichoderma spp. is still
an insufficiently explored subject, despite the fact that the first study was reported in 1995.
Still, interest has grown in the last few years, which is due in part to the development of
plant biostimulants and plant protection bioproducts. The future directions should fill the
knowledge gaps that limit the exploitation of the agronomical functions of trichogenic sele-
nium nanoparticles. In particular, future works should address the significant research gaps
that remain at present. These include deciphering the complete mechanism of trichogenic
SeNPs biosynthesis as well as providing a more in-depth characterization of in vivo versus
in vitro (intracellular and extracellular in both cases) produced SeNPs for the same Tricho-
derma strains, especially with respect to the bio-corona and the dissociation of biomolecules
from it. Other research avenues include investigating its biological activity, optimizing the
production yield, processing SeNPs, manipulating the bioactivity of SeNPs, finding new
applications of SeNPs, assessing their safety, and determining the environmental impact of
trichogenic SeNP use in agriculture.

In the case of characterization, using as many as possible of the methods described
in Section 4 on the same system will help build a more complete picture of the system,
correlating physicochemical characteristics to the biological activities. In particular, the
composition and characteristics of the bio-corona should be characterized in depth, using
techniques such as DLS, zeta potential, analytical ultracentrifugation, surface tension and
contact angle, FTIR, SDS-PAGE, proteomics, LC-MS, ITC, etc. An important aspect is that
the characterizations should be performed additionally under relevant conditions related
to the targeted applications. The modifications and transformation of SeNPs under these
conditions should be established. The stability of the bio-corona and the oxidation state of
Se should be considered complementary to the colloidal stability of trichogenic SeNPs.

For optimizing the yield and quality of SeNPs biosynthesis, design of experiments
(DoE) such as response surface methodology (RSM) combined with high-throughput
screening (HTS) are useful techniques that should be taken into consideration for an
efficient output. These approaches are useful for reducing the number of experiments,
producing optimal results and providing information on the interactions between the
independent parameters. The main problem in applying these techniques lies in the
manipulation of SeNPs post-synthesis, which is usually time consuming and most often
performed manually. This could be solved by using multi-well plates, in combination with
multichannel pipettes, multiscreen filter plates and, if available, robot systems. Another
issue that could arise is the need for high-force centrifugation in order to sediment the
SeNPs. This cannot be completed using multi-well plates; other methods would need to be
developed. Up to now, this type of optimization has not been reported for the biosynthesis
of SeNPs to the best of our knowledge. In the case of in vivo intracellular SeNPs, optimal
methods for mycelium disruption should be developed in the future.



Agronomy 2024, 14, 190 21 of 33

Another focus of future research should be the optimization of biosynthesis parame-
ters in order to maximally reduce the aggregation of trichogenic SeNPs produced in vivo.
This would facilitate obtaining pure, sterile-filtered SeNPs that could be properly charac-
terized, biologically tested and formulated. Comparison with in vitro-produced SeNPs
would be facilitated and should be performed. For agronomical applications, non-sterile
trichogenic SeNPs can be applied as well, but the contribution of individual components to
the biological effects should be known.

Regarding individual components, the contribution of individual SeNP parameters
such as capping composition and properties, size, crystallinity, etc. on the biological
effects observed should be established. The biological effects should be further assigned to
individual contributions such as bio-corona molecules, released soluble selenium species,
intracellular translocated SeNPs, etc., and eventual relations of synergism/antagonism
between them should be established. Knowing how these individual parameters of SeNPs
influence each other will be beneficial for the best optimization of the final formulation for
the specific application considered.

A systemic approach is needed to select the optimal Trichoderma strain and parameters
for the formation of such trichogenic SeNPs sharing activities with the biological system in
question—see Figure 2.
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Figure 2. The systemic investigation to select Trichoderma strains and the optimal conditions producing
trichogenic SeNPs that share activities with the biological systems in question.

The approach proposed in Figure 2 follows the CESM (Composition, Environment,
Structure and Mechanism) model [239]. The composition of the bio-corona (proteins,
metabolites) results from the peculiarities of each Trichoderma strain and is investigated
by the methods presented in Section 4. The environment provides the component of the
“soft” and “hard” bio-corona and is characterized by (optimal) parameters to form and to
stabilize the SeNPs—temperature, pH, and light intensity. The structure notion refers to the
interaction between the bio-corona components. The mechanisms represent the processes
involved in the slow release of the inorganic selenium species and bio-corona components
from trichogenic SeNPs and in the common/enhanced biological activity. The CESM model
was used as a systemic approach to explain the emergent properties of biological systems,
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including plant ecology [240]. This systemic approach is intended to further develop
trichogenic SeNPs as complex chemical systems that contain complex elements relevant to
biological activities and agronomical functions with the biological systems in question. The
plant-beneficial strains from Trichoderma genera were selected due to their multifaceted role
in cultivated plant management and similar agronomical functions.

