
molecules

Review

Polymer Nanocomposites of Selenium Biofabricated
Using Fungi

Olga Tsivileva 1,* , Alexander Pozdnyakov 2 and Anastasiya Ivanova 2

����������
�������

Citation: Tsivileva, O.; Pozdnyakov,

A.; Ivanova, A. Polymer

Nanocomposites of Selenium

Biofabricated Using Fungi. Molecules

2021, 26, 3657. https://doi.org/

10.3390/molecules26123657

Academic Editors: Andrea Dorigato

and Giulia Fredi

Received: 21 May 2021

Accepted: 12 June 2021

Published: 15 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Institute of Biochemistry and Physiology of Plants and Microorganisms, Russian Academy of Sciences,
13 Prospekt Entuziastov, 410049 Saratov, Russia

2 A.E. Favorsky Irkutsk Institute of Chemistry, Siberian Branch of the Russian Academy of Sciences, 1 Favorsky
St., 664033 Irkutsk, Russia; pozdnyakov@irioch.irk.ru (A.P.); ivanovaAA-1964@yandex.ru (A.I.)

* Correspondence: tsivileva@ibppm.ru

Abstract: Nanoparticle-reinforced polymer-based materials effectively combine the functional prop-
erties of polymers and unique characteristic features of NPs. Biopolymers have attained great
attention, with perspective multifunctional and high-performance nanocomposites exhibiting a
low environmental impact with unique properties, being abundantly available, renewable, and
eco-friendly. Nanocomposites of biopolymers are termed green biocomposites. Different biocom-
posites are reported with numerous inorganic nanofillers, which include selenium. Selenium is a
micronutrient that can potentially be used in the prevention and treatment of diseases and has been
extensively studied for its biological activity. SeNPs have attracted increasing attention due to their
high bioavailability, low toxicity, and novel therapeutic properties. One of the best routes to take
advantage of SeNPs’ properties is by mixing these NPs with polymers to obtain nanocomposites
with functionalities associated with the NPs together with the main characteristics of the polymer
matrix. These nanocomposite materials have markedly improved properties achieved at low SeNP
concentrations. Composites based on polysaccharides, including fungal beta-glucans, are bioactive,
biocompatible, biodegradable, and have exhibited an innovative potential. Mushrooms meet certain
obvious requirements for the green entity applied to the SeNP manufacturing. Fungal-matrixed
selenium nanoparticles are a new promising biocomposite material. This review aims to give a
summary of what is known by now about the mycosynthesized selenium polymeric nanocomposites
with the impact on fungal-assisted manufactured ones, the mechanisms of the involved processes at
the chemical reaction level, and problems and challenges posed in this area.

Keywords: polymer nanocomposites; selenium nanoparticles; selenium-containing biocomposites;
green synthesis; fungi; mushrooms; mechanism

1. Introduction

Fungal-assisted fabrication of nanoparticles (NPs), with their broad set of applications,
has attracted the attention of scientists to a novel area of research, myconanotechnology [1],
which manipulates the matter in a nanoscale order and includes mainly the synthesis pro-
tocols of NPs using fungal biomass and metabolites. Selenium is an essential microelement
in every living organism, and in humans, it encourages the immune system to perform
properly and exhibits powerful anticancer and antimicrobial effects [2]. More ecologically
safe and beneficial approaches to obtaining the Se-based products are the current challenge.
By combining nanotechnology with the intrinsic biological activity of selenium, unexpect-
edly efficient tools for possible applications of selenium-containing NPs (SeNPs) could
be identified because of their appealing physicochemical and functional properties [3,4].
However, the SeNPs were prone to aggregation into clusters in liquid media, leading to
a much lower bioactivity and bioavailability. A solution appeared to be found, as the
modification of the SeNP surface with polymers can lead to dispersed particles in the
polymer matrix and the occurrence of nanocomposites.
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Polymer-based particulate systems have found widespread applications in different
areas of research as well as everyday life [5]. Polymeric nanomaterials are promising for
the development of substances for magnetic resonance tomography, efficient media for
magnetic-controlled transfer of drugs, agents for the treatment of malignant tumors, and
systems of targeted delivery of contrasting and medicinal agents [6]. Polymer nanocompos-
ites have been a focus of attention, particularly because of their enhanced physicochemical,
engineering [7], and drug-conjugating [8] properties. Such nanocomposites have found
their extensive applications in diverse fields ranging from food packaging [9] and the
environment [10,11], including water and wastewater treatment [12] to medicine [13,14].
Today, myconanotechnology has broadened the scope of polymeric materials application
by introducing the polymer element-containing nanocomposites, where the element may
be selenium. In this way, the goal of dramatically enhanced performance of both SeNPs
and the polymer matrix itself could be achieved. Comparative studies of the chemically
and biologically synthesized polymeric composites comprising SeNPs would contribute
to the scientific foundations of manufacturing and implementing the innovative agents
under question. Both the mentioned approaches have deserved a lot of attention and are
discussed in this review, with the focus on mycosynthesis offering countless possibilities.

Even though several reviews related to the natural production of valuable NPs by
means of microorganisms were published in 2014 [3,15] and very recently [16], the over-
whelming majority have been devoted to metallic NPs [17–19]. The pieces of information
on the mechanisms behind the bio-mediated synthesis of SeNPs to yield their biocompos-
ites have not been compiled yet. The attempt to somehow fill this gap in the review would
allow the production of selenium-based polymer nanocomposites mediated by medicinal
and edible fungal cultures to be put into practice. Moreover, several low-molecular-mass
Se-supplying compounds along with polymeric components, both synthetic and natural
ones, for the Se-nanocomposites synthesis procedures and some chemical aspects of their
formation, advantages, and limitations, as well as challenges encountered, are considered.

2. On the Definitions of Nanocomposites

A composite is a generally recognized material composed of one to several different
materials or polymers with a marked difference in chemical or physical properties. Com-
posites combine different materials in a single device [20]. Composites are used to produce
customized properties through enhancing or imparting certain features that cannot be
demonstrated by particular homogeneous substances [21]. Composites are capable of
having their properties tailored by a series of variables, as the type, concentration, size, and
shape of the constituents.

Nanomaterials are materials that have structural nanosized components. For the
last one or two decades, nanomaterials have been successfully applied to various and
numerous areas such as medicine, biology, catalysis, sensing, etc., owing to their unique
mechanical, electrical, optical, and magnetic properties when compared with conventional
materials. In recent years, nanotechnology merging with material sciences has resulted
in the development of nanocomposite materials with highly enhanced thermal, catalytic,
electrical, optical, and mechanical properties compared to the individual components. One
of the approaches was to introduce various kinds of fillers into the polymeric matrix to
provide reinforcing filler composites. These complex materials are generally prepared by
the incorporation of inorganic fillers into polymer matrices [7] using various processing
techniques. The science of particle reinforced composites has shown that the size of filler
materials has a profound effect on the resulting properties of the composite. This is because
surface interactions with the matrix, adhesion, particle motion, dispersion, bonding, etc.,
depend a great deal on the size of the filler particle. Because some of these effects increase
with a decrease in filler size, they have a more profound impact on the properties at
the nanoscale. Nanoscale fillers possess very large surface-to-volume ratio, and because
properties like catalytic and chemical reactivity and others depend on the nature of the
interface, these properties change dramatically. When a polymer matrix is combined
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with reinforcement materials having at least one of its dimensions in the nanoscale, a 3D
structure is formed called polymer nanocomposite material. The development of this
technology has enthused researchers to explore promising nanocomposites with a large
surface-to-volume ratio compared to their bulk material (metal or non-metal). Polymer–
nonmetallic composites can be fabricated by the incorporation of nonmetal fillers inside
the polymer matrix or as coatings in the polymer surface, producing the so-called polymer–
nonmetal nanocomposites.

Eco-friendly and green chemistry approaches are appreciated to avoid possible envi-
ronmental contamination. Such environmentally friendly, renewable polymer composites
are called green polymer (nano)composites, the major attractions of which are sustain-
ability and biodegradability along with impressive physicochemical properties. When
polymeric composites contain specific biological phases, they are defined as biocompos-
ites [22]. Biogenic polymer nanocomposites have appeared owing to the fact that the above
manufacturing processes could be performed by microorganisms including fungal cultures.
In particular, mushroom-based microbial biosynthesis is emerging as a novel technique for
the production of diverse forms of NPs, as the technique is economic, non-laborious, and
most importantly eco-friendly.

3. Fungal Features to Be Recruited in Se-Nanomaterial Synthesis

In general, when conventional physical and chemical methods of nanomaterial synthe-
sis run into bottlenecks, researchers have begun to pursue a milder and more eco-friendly
approach [23]. Along with Se-nanomaterials fabricated by physical synthesis or chemical re-
duction of inorganic salts, research has focused on developing a nature-derived alternative
production method [16]. The use of pathogenic microbes is not advisable for nanomaterial
synthesis. Restrictions in further applications of the produced NPs should be remembered,
involving human, animal, or other living organism contacts in the environment [24]. NP
synthesis with eukaryotic microorganisms has emerged as a better alternative to prokary-
otes due to their high intracellular uptake capability, ability to synthesize NPs with different
chemical compositions, ability to produce a large number of metabolites per unit biomass,
and easy biomass handling at the laboratory scale [25]. A reliable and nontoxic method to
manufacture SeNPs applicable to the food and biomedical fields can be realized through
biogenic procedures using fungi [26].

Fungi are eukaryotic microorganisms preferred over other organisms for the large-
scale production of NPs [27]. Fungal biomass normally grows faster than that of bacte-
ria [28], and fungi keep on growing even after the formation of NPs. The development of
mycelium with its large surface area for interactions is accompanied by the accumulation
of a variety of fungal biopolymers offering numerous reaction sites for the formation of
NPs and their protection/entrapment within the shell structure [29]. Live fungus and
isolated fungal-cell fractions frequently show an equal efficiency of NPs production and
properties [24]. It is evident that the accumulated NPs trigger several physiological and
biochemical changes in the microbes; however, fungi can tolerate even a toxic NP material
(as heavy metal) in the reaction medium at a level greatly exceeding the accepted permissi-
ble limit in a contaminated environment [30]. In the presence of fungi, many types of NPs
could form on the surface of mycelia and even a transformation monitored visually by a
change in color of the fungal biomass, e.g., pink to red coloring of medium or mycelium
caused by visually observable elemental selenium deposition [31]. Monitoring of color
change to different degrees of orange or red color has been repeatedly used to assess the
SeNPs bioproduction [32,33].

There are several reports available on the NPs’ synthesis using fungi. Major work
has been done with silver NPs produced by fungi extracellularly or intracellularly since
2001 [34–37]. Ag-nanostructures can start from different extracts featured by the plentiful
and diversified metabolites [38], including extracts from mushrooms. Vamanu et al. [39]
described a mushroom-extract-based green AgNPs synthesis process mediated by Lactarius
deliciosus. Moreover, it was the first report to characterize the effect of AgNPs against some
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bacteria as a part of the intestinal microbiota, in terms of both metabolic and biodiversity
changes. In particular, a synergistic antibacterial activity against various pathogenic
microorganisms was established [39].

Biosynthesis of gold NPs from fungi was reviewed in 2015 [40] and has been further
developed [41,42]. The works [17,27,43–45] focus on the synthesis of metal NPs of varying
sizes and shapes from the diverse fungal species. The authors also discuss the metal
NPs’ potential bio-prospective applications. Metal oxide-based NPs were also studied.
Salunke et al. [46] suggested the role of the Saccharomyces cerevisiae cell wall composed of
chitin, glucan, mannoprotein, other proteins, etc., in Mn(IV) oxide NPs’ synthesis and stabi-
lization. Many other mycosynthesized metal-oxide-based NPs have been explored within
this promising field of research [47]. Filamentous fungi were reported for SeNPs synthe-
sis. Aspergillus terreus and A. oryzae were shown to biosynthesize Se nanoparticles [48,49].
A. terreus cell-free filtrate produced polydisperse Se nanoparticles of the size 10–100 nm.
Mosallam et al. employed a distinct approach to SeNPs mycosynthesis by exposing the
cell-free filtrate to Se-containing ions in the presence of gamma rays to maximize NP
production [49].

Synthesis of NPs using mushrooms is more advantageous in terms of culturing and
handling, since the latter are nontoxic, handy, and amenable [50,51]. Mushrooms are part
of fungal biota characterized by wonder [52]. Mushrooms are macrofungi with a different
form of distinctive fruiting bodies; they are large enough to be seen with the naked eye [53],
with mycelium being a vegetative phase and fruiting bodies being a reproductive phase.
Mushrooms can be classified in basidiomycetes and ascomycetes based on the develop-
ment patterns in the life cycle [54,55]. Edible and medicinal mushrooms have long been
known by humanity as valuable food, decomposers in ecosystems, and producents of
unique complex of biologically active substances. Many studies have presented evidence
on the correlation between the consumption of mushrooms and human health. The effect
of six edible wild mushroom species (Boletus edulis, B. pinophilus, B. aureus, Armillaria
mellea, Lactarius piperatus, Pleurotus eryngii) accompanied by a positive control (P. djamor)
and negative control (Amanita rubescens) on the microbiota was explored to identify the
microbial fingerprint in the descending colon [56]. The consumption of these mushrooms
occurred, followed by a positive shift in the amount of bifidobacteria, lactobacilli, and
entrobacteriacee capable of sustaining the balance between hosts and symbiotic microbes.
Mushrooms are rich in powerful reducing agents, phenolic compounds [57]. To determine
the effect on free radicals, lipid peroxidation, and reducing power in ten commonly con-
sumed mushroom species, the content of polyphenol carboxylic acids was assayed [58].
These acids’ presence, along with other bioactive molecules such as flavonoids, carotenoid
compounds, etc., was correlated with the antioxidant capacity expressed in vitro.

For fungal-assisted production of SeNPs, the type of the green entity and its composi-
tion are crucial [16]. Macroscopic basidiomycetes meet certain obvious requirements for
the non-toxic green entity applied to the SeNP manufacturing. The advantages of using
mushrooms for nanomaterials bioproduction are as follows: (1) mushrooms are capable
of growing in the form of mycelial biomass in submerged cultures; (2) the overwhelming
majority of biotechnologically applied mushrooms are cultivable commercially under the
same circumstances, yielding identical products to ascertain reproducibility; (3) mycelia are
easily propagated vegetatively and thus keep to one clone, and the genetic and biochemical
consistency can be checked after a considerable time [52]. The broad spectrum and diversity
in mushrooms belonging to different ecological and taxonomic groups could lead to an
exciting potentiality and interdisciplinarity of myconanotechnology.

Therefore, after carefully examining the microbe-assisted syntheses of NPs, it can be
concluded that biological entities applicable to SeNP biofabrication could be mushrooms,
considered frequently to be ideal candidates for nanomaterial bioproduction. Primary and
secondary fungal metabolites are capable of readily reducing the chemical elements in
compounds to cause nanoparticles with definite size and shape in controlled non-hazardous
processes. Information on the chemical forms of selenium moiety in edible and medicinal
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mushrooms grows increasingly. This database indicates that the Se-containing compounds
identified in fruit bodies include naturally occurring organoselenium amino acids, namely
selenomethionine SeMet, selenocysteine SeCys with its dimer selenocystine (SeCys)2,
Se-methylseleno-L-cysteine MeSeCys, few inorganic selenium species [59], and separate
analytically unidentified selenium chemical forms, whose proportions vary widely [60]. To
enhance the fortification of the submerged mycelia with selenium as selenoaminoacidic
species, the optimization of sodium selenite level in liquid medium seems feasible. Thus,
the concentration of MeSeCys, a seleno-amino acid with strong anticancer activity, was
increased from virtually underdetectable quantities to 120 µg/g recalculated to dry weight
when a nutrient medium was enriched with selenium [61]. Agaricus bisporus grown on
the Se-irrigated compost provided much higher levels of SeCys (detected as its dimmer)
compared to SeMet and MeSeCys, which contributed most significantly to the proportion
of selenoamino acids per g protein, i.e., to the greater content of selenoamino acids as
selenoproteins [62]. Another mushroom, Lentinula edodes, cultured in selenite-fortified
media was capable of incorporating mainly the SeMet form of selenium into the fungal
proteins [63]. However, in spite of the increasing moieties of both SeMet and selenium
in the shiitake biomass with growth, the proportion of Se accumulated in the form of
selenoamino acid decreased. Moreover, at a relatively high selenium level in the medium,
the SeCys content of mycelium was not directly dependent on that Se-level and remained
essentially unchanged. A considerable portion, nearly 50%, of selenium introduced in the
form of an inorganic source of the culture of Hericium erinaceus (lion’s mane mushroom)
was biotransformed into SeMet and MeSeCys [64]. Three Se-adenosyl-comprising species
were detected as Se-methyl-5-selenoadenosine, Se-methyl-5-selenoadenosine-Se-oxide, and
Se-dimethyl-5-selenonium-adenosine, unreported previously.