The research and development activities needed to upscale the Trichoderma-mediated
SeNPs biosynthesis for commercial applications are summarized in Figure 3. These activi-
ties are related to the upscaling of the selected conditions for producing trichogenic SeNPs
that share activities with the biological systems in question, creating formulations specific
for the intended agronomical application, and developing the precise application systems.
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The production of extracellular SeNPs should benefit from the emergent fungal biofilm
bioreactors [241]. Selection of the most appropriate material used as support for biofilm
development is necessary since the physicochemical surface properties of these materials
modulate biofilm physiology and the production of proteins and metabolites [242]. In
the case of the intracellular biosynthesized SeNPs, a critical upscaling scale is cellular
lysis [243]. Mild energy/shearing force should be used to reduce the probability of bio-
corona destabilization. Adaptation of the ultrafiltration techniques to SeNPs is needed for
an efficient separation from cell debris [244].



Agronomy 2024, 14, 190 23 of 33

Reduction in the water activity for long-term storage, requested for technology upscal-
ing to the commercial level, should be combined with developing various formulations
(water-dispersible powder/granules, concentrated solution, film-forming formulations),
specific for agronomical applications—seed coating, foliar spraying, soil drenching, injec-
tion in the drip irrigation systems [245].

Efficient SeNPs applications bearing fruit from SeNPs bioenhanced agronomical func-
tions require the development of adapted precision application systems [246,247]. The
innovation ecosystems that promote such developments are the Living Labs, wherein the
scientists and farmers share knowledge, providing user-centric ideas and solutions [248].
The context-related, holistic knowledge of the farmers will support the sustainable ex-
ploitation of the agronomical functions of trichogenic SeNPs sharing activities with the
biological systems in question [249,250]. In the innovative ecosystem of Living Labs, new
directions for trichogenic SeNPs applications, i.e., sprout and microgreen biofortification,
food packaging, and the control of food pathogens, could be developed and upscaled.

7. Conclusions

Selenium nanoparticles (SeNPs) have been intensely studied over the last decade due
to their extraordinary properties and their various biological activities. The present review
confirms that the biosynthesis of selenium nanoparticles involving Trichoderma sp. reveal
promising potential in an eco-friendly manner. The SeNPs obtained through trichogenic
biosynthesis are non-toxic and have enhanced biological activity compared with chemically
synthesized SeNPs. The current study described as well several documented hypotheses
on the fungal-mediated NP biosynthesis that could explain the synthesis mechanism
of trichogenic SeNPs. Biogenic nanoparticles, including the trichogenic SeNPs, can be
characterized by a wide range of analysis methods, depending on the aim of their final use.
Many pieces are still missing in the puzzle, and more complementary physicochemical and
biological investigations should be performed as well as correlation analysis for optimizing
the biological activity. Applications of trichogenic selenium nanoparticles target mainly the
agri-food sector, aiming to improve crop quality.
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and toxicity of differently coated selenium nanoparticles under model environmental exposure settings. Chemosphere 2020, 250,
126265. [CrossRef]

https://doi.org/10.1079/PNS2006490
https://doi.org/10.1079/NRR200255
https://doi.org/10.21608/ejss.2022.176648.1553
https://doi.org/10.3390/soilsystems4030057
https://doi.org/10.1088/1755-1315/1213/1/012043
https://doi.org/10.1134/S1995078017050032
https://doi.org/10.1515/gps-2022-8121
https://doi.org/10.21608/ejss.2023.190428.1570
https://doi.org/10.2166/wst.2023.255
https://doi.org/10.1016/j.jenvman.2018.03.077
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1021/je2000777
https://doi.org/10.1016/j.cej.2014.09.057
https://doi.org/10.1016/j.molliq.2023.123680
https://doi.org/10.1016/j.enmm.2022.100729
https://doi.org/10.1007/s10311-016-0560-8
https://doi.org/10.1038/s41598-021-86573-9
https://www.ncbi.nlm.nih.gov/pubmed/33772093
https://doi.org/10.3390/nano10081551
https://doi.org/10.3389/fmicb.2021.746046
https://www.ncbi.nlm.nih.gov/pubmed/34589080
https://doi.org/10.1007/s13204-023-02798-2
https://doi.org/10.1016/j.envres.2020.110630
https://doi.org/10.1021/acsomega.0c02448
https://www.ncbi.nlm.nih.gov/pubmed/32715263
https://doi.org/10.1016/j.chemosphere.2020.126265


Agronomy 2024, 14, 190 33 of 33

237. Abdelnour, S.A.; Alagawany, M.; Hashem, N.M.; Farag, M.R.; Alghamdi, E.S.; Hassan, F.U.; Bilal, R.M.; Elnesr, S.S.; Dawood,
M.A.O.; Nagadi, S.A.; et al. Nanominerals: Fabrication Methods, Benefits and Hazards, and Their Applications in Ruminants
with Special Reference to Selenium and Zinc Nanoparticles. Animals 2021, 11, 1916. [CrossRef]

238. Sarkar, B.; Bhattacharjee, S.; Daware, A.; Tribedi, P.; Krishnani, K.K.; Minhas, P.S. Selenium Nanoparticles for Stress-Resilient Fish
and Livestock. Nanoscale Res. Lett. 2015, 10, 371. [CrossRef]

239. Bunge, M. Emergence and Convergence: Qualitative Novelty and the Unity of Knowledge; University of Toronto Press: Toronto, ON,
Canada, 2015.