To develop bioproduction of Se-nanomaterial by means of mushroom supplemented
with Na2SeO3 or Na2SeO4, the observations of Se0 form in the components of fungal culture
attracted the attention of many researchers in the 21st century. Submerged mycelium of
shiitake mushroom was capable of accumulating Se efficiently from liquid nutrient media.
Different biosamples of selenized biomass were compared [65]. Selenium speciation in
Se-supplied mycelial cultures provided evidence that a large portion of selenium presented
in zero and four oxidation states. Selenite oxyanions in nutrient media caused a response
in Phanerochaete chrysosporium, a mushroom highly sensitive to selenite, manifested in
inhibition of its growth and substrate intake at a level of 10 mg/L. P. chrysosporium, like other
mushrooms, was capable of reducing Se(IV), but not Se(VI), oxyanion to yield elemental
selenium [66]. In the course of experiments with Agrocybe aegerita, Hericium erinaceus,
and Ganoderma lucidum, the latter mushroom was observed to produce fruit bodies on a
selenized substrate with up to 0.8 mM Se. Moreover, high selenium content in terms of total
Se accompanied by pigmentation changes of fruiting bodies, probably owing to elemental
selenium pull, was demonstrated [67]. Biotechnologically important mushrooms fortified
with inorganic Se, such as Ganoderma lucidum, Pleurotus ostreatus, Pleurotus eryngii, Pleurotus
pulmonarius, Flammulina velutipes, Ganoderma applanatum, Lenzites betulinus, and Trametes
hirsuta, were explored [68] with respect to their morpho-physiological characteristics as well
as biological activities. During cultivation on selenite-enriched medium, the appearance of
mycelium of brick-red color with significant morphological and ultrastructural changes in
comparison with the control was observed. Hyphal density was lower, the cell wall was
thick with more expressed extracellular matrix, septa were abundant, and branch frequency
and occurrence of clamp-connections were rare. Cytological analysis demonstrated that
the majority of selenium was accumulated in cell membrane and vacuoles, while changes
taking place in a cell wall were insignificant [68].

A fairly large amount of works have focused on the effect of different inorganic Se
species on morphological and ultrastructural features of mycelia. At the elevated con-
centrations of Se(IV) oxyanions in the liquid nutrient medium of shiitake mushroom, the
excessive selenium was biotransformed to Se0 via a reduction process [69]. Explorations
of the oyster mushroom revealed that the elevated sodium selenite level resulted initially
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in total selenium accumulation in Pleurotus ostreatus mycelium, and then, at a suppressed
growth phase, in Se(IV) reduction to amorphous Se0, thus imparting a reddish color to both
biomass and medium [31,70]. The microstructure of P. ostreatus hyphae appeared to be
dependent on selenium content in a liquid medium. Electron-dense moieties visible in both
the Se-enriched and non-Se-enriched specimen were characterized [71] as proteinaceous
bodies, the more so lipidic bodies were extracted in the course of sampling for TEM. Protein
bodies’ quantity increased in the presence of selenium, with the changes in their morphol-
ogy, pigmentation, and dimensions being only slight. Resulting from the oxyanionic Se
reduction, amorphous Se0 occurred noticeably around the bodies [71]. Abiotic stress caused
by inorganic Se(IV) induced a severe response in mushroom cultures manifested among
others in ultrastructural features of hyphae and spores, e.g., in Ganoderma lucidum [72]. A
number of studies described the selenium distribution over cellular compartments, in par-
ticular, polysaccharide moieties of fungal cell walls. Oyster mushroom submerged biomass
enriched in Se was studied in respect to this microelement incorporation in mycelium
from a liquid broth [73]. The polysaccharide fraction of selenized mycelia was treated
with Tris-HCl or alternatively with chitinolytic enzyme. An increased proportion of low-
molecular-mass substances in treated specimens was found in chitinase-assisted assays
owing to the polysaccharides’ degradation in the enzymatic process. Thus, the confirmation
of selenium binding to the chitin-containing polysaccharidic pull in the fungal cell wall was
obtained [73]. In Phanerochaete chrysosporium, fungal pellets’ size diminution, compaction,
and smoothness were induced by sodium selenite [66]. Analysis of P. chrysosporium mycelia
with TEM, EELS, and a 3D reconstruction allowed a visualization of SeNPs bioproduced
intracellularly. Therefore, mycelia of a lot of mushrooms studied at submerged culture
conditions are appropriate sources of selenium, the concentration of which could be as high
as ten percent of its external level in the Se(IV)-supplied medium, e.g., 62.5% for oyster
mushroom [74]. Furthermore, Se content of mycelium could be several times higher than
that of fruiting bodies.

The overwhelming majority of the published works on the Se-fortified fungal cultures
have focused on Se chemical species exclusively in the form of the inorganic salts Na2SeO3
and Na2SeO4. A great deal of accumulated data indicate a highly important, if not decisive,
role of Se chemical form played in its bioavailability and biotechnological applicability [75].
An extending amount of research provides evidence in favor of dramatically different
biological consequences induced by inorganic and organic Se-agents [76,77]. The favorable
chemical and biological profile of synthetic organoselenium compounds warrants their
recognition as a promising option for fortification purposes. The Se-supplying substance
should reasonably be of organoselenium nature, a prominent example being the substance
1,5-diphenyl-3-selenopentanedione-1,5 (DAPS-25; Selenoline, Selenobel, extra chemical
names are diacetophenonylselenide, bis(benzoylmethyl)selenide) [78]. It is very low-
toxic (compared to, e.g., selenites) at physiological concentrations, but has very efficiently
been applied, over the last decades, to compensate for a selenium deficiency in various
organisms and to prevent and treat infectious diseases. When the oyster mushroom and
filamentous fungi (Aspergillus niger, Chaetomium globosum, and Trichoderma viride) were
grown on wheat agar supplemented with organic selenide, the zero-valent-Se liberation
was visually observable as deposition on the mycelium. A reddish mycelium coloring was
especially pronounced for Pleurotus ostreatus [31]. Figure 1 depicts a scheme of selenium in
zero oxidation state appearance in the above cases. This decay process does occur in the
presence of fungal biomass.

Figure 1. Scheme of DAPS-25 biotransformation.

The profound red pigmentation of biomass that resulted from diacetophenonyl se-
lenide decomposition by the mushroom Lentinula edodes (shiitake) followed by the accumu-
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lation of elemental selenium in fungal culture was revealed. DAPS-25 biotransformation
during the growth of this basidiomycete under the liquid-phase and solid-phase culture
conditions has been studied [79]. As evidenced from the biomimetic chemical reaction, the
data of X-ray diffraction, and gas-chromatography with mass-spectrometric analyses, the
submerged shiitake mushroom culture was capable of decomposing the organoselenium
agent to yield a red allotropic modification of elemental selenium. The process of elemental
selenium elimination was followed by its precipitation onto gyphae [80].

In contact with a baker’s yeast Saccharomyces cerevisiae culture in different media,
DAPS-25 was reduced to acetophenone and selenium nano- and micro-particles [81].
By means of high-performance liquid chromatography (HPLC) analysis of the benzene
extracts of the experimental solution apparently containing the yeast-synthesized elemental
selenium along with the residual organic selenide DAPS-25, the latter starting preparation
was not found in the final reaction mixture. TEM discovered the formation of spherical
nano- and microparticles 50 to 400 nm in size.

Within the framework of more recent studies, the growth parameters of more than
twenty strains of xylotrophic basidiomycetes belonging to eight genera, 13 species on liquid
media enriched with selenium in organic form were studied, and the effect of 1,5-diphenyl-
3-selenopentanedione-1,5 within a wide concentration range (1·10−4 − 1·10−8 mol/L)
on the mycelial growth was observed. The culture liquids of the fungal species under
study were successfully tested for their reducing and stabilizing properties toward organic
selenide and elemental selenium, respectively [82]. In doing so, the mycosynthesized
Se-containg bionanocomposites were manufactured and tested for biological activity.

4. Synthesis and Mycosynthesis of Polymer Nanocomposites
4.1. Macromolecular Building Blocks for Nanocomposites
4.1.1. Chemically Synthesized Polymer Matrices

Possession of inimitable physical, chemical, and biological properties of nanoparticles
strongly depends on the synthetic route, reaction conditions, and type of reducing and/or
stabilizing agent used in the reaction medium [83,84]. Synthetic organic polymers can
serve as capping agents and increase the stability of NPs by covering the particle sur-
face [85,86]. In these polymer nanocomposites, NPs have been associated with polymers
such as polyvinyl alcohol [87,88], poly(methyl methacrylate) [89,90], polyurethanes [91–93],
polylactic acid [94,95], polytetrafluoroethylene [96], polysiloxanes [97], and poly(lactic-co-
glycolic acid) [98]. In the research [99], uniform, stable, amorphous SeNPs were synthesized
and additionally immobilized within spherical poly(lactic-co-glycolic acid) particles. These
particles were used to coat bioactive glass-based scaffolds synthesized by the foam replica
method. Poly(2-oxazoline)- and poly(2-ethyl-2-oxazoline)-coated particles were explored
by Wilson et al. [5]. The strategies of poly(2-oxazoline) or its derivative grafting to in-
organic particles allowed the preparation of core-shell hybrid NPs, e.g., silica NPs were
covalently grafted with a poly(2-ethyl-2-oxazoline) shell. Poly(2-ethyl-2-oxazoline) with a
polymerization degree of 20 and 38 was synthesized and subsequently end-functionalized
with a triethoxysilyl linker for grafting to SiO2 NPs (7, 31, and 152 nm) [5].

Numerous N-containing polymer classes are biodegradable and biocompatible and
could be used to endow systems with desired properties. The attention to triazole deriva-
tives is attracted, besides the theoretical interest, by their wide application in various
fields, such as medicine, technique [100], and agriculture [101,102], where the integrated
1,2,4-triazole-containing fungicidal preparations serve as not only plant protectants, but
also stimulants with plant growth regulatory activity [103]. To form synthetic polymer
nanocomposites, SeNPs could also be associated with poly(vinyl pyrrolidone) [104–107].
The many scientific works published are a testimony to the role of poly(vinyl pyrroli-
done) as a biodegradable polymer from a set of stabilizing agents applied to avoid ag-
glomeration during the preparation of NPs [108]. Poly(vinyl pyrrolidone) as itself is
frequently implemented in the synthesis of nanoparticles [83]. This polymer is among
the commonly used coating agents or stabilizers like poly(vinyl alcohol), poly(ethylene
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glycol), citrate, etc., employed to prevent aggregation of nanoparticles synthesized through
chemical reduction methods [109]. Interest in poly(vinyl pyrrolidone) application as a
capping/reducing/nucleating agent is caused by its non-toxicity, good biodegradability,
and many useful physicochemical properties [107,110].

Chemical polyfunctionality of vinyl derivative of 1,2,4-triazole provides wide op-
portunities for its use in the electrophilic addition, complexation, and polymerization
reactions. The introduction of the nitrogen-containing heterocyclic 1-vinyl-1,2,4-triazole
provides (co)polymers with solubility, including solubility in water, biocompatibility, chem-
ical resistance, thermal stability, and complexation ability [111]. Homo- and copolymers
of 1-vinyl-1,2,4-triazole are promising for the development of sorbents of noble metal
ions [111,112], effective flocculants for food-industry applications [113], organic semi-
conductors and fuel cell membranes [114], and chelating polymer ligands [115]. Owing
to their ligand properties, poly(1-vinyl-1,2,4-triazole) and its derivatives offer promise
as the stabilizing matrices of metal nanoparticles of hybrid nanocomposites [116]. The
growth-promoting effect of the chemically synthesized element-containing vinyltriazole-
based polymers in respect to mushrooms has been elucidated [117]. High potentiality
of using selenium-containing nanocomposites based both on 1-vinyl-1,2,4-triazole and
on the copolymer of 1-vinyl-1,2,4-triazole with N-vinyl-pyrrolidone was supposed by
these authors to be related to low toxicity and high biological activity of these polymeric
agents in respect to basidiomycetes Flammulina velutipes, Ganoderma colossus, G. lucidum, G.
neojaponicum, Grifola umbellata, Laetiporus sulphureus, Lentinula edodes, Pleurotus ostreatus,
and Tomophagus cattienensis. Therefore, the development of vinyltriazole-based materials
discussed has provided the technologically convenient way to obtain the appropriate
matrices for SeNPs in order to form polymeric composites.

A comprehensive study of characteristics and features of the biologically active
nanocomposites of selenium synthesized chemically would be a precious source of in-
formation for further implementation of the data obtained in the promising process of
developing the medicinal forms and valuable industrial semi-products. Nanoselenium
capped with synthetic polymers is a promising nanomaterial for medicine and technique.

4.1.2. Biogenic Polymer Matrices

Organic supports for inorganic nanostructures could be materials that mainly consist
of natural polymers [118]. Waste from non-degradable synthetic polymers is becoming an
increasingly serious problem. It is of particular interest to develop alternative natural tools.
Increasing research focuses on the development of materials with biodegradable properties,
renewable polymers from natural sources categorized as biopolymers [119]. Biopolymers
are excellent raw materials proven as a good host matrix for various nanostructures. Bio-
based polymer films reinforced with nanomaterials have become an interesting area of
research [118]. Biocomposites produced from natural materials and degradable inorganic
fillers are efficient and sustainable green composite materials [22,120,121]. Biopolymers are
capable of exhibiting high efficiency in the stabilization of SeNPs.

Currently, the most investigated polymer for NP incorporation is a polysaccharide
chitosan, the only cationic pseudonatural polymer, which is the second most abundant
biopolymer in nature [122]. It has excellent properties owing to its antimicrobial activity
against Gram-positive and Gram-negative bacteria [123]. Chitosan is extracted from the
exoskeleton of arthropods and the cell wall of fungi and may also be obtained synthetically
by the deacetylation of chitin [124]. Chitosan is a linear copolymer of β-(1-4)-2-amido-
2-deoxy-D-glucan (glucosamine) and β-(1-4)-2-acetamido-2-deoxy-D-glucan (acetylglu-
cosamine) [125]. The biodegradation, biocompatibility, and nontoxic properties of chitosan
have been studied extensively [123,126]. Solubility in neutral and basic solutions can be
achieved by structural modification, such as carboxylation of the hydroxyl group, which
was used to produce carboxymethyl chitosan. The degree of carboxymethylation, which
is controlled by the reaction temperature and duration, strongly affects the solubility of
carboxymethyl chitosan [127].
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Chitosan and carboxymethyl chitosan are appropriate capping and stabilizing agents
in a facile synthetic approach to synthesize monodispersible SeNPs. Chen et al. [125]
reported on a novel wet chemistry method for the synthesis of chitosan+SeNPs or (car-
boxymethyl chitosan)+SeNPs nanocomposites by using sodium selenite as a precur-
sor, ascorbic acid as a reducing agent, and potassium iodide as a stabilizer. In this
technique, SeNPs were synthesized through a simple oxidation–reduction reactions sys-
tem also comprising chitosan or carboxymethyl chitosan to form the corresponding
nanocomposites afterward.

Frequently used supporting material matrices for NPs are also based on natural
compounds and their derivatives, such as alginate, sodium alginate, agar [128], arabinoxy-
lan, xyloglucan [22], glucomannan [129], galactomannan [130,131], hyaluronic acid [132],
starch [133,134], pectin [135,136], arabinogalactan [137–144], and carrageenan. Kappa
carrageenan (κ-carrageenan) is an industrial product, a biocompatible natural sulfated
polysaccharide extracted from red algae. The degree of sulfation is about 6%, which corre-
sponds to one sulfate group per disaccharide unit of κ-carrageenan macromolecule. It is
an appropriate matrix for NPs in polymer nanocomposites [130,131,145]. Water-soluble
nanocomposites consisting of SeNPs stabilized by κ-carrageenan possess a complex of
biological activity [146].

Thus, polysaccharides are good shells for SeNPs, which prevents their clustering
and provides this nanomaterial with useful properties. For instance, anti-inflammatory
activity of natural polysaccharide-modified SeNPs is proven [147,148]. Features common
to polysaccharides as themselves are low toxicity, high biodegradability, biocompatibility,
and bioadhesivity [149,150]. Composites based on natural polysaccharides are bioactive,
biocompatible, biodegradable, and antibacterial.

In comparison with α-glucans like starch and dextran linked by α-glycosidic bonds, or
heteropolysaccharides with both α- and β-glycosidic bonds [151] such as arabinogalactan
(Figure 2), β-D-glucans have their glucose units connected by either β-1,3, 1,6, and/or -1,4
glycosidic linkages [152].

Figure 2. Schematic structure of fragment of arabinogalactan.

A fragment of β-1,3 glucan and an example of glucan with a backbone composed of
β-(1,4) linked units interspersed with single β-(1,3) linkages are depicted by Figure 3.
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Figure 3. Schematic structure of fragments of β-(1,3)– and β-(1,3),(1,4)–glucans.

β-D-glucans have exhibited an especially innovative potential, related in large part
to their desirable biocompatibility and versatile structural modification via numerous
hydroxy functional groups [29] for loading with desirable agents and NPs. Functional
peculiarities of β-D-glucans are closely associated with their physicochemical properties
such as solubility, conformation (random coils, double or triple helix, rod-like shapes, or
spherical structure [153]), and branching characteristics (the position, degree, and length of
branching) [154–156]. The spherical hyper-branched β-D-glucans could likely be considered
a promising carrier for loading with inorganic NPs [157,158].

Mushroom can serve as a rich source of hyper-branched β-D-glucans. Many, if not all,
basidiomycetes mushrooms contain biologically active polysaccharides in fruit bodies, cul-
tured mycelium, and cultured broth [52]. Polysaccharides obtained from fungi can display
a wide range of valuable physicochemical characteristics, which have driven the interest
in research into their functional properties. Fungal polysaccharides possess biological
activities with great potential to treat various diseases owing to their immunomodulatory
activities [29]. These natural polymers, being advantageous over other natural or synthetic
polymers, have found applications in food, pharmaceutical, medical, and cosmetic areas.
To address some of the emerging applications, one should mention the development of
bionanocomposites based on different fungal polysaccharides, as well as the potential
demonstrated by Se-containing ones.