240. Wegner, L.H. Formalizing complexity in the life sciences: Systems, emergence, and metafluxes. Theor. Exp. Plant Physiol. 2023,
in press. [CrossRef]

241. Musoni, M.; Destain, J.; Thonart, P.; Bahama, J.B.; Delvigne, F. Bioreactor design and implementation strategies for the cultivation
of filamentous fungi and the production of fungal metabolites: From traditional methods to engineered systems. Biotechnol.
Agron. Soc. Environ. 2015, 19, 430–442.

242. Kakahi, F.B.; Ly, S.; Tarayre, C.; Deschaume, O.; Bartic, C.; Wagner, P.; Compère, P.; Derdelinckx, G.; Blecker, C.; Delvigne,
F. Modulation of fungal biofilm physiology and secondary product formation based on physico-chemical surface properties.
Bioprocess Biosyst. Eng. 2019, 42, 1935–1946. [CrossRef] [PubMed]

243. Das, B.S.; Das, A.; Mishra, A.; Arakha, M. Microbial cells as biological factory for nanoparticle synthesis. Front. Mater. Sci. 2021,
15, 177–191. [CrossRef]

244. Zhang, Z.M.; Adedeji, I.; Chen, G.; Tang, Y.N. Chemical-Free Recovery of Elemental Selenium from Selenate-Contaminated Water
by a System Combining a Biological Reactor, a Bacterium-Nanoparticle Separator, and a Tangential Flow Filter. Environ. Sci.
Technol. 2018, 52, 13231–13238. [CrossRef] [PubMed]

245. Nisha Raj, S.; Anooj, E.S.; Rajendran, K.; Vallinayagam, S. A comprehensive review on regulatory invention of nano pesticides in
Agricultural nano formulation and food system. J. Mol. Struct. 2021, 1239, 130517. [CrossRef]

246. Goyal, V.; Rani, D.; Ritika; Mehrotra, S.; Deng, C.; Wang, Y. Unlocking the Potential of Nano-Enabled Precision Agriculture for
Efficient and Sustainable Farming. Plants 2023, 12, 3744. [CrossRef]

247. Zain, M.; Ma, H.; Ur Rahman, S.; Nuruzzaman, M.; Chaudhary, S.; Azeem, I.; Mehmood, F.; Duan, A.; Sun, C. Nanotechnology in
precision agriculture: Advancing towards sustainable crop production. Plant Physiol. Biochem. 2024, 206, 108244. [CrossRef]

248. Yousefi, M.; Ewert, F. Protocol for a systematic review of living labs in agricultural-related systems. Sustain. Earth Rev. 2023, 6, 11.
[CrossRef]

249. Beaudoin, C.; Joncoux, S.; Jasmin, J.-F.; Berberi, A.; McPhee, C.; Schillo, R.S.; Nguyen, V.M. A research agenda for evaluating living
labs as an open innovation model for environmental and agricultural sustainability. Environ. Chall. 2022, 7, 100505. [CrossRef]

250. Toffolini, Q.; Hannachi, M.; Capitaine, M.; Cerf, M. Ideal-types of experimentation practices in agricultural Living Labs: Various
appropriations of an open innovation model. Agric. Syst. 2023, 208, 103661. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani11071916
https://doi.org/10.1186/s11671-015-1073-2
https://doi.org/10.1007/s40626-023-00293-1
https://doi.org/10.1007/s00449-019-02187-6
https://www.ncbi.nlm.nih.gov/pubmed/31401655
https://doi.org/10.1007/s11706-021-0546-8
https://doi.org/10.1021/acs.est.8b04544
https://www.ncbi.nlm.nih.gov/pubmed/30335990
https://doi.org/10.1016/j.molstruc.2021.130517
https://doi.org/10.3390/plants12213744
https://doi.org/10.1016/j.plaphy.2023.108244
https://doi.org/10.1186/s42055-023-00060-9
https://doi.org/10.1016/j.envc.2022.100505
https://doi.org/10.1016/j.agsy.2023.103661

	Introduction 
	Methods of Trichogenic SeNPs Biosynthesis 
	Putative Mechanism of Trichogenic SeNPs Biosynthesis 
	Characterization and Manipulation Issues of SeNPs 
	Applications of Trichogenic SeNPs 
	Future Research Directions 
	Conclusions 
	References