In comparison with other common β-D-glucans applied in nanotechnology, hyper-
branched β-D-glucans of fungal origin likely present novel material with emerging research
focused on their interaction with SeNPs. Hyper-branched β-D-glucans have a large number
of terminal hydroxyl groups, which are numerous reaction sites for possible chemical
modification and functionalization, as well as large surface area and shell structure [29], i.e.,
ideal characteristics for coating SeNPs to form polymeric nanocomposites. For instance,
the mushroom sclerotia of Polyporus rhinocerus were reported to be characterized by a high
proportion (70 mass percent of dry weight) of β-D-glucan [159]. Sclerotia extract prepared
with cold alkali and implementing sonication contained a hyper-branched glucan with β-
1,3:β-1,6-linked backbone and a branching degree of 0.85. Additionally, hot water extracted
from this mushroom’s sclerotia, a polysaccharide–protein complex with a highly branched
(degree of branching 0.60) β-D-mannoglucan [160], was also of remarkable bioactivity
and showed immunomodulatory effects on bone marrow dendritic cells [161]. Obtained
from the fruit bodies of Ganoderma sinense mushroom, a water-soluble hyper-branched β-D-
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glucan had a β-1,6-linked backbone with the side chain composed of β-1,3- and β-1,4-linked
D-glucopyranosyl chains [162]. Another novel alkali-soluble hyper-branched β-D-glucan
featuring a spherical shape when dispersed in water, and a main chain of β-1,4 linkages
branched with β-1,3 and/or β-1,6 linkages, was extracted from the sclerotia of Pleurotus
tuber-regium mushroom [163]. The creation of highly stable SeNPs was successfully carried
out by means of a facile redox system in the presence of this hyperbranched polysaccharide
as a stabilizing and capping agent. In a more recent work, SeNPs were decorated with
polysaccharides extracted from several mushrooms, as Polyporus rhinocerus, Ganoderma
lucidum, and Coriolus versicolor [157]. The above fungal polysaccharide-modified SeNPs
could be kept stable for more than two months.

Mushroom cultivation with the prospect of bioactive compounds (various biopoly-
mers, selected low-molecular-mass agents) presents a resourceful biotechnological ap-
proach widely used with different basidiomycetes [164,165]. Mushroom metabolites are
responsible for the reduction of Se-containing agents to yield selenium nuclei in liquid cul-
ture. Mycelial biomass itself and cell-free culture liquid as spent mushroom substrate could
serve as remarkable sources of polysaccharides to manufacture polymeric nanocomposites
with microelements including selenium. Mycelia formed by growing pure cultures under
the submerged conditions are high-quality, consistent, safe, predictable, and economical
mushroom products [166,167], and a suitable alternative to yield mushroom product forti-
fied with selenium. At the in vivo assays with mushroom growth on liquid nutrient media,
not only polysaccharides, but also other biomolecules present in mushrooms with appro-
priate bioavailability, biocompatibility, and low toxicity, such as phenolics, terpenoids, etc.,
could assist fabrication and stabilization of SeNPs. Hydroxyl groups of the extracellular
mushroom polysaccharides prevent the SeNP aggregation by intermolecular hydrogen
bonds. Thus, nanoselenium at the mushroom’s submerged cultivation is coated by capping
agents for particle stabilization and covered by fungal extracellular biopolymers, mainly
polysaccharides, in an aqueous environment of mushroom culture. The surface charge of
SeNPs is an important determinant of cellular uptake. The NP surface is usually charged
in water; thus, one should take into consideration a new energy term associated with
electrostatic interactions (e.g., the repulsion energy) [109]. Mushroom polysaccharides are
good stabilizers of SeNPs; the latter form a novel complex with exopolysaccharides in
submerged culture, with synergistic activity and physicochemical properties favorable for
SeNPs’ antibacterial and antibiofilm properties [82,168].

4.2. Nanoscale Building Blocks for Selenium Nanocomposites
4.2.1. Selenium Intrinsic Properties Decisive in Nanophase Selection

Nanomaterials such as NPs with their small size and higher specific surface area are
appropriate to be immobilized into solid matrices and to construct nanocomposites by
modification of NPs with polymer chains. The embedment of NPs into polymeric matrices
minimizes their mobility and their interaction with the environment. Thus, the use of
nanocomposites in an effective way by increasing their stability, along with the safety of
nanoparticles, is of paramount concern. An important advantage of nanocomposites is the
accessibility of substrates to the functional NPs [169].

Various inorganic fillers are widely employed to produce polymer composites exhibit-
ing unique physicochemical properties that guarantee active effects, such as antimicrobial
effects (e.g., Ag and Cu), scavenging of gas molecules (e.g., Fe or Pd), and antioxidant effects
(e.g., selenium) [32], along with the enhanced polymer’s intrinsic properties (thermal, me-
chanical, optical, rheological properties, etc.) [170]. Thus, along with the metals-containing
formulations, the nanoscale fillers in the form of selenium NPs were examined. Moreover,
SeNPs constitute in many cases a cheaper and safer alternative because of the selenium
role as an essential micronutrient required by living organisms. Selenium has found its
path into the area of nanotechnology due to its remarkable biological properties, such as
antibacterial, antiviral, and antioxidant characteristics [171].
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Selenium biochemistry-related studies are forced to rely on controversial mechanisms
built into selenium substances’ chemical nature and intrinsic properties. That gives reasons
for the contradictions found among the Se necessary as an essential microelement in hu-
man and animal organisms and its toxicity even at moderate levels. An excess amount of
selenium causes toxicity and harmful consequences in humans [172]. That is especially true
and became commonly accepted about a decade ago with traditional selenium compounds,
inorganic salts such as selenite and selenate, which exhibit poor application potential
due to the low bioactivity and inadequate cytotoxicity to normal cells [173]. Nanotech-
nology has revolutionized the field of Se-substances application by expounding SeNPs
as a distinctive chemopreventive agent, which shows good selective cellular uptake and
enhanced anticancer activities. The acute toxicity of SeNPs in mice is remarkably lower
compared to inorganic salts or amino acids, such as selenite, selenomethionine, and se-
lenomethylselenocysteine [174,175]. Along with an anticancer therapy [176–179], the major
biomedical applications of SeNPs include a targeted drug delivery, drug delivery vehicles
and artificial enzymes [180,181], and biosensors and intracellular analysis [182]. SeNPs
are known for inhibiting cellular entry of viruses while maintaining low toxicity. Several
functionalized SeNPs are capable of blocking the pathogen attachment to cell and viral
entry, because viral infections start with the binding of viral particles to receptors on the
host cells, followed by the entry of the virus into the cells [183]. Selenium-containing
NPs, such as zanamivir-functionalized SeNPs [184], SeNPs loaded with oseltamivir [185],
amantadine-functionalized SeNPs [186], and SeNPs loaded with ribavirin [187] have been
examined for inhibitory effects upon and biocompatibility with the H1N1 influenza virus.
The antiviral activity of SeNPs can be further enhanced when being combined with the
antiviral drug arbidol [188], effectively blocking cell entry of influenza virus and reducing
cell apoptosis. Some drug-conjugated SeNPs were tested against Covid-19 infection and
apoptosis inhibition properties [183].

SeNPs can be prepared via physical methodologies such as laser ablation, UV radiation,
hydrothermal techniques, etc. [189]. Additionally, SeNPs can be synthesized via chemical
methodologies such as acid decomposition, the precipitation method, reduction using
ascorbic acid, sodium dodecyl sulfate, sulfur(IV) oxide and glucose, etc. Yet, despite the
design of nanoparticles with a definite shape and size via these methods, they require the
use of chemicals, harsh conditions like acidic pH, and high temperature, which make them
unsuitable for applications in the medical field [2]. As a type of nanomaterial with improved
biocompatibility, SeNPs were reported to be obtained via the selenite anions reduction to
elemental selenium Se0 with polymeric or non-polymeric reducing agents, as chitosan– or
another polysaccharide–protein complexes, Spirulina polysaccharides, Undaria pinnatifida
polysaccharide, doxorubicin, or adenosine triphosphate [190–196]. In the presence of
different chemically obtained or pseudonatural polymers serving as a stabilizing agent,
SeNPs can be synthesized via the reduction of sodium selenite with, e.g., ascorbic acid [9]
by means of a solution-phase approach. Characterization of size and morphology of the
resultant NPs by TEM showed that SeNPs obtained using different stabilizers such as
chitosan (poly(D-glucosamine), Triton X-100 (t-octylphenoxypolyethoxy ethanol), and
ethoxylate-type additive (2,4,7,9-tetramethyl-5-decyne-4,7-diol ethoxylate) were spherical
with a diameter within the intervals 20–40, 18–40, and 28–60 nm, respectively. With a
stabilizer isotridecanol ethoxylate, SeNPs were of nanorods morphology and exhibited poor
antioxidant properties [9]. Subsequently, the solutions containing the selected spherical,
50–60 nm in diameter SeNPs were incorporated in a flexible multilayer plastic material to be
used as food packaging. The antioxidant performance and final laminate structure stability
assays showed that the Se-layer was a non-migrating, efficient, free-radical scavenger [9].

Therapeutic benefits of SeNPs include anti-inflammatory, anti-diabetic, antioxidant,
and antimicrobial action [197]. Many studies indicate potent antitumor activity of SeNPs,
their conjugates, and functionalized products [198,199] by inducing caspases and mitochondria-
mediated apoptosis [157]. Various conjugates of SeNPs contribute greatly to an emerging
interdisciplinary area, cancer nanotechnology. Green synthesis of SeNPs with the exper-
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imentally confirmed ability to fight against a wide array of cancer types was performed
with degreased walnut meal [200], non-pathogenic bacteria [201–203], algae [193], yeast
fermented broth [204], and culture extract of fungus Monascus purpureus [205]. Mush-
room’s Polyporus rhinocerus water-soluble polysaccharide–protein complexes [194] and
hyper-branched β-D-glucan from Pleurotus tuber-regium [157,163] are examples of higher-
fungal polymers as the capping agents potentiating in vivo anticancer efficacy of SeNPs.
An essential advantage of biogenic SeNPs is to represent more cytotoxicity on cancer cells
compared to normal cells. Very recent studies also regard evidence for the anticancer
potential of biogenic SeNPs and discuss the proposed anticancer mechanisms of this
nanomaterial [206].

The known surface chemistry of the mycogenic SeNPs would lead to the possibility
of selecting the reducing molecules and capping agents and thereby control the size and
shape of the NPs. In this respect, the chemical form of Se0 precursor (nanophase produc-
ing) compounds should be considered as a limiting factor determining the subsequent
surface modification of neonatal SeNPs in solution. SeNPs show attractive reduced toxi-
city compared with selenium bulk counterpart (bulk selenium) [207]. Nevertheless, the
native SeNPs suffer from the issue of stability, which leads to compromised efficiency and
physicochemical characteristics of these nanostructures [208].

4.2.2. Mechanisms Underlying the Occurrence of Selenium Nanophase

Various attempts have been made to improve the stability and biocompatibility of
SeNPs. The latter form aggregates, which may have led to less availability and efficacy,
resulting in the requirement for a high concentration [209]. To obtain an excellent integra-
tion between organic and inorganic phases in nanocomposites, tuning specific procedures
should be implemented that allow one to achieve strong polymer–filler interaction. Much
effort has been exerted to develop a “green” method of synthesis and dispersion of SeNPs.
The generally accepted approach is that the key mechanism behind a green synthesis of
NPs is a microorganism- or plant-assisted reduction of precursor compound owing to
various metabolites [210], with not one biomolecule but several secondary metabolites
together being accountable [211]. Ligand capping agents, otherwise called stabilizing
or functionalizing agents, are molecules that bind to the nanoparticle surface to confer
stability and prevent nanoparticle aggregation [212]. Unlike physicochemical methods
of nanoparticle synthesis, which require additional steps for surface functionalization, in
biogenic methods, synthesis and capping occur simultaneously [213]. Likewise, in fungi,
biopolymers play a vital role as reducing and capping agents [214]. However, there are
few reports on the exact characterization and identification of the capping biomolecules
in biogenic NPs. Fungal proteins, enzymes, cofactors, and other metabolites play crucial
roles in the organism’s survival and reduce precursor compounds to cause a corresponding
chemical element, including selenium, zero-valent nanoparticulate forms.

NPs are assembled from the corresponding atoms, molecules, and clusters using
chemical or biological techniques, these constructive procedures being called the bottom-
up method in contrast to the top-down (destructive) method of the NPs’ preparation [215].
The bottom-up approach provides definite advantages in terms of better control over the
final product formation and homogeneity of physicochemical parameters. Disadvantages
inherent to this approach, namely the necessity of separation and purification of the
synthesized particles from their reaction mixture, toxic chemicals, organic solvents, and
reagents [216], is a serious challenge. The exception is the green synthesis method, in
which bottom-up protocol-based procedures of NPs synthesis may be performed under
ecofriendly conditions.

NPs can be generated by microbes either intracellularly or extracellularly. Several
reviews focus on the bioproduction of metal NPs by fungi [25] and other microorganisms,
both unicellular and multicellular [217], to explore the chemistry of inorganic nanomaterial
formation through these two methods. In both cases, during the SeNP synthesis, selenium
is involved in the nutrient exchange and/or substance diffusion. The microbial cells
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prevent damage by producing specific metabolites and electrons, which can reduce the
Se-containing precursor compound to yield selenium in a higher (zero) oxidation state.
The nuclei grow and thereby form nanoparticles intracellularly or extracellularly. Using
fungal cells, biosynthesis of SeNPs follows either of the two mechanisms.

In intracellular synthesis, NPs are formed and localized in the cytoplasm, cell wall,
or cell membrane. [24]. The fungal cell wall typically contains glucans, glycoproteins,
and chitin, which are bonded by inter- and intra-molecular hydrogen-bonding between
these units. Glucans contain the predominantly linear β-1,3-linkage and a small portion
of β-1,6- and β-1,4-linkages. Chitin and α-1,3-glucan build a hydrophobic scaffold that is
surrounded by a hydrated matrix of diversely linked β-glucans. Glycoproteins and a minor
fraction of α-1,3-glucans form a highly dynamic shell coating the cell wall surface [218].
Hence, owing to its composition, the fungal cell wall along with various proteins plays
a central role in the bioreduction responsible for NPs’ appearance. Alternatively, the
NPs or precursor ions may diffuse through the cell membrane and be reduced by redox
mediators in the cytoplasmic matrix [219]. Intracellular production of metal NPs by fungi
was known for a relatively prolonged period. At the very beginning of the 21st century, the
intracellular preparation of AuNPs using a fungus (Verticillium sp.) was first reported by
Mukherjee et al. [220], where Au3+ ions from tetrachloroaurate were reduced within the
fungal cells, resulting in the formation of particles within the size range of 20 nm. In the
process of intracellular mycogenic synthesis of SeNPs, selenium as a precursor material
of NPs is reduced by the fungal biomolecules present in the cell wall to yield NPs, which
are formed on the surface of mycelia, not in the nutrient medium. This method presumes
that a Se-supplying compound is delivered inside the targeted fungus and creates SeNPs
in the company of fungal reducing agents. This nanoparticle precursor (Se-containing
compound) first interacts with oppositely charged cell surface moieties, where it could
be simultaneously reduced to respective SeNPs and remain bound to the cell surface [32].
Such NPs may diffuse to the cell membrane or cytoplasm. Alternatively, a Se-supplying
compound could be internalized by active or passive transport inside the cell, and selenium
in zero oxidation state occurs on account of intracellular reducing agents.

Since the intracellularly produced NPs are synthesized by microorganisms including
fungi, the purity of particles from this process can be questionable. There is a high possibil-
ity that the NPs obtained are associated with the microorganism itself, various microbial
cellular components, or both [221–223]. Multicomponent residuals from microorganisms
accumulated on the NPs surface would also trigger potential immunological reactions
when exposed to living systems [16]. Intracellular processes suffer from a significant dis-
advantage in terms of product recovery that makes the process hard and expensive, since
NPs bind to the cell, and certain treatments such as cell disruption or solvent extraction are
required to isolate the generated NPs [48]. As SeNPs can also be formed intracellularly, the
separation of these particles from the fungal biomass without altering their properties is ex-
tremely challenging. The ideal situation would be that SeNPs are produced extracellularly,
which turns out to be more environmentally friendly and cost-effective [224].

The extracellular synthesis of NPs was first reported by Shahverdi and co-workers [225],
where AgNPs were produced by the reduction of aqueous Ag+ ions through various cul-
ture supernatants of Gram-negative bacteria. Extracellular mycogenic synthesis of SeNPs
involves the bioreduction of the selenium-supplying compound to elemental selenium,
which may be stabilized by organic molecules presented in fungal culture liquid, and
SeNPs are formed outside the fungal cells. These processes were long ago known to be
performed by different biopolymers [226] and other active components including amino
acids, vitamins, alkaloids, polyphenols, flavonoids, and organic acids [227], which can
act both as reducing and capping agents during the NPs formation, thus promoting the
synthesis of NPs and inhibiting their agglomeration [228]. Zhang et al. [229] have demon-
strated that the presence of a protein such as bovine serum albumin in the redox system
can control the aggregation of elemental selenium atoms, thus inhibiting the formation of
bulky red elemental selenium particles and consequently leading to the formation of red
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elemental selenium nanoparticles. However, the exact events of SeNPs synthesis have not
been elucidated yet.

The cellular defense mechanisms manifested by the fungus-mediated NPs’ formation
were noted some considerable time ago, mainly during the metal NPs’ mycosynthesis
studies [34,35]. It is supposed that fungi will take measures when the toxic ions are present
in their growth environment to provide protection [230]. In doing so, fungi secrete extra-
cellular metabolites to be used to remove unwanted Se-containing substance in the form
of SeNPs. The exhibited defense mechanisms can be categorized again into intracellular
and extracellular means. The former facilitates the reduction of the negative effects of
entrapped Se-supplying substance by binding with biomolecules or efflux channels, while
the latter implies the inhibition of the uptake and internalization of foreign Se-containing
matter [24].

Fungal synthesis of NPs takes place with nitrate-dependent reductases and electron
shuttle quinones [231]. Fungi produce napthoquinones and anthraquinones [232–235],
which act as reducing agents. Many filamentous fungi elaborate a large number of simple
hydroxyl or methoxy derivatives of benzoquinones, toluquinones, or quinoline [219] as
a response to abiotic stress. For reduction processes, not only the biocatalyst, enzyme, is
necessary, but also an electron shuttle. Membrane-bound oxidoreductases play a crucial
role in the process along with different quinones [236]. It was speculated that a conjugation
between the quinone electron shuttle with the reductase somehow facilitated the formation
of NPs [237]. As early as 2010, Jha and Prasad [236] found that the presence of these
metabolites may generate a redox reaction due to tautomerization, leading to the produc-
tion of nanomaterials. The aforementioned processes transfer electrons to the quinone
pool. Additionally, it was expected that fungi secrete a reduced nicotinamide adenine
dinucleotide (NADH) as one of the components of the reducing agents moiety [26], which
along with other ingredients, reduce the precursor substances to the corresponding NPs.
In order to confirm their hypothesis, NADH alone and NADH along with a fungal extract
were added to the solution with the precursor agent (to be reduced to yield NPs). The
researchers did not observe any change in color for NADH alone. However, when NADH
accompanied by a fungal extract was added, the reaction started after a few minutes [26].
The assays show that NADH could be a key factor in the synthesis of NPs, but other
molecules are essential, perhaps, as a biocatalyst of the redox reaction [238]. The reductase
enzyme obtains its electrons from NADH oxidation to an oxidized nicotinamide adenine
dinucleotide (NAD+) (Figure 4).

Figure 4. Reversible transitions among NADH and NAD+.

During the oxidation, the enzyme also becomes oxidized simultaneously, resulting
in NPs’ synthesis. Since NADH acts as an electron carrier and selenium in Se-supplying
precursor as an electron acceptor, the reduction of positively charged Se species to SeNPs
occurs. It has been observed that the nitrate-dependent reductase can also participate in
the bioreduction [215]. Some studies reported that NADH-dependent reductases could be
specific to a fungal species [42,239], e.g., reductase specific to Fusarium oxysporum enzyme
was believed to catalyze the facilitated NPs formation [240,241]. Thus, the above-mentioned
extracellular defense mechanism behind the SeNPs mycosynthesis is believed to involve
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NADH-dependent enzymes, notably nitrate reductases, which are secreted into the reaction
medium together with electron shuttles such as quinones.

Smaller-molecular-mass substances such as ascorbate, citrate [242], cofactors, glucose,
and amino acids [243] could also serve as reducing agents, which stabilize the resulting
NPs in fungal biosystems. Some studies dealing with the fungi-assisted fabrication of
SeNPs suggest electrostatic interaction of free amine groups or cysteine residues with NPs’
surface [244–247]. The electrostatic interaction followed by secretion of such metabolites
as extracellular polymeric substances that can adhere to unwanted foreign matters (NP
material) [248] are the first steps of the fungal SeNPs’ formation mechanism. Stimulation of
fungal development by Se-containing molecules is owing to the fungus capability of bind-
ing and stabilizing key compounds for mycelium growth, whose molecules have various
chemical structures, dimensional and charge characteristics, solubility, lipophilic properties,
and reactivity. The distribution of charges plays a certain role. The negative charge on
the mycelium surface, which promotes the complexation process during selenium–ligand
interactions, is provided by chitin, a component of the fungal cell wall [249], and carboxyl,
amine, thiol, amide, imine, thioether, and phosphate functional groups [250]. That is
why the electrostatic interaction is believed to happen between the positively charged
Se-sourcing matter (inorganic Se-salts or organic selenide DAPS-25) and the negatively
charged groups on the fungal cell. While the electrophilic character of Se(IV) and Se(VI) is
of no doubt, the electrophilicity of Se(II) in the molecule of selenide (Figure 3) is confirmed
by the positive value of the natural charge on the selenium atom, as was computed by
Pankratov A.N. [247].

Molecular mechanism studies suggested that certain NPs inactivate proteins by bind-
ing with -SH (thiol) groups of proteins in the cell. Tripeptide L-γ-glutamyl-γ-cysteinyl-
glycine, glutathione (GSH), contains an active thiol group of a cysteine residue. GSH
secretion is a very important element of redox homeostasis [251]. Due to a sufficient nega-
tive value of redox potential, GSH acts as a buffering agent in the eukaryotic cells [19]. It
has been found that GSH secretion under abiotic stress initiates the intracellular detoxifica-
tion pathway. Several schemes are known for the reaction of organoselenium compounds
with thiols. In the work [246], aimed at the investigation of a reaction between DAPS-25
(Figure 5) and cysteine or reduced glutathione for their identification by the ascending
thin-layer chromatography technique, a scheme for the interaction of diacetophenonyl
selenide with the compound-bearing sulfhydryl group was proposed (Figure 6).

The half-products, acetophenone and S-(acetophenylselenyl)glutathione, form in the
first step (Figure 6a). The next step is the formation of one acetophenone molecule and
glutathione selenodisulfide (Figure 6b). Then, glutathione selenopersulfide and glutathione
disulfide form from selenodisulfide in an excess of reduced glutathione (Figure 6c). The
final step is the formation of hydrogen selenide. The resulting hydrogen selenide as a strong
reductant can be oxidized to elementary selenium by both air oxygen and glutathione
disulfide (Figure 6d) [246]. Therefore, for an organoselenium compound to be decomposed
rapidly under the action of reduced glutathione or cysteine to release elementary selenium,
its molecule should contain the –CO–CH2–Se–CH2–CO– group.

Sodium selenite undergoes a non-enzymatic reaction with GSH to form selenodiglu-
tathione (GS–Se–SG) [252] (Figure 7).

Figure 5. Structure of the compound DAPS-25.
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Figure 6. Scheme of DAPS-25 interaction with thiols.

Figure 7. Scheme of sodium selenite interaction with reduced glutathione.

According to the general scheme of the redox reaction, in an excess of GSH, selen-
odiglutathione is readily reduced to form selenopersulfide (GSSeH) and then hydrogen
selenide. Hydrogen selenide oxidizes to elemental selenium.

Thus, there are fungal protective mechanisms to resist the toxicity of the Se-precursor
compounds by their immobilization in a less-toxic Se0 nanoparticulate form. The eukaryotic
microbial system as fungus has enough strategies to survive with selenite stress. Exposure
to the Se-sourcing agent solution prompts the fungus to produce metabolites to overcome
xenobiotic-induced stress. In this process, the Se-supplying substances are reduced to
SeNPs through the catalytic effect of the extracellular enzymes and by implementing the
fungal metabolites. The defense option applied by fungi to survive in the presence of
unwanted Se-agent consists in the binding of Se-ions to high-affinity functional groups,
with thiols, such as cysteine residues and GSH, contributing greatly to this fungal strategy.
An elemental selenium accumulation presents the final stage (Figures 6 and 7).

Various organic and inorganic chemical compounds may serve as a reducing agent im-
plemented in mechanisms of SeNPs mycosynthesis. Along with the low-molecular-weight
compounds considered above, mushroom biopolymers, mainly bioactive polysaccha-
rides, could serve as the capping agent during the reduction of selenium salts [194] and
organoselenium substances. Fungal polysaccharides could engage the surface of SeNPs
to prevent particulate aggregation and control their particle size [157]. Strong physical
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adsorption of hydroxyl groups on selenium surfaces aids in the development and stabiliza-
tion to construct water-dispersible SeNPs capped with a polymeric agent in an aqueous
system [163]. However, the precise processes are unclear, and further research should
provide a deeper understanding of the molecular mechanisms involved in the occurrence
of selenium nanophase.

4.2.3. Points for Physicochemical Characterization of Culture Conditions and
Resultant SeNPs

Before being implemented in any branch of technology, the nanomaterial needs to be
fully understood and characterized [253]. The physicochemical characterization of NPs
complements their biochemical characterization. Many articles describe techniques that are
effective in the characterization of nanostructures and nanomaterials. Particle attributes
such as composition, size distribution, morphology, surface chemistry, homogeneity, stabil-
ity, etc., are crucial for determining the biotechnological potentialities and the impact of the
NP-comprising matter on the environment. Reliable analytical tools employed for SeNP
characterization yield multidimensional information on these nanostructures. The anthro-
pogenic and naturally occurring SeNPs are usually characterized via several techniques
such as ultraviolet-visible (UV-Vis) absorbance spectroscopy, light-scattering-based tech-
niques (dynamic light scattering (DLS) and nanoparticles tracking analysis (NTA)) [153],
Fourier transform infrared (FTIR) spectroscopy [254], transmission electron microscopy
(TEM) and field emission scanning electron microscopy (FESEM) [9], X-ray diffraction
(XRD) measurements, and Raman spectroscopic techniques [255]. Qualitative analysis
for selenium is frequently carried out with electron energy loss spectroscopy in the TEM
(EELS-TEM) accompanied by a chromatographic (gas chromatography coupled with mass
spectrometry, GC-MS) detection of the Se-supplying compound (bio)transformation in the
course of the biosynthetic process [81]. Hyphenated techniques are efficiently applied for
selenium speciation, e.g., inductively coupled plasma mass spectrometry (ICP-MS) [256] in
single-particle mode (SP-ICP-MS) or coupled with asymmetric flow field-flow fractionation
(AF4) in AF4-ICP-MS [257], and continuous photochemical vapor generation (PCVG) cou-
pled with microwave-induced plasma optical emission spectrometry (MIP-OES). Bartosiak
et al. applied the yeasts Saccharomyces boulardii to SeNPs bioproduction and performed
calculation of accurate NP yield [258] A selective identification and quantitative determi-
nation of both the unreacted precursor Se(IV) and the resultant NPs without the need to
separate them were enabled by means of the PCVG- MIP-OES technique.

External physicochemical parameters of the Se0 producing fermentation, such as
acidity, temperature, aeration, Se-supplying compound type and concentration, etc., are
found to be important factors that could be decisive for the SeNPs nanoscale features.
Well-dispersed spherical 60 nm sized SeNPs synthesized at pH 8 had an average diameter
value of 300 nm in strongly acidic conditions [259]. Acidity parameters close to those of
neutral solutions (pH 7 to 8) [260] or a somewhat wider pH range (pH 6 to 9 for precursor
selenite and pH 7 to 9 for selenate salt) [261] were reported to facilitate the SeNPs synthesis.
However, for some microorganisms used in green techniques, far-from-neutral media can
be appropriate. The corresponding pH range was as broad as 4 to 10 when bacterium
Acinetobacter sp. SW30 was implemented for SeNPs bioproduction [201]. In this research,
the SeNP formation process occurred under thermal conditions up to 40 ◦C, and much
higher temperature (80 to 100 ◦C) appeared to cause the SeNPs’ aggregation into nanorods.
The effect of broad acidity parameter (pH 5 to 12) on the expression of proteins in the
fungus Mariannaea sp. HJ in the presence of selenium oxide SeO2 as a Se-precursor was
demonstrated [262]. It was indicated that the higher the acidity, the greater the total protein
concentration, and both maxima were reached at pH 10–11 and 198 mg/L, respectively.
Further increase in pH value led to a drastic decrease in the total protein concentration.
Thus, pH could affect the expression of fungal proteins capable of alleviating alkaline
condition stress in the fungus. The Se-sourcing agent’s concentration along with the
cultivation pattern of biosynthesizing microorganism manages the size, shape, and cellular
location of SeNP [255]. Spherical and rod-like SeNP shapes were produced at 3.0 mM of
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sodium selenite in the medium, whereas Se-spheres were solely found at 1.5 mM of the
same starting Se-compound [201]. Aeration is one of the influencing factors here. Diko et al.
reported the synthesis of spherical SeNPs (≤200 nm in diameter) using Pseudomonas stutzeri,
which reduced sodium selenate more rapidly under anaerobic conditions, while Se(IV) salt
was not reduced at all. Strain NT-I was able to tolerate elevated concentrations of inorganic
Se-salts. Bacterium reduced selenate completely at its level of up to 10 mM and selenite
almost completely (up to 9 mM salt concentration). In addition, even higher concentrations
of these Se-salts were substantially reduced by the bacterium [263]. Moderate thermal (20
to 50 ◦C) and acidity (pH 7–9 or 6–9 for selenite and selenate, respectively) conditions were
favorable for bioreduction to yield elemental selenium.

Since common physicochemical factors control the cellular location of SeNPs, both
the intracellular and extracellular locations of mycosynthesized SeNPs were observed by
many researchers [33,262,264]. Thus, filamentous fungi Aureobasidium pullulans, Mortierella
humilis, Trichoderma harzianum, and Phoma glomerata were capable of intra- and extracellu-
lar bioproduction of SeNPs [33]. The red deposit was confirmed as elemental selenium
during fungal growth on Se-containing media. Along with Se0 formation, selenium oxide
was found in the case of Trichoderma harzianum culture with 1 mM selenite. Both particle
sizes and SeNPs concentrations were determined by the SP-ICP-MS technique. Only A.
pullulans and M. humilis produced SeNPs in 10-day culture, with diameters ca. 60 and 48
nm, respectively. In 20- and 30-day cultures, particles were enlarged in diameter to reach
about 78 and 61 nm. Using the SP-ICP-MS method, only a low SeNP level was detected in
T. harzianum and P. glomerata supernatants of liquid cultures [33]. Rosenfeld et al. showed
that the ascomycete fungi (Pyrenochaeta sp., Acremonium strictum, Plectosphaerella cucume-
rina, Stagonospora sp., Alternaria alternata, Paraconiothyrium sporulosum) produced Se0 by Se
inorganic salts reduction, with the NPs being strongly bound by the fungal biomass for
all six species used [264]. SeNPs’ diameter ranged from 50–100 nm (Alternaria alternata)
to 200–300 nm (other fungal species). Particles were spherical. Results of XRD analysis
demonstrated that the diffraction patterns of all SeNPs were X-ray amorphous, although
two of the analyzed extracellular SeNPs mycosynthesized by Acremonium strictum were
crystalline with a d-spacing of 0.37 nm. Residual dissolved Se(IV) and Se(VI) concentration
values were determined by conductivity measurements using an ion chromatography
system enabling a simultaneous quantification of both oxyanions, comprising Se(IV) and
Se(VI), with a detection limit of micromole/L for each anion. Analysis for total selenium
associated with fungal biomass was performed using the inductively coupled plasma
optical emission spectroscopy (ICP-OES). The presence of Se0 was confirmed by SEM
EDS. Transmission electron microscopy revealed intracellular and extracellular SeNPs in
all fungal species used [264]. Biosynthesis of SeNPs by Mariannaea sp. HJ was reported
for the first time very recently [262]. Various culture conditions were studied, including
SeO2 concentrations and pH of reaction media. To characterize the resultant SeNPs, the
multimethod approach was used: UV-Vis, TEM, SEM, XRD, FTIR, and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were used. TEM images depicted
the SeNPs’ deposition both on the fungal cell wall and in the cytoplasmic region, thus
suggesting the biotransformation of Se(IV) into elemental selenium to occur in extracel-
lular and intacellular locations, which could provide a template for these bioreduction
processes [262].

5. Conclusions and Challenges

The production of NPs and polymer nanocomposites is the area of nanotechnology
that is growing exponentially. Nanomaterials can be synthesized by several chemical and
physical approaches, and owing to the recent green-oriented research, it is possible to
integrate the use of biological entities. Microorganisms could be deemed as cell factories
for nanosized bioactive materials fabrication. Microorganism-assisted nanoparticle biosyn-
thesis should be regarded as a viable green option. The contemporary scientific literature
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addressing the element-containing polymer nanocomposites testifies to the considerable
attention given to selenium-nanoparticles comprising ones.

The presence of the polymeric matrix that immobilizes SeNPs is extremely important,
somehow tuning the nanophase properties to compromise for a real-life application of
selenium nanocomposites. Manufacturing of Se-containing polymer nanocomposites using
fungi is attractive, since biomolecules like fungal polymers and low-molecular-mass com-
pounds secreted by the fungal biomass can serve as reducing and capping agents during
the nanosynthesis process. Higher fungi, mushrooms, are edible and medicinal eukary-
otic microorganisms that are cost-effective and able to produce SeNPs and Se-containing
polymeric biocomposites. The strategy of utilization of fungal metabolites for subsequent
formation of SeNPs provides the new exciting possibility of selenium nanocomposite
bioproduction and assists the development of am ecofriendly fungal biopolymer-based
large-scale bioprocess for several biomedical, food, and agrochemical applications due to
these bioproducts’ potent properties.

Interpretation of the mechanisms of SeNPs and polymeric Se-nanocomposites produc-
tion using fungi is still in its infancy. Future-focused research is needed to more clearly and
deeply elucidate the exact mechanisms of the Se-supplying precursor reduction reactions
to yield selenium in a zero oxidation state, SeNPs stabilizing reactions followed by the
interaction with capping agents, incorporation into suitable biodegradable matrices as
possible hosts for Se-nanomodifiers, etc.

An open challenge is the development of processes to fabricate Se-nanomaterials
with controlled and tunable properties, and environmentally friendly alternatives include
mycosynthesized SeNPs and Se-nanocomposites based on fungal biopolymers. However,
very few published works are intended to supply the readers with conclusive information
on the biomolecules involved in Se-source reduction leading to the SeNPs’ occurrence
and the capping agents of fungal origin responsible for the stability of Se-nanocomposites.
Mushrooms’ ability to synthesize SeNPs extracellularly should be treated as undoubtedly
advantageous in this regard. One of the most significant contributing factors to the nano-
biosynthetic mechanism seems to be the choice of suitable species and strains of fungi used
in parallel with the optimization of diversified conditions required for fungal culture. With
ongoing efforts in improving nanomaterials’ synthesis efficiency and meanwhile exploring
the environmental risks associated with those, it is hopeful that the myconanotechnology
potentialities move to a fundamentally new level and their commercial applications in
biotechnological sectors will be realized in the coming years.
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